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Across South Asia large populations depend on semi-subsistence agriculture for 
their livelihoods. Rainfall in the semi-arid and sub-humid regions of South Asia is 
highly variable and undependable and influences agricultural productivity. Farming 
practices in these regions have developed as a response to such climatic risks.

According to the Fourth Assessment Report of the WMO/UNEP Intergovernmental 
Panel on Climate Change (IPCC) released in 2007, future projections of climate 
change indicate that South Asia is very likely to warm significantly during this 
century. Also, freshwater availability is projected to decrease particularly in large 
river basins due to climate change and coastal areas will be at greatest risk due to 
sea level rise and increased flooding from the sea and rivers. In some South Asian 
countries, a substantial reduction in crop yields from rainfed agriculture could 
occur. Additionally, dramatic changes in the land use patterns in South Asia com-
pound the problem of climate change.

To cope with climate variability and change more effectively in South Asia, it is 
necessary to identify integrated adaptation and mitigation options for a range of agro-
ecosystems so as to enable a favourable policy environment for the implementation of 
the framework. It is important to identify/understand impacts, vulnerability and adapta-
tion; select and implement adaptation actions; enhance cooperation among South Asian 
countries to better manage climate change risks; and enhance integration of climate 
change adaptation with sustainable agricultural development in South Asia.

It is with this background that WMO, FAO and the Ohio State University orga-
nized the International Symposium on Climate Change and Food Security in South 
Asia from 25 to 29 August 2008 in Dhaka, Bangladesh. The Symposium was co-
sponsored by the UN Economic and Social Commission for Asia and Pacific 
(ESCAP), the University of Dhaka and the Government of Bangladesh. The 
Symposium was attended by around 250 participants from 17 countries. It identi-
fied several key recommendations, knowledge gaps and opportunities for the design 
of programmes aimed at minimizing short- and long-term vulnerability of the 
region to climate change.

We also wish convey our sincere thanks to Prof. S. M. A. Faiz, former Vice-
chancellor, University of Dhaka and President, National Organizing Committee and 
all his colleagues for their untiring efforts in ensuring the full success of this 
Symposium.

Foreword



vi Foreword

Several papers presented at the Symposium are brought together in this book and 
we hope that this volume will serve as a significant source of information to all 
agencies and organizations interested in the subject of climate change and food 
security and in promoting effective adaptation strategies to cope with climate 
change in South Asia.

 
Michel Jarraud Jacques Diouf
Secretary General Director-General
World Meterological Organization Food and Agriculture Organization
7 bis, Avenue de la Paix viaie delle Terme di Caracalla
1211 Geneva 2, Switzerland 0153 Rome, Italy
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Preface

South Asia (SA) includes the region surrounded by Western Asia, Central Asia, 
Eastern Asia, Southeastern Asia and the Indian Ocean. It consists of Iran, 
Afghanistan, Pakistan, India, Nepal, Bangladesh and Sri Lanka. The region is also 
referred to as the Indian Sub-Continent or the Sub-Himalayan region, because of its 
unique and distinct geographical and physiographic setting. It was once a small 
continent which collided with mainland Asia about 50–55 million years ago, giving 
rise to the Himalayan mountains and the Tibetan Plateau. The SA region has 
diverse climate and terrains ranging from glaciers and tropical rainforest, the high-
est rainfall in the world to desert, and flat alluvial plains to hills and undulating 
terrains. The region has a population of 1.62 billion (24% of the world’s popula-
tion) living in 642 million hectares or 5% of the world’s geographical area. The 
region is developing rapidly, both industrially and economically. Yet, there is a 
widespread problem of poverty, hunger and malnutrition. As much as 75% of the 
poor and malnourished people live in rural areas and are dependant on subsistence 
and small scale agriculture. Yet, globalization has accelerated economic growth. By 
2007, the regions GDP growth had reached 9%/year which extended to all countries 
of SA. The growth rate in 2009 was 5.6%, which was the smallest decline com-
pared with all other regions of the world.

Climate change is a major concern in SA because of alterations in temperature 
and precipitation, rise of sea level, melting of the Himalayan glaciers, and degrada-
tion of natural resources and the environment. According to the Fourth Assessment 
Report of the IPCC (2007), future projections of climate indicate that SA is very 
likely to warm during the twenty-first century. Also, the fresh water availability is 
projected to decrease and coastal areas will be at greatest risk due to increased 
flooding at the sea and rivers. In some SA countries, a substantial decrease in crop 
yields from rainfed agriculture could occur. Additionally, dramatic changes in land 
use patterns in SA compound the problem of climate change. To cope with climate 
change more effectively in SA, it is necessary to identify integrated adaptation and 
mitigation options for a range of agroecosystems so as to enable a favorable policy 
environment for the implementation of Regional Climate Change Adaptation 
Network. Majority of the poor people in SA are at risk because of the increase 
in frequency of extreme events, and especially the drought, floods and variability 
in climate. Glacier melting is a cause of concern because of its impact on the 
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 availability of water, and thus agronomic productivity. Climate change may also 
impact the on-set, distribution and amount of monsoons, as was the case in 2009 
when monsoons failed in India. It is also feared that crop yields and agronomic 
production will be adversely affected, thereby exacerbating the food insecurity. The 
U.N. Millennium Development Goals, especially of cutting hunger and poverty by 
half, may not be met by 2015.

Soil degradation is a serious problem in SA. A total of 83 Mha is affected by 
water erosion and 59 Mha by wind erosion. In addition, loss of nutrients and 
organic matter content is a widespread problem throughout the regions, and affect 
about 26 Mha of cropland area. Nutrient depletion is exacerbated by erosion. The 
loss of cereal production in India is estimated at four million tonnes (Mt) on mod-
erately degraded land, and 11 Mt on strongly regarded land, which together amount 
to 8% of India’s total cereal production. This loss is equivalent to $2.3 billion/year. 
Salinization is another problem, especially in the irrigated areas of the Indo-
Gangetic Plains.

Therefore, an international symposium entitled “Climate Change and Food 
Security in South Asia” was organized. The symposium was held from 25 to 30 
August 2008 at the University of Dhaka, Bangladesh, and was jointly sponsored by 
the Ohio State University, World Meteorological Organization, University of 
Dhaka, Economic and Social Commission for Asia and Pacific, and Food and 
Agriculture Organization of the U.N. The objectives of the symposium were:

To provide a central forum to develop an improved understanding and assess-•	
ment of the climate change impacts on agriculture and the associated vulnerabil-
ity in South Asia
To identify and discuss integrated mitigation and adaptation win-win options for •	
the agricultural sector in different agroecosystems of South Asia
To discuss and propose a regional Agricultural Mitigation and Adaptation •	
Framework for Climate Change in South Asia
To discuss and recommend policy and financial innovations to enable smooth •	
implementation of the regional framework and it’s integration into the sustain-
able development planning of SA countries
To discuss appropriate options for strengthening information exchange on cli-•	
mate change impacts and cooperation on agriculture mitigation and adaptation 
actions among SA countries

The Symposium was attended by more than 250 participants from 17 countries. 
The symposium was opened by His Excellency, Dr. Iajuddin Ahmend, President of 
Bangladesh, and closed by His Excellency Dr. Ólafur Ragnar Grímsson, President of 
Iceland. All presentations were organized into nine technical sessions. Papers submit-
ted for publications were reviewed and revised for publication in this volume.

The editors thank all of the authors for their outstanding contributions to this 
volume. Their efforts will allow others to gain from their work, and will, we hope, 
lead to development of new policies to help mitigate the greenhouse effect while 
providing many other benefits to agriculture and society. These efforts have led to 
a merging of science and policy.
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Thanks are due to the staff of Springer Verlag for their timely efforts in publish-
ing this information and making it available to the scientific and the policy com-
munities. In addition, numerous colleagues, graduate students and staff at the Ohio 
State University made valuable contributions. We especially thank Ms. Theresa L. 
Colson for her efforts in handling all of the papers included here from the first draft 
through the peer review process to provide information to the publisher. Ms. Alli 
Curry and Ms. Sara Klips helped in typing and proofing the manuscripts. The 
efforts of many other also were important in publishing this relevant and important 
work.

Rattan Lal
Mannava V.K. Sivakumar

S.M.A. Faiz
A.H.M. Mustafizur Rahman

Khandakar R. Islam
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The International Symposium on Climate Change and Food Security in South Asia 
was held at the University of Dhaka from 25 to 30 August, 2008. It was jointly 
sponsored by the Ohio State University, the World Meteorological Organization 
(WMO), the Food and Agriculture Organization (FAO) of the United Nations, the 
UN Economic and Social Commission for Asia and Pacific (UNESCAP), and 
University of Dhaka and the Government of Bangladesh. The symposium was 
attended by around 250 participants from 17 countries.

Climate change has multi-dimensional impacts on agro-ecosystems in South 
Asia, including increases in temperature, declines in fresh water availability, sea 
level rise, glacial melting in the Himalayas, increased frequency and intensity of 
extreme events, and shifting of cropping zones. They all impact agriculture and the 
related food sector as well as the general economies, societies and the environment 
in South Asia.

Agriculture is a bearer, a contributor, as well as a mitigator of climate change. 
Small landholders (<2 ha) and resources poor, subsistence farmers predominate in 
the region and contribute to CO

2
 emissions. The per capita land area is <0.1 ha in 

many countries in South Asia and is rapidly decreasing because of conversion of 
land to non-agricultural uses, soil degradation and continued population growth. 
The serious problems of soil degradation and desertification are likely to be exac-
erbated by climate change through accelerated erosion, fertility depletion, saliniza-
tion and acidification. Subsistence agriculture, characterized by low productivity 
and extractive farming, is extremely vulnerable to climate change. The latter may 
constrain attainment of food production targets in the South Asian countries.

The symposium identified several key recommendations, knowledge gaps, and 
opportunities for policy makers. Researchers and extension systems, international 
organizations, and NGOs to implement programs designed to minimize short- and 
long-term vulnerability of the South Asian region to climate change. Principal rec-
ommendations are to:

Create a Climate Change and Food Security in South Asia Network (CCFSSANet) •	
and establish a South Asia Climate Outlook Forum (SACOF).
Stimulate multi-disciplinary research on climate change and food security in •	
South Asia and identify effective mitigation and adaptation options, including 
carbon sequestration in different ecosystems.

Dhaka Symposium Declaration
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Initiate and strengthen cooperation among academic and research institutions, •	
international organizations, and NGOs to provide opportunities for strengthen-
ing institutions, human resource development and capacity building.
Develop innovative financial mechanisms to scale up technical and financial •	
support for the adaptation efforts of the South Asian countries.
Promote adoption of mitigation and adaptation options through payments for •	
ecosystem services such as carbon trading.
Strengthen regional institutional and policy mechanisms to promote and facili-•	
tate implementation of location-specific adaptation and mitigation practices.

The symposium urges the development partners and the private sector to fund 
the implementation of programs that reflect the recommendations outlined about 
that deal with the mitigation and adaptation to climate change while advancing food 
security in South Asia. The participants thank the University of Dhaka and the 
Bangladesh Government for hosting the symposium and providing all the necessary 
facilities.

30 August 2008, Dhaka, Bangladesh
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One World – One ChallengeA Foreword by the 
President of Iceland Ólafur Ragnar Grímsson

Climate change has altered the way we view the world. The challenge it presents 
brings countries and regions together in ways we have never known before. The fate 
of our nations, the future of all, rich and poor, in Europe, in Asia and in every corner 
of the world, have become closely intertwined.

If everything goes as the scientists now predict, the melting of the glaciers in 
Iceland and Greenland and the disappearance of the Arctic and Antarctic ice sheets 
will transform the oceans, leading to rising sea levels in distant countries, threaten-
ing the livelihood of farmers and fishermen, city dwellers and villagers in Asia and 
Africa and resulting in serious consequences in both the Americas. Never before 
has the whole world been so interconnected in the face of a major adversity. Our 
common fate is the core of the defining challenge of the twenty-first century.

Our efforts must be unified and successful in formulating a comprehensive 
global strategy which will enable us to prevent this impending world-wide 
disaster.

Many small island states are already giving high priority to these concerns. For 
them, the prospect of rising sea levels and destructive hurricanes poses a greater 
threat than any military scenarios have done up to now.

Bangladesh needs no call to action. More seriously than any other country it 
faces disastrous consequences of rising sea levels; could possibly loose in the com-
ing decades up to one third of the land mass.

This is indeed a grave scenario. My participation in the symposium is an 
acknowledgement of the fact that Bangladesh has truly become a frontline state in 
the fight against climate change.

In recent years we have gained increasing awareness of how our eco-world is in 
fact a single system, how developments in a particular area of the grand mechanism 
of our existence may have hitherto undreamt-of consequences in another. The most 
dramatic contemporary manifestation of this interdependence is the relationship we 
have come to understand between climate change and the destruction of the soil, 
and how this constitutes a vicious circle.
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We must acknowledge that all nations, wherever they are in the world, will be 
affected by climate change. It is therefore necessary that every state become a con-
structive partner in a global dialogue on the security implications of climate 
change.

An ever-changing natural environment confronts us with enormously complex 
and difficult challenges, demonstrating clearly the imperative need for fresh 
approaches, new ways in which the international community must address urgent 
policy decisions, translating scientific knowledge into improved and more effective 
ways of solving practical problems.

We must seek guidance from the heritage which has grown out of earlier global 
crises and model our actions with respect to the frameworks already in existence, 
on the treaties and institutions, both regional and global, which provide the pillars 
of the existing international community.

Dialogue on how this should be done, how to proceed from analysis to preven-
tive action, how to extend and develop our international security framework, is now 
a clear priority.

The international symposium in Dhaka is an important contribution to such a 
global cooperation.
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By
Ad Spijkers
FAO Representative in Bangladesh
Food and Agriculture Organization of the United Nations (FAO)
Delivered at the
International Symposium on
Climate Change and Food Security in South Asia
Dhaka, Bangladesh, 30 August 2008
Your Excellency Dr. Fakhruddin Ahmed, Hon’ble Chief Advisor, Government 

of the People’s Republic of Bangladesh,
Your Excellency Olafur Ragnar Grimsson, Hon’ble President of Iceland,
Honourable Ministers,
Distinguished participants and guests,
Ladies and Gentlemen

1. It is a great honour and special privilege for me, on behalf of Mr. He Changchui, 
Assistant Director-General and Regional Representative for Asia and the Pacific, 
Food and Agriculture Organization of the United Nations, to welcome you all to 
the closing session of the International Symposium on Climate Change and Food 
Security in South Asia.

  The inauguration of the symposium by the President of Bangladesh and today 
the presence of Chief Advisor, Government of Bangladesh and the President of 
Iceland signify the strong support and the deep commitment to issues relating to 
climate change, food security and sustainable agriculture development.

A. It is estimated that the current food production in South Asia has increased three 
times from 117 million tonnes in 1961 to 348 million tonnes in 2006, but the 
dietary energy consumption has improved not enough emphasising the fact that 
the growth rate is not sufficient to tackle the emerging challenges in addition to 
population pressure. Ensuring food security in the future requires a great deal of 
additional efforts in yield improvement, with limited scope for expanding area 
under cultivation.

B. FAO has revealed recently that the Boro rice output in Bangladesh is estimated 
at record 17.54 million tonnes, increased by some 17.2% from the previous year 

Closing Address
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and 29.3% above the 5-year average. This increase of production was mainly due 
to favourable weather conditions and extra efforts made by farmers and 
Government in response to the high food prices and production loss of 1.4 mil-
lion tonnes in 2007 Aman season following severe flood and Cyclone Sidr.

Ladies and Gentlemen:
2. The majority of the South Asian countries face multiple challenges including 

frequent occurrence of natural hazards, excessive dependence on agriculture, 
widespread poverty, malnourishment, low income, soaring food prices and vul-
nerability to climate change.

  Climate change poses a major concern to food security in South Asia. Several 
regional and national initiatives have been undertaken in the recent past on cli-
mate change adaptation and mitigation.

 C. We in FAO strongly feel that it is not enough; adaptation and mitigation requires 
socio-institutional learning process and participatory community based actions 
for technology refinement and transfer. Location-specific technologies and good 
practices need to be built upon an improved understanding of the links between 
climate change and food provision, while promoting socio-economic develop-
ment and limiting further environmental degradation.

  FAO assists all its member countries in the region in identifying potential adapta-
tion and mitigation options most applicable to their particular circumstances and 
in integrating climate change responses in food and agricultural policies, National 
Programmes for Food Security (NPFSs), Special Programmes for Food Security 
(SPFSs) and National Forest Programmes (NFPs).

Mr. Chairman,
3. In the aftermath of the emerging challenges and taking stock of the existing ini-

tiatives, we WMO, ESCAP, the Ohio State University, the University of Dhaka 
and FAO have organized the regional symposium on climate change and food 
security focusing on long-term implications of climate change. Indeed, the 
regional symposium has provided a wealth of insights on the linkages between 
climate change impacts and multiple dimensions of food security.

FAO is very pleased to note that the symposium is concluded with a series of recom-
mendations and we are committed to implement them. Let’s take the main thrust 
of the symposium to mobilise the national, regional and international opinion to 
counter the climate change impacts and join hands and move forward together 
for ensuring food security.

4. The Government of Bangladesh recognised the need for regional collaboration 
and recommended the development partners to assist in establishing an 
International Think Tank for Adaptation which will provide a forum to study the 
vulnerability of countries to climate change, scope and constraints to adaptation, 
develop relevant data bases, and provide a network among countries and 
professionals.

Ladies and Gentlemen:
5. Finally, we would like to thank all our partners and the Government of Bangladesh 

for organizing a successful symposium. Given that a large portion of the 
 population in South Asia is undernourished, climate change and global warming, 
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highlighted by the Secretary General of the UN as top priorities, should be par-
ticularly high in our agenda. This makes it a challenge for all of us to get the 
work done in this region with nearly a quarter of mankind. Shall we fail them?
Thank you.
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Abstract South Asia is a large landmass of 642 million hectares (Mha) and 
comprising of diverse climates. The population of about 1.62 billion distributed in 
eight countries is strongly impacted by the climate. The Indus Valley Civilization 
of Harappa and Mohenjodaro vanished because the rainfall declined from 400 to 
800 mm/year between 2500 and 2000 BC to less than 200 mm/year in 1700 BC. 
The fall of Indus civilization is also attributed to degradation of soil and water 
resources and to flooding of Indus caused by deforestation of the gallery forest. 
The rapid decline in population of South Asia between AD 1000 and 1700 was 
also attributed to meteorological drought. The present population of 1.62 billion is 
drastically influencing the regional and global climate by deforestation, land use 
conversion and biomass burning, and fossil fuel combustion. There has been a sig-
nificant anthropogenic warming in Asia since 1950s. The problem is confounded 
by the acceleration of economic development jeopardizing natural resources which 

R. Lal (*) 
The Ohio State University, 2021 Coffey Road, 210 Kottman Hall, Columbus, OH 43210 
e-mail: lal.1@osu.edu

Chapter 1
Climate of South Asia and the Human 
Wellbeing

Rattan Lal 
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Whether the weather be cold or whether the weather be hot, 
we’ll weather the weather whatever the weather, whether we 
like it or not.

Anonymous

R. Lal et al. (eds.), Climate Change and Food Security in South Asia,
DOI 10.1007/978-90-481-9516-9_1, © Springer Science+Business Media B.V. 2011
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are already under stress by the Asian Brown Cloud, caused by soot and aerosol can 
strongly impact monsoons. The biomass, especially animal dung, must be used as 
a soil amendment rather than a source of energy and household fuel. The fate of 
10,000 or so of the Himalayan glaciers also depends on the human-induced climate 
change. Thus, adaptation to climate change is essential, in which conversion to 
a judicious land use and widespread adoption of recommended soil/water/crop/
vegetation management practices are important strategies. Building soil/ecosystem/
social resilience is important to weathering the weather.

Keywords Indus valley civilization • Mohenjodaro • Harappa • Ghaggar • Famines 
• Monsoons • Himalayan glaciers

Abbreviations

AI Aridity Index
D Dryness ratio
ET Evapotranspiration
Gg Giga gram (billion gram)
Gt Giga tonnes (billion tonnes)
L Latent heat of water
Mha Million hectares
Myr Million years
P Precipitation
R Radiation energy
SA South Asia
SOM Soil organic matter

1.1  Climate and Physiography of South Asia

South Asia or Southern Asia is the region comprising sub-Himalayan countries.  
It consists of the Indian sub-continent south of the Himalayas and The Hindu Kush, 
and includes Afganistan, Bangledesh, India, Iran, Nepal, Pakistan and Sri Lanka.  
It has a population of 1.62 billion and land area of 642 million hectares (Mha). The 
SA region, a world within the world is characterized by diverse climates and phys-
iographic features. Climate of a region is defined by the precipitation and evapora-
tion balance, in which the latter is influenced by the temperature. Two commonly 
used indices of climate are the Aridity Index (AI = P:ET) where P is precipitation 
and ET is evapotranspiration, and the Dryness Ratio (D = R/LP) where R is annual 
net radiation, L is the latent heat of evaporation, and P is average annual precipita-
tion. Using the AI, the ratio is <0.05 for hyper-arid, 0.05–0.20 for arid, 0.20–0.50 
for semi-arid, 0.5–0.65 for dry sub-humid, and >0.65 for humid climates. Typically, 
hyper-arid areas receive <200 mm of precipitation annually, arid areas receive <200 
mm of winter rainfall or <400 mm of summer rainfall, semi-arid areas 200–500 mm 
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of winter rainfall or 400–600 mm of summer rainfall, and dry sub-humid regions 
from 500 to 700 mm of winter rainfall or 600–800 mm of summer rainfall (FAO 
1993). In addition to total amount of rains, the length of the growing season is 
defined by its distribution or the period of favorable water balance and temperature 
regime to support plant growth. The growing season duration is <75 days for arid 
climates, 75–120 days for semi-arid regions, 120–150 days for sub-humid climates, 
>150 days for humid regions.

The SA region, spanning from Iran in the west to Sri Lanka in the east, is charac-
terized by diverse climates (Fig. 1.1). The arid climate, where evaporation exceeds the 
precipitation for most of the year, predominates in the western region. In contrast, the 
humid climates prevail in the eastern region. The rainfall is monsoonal, characterized 
by rainstorms of high intensity, high energy load and high erosivity. Monsoonal rains 
are highly variable and erratic. Most of the region has high temperature during the 
summer, with soil temperature often reaching 50°C at 1 cm depth.

Landscape of the region comprises of three distinct physiographic features. The 
Himalayas and the Hindu Kush mountains comprise the mountainous terrain. Two 
predominant alluvial plains include the interior basin of Iran, and the Indo-Gangetic 
Plains. The uplands include the Deccan Plateau of India and the central hill massif 
of Sri Lanka. Both Mountainous and Upland regions are prone to water erosion and 
gullying.

There are two types of river systems. Rivers flowing from the Himalayas and the 
Hindu Kush mountains originate from glacial melt and feed the alluvial plains. 
Predominant among these rivers are the Indus, Ganges, Brahmaputra, and Meghna 
Thus, a rapid retreat of the Himalayan glaciers is considered a threat to the flow of 
these rivers. The flow of rivers originating from the uplands depends on the rainfall. 
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Fig. 1.1 South Asia region. 90-day (LGP = 90-day length of growing period (FAO 1994)
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Important among these rivers of central and southern India are Krishe, Kaveri, 
Narmada and Trapti. Thus, land use and protection of head waters in the watersheds 
is critical to their flow.

This chapter outlines the historic and present day climate change with reference 
to drought, monsoon failure, and human wellbeing.

1.2  Indus Valley Civilization and Climate

Climate has played a major role throughout the human history in South Asia. The 
rise and fall of the Indus Valley Civilization is strongly linked to climate. The 
ancient cities of Harappa and Mohenjodaro in the northwestern region of ancient 
India flourished between 2800 and 2600 BC. While the present climate of the 
region is the Thar Desert covering Rajasthan (and partly the adjacent regions of 
Punjab, Haryana, Sindh, and Gujrat), the Indus Valley Civilization flourished on 
cultivation of wheat (Triticum aestivum), barley (Hordeum vulgare), Melon 
(Citrullus spp.), dates (Phoenix dactylifera) and cotton (Gossypium hirsutum). The 
earliest villages appeared along the Ravi in Punjab around 3300 BC (Kenoyer 
2003), and grew wheat, barley, legumes and sesame (Sesamum indicum) (Posshl 
2004). The city of Harappa flourished between 2800 and 2600 BC on agriculture 
and grazing. There were large granaries in Harappa and Mohenjodaro, an evidence 
of strong agriculture. However, cities were abandoned in 1900 BC. Among many 
hypothesis, climate drying is considered a plausible explanation (Singh 1971). 
The rainfall at that time ranged between 400 and 800 mm per annum (Lamb 
1982), compared with the present day rainfall of <200 mm per annum (Table 1.1). 

Table 1.1 Rainfall patterns during pre-historic era of the Indus Valley civili-
zation in the ancient northwestern India (Recalculated from Lamb 1974)

Period (thousand years 
before present)

Rainfall (mm)

Annual Summer

10 720 630
9 520 430
8 430 370
7 960 560
6–5 570 420
6 1,200 630
5 800 600 } Harappan Era
4 730 460
3.5 200 100
2 200 100
1 400 300
0.5 500 400
0.1 250 220
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The Indus Valley Civilization covered the region larger than the Nile Valley and 
Mesopotamian civilizations combined (Lamb 1982). Between 7,500 and 5,500 
years ago, the rainfall of the region then ranged between 1,000 and 1,200 mm per 
annum. The region had dense vegetation which was a habitat for elephants, rhinoc-
eros, and water buffalo. The region then was characterized by a stronger northward 
development of the summer monsoon rainfall which was adequate to support a 
flourishing agricultural civilization. It is hypothesized that rise of the Harappan 
civilization between 2800 and 2600 BC corresponded with good monsoons, and its 
decline was due to onset of the drought about 1900 BC (3,900 years ago), as is 
evidenced by the disappearance of many rivers. Climate had gotten worse and one 
of the major rivers of the Indus valley (Ghaggar-Hakra) had shifted and dried up. 
The extreme dry period lasted between 1,800 and 3,500 years ago (Lamb 1982). By 
the time, the Aryan people migrated into the Indus Valley about 1500 BC, the 
region was already too dry to support cultivation of winter cereals. The post-Harappan 
society eventually expanded to the eastern regions (Punjab, Haryana, northern 
Rajasthan and western U.P.) which were wetter and had favorable moisture regimes. 
Singh et al. (1990), Wasson et al. (1984) and Enzel et al. (1955) studied the climate 
of the region by identifying the pollens preserved in the salt lakes in the Thar desert. 
Monsoonal records, changes in precipitation over a multi-million year time scale, 
have been studied by a range of technologies. The past record can also be assessed 
through study of the rate of sediment transport into the ocean. The rates of erosion 
and transport of sediments deposited in the Bay of Bengal and the Arabian Sea have 
been widely studied for the Himalayan region. The deposition of sediments began 
~40 Myr ago, increased after 20 Myr ago and sharply increased 8–10 Myr ago (Rea 
1992; Ruddiman 2001). The rate of sediment transport in relation of climate change 
in recent years, the end of Harappan civilization about 1900 BC, has also been 
studied to infer the changes in monsoonal rains.

In addition to the possible impact of climate change, some researchers have 
argued that the climate during the period of the greatest vitality of the Harappan 
civilization was not very different from that of today (Wasson 2006). Thus, demise 
of the Harappan Civilization is also attributed to degradation of soil, water, and 
other natural resources. Fairservis (1967) concluded that too many demands were 
being made on the soil and water resources of the region. Deforestation of the gal-
ley forest (riparian forest) may have exacerbated flooding of the cities developed 
along the river and the floodplains (Fairservis 1967). Damming of the Indus by 
tectonic activity may also have been a cause (Raikes 1965).

1.3  Drought and Famines in South Asia

Famines have been experienced throughout the history of human settlement in SA. 
The emperor Janak was advised to plow a field to break the famine and drought. 
The event is connected with the birth of Sita, the heroine of the epic Ramayana. 
Occurrence of famines in SA is another example of the adverse effects of drought 
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on decline in agricultural production and well being of the people (Dyson 1991; 
Mahahatna 1996). The intensity and frequency of famines is closely related to the 
extent and severity of drought. The term drought refers to the lack of adequate sup-
ply of water due to failure of rains, low storage of water in surface and sub-surface 
reservoirs, and particularly low storage in the root zone. It is an important factor 
affecting agronomic production, and, thus, food security. There are three types of 
droughts (Maybank et al. 1995). The meteorological drought is caused by long-
term decline in rainfall (Street and Findlay 1981). The hydrological drought is 
caused by a prolonged period of decline in surface runoff and depletion of the 
ground water reserve. The agronomic drought refers to reduction in soil moisture 
storage because of losses of water by runoff and evaporation. The agronomic 
drought is exacerbated by decline in soil quality caused by depletion of soil organic 
matter and clay contents and the attendant decline in soil structure and aggregation, 
and the truncation of the topsoil by accelerated erosion. The agronomic drought 
specifically refers to reduction in soil moisture availability during the growing sea-
son (Dracup et al. 1980).

During the Middle Ages, the population of South Asia increased to a maximum 
of 200–300 million about AD 1000 (Lal 1973). Thereafter, it decreased to about 
190–200 million by AD 1200, to 170 million by 1388, followed by a sharper 
decline to merely 120 million between AD 1525 and 1550. By the time when Taj 
Mahal was built in 1631, the population of South Asia was merely 130–140 mil-
lion. This decline in population is primarily attributed to the occurrence of famines 
(Lal 1973; Lamb 1982), caused by droughts and failure of monsoons. It was the 
combination of meteorological, hydrological and agronomic droughts that caused 
this sharp decline in population between AD 1000 and 1650. Indeed, the Mogul 
empire experienced numerous famine during the sixteenth and seventeenth 
centuries.

During the seventeenth century, marked by the Mogul dynasties under the 
emperor Akbar and his predecessors, the meteorological droughts were common 
with frequent failure of Monsoons. The historical city of Fatehpur Sikri was built 
by emperor Akbar in 1570, and was the capital from 1571 to 1585. The city, 
located about 40 km southwest of Agra, was abandoned in 1588. The abandon-
ment of the newly constructed capital city of Fatehpur Sikri is a prime example of 
the fallout from meteorological drought caused by a long term decline in rainfall. 
Lamb (1982) observed that this era of meteorological drought in South Asia coin-
cided with the expansion of the polar cap and greater warmth in Siberia. There 
were strong failures in the summer monsoons in Bengal in 1770 that killed 10 
million of the Bengai’s 30 million people. Famines were also experienced in 1816 
and 1819, and later between 1876 and 1879. The crisis of 1816 also caused the 
pandemic of cholera in Bengal. The deaths due to famine in the late 1870s in India 
and China have been estimated at 14–18 million. There were also serious famines 
during the twentieth century, especially in 1943–1944 in Bengal which killed 2.1 
million people out of a total population of 60 million. There was a severe food 
shortage in Bihar in 1965–1966 in Maharashtra in 1970, and in west Bengal in 
1974–1975.
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1.4  Monsoons in South Asia

The process of seasonal transfers of heat between the tropical ocean and land is 
called Monsoons (Ruddiman 2001). The process is driven by the fact that water in 
the ocean responds more slowly than land to seasonal changes in solar heating 
because water has a heat capacity of 1 cal/g/C and land (soil) has a heat capacity 
of 0.2 cal/g/C. Therefore oceans have a high thermal inertia. Summer monsoon 
circulation, a predominant source of rainfall in South Asia, involves in-and-up 
flow of moist (water-laden) air over the Indian sub-continent that produces heavy 
rainfall between June and September. The differential heating between the ocean 
and the South Asian landmass sets in motion a large-scale summer monsoon over 
the Indian sub-continent by a two stage process (Ruddiman 2001): (i) initially a 
dry process due to the rising of sensible heat, and (ii) later a wet process linked to 
ocean moisture and release of latent heat. The winter monsoon, reversal of the 
summer monsoon, comprises down-and-out motion of cold and dry air from the 
South Asian landmass to the ocean. The summer precipitation is generally high in 
regions of low pressure and upward motion.

The failure of monsoons in SA is attributed to numerous natural and anthro-
pogenic factors. An important among numerous anthropogenic factors is the 
emission of soot through widespread use of traditional biofuels in the sub-
continent. The use of traditional biofuels produces a continental scale plume 
(brown cloud comprising of soot and aerosols) that migrates over the Indian 
Ocean during the winter months. This pollution plume may affect both regional 
and global climate. Habib et al. (2004) reported that black C emissions from 
biofuel combustion are estimated at 172–340 Gg C/year with the corresponding 
organic C emissions of 582–1683 Gt C/year (Venkataraman et al. 2005). 
Emissions of black C and CO

2
 from biomass burning in SA have increased 

sixfold since 1930 (Ramanathan et al. 2005). These emissions have been linked 
to large reduction in surface solar radiation, surface evaporation and summer 
monsoon rainfall. The atmospheric brown cloud envelopes vast regions of the 
sea reducing solar radiation, suppressing evaporation, cooling the northern 
ocean surface, weakening the latitudinal sea-surface temperature gradients, and 
stabilizing the lower atmosphere (Ramanathan et al. 2005). These effects inter-
fere with the regional hydrologic cycle. It has been estimated that the India-
averaged summer rainfall has decreased by 5% since 1960s, with a large reduction 
of 1 mm/day in July. The observed frequency of droughts has increased steadily 
from the 1930–1950 values of 1/decade to 4/decade in 1980s, and 3/decade in 
1990s. The average decadal rainfall has decreased over the entire period. This 
anthropogenic effect on monsoon variability and uncertainty in SA may inten-
sify in the future to drought frequency of 6/decade if the particulate and soot 
emissions continue to increase. Black C (soot) also absorbs solar radiation and 
has a direct warming effect, similar to that of CO

2
 which absorbs infrared terres-

trial radiation. Therefore, limiting emission of black C would mitigate/moderate 
global warming.
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1.5  The Himalayan Glaciers and the Climate Change

The global climate change may also impact the Himalayan glaciers, likely leading 
to a rapid retreat in the face of global warming. It is widely believed that India’s 
10,000 or so Himalayan glaciers are shrinking rapidly. Mayweski and Jascheke 
(1979) reported that the Himalayan glaciers have been retreating since 1850, but the 
rate of retreat has increased since the 1960s (Jangpang and Vohra 1962; Kurien and 
Munshi 1972; Srikanta and Panhi 1972; Vohra 1981). Since 1960, almost a fifth of 
the Indian Himalayan ice coverage has disappeared. The 30-km long Gangotri gla-
cier retreated an average of 22 m/year and shed a total of 5% of its length between 
1934 and 2003. However, the retreat was 12 m/year during 2004 and 2005 and 
standstill since 2007. Some studies have shown that the Gangotri glacier has 
retreated at the rate of 12–34 m/year since 1971 (Kumar et al. 2008; Naithni et al. 
2001). The downwasting of glaciers may adversely impact the supply of water to 
the densely populated regions of the Indus and Ganges–Baghmeputra basins. In 
addition to supply of water for irrigation, glacier retreat may adversely impact the 
supply of drinking water and that needed for industrial development and urbaniza-
tion. In contrast to the general belief; however, a recent report indicates no sign yet 
of the Himalayan meltdown (Bagla 2009). Reportedly, both Gangotri and Saichan 
glaciers are at standstill. Many glaciers in the Karakoram mountains have also sta-
bilized or undergone an aggressive advance (Bagla 2005). Some argue that rates of 
retreat have been less in the past 30 years than the previous 60 years. Even if the 
glaciers are melting, the report says, it would not entail a drastic water shortage 
because Ganges results primarily from monsoon rainfall. The flow in Ganges will 
be affected more strongly by anomalies of monsoons than by glacier meltdown 
(Bagla 2009). The complex process of glacier dynamics is influenced by a range of 
factors including the altitude, snowfall, and changes in summer weather such as 
cloudiness. Thus, there is a need for additional studies.

1.6  Recent Climate Change in South Asia

The Asian continent has experienced a significant warming since 1950s (Ramaswamy 
2009). The SA region is extremely vulnerable to drought, variability in monsoons, 
floods and other extreme events. Thus, energy, agriculture, water, soil and other 
natural resources are extremely vulnerable to climatic shifts, especially in densely 
populated regions of SA (e.g., The Indo-Gangetic Plains). The problem is exacer-
bated by soot and black carbon (Ramanathan et al. 2005; Menon et al. 2002), along 
with sulfate and other aerosols (Lau et al. 2008; Randles and Ramaswamy 2008; 
Shiu et al. 2009). While the temperature anomalies are easy to model, it is difficult 
to predict impact of climate disruption on precipitation changes and alteration in the 
hydrological cycle. Thus, development and validation of models (ground truthing) 
is essential.
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1.7  Conclusions

Being mostly an agrarian population, dependant on rainfed agriculture and that with 
supplemental irrigation involving rain-harvested water, climate change had in the pre-
historic past, in the present era and will continue to strongly impact wellbeing of the 
vast majority of people living in South Asia. Climate change and the overall aridiza-
tion of the region was probably an important cause of the fall of the Indus civilization 
about 1900 BC. The problem was then exacerbated by degradation of soil and water 
resources and flooding due to deforestation. Similarly, the recurrence of drought-
induced famines was the cause of decrease in population of northern India between 
1000 and 1700 AD, and the great famine of Bengal in 1940s. With high population 
of 1.7 billion and increasing, the region is extremely vulnerable to any climate change 
that adversely impacts water supply and exacerbates frequency and intensity of 
droughts. Adaptation, based on choice of judicious land use and adoption of recom-
mended soil/crop/nutrient/water management practices, is an important strategy. 
Restoring degraded soils and ecosystems and enhancing soil/ecosystem/social resil-
ience is the goal. Sustainable management of soil and water resources can make a 
difference in successful adaptation to vagaries of changing climate.
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Abstract South Asia, is home to over one fifth of the world’s population and 
is known to be the most disaster prone region in the world. The high rates of 
 population growth, and natural resource degradation, with continuing high rates 
of poverty and food insecurity make South Asia one of the most vulnerable regions 
to the impacts of climate change. In general, past and present climate trends and 
 variability in South Asia can be characterized by increasing air temperatures 
and there is an increasing trend in the intensity and frequency of extreme events 
in South Asia over the last century. Temperature projections for South Asia for 
the twenty-first century suggest a significant acceleration of warming over that 
observed in the  twentieth century. Recent modelling experiments indicate that 
the warming would be  significant in Himalayan Highlands including the Tibetan 
Plateau and arid regions of Asia. An increase in occurrence of extreme weather 
events including heat wave and intense precipitation events is projected in South 
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Asia, along with an increase in the interannual variability of daily precipitation in 
the Asian summer monsoon. The projected impacts of climate change in South 
Asia will vary across sectors, locations and populations. Temperature rise will 
negatively impact crop yields in tropical parts of South Asia where these crops are 
already being grown close to their temperature tolerance threshold. While direct 
impacts are associated with rise in temperatures, indirect impacts due to water 
availability and changing soil moisture status and pest and disease incidence are 
likely to be felt. The most significant impacts are likely to be borne by small-holder 
rainfed farmers who constitute the majority of farmers in this region and possess 
low financial and technical capacity to adapt to climate variability and change. The 
projected impacts of climate change in different parts of South Asia are described. 
The coping capacity of the rural poor, especially in the marginal areas, is low and 
there is a need to mainstream the good practices for adaptation to climate change 
into sustainable development planning in the region. Improved understanding of 
the climate change impacts, vulnerability and the adaptation practices to cope with 
climate change could help this process.

Keywords Indian sub-continent • Mangroves • El-Niño • ENSO • Rainfall 
 variability • Productivity • Fisheries • Sea level rise

Abbreviations

ENSO El Niño Southern Oscillation
FAR Fourth Assessment Report
GDP Gross Domestic Product
GHG Greenhouse gas
GLOF Glacial Lake Outburst Flood
HDR Human Development Report
NAO North Atlantic Oscillation
UNEP United Nations Environment Program
WMO World Meteorological Organization

2.1  Introduction

South Asia, comprising of eight countries i.e., Afghanistan, Bangladesh, Bhutan, 
India, the Maldives, Nepal, Pakistan and Sri Lanka, is home to over one fifth of the 
world’s population (Table 2.1) and is the most densely populated geographical region 
in the world. South Asia is known to be the most disaster prone region in the world 
(UNEP, United Nations Environment Programme 2003). Although agricultural sector 
in South Asia is continuing to grow, it is declining in relative importance, both in terms 
of its contribution to GDP (Table 2.1) and its share of the labour force. Urbanization 
is increasing, and farm households are diversifying their sources of income beyond 
agriculture. This relative decline of agriculture is  inevitable in countries that  experience 
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economic growth, which has been widespread in the region. Nevertheless, a significant 
percentage of the economically active population is still involved in agriculture in 
South Asia, and agricultural employment is especially important for the livelihoods of 
the poor. South Asia is also home to a majority of the world’s poor. According to FAO 
(2009), 1.02 billion people are undernourished worldwide in 2009. About 456 million 
people in South Asia are estimated to be undernourished.

In the recent past, climate change emerged as the single most pressing issue facing 
society on a global basis, with serious implications for the food security of billions 
of people in the developing countries. The inter-annual, monthly and daily distribution 
of climate variables (e.g., temperature, radiation, precipitation, water vapor pressure 
in the air and wind speed) affects a number of physical, chemical and biological 
processes that drive the productivity of agricultural, forestry and fisheries systems 
(Easterling et al. 2007). The high rates of population growth, and natural resource 
degradation, with continuing high rates of poverty and food insecurity make South 
Asia one of the most vulnerable regions to the impact of climate change. Land use, 
land degradation, urbanization and pollution, affect the ecosystems in this region 
directly and indirectly through their effects on climate. These drivers can operate 
either independently or in association with one another (Lepers et al. 2005). 
Complex feedbacks and interactions occur on all scales from local to global. 
Cassman et al. (2003) emphasize that climate change will add to the dual challenge 
of meeting food (cereal) demand while at the same time protecting natural resources 
and improving environmental quality in these regions. In the long run, climate 
change impacts, such as changes in temperature, shifts in growing seasons, storms, 
floods, droughts, and changed rainfall patterns, risk the livelihood of drylands popula-
tions. Therefore, adaptation to the adverse effects of climate change through sustainable 
land management is a crucial, though simultaneously challenging, task.

2.2  Climate Change

The climate system is a complex, interactive system consisting of the atmosphere, 
land surface, snow and ice, oceans and other bodies of water, and living things. The 
Intergovernmental Panel on Climate Change (IPCC) was established in 1988,  

Table 2.1 Statistics of various South Asian countries for 2008

Country Area (km2)
Population 
(millions)

Arable land 
(%)

GDP growth 
rate (%)

Agric. contribution 
to GDP (%)

Afghanistan 652,230 28.40 12.13 3.4 31.0
Bangladesh 143,998 156.05 55.39 4.9 19.1
Bhutan 38,394 0.69 2.3 21.4 22.3
India 3,287,263 1,166.08 48.83 7.4 17.6
The Maldives 298 0.40 13.33 5.7 7.0
Nepal 147,181 28.57 16.07 4.7 32.5
Pakistan 796,095 176.24 24.44 2.7 20.4
Sri Lanka 65,610 21.32 13.96 6.0 13.4
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by the World Meteorological Organization (WMO) and the United Nations 
Environment Program (UNEP), to assess scientific information on climate change, 
as well as its environmental and socioeconomic impacts, and to formulate response 
strategies. Climate change is defined by the IPCC as any change in climate over 
time, whether due to natural variability or as a result of human activity (IPCC 
2007). Evidence from observations of the climate system has led to the conclusion 
that human activities are contributing to a warming of the earth’s atmosphere. 
Human activities – primarily burning of fossil fuels and changes in land cover – are 
modifying the concentration of atmospheric constituents or properties of the Earth’s 
surface that absorb or scatter radiant energy. In particular, increases in the concen-
trations of greenhouse gases (GHGs) and aerosols are strongly implicated as con-
tributors to climatic changes observed during the twentieth century and are expected 
to contribute to further changes in climate in the twenty-first century and beyond. 
In the 1950s, the greenhouse gases of concern remained CO

2
 and H

2
O, the same 

two identified by Tyndall (1861) a century earlier. It was not until the 1970s that 
other greenhouse gases – CH

4
, N

2
O and CFCs – were widely recognized as impor-

tant anthropogenic greenhouse gases (Ramanathan 1975; Wang et al. 1976; IPCC 
2007). By the 1970s, the importance of aerosol-cloud effects in reflecting sunlight 
was known (Twomey 1977), and atmospheric aerosols (suspended small particles) 
were being proposed as climate-forcing constituents. The amount of carbon dioxide 
in the atmosphere has increased by about 35% in the industrial era, and this increase 
is known to be due to human activities, primarily the combustion of fossil fuels and 
removal of forests. These changes in atmospheric composition are likely to alter 
temperatures, precipitation patterns, sea level, extreme events, and other aspects of 
climate on which the natural environment and human systems depend.

As climate science and the Earth’s climate have continued to evolve over recent 
decades, increasing evidence of anthropogenic influences on climate change has 
been found. Correspondingly, the IPCC has made increasingly more definitive 
statements about human impacts on climate. IPCC released its Fourth Assessment 
Report (FAR) in 2007 that focused on observed climate change and the potential 
impacts of future climate change. The sections below on observed and future climate 
change borrow heavily from the information provided in FAR.

2.2.1  Observed Climate Change

At the time of the Third Assessment Report of IPCC, scientists could say that the 
abundances of all the well-mixed greenhouse gases during the 1990s were greater 
than at any time during the last half-million years (Petit et al. 1999), and this 
record now extends back nearly 1 million years (IPCC 2007). In 2005, the 
 concentration of carbon dioxide exceeded the natural range that has existed over 
650,000 years. Evidence from observations of the climate system show an 
increase of 0.74 ± 0.18°C in global average surface temperature during the 100 year 
period from 1906 to 2005 and an even greater warming trend over the 50 year 
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period from 1956 to 2005 than over the entire 100 year period i.e., 0.13°C ± 
0.03°C vs. 0.07°C ± 0.02°C per decade (IPCC 2007). Eleven of the 12 year 
period between 1995 and 2006 are among the 12 warmest years since the instru-
mental record of global surface temperature was started in 1850 (IPCC 2007). 
Land regions have warmed at a faster rate than the oceans. Warming has occurred 
in both land and ocean domains, and in both sea surface temperature (SST) and 
nighttime marine air temperature over the oceans. However, for the globe as a 
whole, surface air temperatures over land have risen at about double the ocean 
rate after 1979 (more than 0.27°C per decade vs 0.13°C per decade).

The following information on the observed climate change in South Asia was 
summarized from the report of the Working Group II chapter on Asia (Chapter 10 – 
Cruz et al. 2007) of IPCC. In general, past and present climate trends and variability 
in Asia can be characterized by increasing air temperatures which are more pro-
nounced during winter than in summer. During recent decades, the observed 
increases in some parts of Asia have ranged between less than 1–3°C per century. 
Across all of Asia, interseasonal, interannual and spatial variability in rainfall trend 
has been observed during the past few decades. Decreasing trends in annual mean 
rainfall have been observed in the coastal belts and arid plains of Pakistan and parts 
of North-East India with increasing trends in Bangladesh. Table 2.2 provides a 
detailed list on observed characteristics in surface air temperature and rainfall for 
some of the countries in South Asia.

As for extreme climatic events, there has been new evidence on recent trends, 
particularly on the increasing tendency in the intensity and frequency of these 
events in South Asia over the last century. There have been significantly longer 

Table 2.2 Summary of key observed past and present climate trends and variability in some 
countries in South Asia (Cruz et al. 2007)
Country Change in temperature Change in precipitation

Bangladesh Increasing trend of about 1°C in 
May and 0.5°C in November 
from 1985 to 1998

Decadal rain anomalies above long 
term averages since 1960s

India 0.68°C increase per century with 
increasing trends in annual 
mean temperature and warming 
more pronounced during post 
monsoon and winter

Increase in extreme rains in north-
west during summer monsoon in 
recent decades and lower number 
of rainy days along east coast

Nepal 0.09°C increase per year in 
Himalayas and 0.04°C in Terai 
region with more in winter

No distinct long-term trends in 
precipitation records for  
1948–1994

Pakistan 0.6–1.0°C increase in mean 
temperature in coastal areas 
since early 1900s

10–15% decrease in coastal belt and 
hyper arid plains and increase in 
summer and winter precipitation 
over the last 40 years in northern 
Pakistan

Sri Lanka 0.016°C increase per year between 
1961 to 90 over entire country 
and 2°C increase per year in 
central highlands

An increase trend in February and 
decrease trend in June
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heat waves in many countries of South Asia with several cases of severe heat 
waves. The AR4 report noted that, in general, the frequency of more intense rainfall 
events in many parts of Asia has increased, causing severe floods, landslides, and 
debris/mud flows. It is interesting that at the same time, the number of rainy days 
and total annual amount of precipitation has decreased. Therefore, the total 
amount rainfall has decreased but the rain has been concentrated in few days. 
Analysis of rainfall data for India highlights the increase in the frequency of severe 
rainstorms over the last 50 years. The number of storms with more than 100 mm 
rainfall in a day is reported to have increased by 10% per decade (UNEP, United 
Nations Environment Programme 2007).

An example of this can be demonstrated by the extreme rainfall event which 
occurred in Mumbai, India on 26 and 27 July 2005. In a matter of 18 h, 944 mm of 
rain was recorded which was the highest rainfall ever recorded in the last 100 years 
in India. Mumbai and adjacent areas of Maharashtra experienced one of their worst 
floods in history (Government of Maharashtra 2005).

In many parts of South Asia, there have been an increasing frequency and inten-
sity of droughts. The linear trends of rainfall decreases for 1900–2005 were 7.5% in 
South Asia (significant at <1%). Droughts have become more common, especially 
in the tropics and subtropics, since the 1970s (IPCC 2007). Observed marked 
increases in drought in the past three decades arise from more intense and longer 
droughts over wider areas, as a critical threshold for delineating drought is exceeded 
over increasingly widespread areas. Decreased land precipitation and increased 
 temperatures that enhance evapotranspiration and drying are important factors that 
have contributed to more regions experiencing droughts, as measured by the Palmer 
Drought Severity Index. Also, there has been a noted decrease in the number of 
cyclones originating from the Bay of Bengal and Arabian Sea since 1970 but the 
intensity of these storms has increased and the damage caused by intense cyclones 
has risen significantly in India and the Tibetan Plateau. Table 2.3 details a summary 
of observed changes in extreme events and severe climate anomalies in South Asia.

During the twentieth century, the changes in temperature and precipitation 
described above caused important changes in hydrology over large regions. One 
change was a decline in spring snow cover. Less snow generally translates to lower 
reservoir levels. The earlier onset of spring snowmelt exacerbates this problem. 
Snowmelt started 2–3 weeks earlier in 2000 than it did in 1948 (Stewart et al. 
2004). Particularly worrisome is the reduction in the mass balance of the glaciers 
and this has serious implications for the availability of water for over 500 million 
people in South Asia.

Another manifestation of changes in the climate system is a warming in the 
world’s oceans. The global ocean temperature rose by 0.10°C from the surface to 
700 m depth from 1961 to 2003 (IPCC 2007). Warming causes seawater to expand 
and thus contributes to sea level rise. This factor, referred to as thermal expansion, 
has contributed 1.6 ± 0.5 mm per year to global average sea level over the last 
decade (1993–2003). Other factors contributing to sea level rise over the last decade 
include a decline in mountain glaciers and ice caps (0.77 ± 0.22 mm per year) 
(IPCC 2007). In the coastal areas of Asia, the current rate of sea-level rise is 
reported to be between 1 and 3 mm/year which is slightly greater than the global 
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average. The rate of sea-level rise of 3.1 mm/year has been observed over the past 
decade compared to 1.7–2.4 mm/year over the twentieth century which suggests 
that the rate of sea level rise has accelerated relative to the long-term average.

Chapter 10 of the IPCC Working Group II report also summarized the impacts 
of observed changes in climate. For agriculture, the report noted that the production 
of rice, maize and wheat over recent decades has declined in many parts of Asia 
due to increasing water stress partly due to increasing temperature, increasing 
 frequency of El Niño’s and a lower number of rainy days. The chapter summarizes 
a study by the International Rice Research Institute which observed a 10% decrease 
in rice yield for every 1°C increase in growing-season minimum temperature (Peng 
et al. 2004). For water resources, there is concern about melting glaciers, since they 
account for over 10% of freshwater supplies the drier parts of Asia. There have 
been observations of Asian glaciers melting faster than in the past, especially in 
Central Asia, Western Mongolia and North-West China. However, studies in northern 
Pakistan indicate that glaciers in the Indus Valley region may be expanding, due to 
increases in winter precipitation over western Himalayas during the past 40 years. 
In India, Pakistan, Nepal and Bangladesh, water shortages have been attributed to 
rapid urban growth, industrialization, population growth and inefficient water use, 
which are exacerbated by a changing climate and its negative impacts on water 
demand, supply and quality.

The coastlines of South Asia are highly prone to cyclones and the combination 
of extreme climatic and non climatic events have caused coastal flooding, 
 resulting in substantial economic losses and fatalities. In the major river deltas of 
the region, wetlands have been significantly altered in recent years due to large 
scale sedimentation, land-use conversion, logging and human settlement. Also, 
salt water is reported to have penetrated 100 km or more inland along tributary 

Table 2.3 Summary of observed changes in extreme events and severe climate anomalies in 
South Asia (Cruz et al. 2007)

Climatic event Observed change

Heat waves Frequency of hot days and multiple-day heat wave has increased in 
past century in India with an increase in deaths due to heat stress 
in recent years.

Intense rains  
and floods

Serious and recurrent floods in Bangladesh, Nepal and north-east 
states of India during 2002, 2003 and 2004; floods in Surat, 
Barmer and in Srinagar of India during summer monsoon season 
of 2006; 17 May 2003 floods in southern province of Sri Lanka 
were triggered by 730 mm rain.

Droughts 50% of droughts associated with El Niño; consecutive droughts 
in 1999 and 2000 in Pakistan and Northwest India led to sharp 
decline in water tables; consecutive droughts between 2000 and 
2002 caused crop failures, mass starvation and affected ~11 million 
people in Orissa, India; droughts in Northeast India during summer 
monsoon of 2006.

Cyclones/typhoons Frequency of monsoon depressions and cyclones formation in Bay of 
Bengal and Arabian Sea on the decline since 1970 but intensity is 
increasing causing severe floods in terms of damages to life and 
property.
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channels of the Bay of Bengal during the dry season. Along the South Asian 
coastlines, a large portion of the mangroves, which help prevent salt-water intru-
sion have been reportedly lost during the last 50 years largely due to human 
activities.

In the coastal areas of Asia, the current rate of sea-level rise is reported to be 
between 1 and 3 mm/year which is slightly greater than the global average. The rate 
of sea-level rise of 3.1 mm/year has been observed over the past decade compared 
to 1.7–2.4 mm/year over the twentieth century which suggests that the rate of sea 
level rise has accelerated relative to the long-term average.

2.2.2  Future Climate Change

Looking ahead, IPCC (2007) projects increases in global mean surface air tempera-
ture (SAT) continuing over the twenty-first century, driven mainly by increases in 
anthropogenic greenhouse gas concentrations, with the warming proportional to the 
associated radiative forcing. An expert assessment based on the combination of 
available constraints from observations and the strength of known feedbacks simu-
lated in the models used to produce the climate change projections indicates that 
the equilibrium global mean SAT warming for a doubling of atmospheric CO

2
, or 

‘equilibrium climate sensitivity’, is likely to lie in the range 2–4.5°C, with a most 
likely value of about 3°C (IPCC 2007). Warming in the twenty-first century is 
expected to be greatest over land and at the highest northern latitudes. It is very 
likely that heat waves will be more intense, more frequent and longer lasting in a 
future warmer climate.

Increasingly reliable regional climate change projections are now available due 
to advances in modeling and understanding of the physical processes of the climate 
system. IPCC (2007) projections show that drier subtropical regions are warming 
more than the moister tropics. Warming is likely to be above the global mean in 
South Asia. The temperature projections for South Asia for the twenty-first century 
suggest a significant acceleration of warming over that observed in the twentieth 
century. The increase in temperature is least rapid, similar to the global mean 
warming, in South-East Asia, larger over South Asia and East Asia and greatest in 
the continental Asia (Central, West and North Asia). Also, in general, the projected 
warming over Asia is higher during northern hemisphere winter than during summer 
for all time periods. Recent modelling experiments indicate that the warming would 
be significant in Himalayan Highlands including the Tibetan Plateau and arid 
regions of Asia.

Mean winter precipitation will very likely increase in northern Asia and the 
Tibetan Plateau and likely increase in West, Central, South-East and East Asia. 
Summer precipitation will likely increase in North, South, South-East and East 
Asia but decrease in West and Central Asia. Droughts associated with summer 
 drying could result in regional vegetation die-offs (Breshears et al. 2005) and 
 contribute to an increase in the percentage of land area experiencing drought at any 
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one time, for example, extreme drought increasing from 1% of present-day land 
area to 30% by the end of the century (Burke et al. 2006).

Climate extremes encompass both extreme weather, with durations of minutes 
to days (the synoptic timescale), and extreme climate events with durations of 
months, in the case of periods of wet/stormy weather, or years, in the case of 
drought (McGregor et al. 2005). In all cases, the frequency of extreme events may 
be affected by seasonal to inter-annual fluctuations of large scale climate variations 
such as El Niño/Southern Oscillation (ENSO) and the North Atlantic Oscillation 
(NAO) (Schwierz et al. 2006).

The frequency of occurrence of climate extremes is expected to change during 
the next century, with increases in the frequency of heat waves and heavy precipita-
tion events, and decreases in the frequency of frost days, as a consequence of 
anthropogenically-forced climate change (Easterling et al. 2000). An increase in 
occurrence of extreme weather events including heat wave and intense precipitation 
events is projected in South Asia (Lal 2003) along with an increase in the interan-
nual variability of daily precipitation in the Asian summer monsoon (Lal et al. 2000; 
May 2004; Giorgi and Bi 2005). For tropical cyclones, there is a projected increase 
of 10–20% in the intensity of storms with an increase in sea-surface temperature of 
2–4°C relative to the current temperatures in East Asia, South-East Asia and South 
Asia. An increase in heights of storm-surges could result from the occurrence of 
stronger winds, increases in sea-surface temperatures and low pressures associated 
with tropical cyclones resulting in an enhanced risk of coastal disasters along the 
coastal regions of the countries of East, South and South-East Asia.

Annual average river runoff and water availability are projected to decrease by 
10–30% over some dry regions at mid-latitudes and in the dry tropics. The areas 
suitable for rainfed agriculture are expected to significantly decrease affecting 
adversely land productivity potential of the continent (Fischer et al. 2002).

2.3  Climate Change Impacts in South Asia

Projections indicate that climate variations in South Asia will be varied and 
heterogeneous, with some regions experiencing more intense precipitation and 
increased flood risks, while others encounter sparser rainfall and prolonged droughts. 
The impacts will vary across sectors, locations and populations. Temperature rise 
will negatively impact rice and wheat yields in tropical parts of South Asia where 
these crops are already being grown close to their temperature tolerance thresh-
old. While direct impacts are associated with rise in temperatures, indirect 
impacts due to water availability and changing soil moisture status and pest and 
disease incidence are likely to be felt. The most significant impacts are likely to 
be borne by small-holder rainfed farmers who constitute the majority of farmers 
in this region and possess low financial and technical capacity to adapt to climate 
variability and change.

Following is a short summary of the expected impacts across this diverse region.
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2.3.1  Impacts of Enhanced Temperatures

While plant response to elevated CO
2
 is positive, recent studies confirm that the 

effects of elevated CO
2
 on plant growth and yield will depend on photosynthetic 

pathway, species, growth stage and management regime, such as water and nitrogen 
(N) applications (Jablonski et al. 2002; Ainsworth and Long 2005). Increased 
 temperatures may also reduce CO

2
 effects indirectly, by increasing water demand. 

Rain-fed wheat grown at 450 ppm CO
2
 demonstrated yield increases with tempera-

ture increases of up to 0.8°C, but declines with temperature increases beyond 
1.5°C; additional irrigation was needed to counterbalance these negative effects 
(Xiao et al. 2005).

Temperature rise will negatively impact rice and wheat yields in tropical parts of 
South Asia where these crops are already being grown close to their temperature 
tolerance threshold (Kelkar and Bhadwal 2007). Kumar and Parikh (2001) show 
that even after accounting for farm level adaptation, a 2°C rise in mean temperature 
and a 7% increase in mean precipitation will reduce net revenues by 8.4% in India. 
Wheat yields are predicted to decline by 6–9% in sub-humid, semiarid, and arid 
areas with 1°C increase in temperature (Sultana and Ali 2006), while even a 0.3°C 
decadal rise could have a severe impact on important cash crops like cotton, mango, 
and sugarcane (MoE 2003). In Srilanka, half a degree temperature rise is predicted 
to reduce rice output by 6%, and increased dryness will adversely affect yields of 
key products like tea, rubber, and coconut (MENR, Ministry of Environment and 
Natural Resources 2000). In the hot climate of Pakistan, cereal crops are already at 
the margin of stress. An increase of 2.5°C in average temperature would translate 
into much higher ambient temperatures in the wheat planting and growing stages. 
Higher temperatures are likely to result in decline in yields, mainly due to the short-
ening of the crop life cycle especially the grain filling period. The National 
Communication (MoE 2003) highlighted that crops like wheat, cotton, mango, and 
sugarcane would be more sensitive to increase in temperatures compared to rice.

Drylands and mountain regions are likely to be more vulnerable than others 
(Gitay et al. 2001) and ecosystem degradation is largest in these regions (Hassan 
et al. 2005). Climate change is likely to cause additional inequities, as its impacts 
are unevenly distributed over space and time and disproportionately affect the poor 
(Tol 2001; Stern 2007).

2.3.2  Impacts of Precipitation Variability and Water Resources

Current vulnerabilities to climate are strongly correlated with climate variability, in 
particular precipitation variability. These vulnerabilities are largest in the semi-arid 
and arid low-income countries with large tracts of drylands, where precipitation and 
stream flow are concentrated over a few months, and where year-to-year varia-
tions are high (Lenton 2004). In such regions a lack of deep groundwater wells or 
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reservoirs (i.e., storage) leads to a high level of vulnerability to climate variability, and 
to the climate changes that are likely to further increase climate variability in future.

Water resources are inextricably linked with climate, so the prospect of global 
climate change has serious implications for water resources and regional develop-
ment (Riebsame et al. 1995). Tendencies of increase in intense rainfall with the 
potential for heavy rainfall events spread over few days are likely to impact water 
recharge rates and soil moisture conditions. A warmer climate, with its increased 
climate variability, will increase the risk of both floods and droughts (Wetherald 
and Manabe 2002).

South Asia is endowed with great rivers, which are the lifelines of the regional 
economy. The ice mass covering the Himalayan-Hindu Kush mountain range is 
the source of the nine largest rivers of Asia, including the Ganges, Brahmaputra, 
and Indus. These rivers provide water to more than half of the world’s population. 
Many people in Asia are dependent on glacial melt water during dry season. 
Accelerated glacial melt questions the very perennial nature of many of the 
Himalayan flowing rivers. This is likely to have huge implications on those depen-
dent on the resource affecting water availability for agricultural purposes (Kelkar 
and Bhadwal 2007). In Nepal and Bhutan, melting glaciers are filling glacial lakes 
beyond their capacities contributing to Galcial Lake Outburst Floods (GLOFs) 
(UNEP, United Nations Environment Programme 2007). Of 2,323 glacial lakes in 
Nepal, 20 have been found to be potentially dangerous with respect to GLOFs. 
The most significant such event occurred in 1985, when a glacial lake outburst 
flood caused a 10–15 m high surge of water and debris to flood down the Bhote 
Koshi and Dudh Koshi rivers for 90 km, destroying the Namche Small Hydro 
Project (Raut 2006).

Semi-arid and arid areas are particularly exposed to the impacts of climate 
change on freshwater. In semi-arid areas, climate change may extend the dry 
 season of no or very low flows, which particularly affects water users unable to rely 
on reservoirs or deep groundwater wells (Giertz et al. 2006). Kundzewicz et al. 
(2007) explain that many of these areas will suffer a decrease in water resources 
due to climate change. The population of Maldives mainly depends on ground-
water and rainwater as a source of freshwater. Both of these sources of water 
are vulnerable to changes in the climate and sea level rise. With the islands of 
the Maldives being low-lying, the rise in sea levels is likely to force saltwater 
into the freshwater lens. The groundwater is recharged through rainfall. Although 
the amount of rainfall is predicted to increase under an enhanced climatic regime, 
the spatial and temporal distribution in rainfall pattern is not clear (Ministry of 
Environment and Construction 2005).

Agricultural irrigation demand in arid and semi-arid regions of Asia is esti-
mated to increase by at least 10% for an increase in temperature of 1°C (Fischer 
et al. 2002; Liu 2002). Efforts to offset declining surface water availability due to 
increasing precipitation variability will be hampered by the fact that groundwater 
recharge will decrease considerably in some already water-stressed regions, 
where vulnerability is often exacerbated by the rapid increase in population and 
water demand.
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The greatest impact will continue to be felt by the poor, who have the most 
 limited access to water resources. Rapid depletion of water resource is already a 
cause for concern in many countries in South Asia. About 2.5 billion people will 
be affected with water stress and scarcity by the year 2050 in South Asia (HDR 
2006). In the drylands, farmers and pastoralists also have to contend with other 
extreme natural resource challenges and constraints such as poor soil fertility, pests, 
crop diseases, and a lack of access to inputs and improved seeds. These challenges 
are usually aggravated by periods of prolonged droughts and/or floods and are often 
particularly severe during El Nino events (Vogel 2005; Stige et al. 2006). The 
impact of changes in precipitation and enhanced evaporation could have profound 
effects in some lakes and reservoirs.

2.3.3  Impacts of Increased Frequency of Extreme Events  
and Natural Disasters

South Asia suffers an exceptionally high number of natural disasters. Between 1990 
and 2008, more than 750 million people – 50% of the region’s population – were 
affected by a natural disaster, leaving almost 60,000 dead and resulting in about 
$45 billion in damages.

Several studies showed that generally, the frequency of occurrence of more 
intense rainfall events in many parts of South Asia has increased, causing severe 
floods, landslides, and debris and mud flows, while the number of rainy days and 
total annual amount of precipitation has decreased (Mirza 2002; Lal 2003). 
Increasing frequency and intensity of droughts in many parts of South Asia are 
attributed largely to a rise in temperature, particularly during the summer and 
 normally drier months, and during ENSO events (Lal 2003). An increase in the 
frequency of droughts and extreme rainfall events could result in a decline in tea 
yield, which would be the greatest in regions below 600 m (Wijeratne 1996). With 
the tea industry in Sri Lanka being a major source of foreign exchange and a 
 significant source of income for laborers the impacts are likely to be grave. On an 
average during the period 1962–1988, Bangladesh lost about 0.5 million tonnes of 
rice annually as a result of floods that accounts for nearly 30% of the country’s 
average annual food grain imports (Paul and Rashid 1993).

Short-term natural extremes, such as storms and floods, interannual and decadal 
climate variations, as well as large-scale circulation changes, such as the El Niño 
Southern Oscillation (ENSO), all have important effects on crop, pasture and forest 
production (Tubiello 2005). Increased climate extremes may promote plant disease 
and pest outbreaks (Gan 2004).

There is growing evidence that the frequency and extent of drought has increased 
as a result of global warming. A global analysis has shown that abrupt changes in 
rainfall are more likely to occur in the arid and semi-arid regions, and that this 
susceptibility is possibly linked to strong positive feedbacks between vegetation 
and climate interactions (Narisma et al. 2007). The socio-economic impacts of 
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droughts may arise from the interaction between natural conditions and human 
 factors, such as changes in land use and land cover, water demand and use. 
Excessive water withdrawals can exacerbate the impact of drought. Changes in the 
frequencies of extreme events will have an impact on land degradation processes 
such as floods and mass movements, soil erosion by both water and wind, and on 
soil salinization.

2.3.4  Impacts on Crop, Pasture and Forest Productivity

Agriculture is the mainstay of several economies in South Asia. It is also the largest 
source of employment. The sector continues to be the single largest contributor to 
the GDP in the region. As three-fifth of the cropped area is rainfed, the economy of 
South Asia hinges critically on the annual success of the monsoons (Kelkar and 
Bhadwal 2007). In the event of a failure, the worst affected are the landless and the 
poor whose sole source of income is from agriculture and its allied activities. Cruz 
et al. (2007) concluded that the crop yield in many countries of Asia has declined, 
partly due to rising temperatures and extreme weather events and that future climate 
change is likely to affect agriculture, risk of hunger and water resource scarcity 
with enhanced climate variability and more rapid melting of glaciers.

For Asia, the results of recent studies suggest that substantial decreases in cereal 
production potential could be likely by the end of this century as a consequence of 
climate change. Cruz et al. (2007) stressed, however, that regional differences in the 
response of wheat, maize and rice yields to projected climate change could likely be 
significant. Results of crop yield projections, using the HadCM2 climate model, 
indicate that crop yields could likely increase up to 20% in East and South-East Asia 
while likely decrease up to 30% in Central and South Asia even if the direct positive 
physiological effects of CO

2
 are taken into account. In South Asia, there could be a 

significant decrease in non-irrigated wheat and rice yields for a temperature increase 
of greater than 2.5°C which could incur a loss in farm-level net revenue of between 
9% and 25%. One study points out that in Bangladesh, production of rice and wheat 
might drop by 8% and 32%, respectively, by the year 2050. Studies show that a 
0.5°C rise in winter temperature could reduce wheat yield by 0.45 tons per hectare 
in India. Other studies suggest that 2–5% decrease in Indian wheat and maize yield 
potentials for temperature increases of 0.5–1.5°C could occur.

For countries in South Asia, the net cereal production is projected to decline at 
least between 4% and 10% by the end of this century under the most conservative 
climate change scenario. The changes in cereal crop production potential suggest 
increasing stress on resources induced by climate change in many of the developing 
countries of Asia. Climate change could affect not only the crop production per unit 
area but also the area of production. More than 28 Mha in South and East Asia will 
require a substantial increase in irrigation for sustained productivity and the 
demand for agricultural irrigation in arid and semi-arid regions of Asia is estimated 
to increase by at least 10% for an increase in temperature of 1°C.
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Grasslands in the drylands of South Asia consisting of fast-growing, often short 
lived species, are sensitive to CO

2
 and climate change, with the impacts related to 

the stability and resilience of plant communities (Mitchell and Csillag 2001). 
Experiments support the concept of rapid changes in species composition and 
diversity under climate change. In dry regions, there are risks that severe vegetation 
degeneration leads to positive feedbacks between soil degradation and reduced 
vegetation and rainfall, with corresponding loss of pastoral areas and farmlands 
(Zheng et al. 2002). The natural grassland coverage and the grass yield in Asia, in 
general, are projected to decline with a rise in temperature and higher evaporation 
(Lu and Lu 2003). Thermal stress reduces productivity, conception rates and is 
potentially life-threatening to livestock (Easterling et al. 2007).

Although climate change will impact the availability of forest resources, the 
anthropogenic impact, particularly land-use change and deforestation in tropical 
zones, is likely to be extremely important (Zhao et al. 2005). The mangrove forests 
along the Indus Delta in Pakistan are an especially diverse ecosystem. They provide 
fuelwood and fodder to local inhabitants and are breeding grounds for an estimated 
90% of shrimps that are exported. Pakistan’s national communication report states 
that detrimental impacts of climate change on rural livelihoods would result in more 
people being forced to seek employment in urban areas (MoE 2003). In Sri Lanka, 
Somaratne and Dhanapala (1996) estimate a decrease in tropical rain forest of 
2–11% and an increase in tropical dry forest of 7–8%. This study also indicates that 
increased temperature and rainfall would result in a northward shift of tropical wet 
forest into areas currently occupied by tropical dry forest. Droughts combined with 
deforestation increase fire danger (Laurance and Williamson 2001).

2.3.5  Impacts on Crop Pests and Diseases

According to Cruz et al. (2007), some studies have shown that higher temperatures 
and longer growing seasons could result in increased pest populations in temperate 
regions of Asia. Warmer winter temperatures would reduce winter kill and increase 
insect populations. Overall temperature increases may influence crop pest and 
 disease interactions by increasing pest and disease growth rates which would then 
increase the number of reproductive generations per season and by decreasing pest 
and disease mortality due to warmer winter temperatures, would make the crop 
more vulnerable. The report stated that climate change along with changing pest 
and disease patterns will affect how crop production systems react in the future.

2.3.6  Impacts on Fisheries

For fisheries, an increased frequency of El Niño events could likely lead to measurable 
declines in fish larvae abundance in the coastal waters of South and South-East 
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Asia (Cruz et al. 2007). This and other factors are expected to contribute to a general 
decline in fishery production in the coastal waters of East, South and South-East 
Asia. There is a potential to substantially alter fish breeding habitats and fish food 
supply and therefore the abundance of fish populations in Asian waters due to the 
response to future climate change to the following factors: ocean currents; sea level; 
sea-water temperature; salinity; wind speed and direction; strength of  upwelling; 
the mixing layer thickness; and predator response.

2.3.7  Impacts of Sea Level Rise

Low-lying coastal cities will be at the forefront of impacts; vulnerable to the risks 
of sea level rise and storms. These cities include Karachi, Mumbai, and Dhaka – 
all of which have also witnessed significant environmental stresses in recent years. 
Higher seawater levels would also increase the risk of flooding due to rainstorms, 
by reducing coastal drainage. A rise in sea level would raise the water table, 
 further reducing drainage in coastal areas. All these effects could have possibly 
devastating socioeconomic implications, particularly for infrastructure in low 
lying deltaic areas.

Noronha et al. (2003) provided a coastal district level ranking of vulnerability to 
one metre sea level rise in India by constructing a weighted index as an average of 
the share of land area affected in the total area of district; the share of population 
affected in the total population of the district; and the index of relative infrastruc-
ture development. The most vulnerable districts were found to be the metropolises 
of Chennai and Mumbai.

The population of Maldives mainly depends on groundwater and rainwater as a 
source of freshwater. Both of these sources of water are vulnerable to changes in 
the climate and sea level rise. With the islands of the Maldives being low-lying, the 
rise in sea levels is likely to force saltwater into the freshwater lens (Ministry of 
Environment and Construction 2005).

2.4  Conclusions

South Asia is one of the most vulnerable regions in the world to climate change in 
view of the huge population, the large number of poor facing food insecurity, inap-
propriate soil and management practices on marginal lands in the semi-arid regions 
leading to increasing rates of land degradation and the projected impacts of climate 
change on the agricultural, forestry and fisheries sectors. The coping capacity of 
the rural poor, especially in the marginal areas, is poor and there is a need to 
 mainstream the good practices for adaptation to climate change into sustainable 
development planning in the region. Improved understanding of the climate change 
impacts, vulnerability and the adaptation practices to cope with climate change could 
help this process.
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Abstract The sun is the primary driver of terrestrial atmospheric phenomena and 
energy source for the earth. It emits radiation over a large energy band and ejects 
highly energetic plasma fluxes of charged particles into space. The sun is an active 
star that (i) goes through a 12-year maximum–minimum emission cycle, (ii) has huge, 
non-periodic eruptions in solar flares and coronal mass ejections, and (iii) has nearly 
equipartition of energy between particle and radiation fluxes. Variations in these 
emissions interact with all atmospheric layers down to the earth surface. The 
precise nature of these interactions can be examined through microscopic physics at 
atomic and molecular levels for illustration of physical and chemical processes, and 
their impact on macroscopic problems such as global climate change, and more 
localized manifestations such as the atmospheric brown cloud (ABC) prominent in 
Asia. I will describe some of these calculations for atomic and molecular species 
such as carbon, nitrogen, oxygen, sulfur and their compounds. While the visible and 
near-infrared solar radiation penetrates through, more  energetic components in the 
ultraviolet (UV) and the x-ray are absorbed by the upper layers of the atmosphere 
and thus provide protecting shields for life on earth. The atmosphere has been 
maintaining a fine energy balance of solar radiation entering the earth by radiating 
the same amount into space. Certain atmospheric gases trap radiation energy and 
reflect back near earth’ surface to heat it up in an energy cycle. This phenomenon 
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is known as the Greenhouse effect and has maintained the average earth surface 
temperature at 14°C. However, for over a 100 years the balance is being perturbed 
due to changes in atmospheric compositions of greenhouse gases. More energy 
is being trapped than released, leading to global warming and climate change. 
Depletion of atmospheric ozone molecules has created holes for harmful radiation 
to reach earth’s surface. The basic scientific data in current atmospheric models 
lack accurate parameters for fundamental atomic and molecular processes, and 
hence provide predictions which have large uncertainties. We aim to explore the 
sensitivity of numerical simulations to accurately predict the response of the earth’s 
atmosphere to changes in elemental and molecular composition. To wit, what is the 
effect of including new high-accuracy photoionization and radiative transition rates 
in C, N, O, H

2
O, etc. in climate models? How do temporal-spatial and temperature-

density dependencies of fundamental physical and chemical parameters and rates 
affect the absorption of solar radiation by the ABC? Such studies should lead to 
an improved understanding of global warming and climate change processes, and 
help in the future steps.

Keywords Radiation • Ultraviolet radiation • Asian brown cloud • Greenhouse 
effects • CFCs • HCFCs

Abbreviations

ABC Atmospheric brown cloud
CFC Chlorofluorocarbon
CSIRO Council of Scientific & Ind. Research
DES Dielectric satellite
HFC Hydrofluorocarbon
INODEX Indian Ocean Experiment
IPCC International Government Panel on Climate Change
OCO Orbiting Carbon Observatory
UNEP UN Environment Program
UV Ultraviolet

3.1  Chemical Compositions and Global Warming

Global warming is directly related to solar irradiance. The earth is our home planet 
and the sun is an integral part of our lives. The sun is responsible for virtually all 
energy that reaches the earth’s surface. The interaction of solar radiation with atmo-
spheric gases establishes the atmospheric temperature. The atmosphere contains 
number of component gases: 78.08% nitrogen (N

2
), 20.95% oxygen (O

2
), 0.93% 

argon, 0.038% carbon dioxide (CO
2
) and traces of some others. About 1–4% could 

be water vapor depending on the climate. The atmospheric gases which absorb and trap 
energy causing the earth to heat up in a cyclic process are the greenhouse gases. 
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The natural constituent greenhouse gases are water vapor, which causes about 
36–70% of the heating, carbon dioxide (CO

2
) about 9–26%, methane (CH

4
) about 

4–9%, and ozone (O
3
) about 3–7%. These gases have maintained a constant average 

earth temperature by a natural balance as they radiate about the same amount of 
energy that they absorb. Even a slight change in the concentration of particular 
gases in the atmosphere can prevent heat from being radiated out into space and 
upset this fine balance. The current global warming is a result of such imbalance. 
Over the last 100 years, the earth is seen going through a climate change, that is, 
changes in its weather systems, rainfall and temperatures. The average temperature 
of the earth’s near-surface air and oceans has increased by 0.74 ± 0.18 C (1.33 ± 
0.32°F) during the last 150 years ending in 2005. These changes can be caused 
naturally either, as a result of changes in the way oceans and the atmosphere inter-
act, or from changes in the amount of energy received from the sun. Recent mea-
surements indicate that the earth is presently absorbing solar energy of 0.85 ± 0.15 
W/m2 more than it is emitting into space.

Atmospheric concentrations of various greenhouse gases have been increasing 
slowly over the years and are believed to causing global warming. These concentra-
tions are considerably higher than at any time during the last 650,000 years, the 
period for which reliable data has been extracted from ice cores. Concentration of 
greenhouse gas CO

2
 has seen a steady rise. Currently about 6.5 billion tonnes of 

carbon dioxide are emitted globally each year, mostly through burning fossil fuel 
such as, coal, oil and gas by industries and domestic transportations, and through 
land use by deforestation and agricultural processes. The Intergovernmental Panel 
on Climate Change (IPCC) Special Report on Emissions Scenarios predicts that this 
increment in atmosphere may increase to from 541 to 970 ppm by the year 2100. 
Since the industrial revolution the concentrations of greenhouse gases have increased 
by human activities. The increases are +35% for carbon dioxide since 1,700, +150% 
for methane and +20% for nitrous oxide. Other greenhouse gases are also on the rise, 
such as, aerosol gases like hydrofluorocarbons (HFC) and chlorofluorocarbon 
(CFC). The conclusion of IPCC research indicated that most of the temperature 
increase since the mid-twentieth century is due to the increase in these anthropo-
genic gases. However, increase of CO

2
 is believed to be the main gas accountable for 

global warming. Present technology cannot prevent the release of carbon dioxide, 
although there is some that can reduce the amount of gas being released.

The effect of global warming through heating up the earth’s surface, oceans and 
atmosphere is causing devastating damage for the inhabitants of our planet. A rise 
in temperature of just one or two degrees will result in changing weather patterns 
and lead to increased flooding, desertification, crop failures, freshwater shortages, 
increase of salinity in inland water, and storms. The polar snow caps are retreating 
and sea levels are rising. United Nations Environment Programme (UNEP) has 
shown that glaciers melting has more than doubled in places. Some of the biggest 
losses have occurred in the Alps and Pyrenees mountain ranges in Europe. 
Estimates for 2006 indicate shrinkage of 1.4 m of ‘water equivalent’, compared to 
half a meter in 2005. A huge Antarctic ice sheet, 160 square mile piece which is 
more than seven times the size of Manhattan, of the Wilkins ice shelf collapsed into 
the ocean near the end of February 2008. The piece had been attached to Antarctica 
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for hundreds, or may be even 1,500 years. Retreat of glaciers have created a number 
of glacier lakes in the Himalayas mountains. Bhutan has about 24 such lakes. 
The swollen lakes pose the risk of outbursts and flooding to the populated areas. 
Sea level is rising by 0.8 mm/year. IPCC estimates from its research on around 100 
glaciers that the rise may be over 20 cm by 2100, where the increase of 1–23 cm 
will be due to melting of glaciers alone. Its data shows significant shrinkage taking 
place in Asia, European countries including Austria, Norway, Sweden, Italy, Spain 
and Switzerland. The overall headline figures from the IPCC expect global sea 
levels to rise by between 11 and 88 cm this century, and to rise further after that. 
However, these figures are based on computer modeling. With more accurate data 
on how solar radiation is being trapped, the models are expected to provide more 
precise predictions.

Another cause for concern in the climate change crisis is the depletion of ozone, O
3
, 

in the atmosphere. O
3
 is a molecule with three oxygen atoms which interacts 

efficiently with solar UV radiation. In amount ozone is rare in our atmosphere, 
averaging about three molecules for every 10 million air molecules. Despite of this 
small amount, O

3
 plays a vital role in the upper atmosphere (stratosphere) and the 

lower atmosphere (troposphere). Stratospheric ozone (often referred to as “good 
ozone”) plays a beneficial role by absorbing most of the biologically damaging 
ultraviolet, called UV-B, sunlight. Without the filtering action of the ozone layer, 
more UV-B would penetrate the atmosphere and would reach the earth’s surface.

The absorption of ultraviolet radiation by ozone creates a source of heat, and is 
the reason for temperature rise as one goes to higher altitudes. Ozone thus plays a 
key role in the temperature structure of the earth’s atmosphere. On the other hand, 
surface-level tropospheric ozone (often called “bad ozone”) is destructive to living 
systems when comes in direct contact. Studies show harmful effects of ozone on 
crop production, forest growth, and human health. Concern has been raised as 
ground-based and satellite-borne instruments measurement showed decreasing 
amount of stratospheric ozone, while increase in tropospheric ozone. Over some 
parts of Antarctica, up to 60% of the total overhead of ozone depleted during 
Antarctic spring (September–November). This phenomenon is known as the 
Antarctic ozone hole. In the Arctic polar regions, similar processes occur that have 
also led to significant chemical depletion of the column ozone during late winter 
and spring in seven out of the last 11 years. Smaller, but still significant, strato-
spheric decreases have been seen over other more populated regions of the earth. 
Increases in surface UV-B radiation have been observed in association with local 
decreases in stratospheric ozone. In addition, near-surface ozone is causing  problem 
as a key component of photochemical “smog”, especially in many cities. The scientific 
evidence from studies by the international research community has shown that 
human-produced chemicals are responsible for the observed depletions of the 
ozone layer. The ozone-depleting compounds, such as carbon tetrachloride, methyl 
chloroform which are commonly known as halocarbons, contain various combina-
tions of the chemical elements chlorine, fluorine, bromine, carbon, and hydrogen. 
One example is the halons which contain carbon, bromine, fluorine, and (in some 
cases) chlorine, used as fire extinguishants. The other compound, known as chloro-
fluorocarbon contain only chlorine, fluorine, and carbon. These human-produced 
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gases are used in many applications, such as, refrigeration, air conditioning, foam 
blowing, cleaning of electronics components, and as solvents. Upon usage, these 
float in the atmosphere up to the stratosphere and break down ozone into oxygen 
which then ionizes and escapes into space.

3.2  Atmospheric Brown Cloud (ABC)

Recently, another problem which is worsening the climate has been of much concern. 
It is the atmospheric brown cloud (ABC) which blocks solar radiation from 
 reaching the earth surface by partly reflecting out and partly absorbing the sunlight. 
ABC is more pronounced in Asia – especially China, Arabian Peninsula, India, 
Bangladesh, Korea, Japan etc. where it is enhancing the global warming. ABC is 
the thick haze formed in humid condition, usually in winter when the monsoon is 
with no rainfall to wash the pollution. The ingredients are airborne particles and 
pollution due to coal powered industrial soot, biomass burning, vehicle emissions, 
burning of woods, dung, and crops. This pollution layer was detected during inten-
sive field observation under the Indian Ocean Experiment (INODEX) in 1999. 
Later the United Nations Environment Program (UNEP) supported a project called 
ABC to study the pollution. The brown cloud that hangs over southern Asia could 
precipitate an environmental disaster that could affect billions of people. A recent 
CSIRO study found that the Asian brown cloud is also affecting rainfall in Australia. 
A new study shows that getting rid of it could actually help increase the rice 
 harvests in the subcontinent. ABC is believed to have reduced sunlight, by about 
20% since 1970s, by reflecting part of it back into space. This cools the surface and 
thus reduces the evaporation and causes less monsoon rainfall. It also absorbs the 
sunlight and thus raises solar atmospheric heating. Model suggests 50% tempera-
ture raised in the area is due to ABC (Ramanathan et al. 2007) and is believed to 
cause melting the Himalayan glaciers. However, the model included the data for 
solar heating with uncertainty of about a factor of four. The study of solar heating 
of the earth’s atmosphere is crucial in precise modeling of its impact on the environ-
ment, and future plans. The following sections describe and discuss briefly our 
present day understanding, and how further study can lead to our projected aim.

3.3  Solar Irradiation of the Earth

Study of interaction of sunlight with atmospheric gases is an integral part of under-
standing global warming and future predictions. The sun brightens up and warm up 
the day as the earth spins every day, and causes seasons as the earth moves along 
its orbit. The earth is much smaller than the sun, its radius being 110 times smaller 
than that of the sun and only a small fraction of solar emission irradiates the earth. 
The sun, is however, an “unQuiet” star. During active period of its cycle of 11 years 
of maximum and minimum activity, it erupts with explosions that eject large 
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amount of particles and radiation into space as solar flares which can affect the 
earth considerably. Features in solar activity are being elucidated through 
multi-wavelength spectroscopy using observations by space based satellites, such 
as, SOHO, Chanda x-ray Observatory, aided by detailed theoretical atomic and 
molecular calculations. The “Halloween” solar storm that occurred on October 28, 
2003, was well documented by the space observatories Chandra and SOHO. Sun’s 
active spots were detected especially by SOHO. Its mass spectrometer, LASCO, 
detected large coronal mass ejections around the sun, which is covered at the 
center by the detector. Eight hours after ejection from the sun LASCO was 
swarmed by the ejected particles in the form of a proton shower. Emission of x-rays 
in KeV energy range peaked in the radiation spectrum of solar flares. The emission 
bumps were found to be produced by He-like Ca, Fe, and Ni. Solar x-ray emission 
spectra may be analyzed by observing dielectronic satellite (DES) lines that form 
when an electron colliding with a two-electron He-like ion forms an excited 3-elec-
tron system. An atomic state with two electrons in excited levels is known as a 
doubly excited autoionizing state. An autoionizing state decays quickly by emitting 
a photon, which forms a DES line and a stable bound state. Study of DES lines 
(e.g. Nahar and Pradhan 2006) provides various diagnostics, such as temperature, 
density, and chemical abundances of the plasma surrounding the sun.

Materials, such as electrons, protons, and heavy ions ejected out into space by 
the solar explosions can be dangerous as these can damage tissue, break strands of 
DNA, and lead to diseases like cancer. The powerful electromagnetic pulses during 
a solar storm can also affect satellites and communications, and can even disrupt 
electrical service over long distances. However, earth holds protective shields 
around it. Its magnetic field channels these particles around the earth, funneling 
some of it to the poles to produce the most commonly noticed effect, the glowing 
aurorae. The upper layers of earth’s atmosphere deflect and block part of radiation. 
For example ozone in stratosphere blocks most of ultraviolet, x-rays, and Gamma 
rays, and the lower atmosphere scatters and burns most of the incoming particles.

While the earth’s atmosphere blocks most of the harmful radiation, it lets visible 
light, most radio waves, and some infrared light through, making it possible to 
study the universe with ground-based telescopes at these wavelengths. Atmospheric 
opacity gives the measure of radiation transport such that less opacity means more 
radiation can pass through. Most of the infrared light coming to earth is absorbed 
by water vapor and carbon dioxide in the earth’s atmosphere. Observations of astro-
nomical objects with radiation heavily attenuated by the atmosphere are carried out 
by space-based telescopes.

3.4  Solar Energy Distribution and Greenhouse Effect

The most important scientific input for climate change models is related to the green-
house effect. Of the total solar radiation reaching the earth, 30% is reflected back to 
space (6% by air, 20% by clouds, and 4% by the surface of the earth), 
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19% is absorbed by atmosphere (16% by atmospheric gases, 3% by clouds) and 51% 
by the earth surface. Fifty-one percent of energy absorbed by the earth’s surface is 
reradiated into the atmosphere (21% as infrared emission, 7% in sensible heat flux, 
23% in latent heat flux). The atmosphere absorbs this 51% of long wavelength infrared 
radiation, plus the original 19% of short wavelength radiation absorbed directly from 
the sun, and then reradiates the total 70% back to space (6% radiated directly and 64% 
radiated from clouds and atmosphere). Hence, a stable relation is maintained between 
the atmospheric thermal structure and solar radiation.

In the energy cycle of the greenhouse effect, part of the energy is trapped to 
heat the earth surface. Direct overhead sunlight at the top of the atmosphere 
provides 1,366 W/m2. Due to geometric effects and reflective surfaces only 
235 W/m2 is absorbed, 67 W/m2 by air and 168 W/m2 by land and water. Earth’s 
surface temperature is raised only to −18 C by 168 W/m2. However, the green-
house gases absorb the outgoing and reflected radiation, and thus trapping more 
radiation in the atmosphere and subsequently reflecting it back to the lower 
layers of the atmosphere closer to the surface which raises the earth’s temperature. 
The gases absorb 452 W/m2 thermal infrared radiation emitted by the earth’s 
surface. Of the total energy 519 W/m2 (= 67 + 452) it delivers 324 W/m2 (62%) 
back to earth and transmits the remainder 195 W/m2 (38%) to space. The total 
energy 492 W/m2 (168 from sunlight +324 from atmosphere) raises earth’s 
surface temperature to +14°C. This energy recycling process, that is the green-
house effect, is an essential piece of the earth’s climate. Greenhouse effect has 
maintained abundant liquid water for the earth’s habitants. A more detailed 
study of the effect requires one to know how atmospheric atoms and molecules 
interact with radiation, discussed next.

3.5  Atomic and Molecular Processes of Photo-Absorption, 
Photon-Emission, and Atmospheric Opacity

The macroscopic phenomena due to solar irradiance of the earth are related to a 
number of atomic and molecular processes involving light and atmospheric gases 
which absorb and emit radiation at different wavelengths, that is, photons of 
 different energy. Followings are the processes of absorption and emission of a 
 photon. A photon is described by hn where n is the photon frequency and h is the 
Planck’s constant. Its interaction with an atomic or molecular species, X+Z of charge 
Z, can increase the charge with loss of an electron.

 1. Photoexcitation – an electron in an atomic or molecular system, X+Z , absorbs the 
photon and jumps to a higher excited state while remaining in the atomic or 
molecular system:

 + Z  + Z*X h Xν+ →

The asterisk (*) denotes an excited state.
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 2. De-excitation (inverse of excitation) – an electron in an excited atomic or  molecular 
state emits energy in the form of a photon and drops down to the ground level:

 + Z*  + ZX X  + hν→

 3. Photoionization/photo-dissociation/photo-electric effect – an electron absorbs a 
photon and exits the atom/molecule:

 + Z  + Z + 1X  + h X  + eν →

 4. Electron-ion recombination (inverse of photoionization) – a free electron loses 
its energy as a photon and combines to an ion:

 + Z  + Z + 1X e X hν+ → +

 5. Collisional excitation – an atom or a molecules goes to an excited state by the 
impact of a free electron, and decays by emitting a photon.

 + Z  + Z*X e X e′+ → +

The first two processes are confined to the atomic system and hence emit or 
absorb photons of particular energy related to quantized atomic levels. The parameters 
of interest relevant to the processes are called oscillator strengths (f-values) and 
radiative decay rates (A-values) respectively. They produce only lines in the spectrum. 
However, the other three processes show characteristic features over a range of energies 
in their cross sections. Study of these features in cross sections are crucial for any 
precise modeling. For example, sun’s ultraviolet radiation breaks down O

2
 and N

2
 

molecules into atoms, and then photo-ionizes them in the ionosphere. Nahar (1998) 
and Nahar and Pradhan (1997) carried out calculations for photoionization cross 
section (s

PI
) with photon energy which showed that the ionization does not vary 

smoothly with energy, but goes through resonances at different energies. The resonant 
peaks indicate huge enhancement of ionization at particular energies (Fig. 3.1).

Nahar (1995, 1996) studied the characteristic patterns for electron combining 
with a doubly ionized (two electrons stripped off) sulfur forming a singly ionized 
sulfur. Her work showed that at low temperature the recombination rate is very 
high, and goes down with higher temperatures since high velocity electrons have 
less time to combine. However, when the temperature is high enough to form resonant 
states, the recombination increases, and forms a peak which is followed by a smooth 
decay (Fig. 3.2).

Due to various processes between the gases and sunlight, earth’s atmospheric 
opacity spectrum shows various windows of radiation transmission reaching the 
earth. For example, (i) oxygen molecules, O

3
 and O

2
, and atomic oxygen (O) absorb 

ultraviolet radiation, (ii) water and oxygen absorb some infrared, microwave and 
radio frequencies, and (iii) carbon dioxide absorbs infrared frequency photons, 
Determination of atmospheric opacity, which provides the measures of radiation 
transfer, depends on the above processes. For example, monochromatic opacity (for 
a particular photon frequency), kn, depends on the photo-excitation parameter, f

i j
, 

oscillator strength for transition from level i to level j,
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2
i ij(i j)=[ e /mc]Nk f→ν π ϕ

where N
i
 = ion density in state i, j is a profile factor, and the rest are constants, and 

on photoionization cross sections s
PI

i PINKν σ=
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Fig. 3.1 Photoionization cross sections (sPI) of oxygen and nitrogen (Nahar 1998; Nahar and 
Pradhan 1997). At energies (pointed by arrows) the resonance peaks indicate enhancement of 
ionization of the atom by orders of magnitude
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The total opacity depends on the interaction of radiation with all atoms and mol-
ecules in the atmosphere. Complete atmospheric modeling requires opacities and 
parameters of all other processes. Two international projects have undertaken large-
scale computations for precise understanding of astronomical objects, the Opacity 
Project (1995, 1996), and the Iron Project (Hummer et al. 1993), involving collaborators 
from the US (Ohio State U, NASA-Goddard, Rollins), U.K., France, Germany, 
Belgium, Venezuela, and Canada. These two projects entail all radiative and collisional 
processes described above using an ab initio R-matrix method. A huge amount of 
accurate atomic data for many atoms and ions from hydrogen to nickel are available 
through databases: TOPbase, TIPbase at CDS (France) at http://vizier.u-strasbg.fr/
topbase/topbase.html, Ohio Supercomouter Center at http://opacities.osc.edu, and 
NORAD-Atomic-Data at: www.astronomy.ohio-state.edu/~nahar/nahar_radiative 
atomicdata/index.html. These resources can also be utilized for atmospheric models.
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Fig. 3.2 Total recombination rate for singly ionized sulfur, S II, from doubly ionized sulfur S III 
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A detailed solar spectrum at the earth’s surface after attenuation by the chemical 
constituents of the atmosphere and without consideration of change of change in 
greenhouse gases (e.g. R. Kurucz, CfA, Harvard University, kukurucz.harvard.edu/
sun/fluxatlas) shows that the lines corresponding to various photon absorptions are 
closely lying for ultra-violet photons indicating high absorption of the radiation and 
less dense for optical radiation indicating less absorption. Yellow is absorbed minimum 
(reason for the Sun to look yellow). Absorption of lines increases in the infrared 
range due to absorption mostly by water. The best calculations for H

2
O opacity in 

atmosphere were done using over 800M transitions.
With changes in the atmospheric composition the spectrum will obviously 

change. It may be noted that some bands that are saturated (i.e. 100% of radiation 
in that band is absorbed) can be affected by further increases in greenhouse gas 
concentrations. The greenhouse gases will cause the radiation to be captured closer 
to the earth’s surface and increase the temperature. Detailed and accurate study of 
atmospheric opacities will therefore provide more accurate radiation transfer with 
varying components, solar heating of the earth, and more precise predictions of 
global warming and climate change. Such calculations will require high-performance 
large-scale atomic and molecular calculations, as, for example, carried out at the 
Ohio Supercomputer Center in Columbus, Ohio.

Finally, we mention a few space observatories engaged in atmospheric research. 
NASA, along with space agencies from other countries, has a fleet of satellites 
known as the A-Train to study the atmosphere affecting the global temperature. 
Satellite Aqua collects information on earth’s water cycle, Cloudsat studies clouds 
for their role in regulating the climate, Calipso studies the way aerosols interact 
with clouds, Parasol can distinguish natural from human-produced aerosols and 
measures polarized light, Glory measures the energy budget of the earth and deter-
mines the global temperature, and Aura maps global pollution. NASA’s Orbiting 
Carbon Observatory (OCO) was launched to pinpoint key locations on the earth’s 
surface where CO

2
 is being emitted and absorbed, but was lost in space while setting 

in its orbit. However, Japan’s Gosat is carrying out similar observations on global 
greenhouse effects through spectroscopy of the sunlight reflected off the earth’s 
surface, in which the constituent colors determine how much carbon dioxide and 
molecular oxygen are present. Two carbon observatories, A-SCOPE (Advanced 
Space Carbon and Climate Observation of Planet Earth) and BIOMASS, are 
planned to be launched from Europe in 2016.

3.6  Conclusion

The sun is the main source of energy for living conditions that depend on the •	
thermal structure in the atmosphere.
The relation between solar irradiation and earth’s atmosphere needs to be •	
 understood; atomic and molecular processes are inherent to atmospheric models. 
Numerical simulation requires complex quantum-mechanical calculations for 
atomic and molecular processes using high-performance computing platforms.
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Large number of atomic parameters for radiative processes in the atmosphere are •	
needed. A concerted MULTI-DISCIPLINARY effort is crucial in solving the 
problem of global warming and protect our home planet.
PLAN: Calculation of accurate atmospheric opacities and models.•	
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Abstract There is a strong evidence that the glaciers of the Himalayas are in the 
process of a rapid meltdown. The implications of this development will be broad and 
sweeping for the river systems and more generally for the water resources of South 
Asia. The consequences will be grave for food production and livelihood of hun-
dreds of millions of people. Despite this alarming forecast about the glaciers in the 
Himalayas, in particular on the southern site of the mountain range, these glaciers have 
not been researched to a serious degree and are in need of in-depth research initiative. 
Among numerous aspects of the Himalayan glaciers which have not been studied to 
the extent they should is the mass balance. This chapter briefly surveys the literature on 
the state of the glaciers on the Indian Himalayas, outlines in general terms, the method 
of mass balance modeling as it has been applied to glaciers in Iceland, and finally, sug-
gests ways in which the modeling procedure can be applied in the Himalayas.
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Abbreviations

ISRO Indian Space Research Organization
ICSI International Commission for Snow and Ice’s Working Group
GLOFs Glacial lake outburst floods
GSI Geological Survey of India

4.1  The Himalayan Glaciers

The Himalayan glaciers are the least studied and least known glaciers in the world. 
Yet, in a comparative perspective, these glaciers are extremely vital for the 
 livelihood of a large number of people as a unique reservoir that feeds more than 
a dozen major rivers. Important among these are the mighty perennial rivers of 
Ganges, Indus and Brahmaputra which sustain hundreds of millions of people 
downstream. Therefore, it is a matter for great concern, which is widely recog-
nized, that the Himalayan glaciers are prone to a process glaciologists refer to as 
downwasting, i.e., the  melting, receding and ultimate withering of glaciers 
(Figs. 4.1–4.3).

Several studies indicate that downwasting is taking place with a vengeance in the 
Himalayas. The Indian Space Research Organization (ISRO) has recently, based on 

Fig. 4.1 Example of a lowland glacier, Iceland
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Fig. 4.3 Example of a lowland glacier, Iceland

Fig. 4.2 Example of a lowland glacier, Iceland
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the data of satellite imaging, discerned the changes in 466 glaciers. The ISRO 
observed more than 20% reduction in size between 1962 and 2001. As bigger 
 glaciers disintegrate into smaller pieces, each piece retreats faster than its parent. 
This trend has been evident for quite some time.

Direct observations of a select few snout positions among the thousands of 
Himalayan glaciers indicate that they have been in a general state of decline and 
retreat since 1850 (Mayweski and Jaschke 1979). However, the cause for alarm is 
the present very rapidly accelerating rate of retreat. Studies by Jangpang and 
Vohra (1962), Kurien and Munshi (1972), Srikanta and Pandhi (1972), Vohra 
(1981), and many others about the snout fluctuation of the Himalayan glaciers 
since the early 1960s indicate dramatic increase in the rate of retreat. By studying 
the longitudinal profiles of the river Ganges, Owen and Sharma (1998) reported 
that between 1971 and 1996 (Fig. 4.4), the Gangotri Glacier retreated by about 
850 m. This study indicates a post 1971 retreat rate of 34 m/year. For the 61 years 
(1935–1996), data of the Geological Survey of India (GSI) also shows that the 
retreat rate is about 28 m/year. These studies clearly indicate an increase in the rate 
since 1971 (Kumar 2005). Similar trends were reported by Naithani et al. (2001).

Similar to Gangotri, the Chorabari glacier has also retreated at the rate of 9 m/
year for the 3 year period since 2006. Although, 3 years may be too short a period 
to draw firm scientific conclusions about the health of the glacier, the study also 
confirms a disquieting pattern of glacial retreat across the Himalayas. In a separate 

Fig. 4.4 Map showing the course of the Ganges and selected tributaries
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study on the Parbati glacier, one of the largest in the area, it was found to be 
 retreating by 52 m/year during the 1990s. Another glacier, named Dokriani, lost 
20% of its size in three decades and between 1991 and 1995 its snout retreated 
back almost 17 m/year. Thus, there is an ample evidence that the glaciers in the 
Himalayas are in the process of a rapid meltdown (Fig. 4.4).

4.2  Consequences

The Intergovernmental Panel on Climate Change (IPPC 2007) reported that the 
likely consequences of these trends are, in the most general terms, an increased 
likelihood of flooding over the next three decades and then, as glaciers further 
recede, extensive drying up of the rivers they feed (Parry 2007, p. 13). This will in 
turn bear heavily on food security in South Asia, as it will have drastic  consequences 
for the regions drinking water supply and irrigation for agricultural  production. 
Changes in water supply will also adversely affect a variety of  ecological systems 
including those especially consequential for the spreading of diseases. A range of 
industries will also be adversely affected. In the Ganges alone, the loss of glacier 
melt water would reduce July–September flows by two-thirds, causing water short-
ages for over 500 million people and 37% of India’s irrigated land (Singh et al. 
1994). This could readily translate into malnutrition, food insecurity and risks of 
famine.

Another reason for immediate concern is the danger of so-called glacial lake out-
burst floods (GLOFs): catastrophic discharges of water resulting primarily from melt-
ing glaciers. Observations indicate that the frequency of GLOF’s in the Himalayas 
increased during the second half of the twentieth century and have cost lives, property 
and infrastructure in India, Nepal and China. For example, the catastrophic flooding of 
Bihar in August of 2008 was in all likelihood a consequence of a glacial outburst flood 
in the mountains. The data gathering efforts required for a scientific study of the gla-
ciers in the Himalayas therefore, needs to be supplemented with a systematic evalua-
tion of the livelihood of the population. What areas will be most affected by the change 
in river flow, floods and droughts? Where are ice-dammed lakes most likely to form 
and cause threats of abrupt outburst floods, with dire consequences for populations 
living downstream?

The consequences of melting glaciers are indeed multi-dimensional and 
 serious. A response on behalf of governments, as well as regional and local institu-
tions, is deemed necessary. For such a response to become informed and effective, 
it is necessary to increase and improve research on the glaciers dynamics. Among 
the many fields of scientific engagement which needs to be improved is the 
 so-called mass balance modeling, relating glacier mass balance to meteorological 
parameters and thereby to climate. This approach or method can be easily used in 
the Himalayas.
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4.3  Mass Balance Modeling: An Illustration from Iceland

Glaciers cover 11% of the surface area of Iceland, which amounts to 20 years of 
precipitation. These glaciers are also rapidly shrinking. Glaciers in Iceland are acces-
sible and lend themselves particularly well to efforts to gather data, which in turn 
makes it possible to engage in modeling of their development over time. The basic 
data required for an analysis of glacial evolution are: (1) glacier geometry: surface 
and bedrock, (2) glacier mass balance, (3) ice dynamics, (4) glacio-meteorology, and 
(5) drainage of melt-water. With data on these parameters in hand it becomes possible 
to model the mass balance, the ice dynamics and, thus the response of the glacier to 
climate scenarios.

The modeling process is explained by a series of figures presented herein. 
Figure 4.5 shows the topography of the glacial distribution in Iceland. Figure 4.6 
illustrates in broad and general terms the fundamental elements of the analysis of 
glacial response to climate scenarios, namely the path from field observations and 
modeling to predictions given specific climate scenarios. Figure 4.7 illustrates the 
temporal variations in the mass balance of Vatnajökull and Langjökull while 
Fig. 4.8 demonstrates the accelerating volume loss of those two glaciers. Figure 4.9 
shows the predicted climate scenario for the Icelandic highlands. Figure 4.10 illus-
trates the model response for three glaciers, namely Vatnajökull, Hofsjökull and 
Langjökull. Finally, Fig. 4.11 is a computer generated picture of the likely evolution 
of Hofsjökull until the end of the twenty-second century.

The analysis presented above indicates that the glaciers in Iceland may disappear 
within 100–200 years, and that the discharge from the glaciers will increase over the 
next 50 years and then decrease. It is also possible to outline how the  seasonal rhythm 
in discharge will change and some rivers may disappear. Eventually, river discharge 
may consist primarily of precipitation. The sediment load of rivers will also drasti-
cally change.

Fig. 4.5 Topography displaying the glacier distribution of Iceland. The glaciers cover 11% of Iceland 
and the volume of ice equals 20 years of precipitation on Iceland (Björnsson and Pálsson 2008)



Fig. 4.6 Analysis of glacial response to climate scenarios

Fig. 4.7 Temporal variations in Vatnajökull and Langjökull mass balance (for glaciological years 
1991/92 to 2005/06). Specific mass balance is given in m water equivalent, where b

w
 stands for 

winter balance, b
s
 summer balance and b

n
 annual net balance (Björnsson and Pálsson 2008)
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Fig. 4.9 Climate change scenario for the Icelandic highland (Jóhannesson et al. 2007)
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Fig. 4.8 The accelerating volume loss of Vatnajökull andLangjökull (Björnsson and Pálsson 2008)
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Fig. 4.10 Model responses shown for three Icelandic glaciers: Vatnajökull, Langjökull and 
Hofsjökull. Volumes and areas are normalized to present day values and specific runoff is from 
the present day glacier covered area (Björnsson and Pálsson 2008)

Fig. 4.11 The likely evolution of Hofsjökull until the end of the twenty-second century given the 
predicted climate scenario (Björnsson 2009)
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4.4  Applications in the Himalayas

For an application of the above modeling method in the Himalayas, it will be  necessary 
to map the territory; to obtain an up-to-date overview of the present  distribution 
of glaciers and classify them according to elevation, range and size, and describe 
the larger trends in their rate of shrinkage. These data lead to an informed selection of 
particular target ice fields that may serve as representative of their category. This 
entails chiefly: (a) collection of information on geometry, in particular elevation range, 
and (b) systematic collection of satellite images of Himalayan glaciers.

When the territory has been mapped it is then possible to embark upon the 
 collection of mass balance data. Information is required about the present mass 
balance of the target glaciers as a function of elevation and its relation to climate 
variables. This requires improving upon the existing data gathering of the annual 
mass balance on the glaciers and running automatic weather stations on and around 
target glaciers. Integrating the information on the geometry of the glaciers with data 
on mass balance and climatic variables makes it possible to model the glacier’s 
response to climate change scenarios and the impact on river run-off.

Work on this aspect of the project entails the combination of existing data 
with future annual mass balance measurements. This part of the project entails: 
(a)  accumulation rates as a function of elevation, snow line elevation, use of  satellite 
data to measure seasonal changes, (b) collection of temperature and  precipitation 
data on the glaciers and in their surroundings and running automatic weather  stations 
on and around the glaciers, (c) mass balance modeling including  investigations of 
the sensitivity of mass balance to air temperature and the tuning of a degree model 
for mass balance, and factoring in the shading effect of a steep  mountain terrain, 
(d) modeling of glacier’s response to climate change scenarios through numerical 
 modeling, and (e) impact on river runoff.

4.5  Imperative for Action

The far-reaching implications of glacial melting in the Himalaya have only 
slowly simmered in and the need for greater awareness in the making of policy 
as well as the importance of public action have only gradually been established. 
As awareness increases and the need for action becomes imperative the complex-
ity, magnitude and scope of the challenge come even more sharply into relief. In that 
context, the dearth of knowledge and data on this theme is nothing less than 
alarming. For example, river flow data is so scantly and recent that scientists can-
not predict how the way in which the glaciers currently retreat will affect the river 
volume and flow. There is, therefore, an urgent need for research to establish 
scientific knowledge. In the absence of a serious effort by the scientific commu-
nity an informed and  constructive reaction by the governments and people of 
South Asia will be impossible.
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4.6  Conclusions

The above discussion has two main elements. On the one hand it entails a general 
survey of the state of knowledge on the Himalayan glaciers. On the other hand it 
presents an outline of the way in which the mass balance of the glaciers in Iceland 
has been analyzed. Rigorous methods of geophysics have made it possible to 
 conclude with reasonable certainty that the glaciers of Iceland are melting at an 
alarming rate and will all but disappear given the predicted scenario of climate warm-
ing within 200 years. Evidence on the glaciers in the Himalayas is quite scarce and at 
some level anecdotal. However, the studies surveyed above indicate in no uncertain 
terms that the glaciers in the Himalaya are receding at quite an alarming rate.

It is clear that planning and preparation for the consequences of imminent 
 melting of the glaciers in the Himalaya will be impossible in the absence of a more 
serious and intense scientific analysis of the evolution of the glaciers. Therefore, it 
stands to reason to make efforts to apply in the Himalaya the method of mass 
 balance analysis as applied to the glaciers of Iceland. This would offer an interesting  
opportunity for an international scientific collaboration.
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Abstract This paper overviews the monitoring of surface water flow and storage 
using satellites. The overview is cast in the context of surface water-related problems 
of Bangladesh and South Asia. The paper then provides a basic introduction of 
a planned space-borne mission for surface water called SWOT (Surface Water 
and Ocean Topography) mission suggested for launch in 2015. The opportunities 
offered by SWOT for enhancing the capacity for flood hazards monitoring and 
adaptation to climate change for Bangladesh are also overviewed.
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5.1  Introduction

Bangladesh is largely a riverine delta situated at the most downstream end of three 
large river basins – the Ganges, the Brahmaputra and the Meghna, i.e. the GBM 
basin (Fig. 5.1; Paudyal 2002). The flood plains of these three international rivers, 
together with smaller rivers and streams, account for about 80% of the area of 
Bangladesh (Hofer 1998). Yet only around 7–8% of the total drainage area of the 
GBM basins is situated inside the boundaries of Bangladesh.

Problems related to surface water availability are very widespread in Bangladesh. 
In general, the geographic location and average land elevation of Bangladesh are 
conducive to the four major water related problems: (1) Flood; (2) Erosion; (3) Drought 
and (4) Storm Surges. For about 7 months of the year (the non-Monsoon period spanning 
October–May), drought, exacerbated by the impoundment of the Ganges river in 
upstream India, creates acute water shortage in the Western regions of Bangladesh 
(Fig. 5.2). Estimates also indicate that about 3,000 km of the river banks will have been 

Fig. 5.1 Map produced by Institute of Water Modeling (IWM), Bangladesh
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eroded by 2025, while in any given year about 22% of the total land area is usually 
inundated by Monsoon-driven flooding by the major rivers. For extreme wet years, 
this inundation can swell to 68% of the total land area as has been witnessed during the 
recent catastrophic floods of 1998 (Chowdhury 2000). Finally, about one-fourth of 
the country is susceptible to tidal surges from cyclones (Fig. 5.2).

Because many of the water-related problems are ‘routine’, Bangladesh government 
has invested in a monitoring network and a forecasting system. The most notable system 
in this regard is the one designed for floods, called the ‘FLOOD WATCH’, developed 
and operated by the Flood Forecasting and Warning Center (FFWC) of the Bangladesh 
Government Ministry of Water Resources. FLOOD WATCH is currently operated in 
real-time by the FFWC and believed to be the world’s largest flood forecasting model 
(4,200 grid points) presently in operation (Kjelds and Jorgensen 1997). Technical 
support for system modifications and upgrades are continuously provided by the 
Institute of Water Modeling (IWM) of Bangladesh. Every day during most of the 
monsoon season the model simulates the water level conditions during the previous 7 days 
(hind-cast simulations) and during the coming 3 days (forecast simulation). These 
forecasted levels are then converted for decision support to either one of the five outputs 
for public dissemination (e.g., internet: www.ffwc.gov.bd; radio, TV and news dailies) 
and for disaster management (e.g., Prime Minister’s Office and Disaster Management 
Bureau). These five outputs are: (1) normal (river stage expected to remain below 
the danger level); (2) warning (river stage projected to threaten the danger level); 

The geographical location
and average land levels of
Bangladesh are conducive

to

Flood
Erosion

Storm Surge
Drought

About 1/4thof the country
susceptible to tidal surges

68% area inundated
Average inundation 22%

in 1998

Water scarcity
in 7 months a
year

by 2025

Over 3000 km
of river bank
will be eroded

Fig. 5.2 Overview of surface water related environmental hazards of Bangladesh. (Map courtesy 
of Institute of Water Modeling, Bangladesh)

http://www.ffwc.gov.bd
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(3) danger (river stage projected to exceed the danger level); (4) severe (over bank 
flooding in progress) (5) no data. The danger level at a river location is the level above 
which it is likely that the flood may cause damages to nearby crops and homesteads. 
Currently, FLOOD WATCH issues flood warnings for 30 river stations in the country 
using in-situ rainfall information from 84 stations (see Fig. 5.3).

Despite the significant reduction of the average number of deaths associated 
with catastrophic floods after the implementation of FLOOD WATCH in 1995 
(flood related deaths in 1988 were 2379, compared to 918 in 1998 floods; Ninno 
et al. 2001; Chowdhury 2000), a significant amount of annual damage of lives and 
property by floods is nevertheless endemic in Bangladesh. Two challenging factors 
identified in this regard suggest that an even better decision support or monitoring 
with satellite data might be possible. These are: (1) increasing the lead time of river 
flow forecast beyond 3 days by early estimation of surface flow conditions further 
upstream of Bangladesh within India, Nepal and Bhutan (Hossain and Katiyar 
2006); and (2) reducing high operational costs of daily in-situ rainfall measurements 
to maintain long-term sustainability of FLOOD WATCH. An increase in lead time 
has potential significance for reducing the country’s agricultural vulnerability to 
flooding hazards. For example, 7- to 10-day forecasts are much more useful than 
daily forecasts in agricultural decision support as they inform farmers of the potential 
benefits of delayed sowing or early reaping of crops, while a 21-day forecast is 
considered most ideal for South and Southeast Asian nations (Asian Disaster 
Preparedness Center – ADPC 2002).

However, basin level hydrological modeling of large international river catchments 
is gradually becoming a more challenging task due to the complexity in collecting 
and handling information and data such as rainfall, river discharge, topographic 
parameters, land use, cropping pattern etc. For example, the general trend on global 
data collection for discharge and rainfall measurements is reported to be on the 
decline (see Stokstad 1999; Shiklomanov et al. 2002). Similarly, topography, 
accessibility and to a large extent economic considerations restrict the routine data 
collection which can consequently limit the accuracy of the data. In international 
rivers, such as the GBM, further restriction in the availability of data and information 
beyond borders is a major hurdle to any large scale water resources modeling work 
(Hossain et al. 2007).

5.2  The Potential Role of Satellites  
for Bangladesh: The SWOT Mission

Recently, satellite based remotely sensed data have found increasing use in support 
of a wide variety of applications in water resource management, disaster emergency 
preparedness, weather and flood forecasting. Remote sensing can provide data at 
various scales (from the meso-scale level up to the global earth coverage) and at 
regular temporal resolutions. Most of the remotely sensed data is also regularly 
updated and freely accessible on the internet. The data is mostly available in grid 
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Fig. 5.3 River network inside Bangladesh where water level is forecasted by FLOOD WATCH 
and released to public daily as qualitative warning levels
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format and easy to extract with Geographic Information System (GIS) tools and can 
be used to develop more realistic models, and identify changes in water resources 
or assess ‘what-if’ scenarios more accurately. In particular, given the unique vantage 
of space that is possessed by satellites (which allows them to cover a large area 
overcoming the hurdles on the ground), water-measuring satellites, therefore, have 
the potential to: (1) extend the accuracy and range of forecasted flood levels in the 
lowermost riparian nation through early assessment of the surface runoff evolution 
in the upstream nations and (2) minimize the negative impact of unavailable data 
and/or high operational costs of in situ networks.

In particular, the proposed Surface Water and Ocean Topography (SWOT) space 
mission to estimate surface water flow and storage changes will have tremendous 
implications for Bangladesh (Alsdorf et al. 2007). The SWOT satellite mission concept 
is an international effort by the scientific community founded on many years of 
research heritage on surface water monitoring from space (Alsdorf et al. 2007). 
SWOT recognizes that the ideal instrument for measuring surface water hydraulics 
(i.e., movement as well storage) is a device capable of providing image based 
measurements of water levels and its temporal and spatial derivatives of this water 
level. The technology for SWOT is a Ka-band Radar Interferometer (KaRIN) that 
has been developed from the efforts of the Wide Swath Ocean Altimeter (WSOA). 
More details on the SWOT mission may be found at http://swot.jpl.nasa.gov/.

5.3  How Useful Can Be SWOT for Bangladesh?

SWOT will measure water surface elevations using near-nadir radar interferometry. 
It will aim to provide discharge of large rivers at least 10 days or less (Alsdorf et al. 
2007). With SWOT’s suggested launch in 2015, Bangladesh may anticipate two 
ground breaking developments in its effort to monitor and forecast surface water 
related hazards. These are: (1) the availability of water elevations and discharge 
information from the upstream regions of the Ganges and Brahmaputra river in 
India and Nepal; and (2) a more complete coverage of the large seasonal wetlands 
(or ‘haors’) and other water bodies/rivers that are sparsely gaged inside Bangladesh. 
In particular, #1 can be expected to improve the flood forecasting capability of 
Bangladesh tremendously by monitoring the early evolution of river flow several 
thousand kilometers upstream of Bangladesh.

In order to gauge the potential of a SWOT-like mission, an exercise was carried 
out to understand how useful a mission like SWOT would be for Bangladesh 
discharge measurement. Readers can refer to the work of Jung et al. (2009) for 
details of this assessment. Herein, only a summary is provided below.

The Brahmaputra River was chosen for an investigation of the utility of the 
SWOT-like mission (Fig. 5.4). The Manning’s equation (Equation below) was used 
for estimation of river discharge. Manning’s equation yields water flow velocity as 
a function of water surface slope, hydraulic radius and an empirical value, 
Manning’s roughness coefficient, n. (Albertson and Simons 1964). It is an empirical 

http://swot.jpl.nasa.gov/
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equation, but nevertheless well used in the hydrological sciences (i.e. LeFavour and 
Alsdorf 2005; Bjerklie et al. 2005). Multiplying flow velocity by channel cross-
sectional area yields discharge (Fig. 5.5).

1/2
2/3 h

AR
X

Q = 
n

∂ 
  ∂

A = river flow cross-section (width × depth); R = hydraulic radius (A × (width + 2 × 
depth)−1); ∂h/∂x = water surface slope; n = Manning’s roughness coefficient; 
Q = discharge.

The Brahmaputra River is sand bedded, without vegetation, therefore n is estimated 
to range from 0.018 to 0.035 (Ashworth et al. 2000; Albertson and Simons 1964; 
Coleman 1969). The value n = 0.025 was used for discharge estimations in this 
study because it is suggested for natural streams in fair condition by Albertson and 
Simons (1964).

The Shuttle Radar Topography Mission (SRTM), which flew during the month of 
February 2002, provided elevation at 90 m resolution for the study region. This was 

Fig. 5.4 Study area (shown in red box) of the Brahmaputra river for assessing the usefulness of 
the SWOT mission for Bangladesh
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overlaid with Landsat data at 30 m resolution to identify the pixels that were land or 
water (Fig. 5.5). IWM provided detailed bathymetry and measured discharge for the 
river reach as part of a 5-year technical arrangement with the host institution of the first 
author. Using knowledge of bathymetry and the space-derived river width, the hydraulic 
radius was computed and then used for calculation of the Manning’s discharge. 
Figure 5.6 shows the estimated discharge as a function of flow distance using space-
borne data. Comparison with observed measurement of flow shows that a SWOT-like 
mission is capable of estimating the low-flow (non Monsoon) river discharge of a 
braided river like Brahmaputra within reasonable confidence.

5.4  Implications of SWOT for Developing Adaptation 
Strategies for Climate Change

It is difficult to foresee how exactly the routine measurements from SWOT will 
facilitate developing strategies for climate change for Bangladesh and the greater 
South Asian region. However, one aspect that is clear is that the spatially distributed 
nature on surface water levels from SWOT, which is often missing but valuable in 
the current state-of-the art, can identify the low-lying coastal regions most vulnerable 

Fig. 5.5 Left panel – SRTM derived elevation of the 
Brahmaputra river reach. Right panel – land-water classifica-
tion using LandSat data
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to sea level rise or where the reclamation by sea is in progress. Consequently, this 
can help the Bangladesh government prioritize areas in greater need of adaptation 
strategies. For example, for farmers in the low lying regions, floating garden beds 
for growing vegetables have lately become increasingly common. With SWOT’s 
detection of water levels, such adaptive farming strategies can be proactively made 
available to the inhabitants of the region as the first instances of sea level rise is 
detected by SWOT.

Also, SWOT measurements of inland water bodies can help identify storage and storage 
change of freshwater resources in lakes, ponds, ‘haors’ or wetlands. With a more accurate 
assessment of storage change, drought management can be made more effective. For 
example, most often times, drought is forecasted on the basis of future rainfall patterns 
(such as an on-going or future anticipated failure of the Monsoons). Usually, the amount 
of water availability from atmospheric sources is not assessed in conjunction with 
the dynamic nature of freshwater storage changes. SWOT has potential to provide 
the governments of South Asian region with an additional tool to make more accurate 
assessment of the hydrology question – ‘how much water will be available?’

5.5  Conclusion

This paper overviewed the monitoring of surface water flow and storage using 
satellites. The overview was cast in the context of surface water-related problems 
of Bangladesh. The paper provided a brief introduction of a planned space-borne 

Fig. 5.6 Discharge estimation from space for Brahmaputra river. Blue diamonds indicate the 
estimated discharge using satellite-derived elevations. Pink rectangles are the measured flow on 
the Brahmaputra river reach. Flow distance is measured from upstream region of the river reach. 
(Figure taken from: Jung et al. 2009 and Hamski et al. 2008)
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mission for surface water called SWOT (Surface Water Ocean and Topography) 
mission suggested for launch in 2015. The opportunities offered by SWOT for 
enhancing the capacity for flood hazards monitoring and adaptation to climate 
change for Bangladesh were also overviewed. Preliminary assessment indicated 
that a SWOT-like mission can indeed estimate the flow of large rivers like the 
Brahmaputra river with confidence for use in operational forecasting systems.

Around the world, we have a poor understanding of both surface water flows in 
rivers and the changes in waters stored in lakes, wetlands, and reservoirs. The problems 
are not unique to Bangladesh, but are certainly felt more intensely.
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Abstract Time-varying gravity field solutions from the Gravity Recovery and 
Climate Experiment (GRACE) satellite mission have been used to investigate the 
inter-annual changes of hydrologic water storage (∆ S) within Asia, focusing on the 
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India–China–South Asia region. Instead of computing GRACE monthly ∆ S from 
geopotential coefficients, we choose to compute the annually averaged ∆ S before 
data smoothing, which improved the accuracy for the resulting inter-annual water 
storage changes. We then applied a novel method of decorrelation, filtering and 
land signal leakage reduction to the data, which yielded more accurate and higher 
spatial resolution (200 km or longer, half-wavelength) GRACE storage change 
observables over the study region. The technique provides a tool for future more 
in-depth studies of terrestrial hydrology in this region or globally. GRACE inter-
annual variations in water storage change (2002–2007) exhibit large extremes over 
the region: droughts in Eastern China in 2004 and Indo-China and Bangladesh in 
2005; and flooding in Indo-China and India in 2006. In general, GRACE inter-
annual ∆ S variations have significantly larger amplitudes (increase or decrease 
of water storage change) than the values predicted by the Global Land Data 
Assimilation System (GLDAS) hydrologic model, and than the total precipitation 
observed by the Topical Rainfall Measurement Mission (TRMM).

Keywords Terrestrial hydrology • GRACE • Temporal gravity field • TRMM  
• GLDAS

Abbreviations

NASA National Aeronautics and Space Administration
DLR Deutsches Zentrum für Luft- und Raumfahrt joint satellite mission
GRACE Gravity Recovery and Climate Experiment
TRMM Topical Rainfall Measurement Mission
KBR K/Ka-band low-low inter-satellite ranging
ENSO El Niño-Southern Oscillation
GLDAS Global Land Data Assimilation System
GIA glacial isostatic adjustment
EOF empirical orthogonal functions
SCs Stokes coefficients

6.1  Introduction

Monitoring, understanding, and quantifying the global water cycle budget in light of 
global climate change represents an important scientific research topic with  significant 
societal impacts. The National Aeronautics and Space Administration (NASA) and 
Deutsches Zentrum für Luft- und Raumfahrt (DLR) joint satellite  mission, the Gravity 
Recovery and Climate Experiment (GRACE) mission launched in March 2002, is 
designed to measure small mass changes within the Earth over a large spatial scale. 
The GRACE twin-satellite mission uses primarily a microwave K/Ka-band low-low 
inter-satellite ranging (KBR) system at mm precision and have been demonstrated to 
be able to measure climate-change signals, which manifest in the form of temporal 
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gravity variations resulting from Earth’s mass redistributions (Tapley et al. 2004a, b). 
The GRACE instrument represents one of newest observational system to improve the 
estimate of hydrologic, glacier, ice-sheet and oceanic mass changes with unprece-
dented accuracy, ~a few cm in the form of water  thickness change (Wahr et al. 2006). 
GRACE is currently measuring the Earth’s mass redistributions with a spatial resolu-
tion longer than 300–600 km (half- wavelength) or finer and at monthly temporal reso-
lution. GRACE is capable of observing the total (both surface and subsurface) water 
thickness change over an entire watershed or basin (Wahr et al. 1998), and although at 
relatively coarse  spatial and temporal resolutions, GRACE represents a revolutionary 
tool to address contemporary research problems in terrestrial hydrology.

GRACE primarily measures storage change, ∆ S, over a large basin. ∆ S = P – E – R, 
where P is the precipitation, E is the evapotranspiration, and R is the runoff. 
From the terrestrial hydrologic perspective, it is difficult to even study basins as a 
whole (even at monthly scale), for example, in the Ganges/Brahmaputra/Meghna 
region because of the need of inputs from in situ sources for calibration to run 
conventional hydrologic modeling. GRACE provides a more comprehensive and 
basin-wide time series of ∆ S, as opposed to the range of approximations and well-
known difficulties in large-scale hydrologic modeling in data-sparse/ungauged 
regions. Constraining the water storage change over an entire basin using GRACE 
and other data (e.g., model data) allows one to estimate basin-scale evapotranspira-
tion (Rodell et al. 2004), or to estimate basin-scale discharge for example for the 
Amazon and Mississippi River basins (Syed et al. 2005). Other GRACE hydrologic 
studies primarily follow the method established by Rodell et al. (2004), including 
the Amazon basin (Han et al. 2005b, Schmidt et al. 2006, 2008), extreme weather 
conditions in Europe (Seitz et al. 2008), Congo basin (Crowley et al. 2006), and 
annual water storage changes in Bangladesh (Andersen et al. 2008).

In this work we focus on the India–China–South Asia region. This is an important 
region for global hydrology because of the South and South East Asian Monsoon 
that controls the regional water cycle for three large river basins – Ganges, 
Brahmaputra and Irrawady. The South Asian monsoon is also known to have an 
inverse relationship with El Niño-Southern Oscillation (ENSO) (Kumar et al. 1999) 
and snow cover in Eurasia (Bamzai and Shukla 1999). From the societal point of 
view, the South Asian region is projected to be most water stressed in a changing 
climate (Vorosmarty et al. 2000), large scale contamination of shallow groundwater 
resources (Nahar et al. 2008) and proposed man-made diversion of surface water 
from wet basins of the northern region to dry basins in the South (Misra et al. 2007). 
In particular, the detection of significant anthropogenic depletion of ground water in 
India using GRACE data was recently reported (Rodell et al. 2009).

Here, we study the inter-annual hydrological mass changes using GRACE in the 
India–China–South Asia region in terms of year-to-year change based on yearly 
averages. An empirical decorrelation-Gaussian filtering-leakages reduction approach 
is adapted (Duan et al. 2009; Guo et al. 2010). The primary motivation for the study 
include: (1) The mass changes from year to year reveal more hydrologic information 
such as extremes (drought or flooding) than using the “trend” method which is 
obtained via least squares fit of GRACE data simultaneously removing annual and semi-
annual signals, (2) the yearly averaged GRACE geopotential (or Stokes) coefficients 
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have less error than each of the monthly coefficients. Hence, a less strong decorrelation 
filter and a shorter spatial smoothing radius may be adopted to produce less distorted 
and yielding water storage change with higher spatial resolution, (3) to examine the 
effectiveness of the adopted decorrelation/filtering and land signal  leakage repair 
methods to the post-processing of the GRACE data, and (4) to  compare inter-annual 
variations which are arguably less known than the seasonal variations in this study 
region. Here we compare the GRACE observed Asian inter-annual net water storage 
change, ∆ S, with the values predicted by the Global Land Data Assimilation System 
(GLDAS) hydrologic model, which is a dynamic state-space prediction system 
based on hydrologic modeling that can be sensitive to input data errors from the 
assimilation platforms (Rodell et al. 2004). Finally, we compare the GRACE 
observed and GLDAS predicted inter-annual ∆ S qualitatively with the  precipitation 
data from NASA’s Tropical Rainfall Measurement Mission (TRMM).

6.2  Methods

GRACE observations are routinely processed at several data centers, including the 
University of Texas at Austin Center for Space Research (CSR), GeoForschungs 
Zentrum Potsdam (GFZ), NASA/Jet Propulsion Laboratory (JPL), and Centre 
National d’Etudes Spatiales/Groupe de Recherches de Géodésie Spatiale (CNES/
GRGS). The final results provided by these data centers are monthly geopotential 
models, referred to as the level 2 (L2) data products. The CSR release 4 (RL04) L2 
data product is used in this study.

The L2 products are the most commonly used GRACE data in the study of mass 
changes at the Earth’s surface. It is well known that these data have systematic 
errors, including the spurious north-south stripes in the monthly maps of Earth’s 
mass changes. Hence, the GRACE results are usually smoothed in the space 
domain using a Gaussian filter (e.g., Jekeli 1981; Wahr et al. 1998). Swenson and 
Wahr (2006) found that the Stokes coefficients (SCs) of the spherical harmonics of 
the GRACE geopotential changes (e.g., the difference between two monthly 
 models) are correlated. More specifically, the SCs of the geopotential changes of 
the same order and the same parity in degrees are correlated with each other. 
Swenson and Wahr (2006) designed an empirical moving window-polynomial fit 
filter to compute the correlated errors and remove them from the SCs. Chamber 
(2006) and Chen et al. (2007) followed this idea, but chose to fit all the correlated 
coefficients using one polynomial. Here we refer this correlation removal proce-
dure as decorrelation. Duan et al. (2009) designed a more sophisticated scheme, 
extending the Swenson and Wahr (2006) decorrelation filter, with more flexible 
choice of decorrelation parameters, based on the standard deviations (SDs) of the 
geopotential coefficients of the monthly GRACE models. However, the SCs after 
decorrelation still contain non-negligible errors. To produce meaningful results of 
mass changes, smoothing in the spatial domain is still necessary. But the smoothing 
radius required is shorter, and hence, the results have relatively higher spatial 
 resolution than the case in which no decorrelation is performed.
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Recently, more decorrelation methods have been developed, including the 
Tikhonov-type regularization (Kusche 2007), the use of empirical orthogonal  functions 
(EOF) (Schrama et al. 2007; Wouters and Schrama 2007), the use of  statistics for trend 
and annual variations in spherical harmonic coefficients (Davis et al. 2008), and 
 optimal filtering by minimizing an objective function (Klees et al. 2008).

As for spatial smoothing, apart from the classical isotropic filter (Jekeli 1981; 
Wahr et al. 1998), non-isotropic Gaussian filters were also proposed (Han et al. 
2005a; Guo et al. 2010). Guo et al. (2010) defined explicitly the non-isotropic 
smoothing kernel in the spatial domain, and devised an algorithm to reduce the 
land-ocean signal leakage caused by smoothing if the signal over land/ocean could 
be assumed far larger than that over ocean/land. Chen et al. (2006) discussed the 
optimal choice of smoothing radius for the isotropic Gaussian filter. But the idea 
could be generalized to non-isotropic Gaussian filters.

In our study, we adopt the methods developed by Duan et al. (2009) for decor-
relation and by Guo et al. (2010) for spatial Gaussian smoothing and leakage reduc-
tion. Other decorrelation methods are less suitable for the problem. For the EOF 
method (Schrama et al. 2007; Wouters and Schrama 2007), there is too few 
temporal  sampling in our case. The statistical method of Davis et al. (2008) handles 
only the trend and annual components. The methods of Kusche (2007) and Klees 
et al. (2008) require an a priori signal covariance matrix. The signal covariance 
matrix should be accurate enough so that it does not bias the results (Klees et al. 
2008). However, for our case, it is not evident that we are capable to compute an 
accurate enough a priori signal covariance matrix. As it will be shown later, the 
inter-annual water storage change predicted by the GDLAS model significantly 
disagrees with the GRACE observation.

We now briefly describe the decorrelation and spatial Gaussian smoothing and 
leakage reduction algorithms by Duan et al. (2009) and Guo et al. (2010), respec-
tively used in this study to post-process GRACE Level 2 data products.

6.2.1  Decorrelation

The decorrelation process is to remove the correlated errors in the SCs of geopo-
tential changes. The correlation lies among the SCs of the same order and the same 
parity in degrees. In the approach of Duan et al. (2009), a portion of lower degree 
and order SCs is left unchanged, and the rest are filtered using a moving window-
polynomial fit high pass filter. They fix the polynomial to be quadratic, and change 
the window width to adjust the strength of the filter. The SCs kept unchanged and 
the window width depend on the pattern of SDs of the geopotential coefficients 
provided in the L2 product.

The portion of SCs kept unchanged is characterized by the curve of the empirical 
formula (Duan et al. 2009):

 0
rl l m= + β  (6.1)
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where l and m are the degree and order, respectively, of the SCs. The parameter r 
is  chosen empirically so that the curve follows approximately an isoline of the SD 
map, and 0l and β  are determined by the end-point pair of the curve. For the CSR 
RL04 data, we have 3.5r = . In Fig. 6.1 (Left panel), we show a map of the SDs of 
the CSR RL04 data, and two choices of the curve of the unchanged portion of SCs 
defined by the end point pairs [(35, 0), (10, 10)] and [(45,0), (15, 15)]. As the curve 
is to approximately follow an isoline, and it has 0m = at one end, and l m= at the 
other end, it is in fact chosen by only one parameter (e.g., the value of l at the end 
point with 0m = ).

The filter window width formula of Duan et al. (2009) is

 
1/[(1 ) ]

max 30 1,5
p p pm l

Kw e
− +−  = + 

  

γ γ
 (6.2)

which was modified from the one used by Swenson and Wahr (2006). The value of 
w is rounded to an odd integer. The parameters γ  and p are chosen empirically, so 
that the pattern of w follows that of the SD, i.e., their isolines approximately. For 
the CSR RL04 data, we have 0.1γ =  and 2p = . In Fig. 6.1 (Right panel), we show 
w computed for 15K = . Actually, K is the only parameter to be altered for choosing 
the window width.

If we write 2 1w α= + , the correlated error to be removed form m
lC (similarly 

for m
lS ) is obtained by fitting 2 2 2 2, , , , , ,m m m m m

l l l l lC C C C Cα α− − + +… … with a quadratic 
polynomial. The result of the fit is to be subtracted from the original value of m

lC
to obtain the filtered value.

Fig. 6.1 Left: error (scaled by × 1012) pattern of m
lC of a GRACE monthly gravity model (July 

2005, the pattern from any month is similar). The two dark curves are used to define the portion 
kept unchanged in the decorrelation algorithm. Right: window width w as function of l and m used 
in our decorrelation algorithm computed with K = 15. The dark curves are the same as those in 
the left panel
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6.2.2  Gaussian Smoothing and Leakage Reduction

Due to the appearance of north-south stripes, it can be inferred that GRACE L2 data 
have better resolution in south-north direction than in east-west direction,  especially 
at lower latitude regions. Hence, non-isotropic spatial smoothing may potentially 
keep more signal information by choosing a larger smoothing radius along the 
longitude than that along the latitude direction. The non-isotropic filter (Guo et al. 
2010) is defined as:

 1

0
( , ) ( , ) ( , ) ( ) ( ) ,sf Y d f G G d

+−

−
= − −∫ ∫

π λ π

λ π
θ λ θ λ θ θ λ θ θ λ λ λ  (6.3)

 
0

( , ) ( ) ( )Y d G G d
π λ π

λ π
θ λ θ θ θ λ λ λ

+

−
= − −∫ ∫  (6.4)

where the Gaussian function is defined by

 

2

22( ) ,
x

G x e σ
−

=  (6.5)

and the parameter σ  is related to the smoothing radius in the following form:

 .
2 ln(2)

rσ =  (6.6)

The discrete formulae for the computation are given in Guo et al. (2010). 
Different smoothing radii are choosing for ( )G θ θ−  and ( )G λ λ− . Hence, as 
compared to the isotropic filter, a reasonably smooth map of signal may be obtained 
without excessive filtering along the latitude.

The spatial Gaussian smoothing is a method of weighted averaging. Signals over 
land and ocean are averaged together along coasts to compute the smoothed values at 
both the land and ocean side. For this reason, the signal is leaked from the larger value 
side to the smaller value side. However, if the signal over one inner domain (assumed 
land here) is much larger than the signal over the outer domain (assumed ocean here), 
the signal leakage may be reduced by rescaling the signal over the inner domain, which 
has the larger signal. The result of this kind of leakage reduction is as if the Gaussian 
smoothing were done for land and ocean separately, but without the appearance of side 
lobes (e.g., Wahr et al. 1998). The leakage reduction method is best explained using 
the schematic for the simplified one-dimensional case shown in Fig. 6.2. Detailed 
description of the computation formalism can be found in Guo et al. (2010).

6.3  Data and Results

In this work, we processed the CSR RL04 data product from January 2003 through 
December 2007. The geopotential coefficients are first averaged yearly. As the GRACE 
geopotential solution is missing the month of June 2003, we linearly  interpolated using 
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the May and July models to fill in the data gap. The year-to-year differences, i.e., the 
differences between successive yearly averages, of the geopotential coefficients are first 
decorrelated, and then corrected for geopotential changes due to glacial isostatic adjust-
ment (GIA) processes using the ICE5G (VM4) GIA model (Peltier 2004). Then, yearly 
differenced mass changes at the Earth’s surface are computed (Wahr et al. 1998). The 
Love numbers used for the loading computation are adopted from Guo et al. (2004).

Fig. 6.2 Schematic of our algorithm for reducing leakage caused by Gaussian smoothing is shown 
here. Assuming that (1) the signal over land is far larger than that over ocean, and that (2) the usual 
Gaussian smoothing eliminates the effect of stripes [(a) and (b) leading to approximately the same 
result shown in (c) after smoothing]. Our idea is to rescale land signal [shown in (c)] to obtain 
results as if Gaussian smoothing is applied to land and ocean separately for the signal part alone 
[shown in (d)]. To obtain leakage reduced signal over ocean, we smooth the rescaled signal over 
land [shown in (d)] with ocean signal set to zero using the same Gaussian filter in computing the 
smoothed signal (c), and then subtract the result from the smoothed signal (c)
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First, we show in Fig. 6.3 the effect of decorrelation and spatial smoothing using 
the annual average mass (water storage over land, sea level over ocean) changes 
from 2005 to 2006 without performing signal leakage reduction. As expected, the 
stronger the filters are used for decorrelation and spatial smoothing, more stripes 
are removed, and resulting in smoother mass change maps. However, as stronger 
filtering for decorrelation distorts more of the signal, and a stronger filtering for 
spatial smoothing reduces spatial resolution, a compromise between error reduction 
(stripe removing or decorrelation), signal distortion and resolution should be 
 considered depending on the nature of the problem to be studied. In this work, we 
choose for decorrelation the unchanged portion defined by degree-order end point 
pair [(45,0), (15,15)], and window width computed using 20K = , as a stronger 
filter does not bring in significant reduction of stripes. Our experience indicates that 
this choice leads to minimal signal distortion (Duan et al. 2009).

In Fig. 6.4 we show the results after signal leakage reduction computed with 
decorrelation parameters specified in the last paragraph. Here a trend is computed 
from the year-to-year variations. In the leakage reduction method, the signal over 
land is rescaled by the factor ( 1 2) / 2S S S+ . The parameters used in the decorrela-
tion algorithm are: the  portion of low degree-order portion of SCs kept unchanged 
are defined by the end point pair [(45,0), (15,15)], and the window width is com-
puted with K = 20, spatial smoothing radii is 2d × 3d (or 2° latitude by 3° longitude, 
or 220 km by 330 km). This case is illustrated in Fig. 6.3, top row, middle panel. 
To illustrate the effect of the signal leakage reduction, we computed a trend using 
the yearly differenced maps (Fig. 6.4, right, top panel), then conduct signal leakage 
repair (Fig. 6.4, left, top panel). It is evident that from the geographical maps, in 
Regions A & B, that the leakage reduction case (Fig. 6.4, left, top panel) shows 
more abundant signals than the case without leakage correction. Figure 6.4 (bottom 
panel) shows the averaged GRACE ∆ S time series exhibit larger seasonal amplitudes 
in the leakage repaired cases than the cases with no repair for Regions A and B.

Figure 6.5 shows the year-to-year changes of annually averaged water storage 
change from 2003 to 2007 computed using GDLAS model (1d × 1d, Fig. 5, left 
panels), and using GRACE data (Fig. 5, middle panels). Year-to-year changes of 
TRMM 3B43 V6 monthly precipitation data (right panels) are computed to quali-
tatively compare with GRACE and GLDAS. The decorrelation and filtering param-
eters used are: the portion of low degree-order portion of SCs kept unchanged are 
defined by the end point pair [(45,0), (15,15)], and the window width is K = 20, and 
the filter with radii 2d × 3d.

Unlike the GLDAS data that are directly comparable with GRACE results, the 
TRMM data are used primarily for qualitative comparisons, without considering 
the evaporation and flow/runoff (Fig. 6.5). In the study region of India-South Asia, 
the seasonal Monsoons dominate the annual surface water change as compared to 
evaporation and runoff. The difference in water storage between two successive 
years is expected to be somewhat proportional to the total rainfall of the second 
year. Hence, the rainfall pattern in 2004 shown in Fig. 6.5 (right panels) can be 
expected to follow the 2004–2003 water storage change observed by GRACE or 
predicted by GLDAS, and similarly for other interannual variations. However, the 
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response of water storage to rainfall is expected to be delayed. Hence, we also 
computed annual averages by shifting 1 and 2 months to the past (as in Fig. 6.5), 
respectively. Since the differences between the data of different shifts are not 
 significant, the detailed results in this experiment are not shown here.

In terms of hydrology, the GRACE inter-annual ∆ S qualitatively agree over 
 several regions with the GLDAS predicted values for North East China, Southern 
India, and Borneo Island (Fig. 6.5). The mostly year-to-year oscillating negative 
(2004–2003, 2006–2005) and positive anomalies (2005–2004) in the Northwestern 
India is the subject of the Rodell et al. (2009) study which indicated significant 
anthropogenic pumping of water. Here is seen that significant inter-annual varia-
tions exist in this region. Overall the GRACE signal exhibits much stronger ampli-
tudes than the GLDAS model values, which is similar to conclusions from other 
hydrologic studies comparing GRACE data and model predictions, e.g., Han et al. 
(2005b), and that GLDAS model is under-predicting hydrologic signals. The agree-
ment appears better synoptically for the latter years, where a distinct wetting trend 
(increase in water storage) over India and Indo-China is evident in the GRACE 
observations. This might be explained by a possible wetter than normal period from 
2005–2007 in TRMM rainfall (Fig. 6.5) observed over Southern India indicating 
the recession of a prolonged drought. The increase in reservoir level of the Narmada 
Dam (constructed in Western India) by more than 30 m over the last decade (1999–2009) 
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Fig. 6.4 GRACE water thickness change trend (2002–2008) in mm/year: with signal leakage 
correction (top left), and without signal leakage correction (top right). GRACE monthly water 
thickness change time series indicating the significant differences after signal leakage correction 
for India (Region A, left), and for Indo-China (right)
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could be a potential reason for the increasing trend in storage depicted by GRACE 
maps. Overall, GRACE observations appear to be agreeing in general patterns with 
the water storage change simulated by GLDAS. However, significant differences 
remain. Notably, GRACE observed large inter-annual changes in Eastern China 
(2004–2003, a drought), in Indo-China and Bangladesh (2005–2004, droughts), 

Fig. 6.5 Year-to-year changes of annually averaged water storage change from 2003 to 2007 
computed using GLDAS model (1d × 1d, left panels), and using GRACE data (middle panels). 
Year-to-year changes of TRMM precipitation data (right panels) are computed to qualitatively 
compare with GRACE and GLDAS. The decorrelation parameters are: the portion of low degree-
order portion of SCs kept unchanged are defined by the end point pair [(45,0), (15,15)], and the 
window width is K = 20, and the filter with radii 2d × 3d
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and in Indo-China and India (2006–2005, excess water or flooding), significantly 
disagreeing with GLDAS model predictions in terms of amplitude, or GLDAS 
significantly under-estimates the increased or decreased inter-annual water storage 
changes. TRMM inter-annual rainfall and GRACE inter-annual storage change 
have some agreements, e.g., 2005–2004, Bangladesh drought, but for the most part, 
there are disagreements. Slightly better similarity between the GLDAS and TRMM 
data is observed than between GRACE and GLDAS, though the GRACE and 
GLDAS data represent the same quantity, while TRMM not. This may be due to the 
fact that TRMM data are used in deriving the GLDAS model.

6.4  Specific Recommendations for Policy Makers

It is difficult to foresee how exactly the routine measurements from GRACE will 
facilitate developing strategies for policy makers in the South Asian region. 
However, recent work by Rodell et al. (2009) using GRACE has indicated that the 
Northwestern Indian region is being systematically depleted of ground water 
through pumping for anthropogenic uses. The situation is deemed very analogous 
to the case of the Ogalalla aquifer of the mid-western US. Thus, in essence, the 
GRACE measurements can allow policy makers a more accurate assessment of 
available water and consequently improve long-term drought management. For 
example, most often times, drought is forecasted on the basis of future rainfall 
patterns (such as an on-going or future anticipated failure of the Monsoons). 
Usually, the amount of water availability from atmospheric sources is not assessed 
in conjunction with the trends observed in underground water storage. GRACE has 
the potential to provide the governments of South Asian region with an additional 
tool to make more accurate assessment of the hydrology question – how much 
water will be available in the long run? – by integrating gravity-based storage data 
with other hydrologic variables of precipitation and stream flow.

In this paper, GRACE demonstrates its potential to observe extreme weather 
conditions including droughts and flooding or excess water in the entire water basin 
with continental scale through examining its interannual or year-to-year variations. 
It is conceivable that policy makers can use this information to possibly identify 
regions with frequency extreme weather conditions, and design policy to mitigate 
or to adapt to these extreme events.

6.5  Conclusions

We have compared the year-to-year changes of water storage computed from GRACE 
geopotential solutions with the GLDAS water storage model and the TRMM rainfall 
model. We have used techniques to obtain more higher spatial  resolution GRACE 
results of yearly water storage changes. The method of  decorrelation, filtering and in 
particular, land signal leakage repair yields more accurate GRACE storage change 
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observables over the India–China–South Asia study region. The technique provides a 
tool for further in depth studies of terrestrial hydrology in this region or globally. 
GRACE exhibits much stronger extreme  signals (increase or decrease in water storage) 
than the values predicted by GDLAS. There are some general agreements however, 
significant discrepancies are observed between inter-annual variations of water storage 
change from GRACE and from GLDAS hydrologic model, and rainfall observations 
from TRMM. For example, the increase of water storage in India and Indo-China from 
2005 to 2006 seen in GRACE results is not seen in GLDAS or in TRMM data.
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Abstract The 2007 IPCC Fourth Assessment Report (FAR) sea-level assessment 
has significantly narrowed the gap between the observations and the geophysical 
causes of sea-level rise than the 2001 IPCC Third Assessment Report (TAR). The 
observed present-day (1900–current) sea-level rise is approximately 1.8–2.2 mm/
year. The unexplained discrepancy (observed compared with the sum of all known 
geophysical contributions to sea-level rise) dropped from 1.83 to 1.29 mm/year. A 
post-2007 IPCC FAR sea-level assessment study covering modern satellite measure-
ment data span (2003–2008) indicates significant narrowing of the sea-level budget 
disagreement over IPCC TAR, to 0.44 mm/year. However, a review of more recent 
studies including the mountain glacier and ice-sheet mass balance estimates and 
the estimated sea-level fall from human impoundment of water in reservoirs reveal 
that the discrepancy is now up to 1.42 mm/year, drastically larger than the current 
assessment (0.44 mm/year). The unexplained sea-level signal represents 71% of the 
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observed sea-level rise (~2.0 mm/year). Major geophysical contributors to sea-level 
rise identified which potentially have the largest errors include the ice-sheet mass 
balance, the knowledge of glacial isostatic adjustment forward models underneath 
the ice-sheets and the ocean, mountain glaciers and ice caps, and the anthropogenic 
effect of human impoundment of water in reservoirs and dams. Integrated analysis 
and interpretation using modern satellite and in situ measurements could narrow 
the uncertainty between the observations and the explained contributions from each  
of the geophysical sources to sea-level rise.

Keywords Sea-level rise • Global climate change • Intergovernmental Panel for 
Climate Change

Abbreviations

FAR Fourth Assessment Report
TAR Third Assessment Report
UNEP United Nations Environment Program
WMO World Meteorological Organization
GIA glacial isostatic adjustment
GRACE Gravity Recovery and Climate Experiment
MBT mechanical bathythermographs
PMSL permanent service for mean sea-level
LGM last glacial melt

7.1  Introduction

The Earth’s Quaternary climate, driven by Milankovich cycles which resulted in 
ice ages, can be characterized on time-scales on the order of 100,000 years with 
interlinked changes in temperature, greenhouse gases which are dominated by 
CO

2
, and natural water reservoirs including the ice-sheets, glaciers and ice caps, 

hydrosphere and ocean (e.g., Shum et al. 2008). The global sea-level during the 
Last Ice Age, or at the Last Glacial Maximum (LGM) 20,000 years ago, is ~130 m 
lower than the present (Lambeck et al. 2002). During the twentieth century and 
since the onset of the Industrial Revolution, anthropogenic effects from green-
house gases have led to global warming, resulting in accelerated ice-sheet melt and 
an increased rate of sea-level rise (Solomon et al. 2007). Paleoclimate studies of 
past ice-sheets from previous Ice Ages indicate a distinct potential of future accel-
erated ice-sheet melt and the corresponding sea-level rise due to anthropogenic 
climate change (Overpeck et al. 2006). From a science perspective, it is critical 
to understand the complicated processes of greenhouse gas forced warming to 
the changes in the Earth’s natural reservoirs (ice-sheet, hydrosphere and ocean) 



877 Observation and Geophysical Causes of Present-Day Sea-Level Rise

contained by the solid-Earth and their feedbacks, with the present-day global sea-level 
rise as one of the consequences.

More than 70% of our planet is ocean. Approximately half of the world’s popu-
lation or 3.2 billion people lives within 200 km of coastlines (Hinrichsen 2009, 
http://peopleandplanet.net), and 30% of US population lives near the coastal 
regions (Crowell et al. 2007). Sea-level rise, widely recognized as one of conse-
quences resulting from anthropogenic climate change, has a substantial social and 
economic impact, and is a timely scientific, societal and cross-disciplinary 
 problem. The present-day (twentieth century and to the present) sea-level rise is a 
measurable signal using tide gauges over the last century and a half, and using 
Earth-orbiting satellite measurements over the past decade and a half. Quantifying 
sea-level change remains a complex interdisciplinary research problem, primarily 
because of the small magnitude of the sea-level rise signal: at ~1–2 mm/year over 
the last century. However, the signal has a very long or near-planetary spatial 
scale, allowing averaging of measurements over large ocean basins or globally and 
it has already been demonstrated that this small signal can be measured with 
adequate accuracy using tide gauges and using satellite altimetry (Douglas 2001; 
Cazenave and Nerem 2004). The small rate of the twentieth century and contem-
porary sea-level rise could only be partially explained, at present, by a number of 
competing geophysical processes, each of which is a complex process within the 
Earth-atmosphere-ocean-cryosphere-hydrosphere system. Improved quantifica-
tion, understanding and future projection of sea-level change remains a challenge. 
The understanding of geophysical and anthropogenic processes leading to sea-level 
rise, towards improving its future projection, is a significant contemporary geo-
science and societal problem.

7.2  Intergovernmental Panel on Climate Change  
Assessments on Sea-Level Rise

Recognizing the problem of global climate change, the World Meteorological 
Organization (WMO) and the United Nations Environment Programme (UNEP) 
established the Intergovernmental Panel on Climate Change (IPCC) in 1988. 
IPCC’s First Assessment Report provides an estimate of global sea-level rise of 
1.0–2.0 mm/year during the twentieth century with a large uncertainty (Warrick and 
Oerlemans 1990). The IPCC Second Assessment Report in 1996 indicates a 
consensus estimate of the twentieth century sea-level rise based on tide gauges at 
~2 mm/year, attributing half of the rise to glacier ablation and the other half to ther-
mal expansion of the ocean, with a conclusion that ice-sheets contributed little 
to sea-level rise (Warrick et al. 1996). The IPCC Third Assessment Report (TAR) 
in 2001 stated that the estimated twentieth century sea-level rise is at 1–2 mm/year 
(Church et al. 2001), and established more certainty on the tide gauge observed rate 
of 1.84 ± 0.35 mm/year (Douglas 2001). The observed thermal expansion of the ocean 
during the last 5 decades is estimated to be 0.55 mm/year (Levitus et al. 2000), 

http://peopleandplanet.net
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which is significantly less than the anticipated value of ~1 mm/year from the 1996 
IPCC Assessment. The discrepancy between the observed and explained geophysi-
cal causes is almost as large as the observed rate of sea-level rise (1.8 mm/year) 
in IPCC TAR (Church et al. 2001), and the problem remains an enigma (Munk 
2002). The 2007 IPCC Fourth Assessment Report (FAR), Working Group I, The 
Physical Science Basis, concluded that the warming of the climate system is 
unequivocal, and with high certainty that the effect of human activities since 1750 
has resulted in global warming (Solomon et al. 2007). Observational evidence 
confirms the anthropogenic increase of average air, land and ocean temperature, 
melting of snow and ice, and global sea-level rise. Compared with IPCC TAR, the 
2007 IPCC Fourth Assessment Report (FAR) sea-level Assessment (Bindoff et al. 
2007; Lemke et al. 2007) significantly closed the gap between observations and 
geophysical explanations.

Figure 7.1 (updated from Shum et al. 2008) shows the current knowledge of 
estimated, observed and projected sea-level rise for the past two centuries and the 
next century (1800–2100), characterizing the “Hockey Stick” of Sea-Level Rise, 
indicating a significant sea-level acceleration since ~1900 (Donnelly et al. 2004; 
Gehrels et al. 2006; Jevrejeva et al. 2008), which coincide with the Industrial 
Revolution. The pre-1900 estimate is based on geological interpretation at 0.1–0.2 
mm/year; Lambeck et al. 2002), the tide gauge observed sea-level rise (1900–
2005) (red, uncertainty with yellow shade) and satellite altimetry observed sea-
level rise (1985–2005) (blue) (Cazenave and Nerem 2004; Church et al. 2004; 
Kuo 2006; Shum et al. 2009). The projected twenty-first century sea-level rise 
(IPCC FAR), based on the natural forcing plus greenhouse gases (ALL250 or 

1500

1000

S
ea

 le
ve

l v
ar

ia
tio

n 
(m

m
)

1800 1850

Geological estimate

Sea Level Data Sources:

Altimetry (Kuo, 2006)
Tide Gauge (yearly averaged; Kuo, 2006)

Observations
& Uncertainty

Geological estimate (Lambeck at all., 2002)
Projections using Hadley Models (Courtesy. J. Gregory. Univ. of Reading)

Model Projections

Projections (Rahmstorf. 2007)

Projections

1900 1950
Year

2000 2050 2100

0

Fig. 7.1 Current knowledge of the estimated, observed and projected global sea-level rise over 
the past two centuries and the next century (1800–2100) (Figure updated from Shum et al. 2008)



897 Observation and Geophysical Causes of Present-Day Sea-Level Rise

“worse” scenario) using the HadCM3 climate model (Gregory et al. 2006) (pink 
envelop) is 20–60 cm. However, Rahmstorf (2007) which used empirical methods, 
show a much higher projected sea-level rise (70–130 cm) than the IPCC FAR 
projection. Siddall et al. (2009) used a climate model with ice-sheet feedbacks 
and assuming a maximum warming of 6.4°C and projects an end of twenty-
first century sea-level rise of 82 cm (not shown here), which is in good agree-
ment with the IPCC FAR projection. The current discrepancy of sea-level 
projections remains controversial and the likely improvement of model predic-
tions depends on our enhanced understanding of the complex geophysical pro-
cesses causing sea-level rise, and our ability to more accurately measure and to 
explain various geophysical  contributions resulting in sea-level rise, including 
ice-sheet and glacier melt rates, oceanic thermal expansion.

7.3  Sea-Level Budget

Table 7.1 (2nd through 4th columns) summarized that the 2007 IPCC Fourth 
Assessment Report (FAR) sea-level assessment (Bindoff et al. 2007; Solomon et al. 
2007) has significantly narrowed the gap between the observations and the 
geophysical causes of sea-level rise than the 2001 IPCC Third Assessment Report 
(TAR) (Church et al. 2001). The unexplained discrepancy (observed minus the sum 
of geophysical contributions) dropped from 1.83 to 1.29 mm/year, 2001 TAR to 
2007 FAR assessment (Table 7.1, 2nd and 4th column), respectively. A post-2007 
IPCC FAR sea-level budget assessment study by (Cazenave and Shum 2009) cover-
ing modern satellite measurement data span (2003–2008) indicates significant nar-
rowing of the sea-level budget disagreement over IPCC TAR, to 0.44 mm/year 
(Table 7.1, 5th column). Here we define the sea-level trend covering time span of 
the twentieth century and present-day (2000–present) and provided a review of 
published estimates of various geophysical causes of sea-level rise and observations 
(Table 7.1, 6th column). We make the assumption that individual (geophysical or 
observed sea-level) trend estimates has mitigated long-period signals and repre-
sents “true” long-term trends for ice mass-balance or sea-level. The definition 
would not preclude a potential acceleration signal in the sea-level rise. The esti-
mated rates or trends of geophysical signals (including ice-sheet mass balance) 
have the same definition. The result now reveals a larger discrepancy in the sea-
level budget (Table 7.1, 6th column): the maximum difference between observed 
and explained contributions to sea-level rise is at 1.42 mm/year, which is much 
larger than the assessment by (Cazenave 2009) of 0.44 mm/year (Table 7.1, 5th 
column), and in worse agreement than the 2007 IPCC FAR assessment of 1.29 mm/
year (Table 7.1, 4th column).

The unexplained sea-level signal of 1.42 mm/year represents up to 71% of the 
observed sea-level rise (~1.8–2.2 mm/year). This significant unraveling of our cur-
rent knowledge of the sea-level budget is due primarily to a number of critical 
geophysical sources providing published estimates of their respective  contributions 
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to sea-level rise with large discrepancies, or there are still large uncertainties for 
these estimates. These geophysical sources include the ice-sheet mass balance 
 estimates, the land water contributions (including terrestrial hydrology, glaciers and 
ice caps and human-impoundment of water in reservoir and dams), and the effect 
of glacial isostatic adjustment (GIA) process, or solid Earth’s viscoelastic rebound 
due to deglaciation of ancient ice-sheets from the Last Ice Age since the LGM. The 
ultimate objective is to improve the individual estimates quantifying of each of 
these geophysical sources causing present-day sea-level rise.

7.3.1  Ice-Sheet Mass Balance Estimates 

There are significant discrepancies between the various ice-sheet mass balance 
estimates (Table 7.1, 6th column), from −0.03 to 0.63 mm/year and from −0.12 
to 0.4 mm/year (equivalent sea-level) for Greenland and for Antarctica, respec-
tively, using data from airborne altimetry (Krabill et al. 2004) and satellite 
altimetry (Cazenave and Nerem 2004), from synthetic aperture radar interfer-
ometry (InSAR) (Rignot and Thomas 2002) and from Gravity Recovery and 
Climate Experiment (GRACE) satellite mission (Tapley et al. 2004). The dis-
crepancy are primarily due to (1) poor knowledge of glacial isostatic adjust-
ment (GIA) (Peltier 2004) over the ice-sheets, which is in particular critical 
when GRACE is used (Velicogna and Wahr 2006b): the choice of the GIA mod-
els significantly affects Antarctica mass balance estimates, adding 0.25–0.45 
mm/year of equivalent sea-level rise (Shum et al. 2008), (2) firn-compaction 
and ice column density variations when (airborne and satellite) altimetry are 
used (Helsen et al. 2008), (3) short data spans (GRACE) or lack of finer than 
seasonal sampling (InSAR, airborne altimetry) which may bias the trend esti-
mate, and (4) significant differences in GRACE mass balance estimates includ-
ing results with different spatial resolutions and with land-sea signal leakage 
(Lettenmaier and Milly 2009; Guo et al. 2010). Figure 7.2 shows the satellite 
radar altimetry and GRACE estimated Antarctica mass balance. Notable dis-
crepancies between the estimates from altimetry and GRACE are in the 
Antarctic Peninsula, JJ¢ (altimetry shows no large mass loss); E. Antarctica, 
AA″ & A″B; Siple Dome, E¢E″, D″D; Enderby Land, A″B, Oakes Coast, D″D¢. 
However, there are good agreements between satellite altimetry and GRACE 
observed ice-sheet mass balance, for example, over the regions including: 
Basin GH (Amudsen Sea), W. Antarctica, and Basin BC (Lambert Glacier/
Emery Ice Shelf), E. Antarctica (Fig. 7.2). In summary, the discrepancy of the 
ice-sheet mass balance estimates for Greenland ranges from −0.03 to 0.63 mm/
year equivalent sea-level rise, and for Antarctica ranges from −0.14 to 0.40 
mm/year, respectively (Table 7.1, 6th column), representing one of the largest 
uncertainties contributing to the current discrepancy of the sea-level budget.
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7.3.2  Land Water Contribution to Sea-Level

Chao et al. (2008) estimated that the sea-level fall resulting from human impoundment 
of water in reservoirs and dams over the last 50 years is equivalent to −0.55 mm/year. 
However, Lettenmaier and Milly (2009) evaluated a number of smaller land contri-
butions to sea-level rise, and argued that since most of the large manmade reservoirs 
were constructed since about the 1950 and one may no longer be assumed that they 
contributed negatively to sea-level rise during the current time period.

The contribution of mountain glaciers and ice caps to sea-level rise is by far the 
largest and with a wide range of estimates: 0.52–1.4 mm/year (Arendt et al. 2002; 
Dyurgerov and Meier 2005; Kaser et al. 2006; Meier et al. 2007; Cogley 2009) 
(Table 7.1, 6th column). The latest estimate of 1.1–1.4 mm/year (Cogley 2009) is 
due to the revised modelling of tide water glaciers. Like Meier et al. (2007), Cogley 
(2009) based the estimates entirely on in situ measurements and extrapolated glob-
ally, and the estimate did not include any satellite observations (e.g., of ice cap 
thinning). Of the 0.8–1.1 mm/year contribution of glacier loss estimated by Meier 
et al. (2007) (and probably by Cogley (2009)) and the IPCC FAR study, errors are 
thought to be of the order of 14–23%, respectively (Milly et al. 2009). Therefore, 
it is critical to narrow the uncertainty of this estimate.

The contributions of terrestrial hydrologic imbalance, potentially due to global 
warming, to sea-level rise has been estimated to be 0.07–0.27 mm/year (equivalent 
sea-level rise) based on forward hydrologic models and using GRACE (Milly et al. 
2003; Ngo-duc et al. 2005; Ramillien et al. 2008). This particular geophysical 
contribution is among the least known and further study is warranted.

Fig. 7.2 Left: ERS-1–2 radar altimetry determined Antarctica ice elevation change (m/year, 
1992–2003) (Figure and data courtesy, D. Wingham et al. 2006). Right: GRACE observed ice mass 
balance (cm/year, 4/2002–3/2009), GIA correction using ICE-5G (VM4) (Peltier 2004), destriped/
smoothed using a 200-km radius non-isotropic Gaussian filter, with geocenter and land signal leakage 
corrections (Shum et al. 2008; Guo et al. 2010; Duan et al. 2009)
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7.3.3  Glacial Isostatic Adjustment

Glacial isostatic adjustment process (Peltier 2001, 2004) produces a significant 
signal in the solid Earth where tide gauges are located (Douglas 2001), underneath 
the ice-sheets and the ocean where the mass balance signal and the sea-level signal 
has opposite signs, respectively.

Therefore, in addition to the need of more accurate forward GIA modeling to 
correct tide gauge sea-level record, GIA corrections for GRACE mass change esti-
mates over ice-sheets, and for ocean mass variations due to exchange of water 
fluxes from land to ocean, is critically needed. In addition the magnitude of the GIA 
model in terms of water thickness change over the ocean, is on the order of 1–2 
mm/year (depending on whether the Paulson (2006) or the ICE-5G (Peltier 2004) 
GIA model is used, respectively), which has the same magnitude as the expected 
signal (GRACE ocean mass variations, ~2 mm/year) (Cazenave 2009; Peltier 2009; 
Leuliette and Miller 2009; Willis et al. 2008). On the other hand, land-water stor-
age, according to GRACE, shows very little trend (dashed line) over 2002–2008 
(Fig. 7.3, from Lettenmaier and Milly 2009). The total land water mass variations 
excluding Greenland and Antarctica observed by GRACE is shown here (Fig. 7.3, 
the shading indicates the range of estimates from the various GRACE solutions 
from different processing centers (data courtesy, D. Chambers), with the thick black 
line the mean of the three solutions). The right-hand axis shows the sea-level 
anomaly, which corresponds to the land equivalent water-depth anomaly. The esti-
mated rate of land water change, ~0.3 mm/year (Cazenave 2009) (into the ocean) 
is “balanced” by the observed oceanic mass (~2 mm/year), if the GIA forward 
model correction (1–2 mm/year) is perfect. Figure 7.4 shows the ocean geoid 
change (mm/year) predicted by the ICE-5G(VM4) GIA model (Peltier 2004). This 
quantity if expressed in the form of mass variations (or water thickness change) by 
including self-gravitational or the elastic loading effect (e.g., Wahr et al. 1995), 
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would be amplified approximately five times of the ocean geoid change values, i.e., 
~2 mm/year when averaged over the ocean (Peltier 2009). It is highly unlikely that 
the GIA forward model is accurate enough that an unambiguous claim is possible 
at present that GRACE ocean mass variations is ‘balanced’ by the observed land 
water fluxes flow into the ocean (Cazenave 2009; Peltier 2009; Leuliette and Miller 
2009; Willis et al. 2008). Figure 7.4 also shows a see-saw positive and negative 
pattern in the ocean geoid change, indicative of an effect due to Earth rotational 
feedback. This pattern seems to be too large to be realistic and possibly this 
component of the modeling is in error. However, this error probably does not neces-
sarily increase significantly the current uncertainty of predictive GIA models. In 
summary, there is a critical emphasis to improve the constraints of or to improve 
the GIA model itself, for improved estimation of oceanic mass variations and 
ice-sheet mass balance.

7.3.4  Thermal Expansion

Thermal expansion of the ocean, and to a less extent, the contraction of the ocean 
due to salt or the salinity (halosteric) effect affects the sea-level. Levitus et al. 
(2000) reported significant ocean heat transport from the deep ocean to the surface 
during the last five decades, and estimated that the thermosteric sea-level rising at 
0.55 mm/year (Levitus et al. 2000). Since then, the discovery of significant 
 instrument biases in the old mechanical bathythermographs (MBTs), the more 

Fig. 7.4 The geoid change in the ocean predicted by the ICE-5G (VM4) glacial isostatic adjustment 
model (Peltier 2004)
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modern expandable bathythermographs (XBTs), and the modern Argo arrays 
(http://sio-argo.ucsd.edu) (Willis et al. 2007), have caused several revised studies 
of the thermosteric sea-level rise (Antonov et al. 2005; Ishii and Kimoto 2009; 
Gouretski and Koltermann 2007; Domingues et al. 2008; Wijffels et al. 2008). 
However, the estimates still have a wide range, 0.24–0.6 mm/year (Table 7.1, 6th 
column). Figure 7.5 shows the thermosteric sea-level trend, 1955–2005, estimated 
to be 0.24 mm/year, based on the Ishii and Kimoto (2009) objectively analyzed data 
integrating the sea surface from 0 to 700 m depth. It is evident that more studies are 
needed to validate the contribution of thermal expansion to the global sea-level, and 
additional measurements are needed to quantify the deeper ocean (>700 m) 
thermosteric sea-level rise.

7.4  Sea-Level Measurements

Contemporary observations of sea-level rise (1900–2005) (WCRP Sea-Level 
Workshop Summary 2006) used long-term tide gauges (Douglas 2001; Miller and 
Douglas 2006; Holgate 2007) from Permanent Service for Mean Sea-Level 
(PSMSL) RLR data records (Woodworth and Player 2003), and more recently 
(since 1992) used satellite radar altimetry from TOPEX/POSEIDON (T/P) 
(Cazenave and Nerem 2004; Church et al. 2004; Kuo 2006). Tide gauges are 
sparsely distributed globally but have long records (>70 years). They are located 
near islands and continental margins, measures relative sea-level, and are suscepti-
ble to uncertainty of land motion, e.g., due to glacial isostatic adjustment (GIA). 

Fig. 7.5 Thermosteric sea-level trend (1955–2005): 0.24 mm/year, data based on Ishii and 
Kimoto (2009) data

http://sio-argo.ucsd.edu


96 C.K. Shum and C.-Y. Kuo

Satellite altimetry measures geocentric sea-level and unaffected by land motion 
(to a less extent, affected by changing shape of the ocean basin) and have globally 
coverage (Shum et al. 1995). However, they have much shorter records (10 years) 
than tide gauges, and require absolute calibration or monitoring for potential instru-
ment drifts (e.g., Shum et al. 2003).

Figure 7.6 shows the multiple-mission satellite radar altimetry (GEOSAT, TOPEX/
POSEIDON, ERS-1/-2, JASON-1, ENVISAT and GFO, 1985–2008) observed sea- 
level trend (2.6 mm/year, 2.9 mm/year when the GIA geoid correction is applied 
using the ICE-5G(VM4) model (Peltier 2004)). There is a data gap between 1989 and 
1991. The inverted barometer correction (IB) has been applied. Also plotted is the 
thermosteric sea-level during the altimetry data span (data from Ishii and Kimoto, 
2009). The seasonal variations are not removed. Figure 7.7 shows the sea-level trend 
observed by individual tide gauges (1900–2006, trend color coded and show as cir-
cles) with a global average of 1.65 ± 0.4 mm/year. Note that tide gauges sample only 
about a few % of the global ocean surface. The background is the satellite altimetry 
observed short-term (1985–2008) trend of 2.6 ± 0.4 mm/year (2.9 mm/year after cor-
rected for the GIA effect), when averaged globally. Satellite altimetry with its global 
sampling reveals that the rate of sea-level rise is not uniform globally (Fig. 7.7) and 
that the estimated trend is potentially dominated by interannual or longer variations 
in the ocean. In some regions (e.g., Western Pacific), rates of sea-level rise are faster 
by a factor up to 3 than the global mean rate. In other regions rates are slower than 
the global mean (e.g., eastern Pacific). The estimated trend from altimetry (2.9 mm/year) 
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Fig. 7.6 Multiple-mission satellite radar altimetry (GEOSAT, TOPEX/POSEIDON, ERS-1/-2, 
JASON-1, ENVISAT and GFO, 1985–2008) observed sea-level trend (2.6 mm/year, 2.9 mm/year 
when GIA geoid change correction is applied using ICE-5G(VM4) model [Peltier 2004]). There 
is a data gap between 1989 and 1991
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which is much larger than the trend estimated by tide gauges (1.65 mm/year) may or 
may not necessarily indicate a recent (1990s) acceleration of sea-level rise 
(Woodworth et al. 2009; Merrifield and Merrifield 2009).

Figure 7.8 illustrates the differences of these two sea-level measurement types. 
Figure 7.8 shows the globally averaged 500 long-term (>30 years) tide gauge sea- 
level time series, 1900–2004 (corrected for GIA using ICE-5G model). The 
monthly averaged time series (grey) is shown to have significant ‘false’ (large) 
amplitudes in the seasonal signal, while the yearly averaged time series (blue) 
agrees between with average of satellite altimetry sea-level measurements (monthly 
average in green and yearly average in red). The estimated trend from tide gauges 
is 1.65 mm/year, compared with altimetry observed sea-level (1984–2008) trend of 
2.9 mm/year (after GIA uplift correction). Figure 7.8 shows that global sampling is 
required to average out the variability in the sea-level trend (Fig. 7.7), and that the 
trend estimates using short-data span from satellite altimetry may be contaminated 
interannual or longer variations oceanic signals.

The Gravity Recovery and Climate Experiment (GRACE) twin-satellites measure 
mass change of the Earth (Tapley et al. 2004) (in the form of water thickness 
change) inferring from its temporal gravity field solutions, using the known 
harmonic (Stokes) coefficients, nmC  and nmS  (Wahr et al. 1998) (n is degree and m 
is order, equation not shown here), with monthly sampling (or finer) and spatial 
resolutions, ranging from 400 km (half-wavelength) (e.g., Velicogna and Wahr 
2006b) to 200 km using mascons (e.g., Luthcke et al. 2006), from regional  solutions 

Fig. 7.7 Sea-level trend observed by individual tide gauges (1900–2006, trend color coded and 
show as circles) with a global average of 1.6 ± 0.4 mm/year. The background is the satellite 
 altimetry observed short-term (1985–2008) trend of 2.6 ± 0.4 mm/year (2.9 mm/year after GIA 
effect is corrected), when averaged globally
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including the use of spherical wavelets (Han et al. 2005; Schmidt et al. 2006), and 
recently achieving 200 km resolution via data post-processing (decorrelation and 
latitude-dependent non-isotropic filtering) (Duan et al. 2009; Guo and Shum 2009; 
Guo et al. 2010). The computation of mass changes involves elastic loading in the 
form of load Love number, nk . GRACE is not sensitive to n = 1 terms (or geocenter) 
which has noticeable effects, e.g., on ice-sheet mass balance estimates (Chambers 
et al. 2007). Geocenter corrected used could be solutions from satellite laser 
 ranging to Lageos satellites (J. Ries, pers. comm.). The smoothing or filtering and 
‘destripping’ of Stokes coefficients representing GRACE’s temporal gravity field 
solutions (Wahr et al. 2006) is necessary to mitigate sampling/observability 
 problems (Swenson and Wahr 2006; Duan et al. 2009; Guo et al. 2010), and various 
correction algorithm for land signal leakage due to filtering near land-ocean bound-
aries (Velicogna and Wahr 2006b; Chen et al. 2006b; Guo et al. 2010). Figure 7.9 
shows a global ocean mass (or the ocean bottom pressure) trend map estimated by 
GRACE. The combination of thermosteric sea-level (Fig. 7.5) and satellite altim-
etry (Fig. 7.7) yields the ocean mass variations (Fig. 7.9) (e.g., Kuo et al. 2008; 
Chambers 2006a, b).

The combination of these modern satellite and in situ data is anticipated to 
provide more accurate measurement of geophysical sources contributing to present-day 
sea-level rise, and the sea-level signal directly. In addition, the integrated analysis 
using these data sets allows sea-level budget studies treating each of the  geophysical 
sources (ice-sheet, land water, ocean) separately, improving the chance to provide 
better quantification of the respective contributions from each of these sources to 
present-day sea-level rise.
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Fig. 7.9 GRACE observed global ocean botom pressure interannual variation, 2003–2008 (mm/year). 
CSR RL04 Level 2 data product used, water thickness change, de-striping and smoothed at 200 by 300 
km by an non-isotropic filter, ICE5G(VM4) GIA geoid and seasonal signals removed, land leakage 
signal repaired. (Duan et al. 2009; Guo et al. 2010; Guo and Shum 2009)

7.5  Conclusions

At present, the observed and explained geophysical causes of present-day global 
sea-level rise appears to be worse than the assessment published by the 2007 
Intergovernmental Panel for Climate Change (IPCC) Working Group I, Fourth 
Assessment Report (FAR). Several of the geophysical causes have been identified, 
including the contributions to present-day sea-level rise from ice-sheet mass 
 balance, mountain glacier and ice caps, land water including human-impoundment 
of water in reservoirs, and the effect of the geodynamic process, the glacial isostatic 
adjustment which affects measurements of sea-level and ice-sheet mass balance 
using tide gauges, satellite altimetry and satellite gravimetry, GRACE. Integrated 
analysis and interpretation using these satellite measurements and in situ measure-
ments including tide gauges and hydrographic data will narrow the uncertainty 
between the observations and the explained contributors of sea-level rise from each 
of these geophysical sources.

Sea-level rise is a major threat for many low-lying, highly populated coastal 
regions of the world (about 3.2 billion people live presently within 200 km of the 
coastal area (Hinrichsen 2009, http://peopleandplanet.net)). Sea-level rise exagger-
ates the effect of land erosion, wetland loss, storm surges associated with typhoons 
or hurricanes, sediment loading, land subsidence (Dixon et al. 2006) due to natural 
or anthropogenic (ground water pumping, oil extraction, urbanization) effects, 

http://peopleandplanet.net
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 rising water table and salt-water intrusion in freshwater aquifers (Nicholls 2002, 2007). 
In response to sea-level rise, in particular and for example, in Bangladesh, signifi-
cant considerations should be given to the science and engineering aspects to 
 mitigate relative sea-level rise (absolute sea-level rise adding the effect of land 
 subsidence or vertical motion due to natural and anthropogenic effects) from the 
above-mentioned phenomena. In addition, the mitigation and adaptation requires an 
integrated approach including policy change based on scientific and engineering 
assessment of the risk from sea-level rise.
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Abstract One half of the Bangladeshi population has been drinking arsenic 
contaminated water, drawn from the ground by tube-wells since 1993. More than 
38,000 arsenicosis cases are reported. The present knowledge of the management 
of arsenicosis is limited, and specific treatment of chronic poisoning has not yet 
been identified.

With the approval of the ethical review board of the Bangladesh Medical 
Research Council (BMRC) double blind, randomized, placebo controlled trial with 
selenium intervention was carried out on 174 arsenicosis patients, irrespective of 
age and sex, for 12 months in a hyper-contaminated rural area of Bangladesh. In 
this study, melanosis decreased in 76% (n = 67, p < 0.00) of selenium treated 
patients and palmo-planter keratosis in 81% (n = 67, p < 0.00). For the selenium 
group arsenic content was decreased 38.2% (p < 0.01) in hair and 37.2% (p < 0.00) 
in nails. Overall symptoms improved 68% (p < 0.00) in the selenium treated group. 
There was no observed toxicity in a heart, kidney and liver function test. It was 
found that a dose of 100 mg of selenium as selenomethionine per day along with 
use of arsenic safe water for 12 months in chronic arsenic toxicity is a safe and 
effective treatment for arsenicosis.
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8.1  Introduction

Safe drinking water, sanitation and good hygiene are fundamental to health, survival, 
growth and development. Unfortunately, these basic needs are still a luxury for many 
of the poor people in a country like Bangladesh. From 1993, half of Bangladesh’s 
population was drinking arsenic contaminated water drawn from the ground by tube-
wells. More than 38,000 cases of arsenicosis have already been reported (Douglas 
1999; Elizabeth 2000; Ganapati 2000; NAMIC 2005). Tondel et al. (1999) found 
that arsenic concentration ranged from 10 to 2,040 mg/L in tube-well, and crude 
prevalence rate was 29/100 Bangladeshi people. There was a  significant dose 
response relationship (p < 0.05), regardless of sex (Tondel 1999). In econometric 
analysis, it was found that the burden of arsenicosis is on low-income, poor people 
(Milton et al. 2004; Anwar 2002). There is no known antidote. Avoidance of arsenic 
contaminated drinking water, chelating agents, retinoid, vitamins, balanced diet, 
spirulina, all these have tried with varying therapeutic results (Sato et al. 2000; Guha 
et al. 1998; Guha et al. 2001; Boyd et al. 1989; Thianprasit 1984; Khan and Ahmad 
2002; Khan et al. 2001; Ahmad et al. 1998; Kosnett 1998; Huq et al. 2000; 
Misbahuddin et al. 2006)

Evidence from both laboratory and epidemiological studies suggests that arsenic 
obviously has an inhibitory effect on the antioxidant enzymes containing selenium 
by reacting with -SH group. This inhibitory impact has been observed in increased 
arsenic accumulation (Lin and Chiang 2000; Bates et al. 1992). Inorganic arsenic, 
once ingested, may lead to the production of reactive oxygen species (ROS) that 
can induce DNA damage, including single and double-strand breaks and nucleotide 
base modifications (Lynn et al. 2000; Shi et al. 2004; Liu and Jan 2000; Hei et al. 
1998; Amundson et al. 1999). Selenium might be a suitable agent to reduce arsenic 
accumulation after chronic exposure for a number of reasons, i.e., there are a number 
of possible points and mechanisms for metabolic interaction between arsenic and 
selenium which include competition for the methyl donor, S-adenosylmethionine, 
competition for glutathione (GSH) and inhibition of glutathione reductase by a 
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number of arseno-glutathione complexes. Moreover, both selenium and arsenic 
interact extensively with sulfhydral (-SH) groups in tissues; it is possible that arsenic 
elimination is delayed in Se-deficiency because there could be more target -SH 
groups for arsenic to react with because Se intake is low (Kenyon et al. 1997). 
There is evidence that low Selenium intake may influence the development of 
arsenicosis (Islam et al. 2004). In an animal study, it was observed that the cytotoxic 
effect of arsenic can be prevented through dietary supplementation by selenium in 
mice, which is of significance in protecting against the widespread toxicity 
observed in humans (Biswas et al. 1999; Nasir et al. 2004), but multicentral trial of 
selenium in humans is lacking. In 1989 a clinical trial in China among the smelter 
workers exposed to arsenic showed that the chromosomal aberration rate of cultured 
lymphocytes in workers was lowered by 46.1% after treatment with selenium 
(150 mg/day for 21 days; Hu 1989). There were no soil selenium maps of 
Bangladesh though Spallholz et al. (1978) had measured in 25 samples from 
Jessore district of Bangladesh and found less amount of selenium in soil, which 
automatically produces low selenium containing crops. In a developing country and 
largely agrarian Bangladesh villages, animal protein intake is low, with fruits and 
vegetables often proving to be poor sources of selenium where arsenicosis is occur-
ring and excessive selenium excretion owing to selenium/arsenic complexion may 
add to the likehood of arsenic being more toxic and carcinogenic over time 
(Spallholz et al. 1978, 2004). So, interest was found to conduct a clinical trial with 
selenium intervention among arsenicosis patients in Bangladesh.

8.2  Materials and Methods

Arsenicosis patients were selected from 11 villages having a population of 
19,000 of Shahpur union, under Chatkhil Upazilla, of District Noakhali. The 
area is a hyper-contaminated arsenic zone (British Geological Survey 1999). 
From a total population 560 probable arsenicosis patients, screened with the 
help of local elites and a field team, were invited to a health camp. The patients 
were selected clinically by the dermatologist and confirmed by positive spot 
urine examination by a digital arsenitor (positive indicates an arsenic concentration 
1 ppb or more).

All adults, male and female, with a history of exposure to arsenic contaminated 
drinking water from shallow tube-well for more than 6 months and presenting 
signs/symptoms of arsenicosis were included in the study. Exclusion criteria 
included patients not exposed to arsenic, no clinical feature of arsenicosis, patient 
refusal to give consent, patients not having arsenic in urine, patients having concur-
rent illness like malaria, tuberculosis, or history of smoking (Yes or No), alcoholics 
(drinking more than 2 pegs) or taking hepatotoxic drug. Pregnant and lactating 
mothers were also excluded. Finally, 174 patients, irrespective of age and sex, were 
selected. An identification number was assigned to one of the three treatment 
groups “A” or “B” randomly following a computer generated number.
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The study was approved by the ethical review board of the Bangladesh Medical 
Research Council (BMRC). Prior to entering the study each patient signed an 
informed consent form and were assured of their right to withdraw from participation. 
The information were kept strictly confidential and used only for research purposes. 
The study was a part of research work leading to a PhD.

A baseline survey was conducted which included information about age, gender, 
height, weight, socio-economic status, water use data, drinking water source, cook-
ing water source, number of tube wells, duration of use and skin manifestation 
of arsenicosis with duration. Samples of water from the tube well were collected for 
arsenic estimation. In 10% randomly selected cases, 24 h food recall surveys were 
conducted for the estimation of arsenic in consumed food. Urine and blood samples 
were collected before and at the end of 4, 8 and 12 months. Only scalp hair and finger 
nail samples were collected at the beginning and at the end of study period. All the 
collected samples were labeled properly by including the identification number, date 
of collection and nature of the specimen. All the samples were transported to Dhaka 
within 24 h in frozen containers and were stored at −20°C until analysis.

Treatment Procedure: The arsenicosis patients were assigned randomly to group 
‘A’ or group ‘B’. Each group of participants was provided the drugs, identical in 
appearance and blindly coded as ‘A’ and ‘B’, respectively. The drugs were delivered 
to each participant in a sealed air tight plastic bottle of same color and size. Only 
code number was written on each bottle. The bottles were packed earlier with 
15 tablets of the respective group of drugs by the pharmacists who kept the code 
confidential. Neither the investigator nor the patients knew the intervention groups. 
Each patient was instructed to visit the treatment camp monthly for the drug. While 
receiving the drug, the patient had to bring the previously used containers in order 
to check the compliance. Each patient was instructed to swallow one half of the 
tablet daily with a glass of water. Any failure to take the drug for 1 day was recorded 
and instructed to take a double dose the next day. The trained field workers regularly 
visited the patients at home to ensure compliance. The overall supervision, both in 
clinic and field, was maintained by the principal investigator over 12 months. None 
of the patients were allowed to drink arsenic contaminated water throughout the 
study period. All the study subjects drank boiled surface water throughout the study 
period. A local office-cum clinic was set up and a registered medical officer was 
recruited to monitor the treatment of patients. After the laboratory analysis was 
complete, the drug codes were decoded and data were analyzed along with clinical, 
biochemical and social data. After decoding, intervening drugs were found to be ‘A’ 
for Selenium and ‘B’ for Placebo.

8.2.1  The Intervention Agents

(A) Selenium commercially sold in the market as a solid tablet form, named 
‘Selenium’ (Manufactured by Schiff and distributed by Schiff products, Salt Lake 
City, UT, USA 84104) packed in a sealed bottle. Each tablet containing 200 mg sele-
nium as yeast rich L-selenomethionine, without any artificial color or  preservatives. 
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(B) Placebo preparations containing potato starch in each as a tablet form which is 
identical in appearance and color to the selenium tablet (manufactured by The 
Acme laboratories Ltd, Dhanmondi, Dhaka, Bangladesh).

8.2.2  Analysis of Biological Samples

All biological samples of hair, nails and urine were digested in high purity acids 
and pretreated with reductants prior to analysis for estimation of arsenic using 
continuous flow hydride generation with Atomic Absorption Spectrophotometer 
(HG-AAS) (Buck Scientific, USA, and Model 210 VGP).

8.2.3  Other Biochemical Parameters

For other biochemical parameters, such as random blood glucose, serum alkaline 
phosphatase, and serum alanine transaminase, estimation has been done with a 
clinical chemistry analyzer (Microlab 300, The Netherlands). Urine was examined 
for the presence of albumin and microscopically examined for any cast and RBC 
which denotes as abnormal findings. Electrocardiogram (ECG) was done in selective 
cases when there was high blood pressure (either >160 in systolic or >90 in diastolic 
or in combination) or high pulse rate (>100/min) found in physical examination.

8.2.4  Statistical Analyses of the Data

Data analyses were carried out using Statistical Package for Social Science (SPSS) 
(version 12.0 for windows, SPSS Inc, Chicago, USA). Results were expressed as 
mean ± SD (standard deviation) and in graphical forms after log transformation to 
make the data normal. The statistical analyses Pearson Chi-square test (c2), and 
Student two-tailed paired t-test were performed. Differences were considered 
 significant with *p < 0.05.

8.2.5  Clinical Outcome Evaluation

The patients were examined in every follow-up visit by the same dermatologist, and 
severity of keratosis, melanosis, leucomelanosis and other clinical variables were 
recorded in the checklist without going through the records. Primary outcome mea-
sures for this study included changes in arsenical skin lesions (incidence of new 
lesions and improvement of old lesions), as assessed by clinical examination and sec-
ondary outcome measure included changes of arsenic levels in hair, nails and urine. 
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Skin lesions related to arsenic tend to occur on certain parts of the body (particularly 
palms, soles, and trunk), and the efficacy of the intervention as indicated by prognosis 
of severity of lesions (particularly melanosis, leucomelanosis and keratosis), was 
evaluated as grade l = mild, grade ll = moderate and grade lll = severe (WHO 2002) 
and recorded in the checklist at each follow-up visit.

8.3  Results

In this study, out of 174 patients selected, 33 patients could not complete the 1 year 
study periodic follow-up, so the dropout rate was 18.9%. Among the study subjects, 
112 (64.3 %) were young adult female and the rest were male. The majority of the 
subjects had five or more family members and showed that the mean BMI was  
20.3 ± 3.5 kg/m2, 94% of male subjects and 89% of female subjects had suffered 
from arsenicosis for more than 4 years (Fig. 8.1).

As all our study subjects were from the same homogenous environment, it was 
found that am average of 45.45 mg/L of total arsenic was taken by each subject 
daily through their food chain, and an average of 243 mg/L through drinking 
 contaminated shallow tube well water. About 33.3% subjects were drinking con-
taminated water initially, but eventually this rate dropped down to zero. More than 
94% cooked their meals with surface water, which was found safe from arsenic. But 
more than 87% were drinking arsenic contaminated water from shallow tube well 
water for 21.1 ± 11.4 years (range 11.5–35.6 years) (Table 8.1).

The selenium treated group showed significant improvement of their physical 
and clinical signs and symptoms after intervention. Marked changes were observed 
in the severity scores compared to their pre-treatment values.

Distribution of duration of Arsenicosis in study 
subjects
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The severity of melanosis and keratosis reduced to almost normal skin in many 
subjects after intervention. The melanosis was reduced 76% in severe grade (n = 67, 
c2 = 32.13, p < 0.00) of selenium treated group after intervention, but very little 
change was found in Placebo group (n = 72, c2 = 0.59, p < 0.74). The severity of 
keratosis in the palm and soles was reduced by 81% in severe grade of selenium 
intervention group (n = 67, c2 = 27.27, p < 0.00), but no changes were observed in 
placebo group (n = 72, c2= 0.00, p < 1.00) (Table 8.2). The symptoms like anorexia, 
nausea, vomiting, weakness, dizziness, etc., reduced from 100% to 31.9% 

Table 8.1 Percent distribution of source of water use

Source of water

Drinking Cooking

Selenium Placebo (%) Selenium Placebo (%)

Deep tube well  6.9 10.3  3.4  1.1
Shallow tube well 86.2 87.4  2.3  2.3
Pond  4.6  2.3 94.3 96.6
Filter/boiling  2.3  0.0  0.0  0.0

Table 8.2 Distribution of skin changes before and after intervention in study subjects

Skin sign

Selenium (69)a Placebo (72)a

Before (%) After (%) Before (%) After (%)

Grade I (mild)
Diffuse melanosis/suspicious spotty 

pigmentation on trunk/limb
14.5 50.7 16.9 21.1

Mild thickening of palms/soles 19.0 49.2 21.2 21.2
Suspicious spotty depigmentation 

on trunk/limb
33.3 24.2 38.0 38.0

Grade II (moderate)
Definite spotty pigmentation on  

trunk/limb, bilateral
30.4 36.2 26.8 22.5

Definite spotty depigmentation over 
trunk/limb, bilateral

48.5 50.0 39.4 35.2

Severe diffuse thickening of palms/soles 30.2 41.3 34.8 34.8

Grade III (severe)
Definite spotty pigmentation on 

trunk & limb, bilateral
55.1 13.0 56.3 56.3

Definite spotty depigmentation  
over trunk & limb, bilateral

18.2 25.8 22.5 26.8

Mucosal pigmentation in tongue  
or oral mucosa

 0.0  0.0  0.0  0.0

Large nodules over thickened palm/soles 50.8  9.5 43.9 43.9
Diffuse verrucous lesions with crack 

and fissure on soles
15.9 10.1  6.9  6.9

Non-healing ulcer, e.g., Bowen’s  
disease, etc.

 2.9  0.0  2.9  0.0

Gangrene of palm or sole  2.9  2.9  0.0  0.0
aFigures in parentheses are number of patients; % = percentile
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(68% reduction, p < 0.00) in selenium intervention group but there was only 2.8% 
reduction in the placebo group.

The Arsenic concentration in nails reduced significantly (83.1%) after intervention 
in Selenium treated group (n = 55, t = 2.708, p < 0.00) but very little change was 
observed in the placebo group (n = 61, t = −0.191, p < 0.85). The Arsenic concentra-
tion of hair was also reduced (61.8%) significantly after intervention in the selenium 
treated group (n = 60, t = 5.269, p < 0.00), but also found a 33.7% reduction in 
the placebo group (n = 67, t = 4.672, p < 0.00) (Table 8.3).

The concentration of arsenic titer in urine also found significant reduction 
(42.4%) after intervention in selenium group (t = 6.653, p < 0.00), and a 41.1% 
reduction in the placebo group (t = 7.493, p < 0.00). The trend of arsenic excretion 
in urine found in selenium group was linear (Fig. 8.2).

The serum selenium concentration was found to be 1.792 ± 0.293 mg/L in study 
subjects, but after intervention the concentration rose to 62.4% only in the selenium 
treated group (t = −2.079, p < 0.04) with no change in the placebo group.

There was no substantial organopathy found in kidney function test, liver 
function test and random blood glucose before and after intervention in study 
population. Liver function test showed that there was no abnormality in serum 
glutamic pyruvate transaminase (SGPT) level before and after intervention in 

Table 8.3 Shows distribution of concentration of Arsenic (As) in nail and hair of study subjects

Parameters Group Before After p-value

As concentration in nail 
mg/kg as mean ± SD

Selenium (55)a 0.314 ± 0.522 0.052 ± 0.608 <0.00
Placebo (61)a 0.222 ± 0.540 0.235 ± 0.582 <0.85

As concentration in hair 
mg/kg as mean ± SD

Selenium (60)a 0.123 ± 0.442 0.047 ± 0.560 <0.00
Placebo (67)a 0.608 ± 0.442 0.403 ± 0.493 <0.00

aFigures in parenthesis are sample numbers; mg/kg = microgram per kilogram

Trend of Arsenic concentration in Urine of study 
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study subjects, but only 23.1% of cases had a high level of alkaline phosphatase 
before intervention which, after intervention, 74% reversed under the selenium 
group and no changes were found in the placebo group, respectively. There was no 
significant change in the blood glucose level of the study population after inter-
vention (p < 0.06).

8.4  Discussion

In this study, it was observed that all the study subjects had multiple clinical presen-
tation and there were gradual improvement of clinical sign and symptoms, including 
skin changes, after intervention. The severity of melanosis and keratosis was 
reduced to almost normal skin in many subjects. The severity of melanosis and 
keratosis was reduced by 76% and 81% respectively in selenium group after interven-
tion but very little changed in placebo group. This study was similar to the findings 
by Wang et al. in China where they administered 100–200 mg selenium/day for 14 
months and observed 75% and 55% reduction in clinical signs like keratosis and 
melanosis respectively (Wang et al. 2001). Rabbani in Bangladesh showed 63.3% 
improvement in planter keratosis, and a 59.7% decrease in melanosis (Rabbani 
et al. 2003).

A urinary concentration of total arsenic is a reliable indicator of arsenic consump-
tion because urine is the primary route of elimination of most absorbed arsenicals 
(Vahter 1994). In this study, after 12 months of treatment with selenium and consump-
tion of arsenic safe water, urinary concentration of total arsenic dropped to 50% of 
the pretreatment value in all groups. This drop was likely to be related to sudden 
cessation of arsenic consumption accomplished by taking boiled pond water. 
However, the peak excretion levels did not reach a constant level or a plateau at the 
end of the 12 month period; this indicates that treatment time might have to be 
prolonged to reach a maximum excretory threshold level.

In this study, the concentration of arsenic in scalp hair was significantly reduced 
in the selenium group. The reduction in placebo treated groups is likely to be 
related to the introduction of arsenic-free water. In contrast, reduction of arsenic 
load in hair after intervention with 200 mg/day selenium for 14 months in Mongolia 
found the hair arsenic content of selenium patients decreased by 73%, whereas 
placebo patients dropped 52% (Yang et al. 2002). In this study, the present observations 
support the findings by Tseng, in Taiwan, Guha in India and Yang in Mongolia that 
a supply of arsenic safe water alone is not sufficient to detoxify individuals exposed 
to arsenic for a prolonged period (Tseng et al. 1968; Guha et al. 1998; Yang et al. 
2002). The findings suggest that prolonged exposure to toxic levels of inorganic 
arsenic may induce changes in the body that are reversible by preventing further 
exposure to arsenic and supplementation with selenium with a therapeutic safe 
dose. We found that a combination of 100 mg of selenium as selenomethionine and 
arsenic-safe water per day for 12 months is a safe, effective, and cheap, but needs 
more multicentral trials before advising mass use in combating arsenicosis in 
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Bangladesh. More study is also necessary for estimation of selenium in different 
foods and soil mapping in Bangladesh.
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Abstract Global climate change is a growing concern for Bangladesh. To evaluate 
the global climate change effects on environmental changes and agricultural production 
in Bangladesh, long-term data on selected climatic variables (1948–2006), agricultural 
production (1960–2006), and population growth (1940–2008) were collected, 
organized and analyzed. Results suggested that although Bangladesh emits less 
than 0.2% of the global carbon dioxide (CO

2
), it is nevertheless facing the impact 

of global climate change. Average air temperature was found to be increased @ 
0.7°C per decade across Bangladesh. As expected, the rainfall distribution varied 
regionally over time. Total average rainfall increased in the north-eastern (2.6 cm/
year) region but decreased in the south-eastern region (1.4 cm/year) or remained 
same in the north-western and south-western regions of the country. Average 
sunshine duration decreased by 36 min/decade in between 1962 and 2000. While 
agricultural land saturation (150% cropping intensity) with increasing population 

S. Ahsan 
Metro State College, Denver, CO

M.R. Hoque, M.S. Osman, M. Rahman, M.J. Babar, and S.A. Begum 
Department of Environment, Dhaka, Bangladesh

D.M. Rahman  
Department of Soil, Water and Environmental Sciences, Dhaka University, Dhaka, Bangladesh 
e-mail: dmrahman@agni.com

K.R. Islam (*)  
Ohio State University South Centers, Piketon, OH 
e-mail: islam.27@osu.edu

Chapter 9
Agricultural and Environmental Changes in 
Bangladesh in Response to Global Warming

S. Ahsan, M.S. Ali, M.R. Hoque, M.S. Osman, M. Rahman, M.J. Babar,  
S.A. Begum, D.M. Rahman, and K.R. Islam 

Contents

9.1  Introduction ....................................................................................................................... 120
9.2  Materials and Methods ...................................................................................................... 121
9.3  Results and Discussion ..................................................................................................... 122

9.3.1  Carbon Dioxide Emissions, Global Warming, and Bangladesh 
  Environmental Changes............................................................... .......................... 122

9.3.2  Population Growth and Environmental Changes Impact on Agriculture ............. 127
9.4  Conclusions ....................................................................................................................... 132
References .................................................................................................................................. 133

1



120 S. Ahsan et al.

growth (1.8%) abounds, food production in Bangladesh under changing climates 
has improved over time. Total area under rice production slightly decreased, the 
yield, however, increased (85%). In contrast, total area under wheat (<1% to 7%), 
maize, potato (<1% to >2%), and oilseed production increased over time. The 
yield increased from <0.8 to >2 Mg/ha for wheat, 1 to >5 Mg/ha for maize, and 
2.5–14 Mg/ha for potato. Total area under jute (>8 to <4%) and legume production 
decreased but the yield per unit of land increased over time. However, with increasing 
population, degraded land quality, and potential global warming, agriculture is seen 
as one of the major vulnerabilities facing Bangladesh in near future. More specifically, 
a progressive decline in sunshine duration (25%) over a period of 30 years has 
become a growing concern for agriculture in terms of reduced photosynthesis and 
food security.

Keywords Gaseous emissions • Food production • Sea level rise • Rainfall amount 
• Evapotranspiration

Abbreviations

SAARC South-East Asian Association for Regional Cooperation
GHG Greenhouse gas
MPO Master Planning Organization

9.1  Introduction

Human activities over time have led to global climate change by emitting green-
house gases (GHGs) especially CO

2
 from fossil fuel combustion and indiscriminate 

land-use practices (IPCC 2007; Boden et al. 2009). Among the GHGs, CO
2
 is 

responsible for 72% of the global climate change followed by CH
4
 (18%), NOx 

(9%), and others (1%). Currently, fossil fuel consumption and land-use changes are 
accounted for 8 and 1.6 billion Mg of annual C emissions, respectively (IPCC 2007; 
Koonin 2007). The progressive accumulation of CO

2
 has changed the atmospheric 

composition and created global warming by raising air temperature @ 0.2°C per 
decade since 1950, and consequently affected our environment (IPCC 2007). It is 
expected that global warming will affect most of the countries of the world to some 
extent (IPCC 2007). However, there is a growing concern that the impact of global 
warming will be a major threat to topographically low-lying countries like 
Bangladesh (Huq 2001; Quader et al. 2004; Ahmed 2006). The UN Climate Panel 
has already listed Bangladesh as one of the countries of the world most vulnerable 
to climate change effects (IPCC 2007).

Bangladesh is located in South Asia, between 20°34¢8″–26°38¢8″ N latitudes, 
and between 88°01¢8″–92°12¢8″ E longitudes with an area of about 147,570 km2 
(Rashid 1991). It is a low-lying delta of the transboundary Ganges, Brahmaputra, 
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Meghna and Jamuna rivers. The floodplains occupy 80% of the country (Rashid 1991). 
Even much before the climate change realities began to unfold; Bangladesh became 
prone to natural disasters (Rashid 1991; Mirza et al. 2001; Mirza 2002). It’s the 
geography and climate (monsoon) which makes Bangladesh vulnerable to the effects 
of global warming (Rashid 1991; Mirza et al. 2001; Mirza 2002). Since, the land-
scape of Bangladesh is only a few meters above the mean sea level, it resides in a 
water paradox in that it receives massive volumes of water both from trans-boundary 
rivers and from rains (average 2.3 m annually) during monsoon, but seasonal water 
shortages are common during dry season (Karim et al. 1990a; Rashid 1991; Mirza 
et al. 2001; Mirza 2002; Agarwala et al. 2003). Among the 57 transboundary rivers, 
the Ganges, the Brahmaputra, the Meghna, and the Jamuna, have highest peak dis-
charge of water in the world (Rahman et al. 1990; Mirza et al. 2001; Mirza 2002; 
Agarwala et al. 2003). About 1,100 km3 of water enters Bangladesh annually 
through these rivers, mostly during the monsoon. To put this in perspective, it is 
equivalent to covering the entire country in water to a depth of 7.5 m. As a result, 
the country is subjected to frequent water surges and floods (Rahman et al. 1990; Mirza 
et al. 2001; Mirza 2002).

Bangladesh currently has a population of 150M and will add another 30M by 
2025 (http://www.census.gov/ipc, http://www.who.int/research/en). About 20% of 
the total population living in and around highly productive but most vulnerable 
coastal areas and islands in the Bay of Bengal (Huq et al. 1998; Faisal and Parveen 
2004). Bangladesh has 8.8 M ha of agricultural land, of which more than 85% is 
cultivated, so there is a limited scope for horizontal expansion of the cultivated area 
for food production (Karim et al. 1998; Faisal and Parveen 2004). The higher popu-
lation growth has triggered agricultural intensification to meet the need for 
increased food production. To meet the increasing food demand for growing popu-
lation, Bangladesh has no other alternatives to increase the cropping intensity. As a 
result, the intensive double (59%) and triple (22%) cropping increases the effective 
crop production by 150% with an associated degradation of land quality from continuous 
rice monoculture, inadequate soil–water conservation measures, unbalanced fertil-
ization, and indiscriminate use of chemical protection (Karim et al. 1990a, b; 
Habibullah et al. 1998; Karim et al. 1998; Faisal and Parveen 2004). With increasing 
population, degraded land quality, and potential global warming, agriculture is seen 
as one of the major vulnerabilities facing Bangladesh today. The objectives of the 
paper were to discuss the effects of global warming on climate change and agricul-
tural production, and the anticipated effects of climate change and increasing popu-
lation growth on environmental degradation and food security of Bangladesh.

9.2  Materials and Methods

Long-term climatic data (1940–2004) collected by Bangladesh Meteorological  
Department 2008 (http://www.bmd.gov.bd/Mrain.php) and the Department of 
Environment 2008 (http://www.doe-bd.org) were used. The CO

2
 emissions data (2008) 

http://www.census.gov/ipc
http://www.who.int/research/en
http://www.bmd.gov.bd/Mrain.php
http://www.doe-bd.org
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were collected from Carbon Dioxide Information Analysis Center (Boden et al. 
2009). The data on population statistics (1940–2008) were collected from the 
International Data Base Entry – U.S. Census Bureau 2008 (http://www.census.gov/
ipc/www/idb/informationGateway.php) and World Health Organization 2008 
(http://www.who.int/research/en). Bangladesh agricultural information (1960–
2004) on total production area and yield of rice, maize, wheat, legumes, fibers (e.g. 
jute), tubers (e.g. potato), and oilseeds were collected from Food and Agriculture 
Organization of the United Nations 2008 (http://faostat.fao.org). The collected data 
were organized, processed, and presented in tables and figures. Excel® and 
SigmaPlot® software were used to convert the data and for making graphs. 
Regression analyses were performed to detect trends on climatic variables, agricul-
tural production, and population growth over time using SigmaPlot®.

9.3  Results and Discussion

9.3.1  Carbon Dioxide Emissions, Global Warming,  
and Bangladesh Environmental Changes

Among all the countries of the world, Bangladesh contributed only 0.14% of the total 
global CO

2
 emissions compared to 19.1% and 20.2% by USA and China, respectively 

(Table 9.1). Total amount of CO
2
 emitted by Bangladesh is about 11.3 Tg/year. In 

terms of CO
2
 emission, Bangladesh ranked 67th globally. Among the countries of the 

South-East Asian Association for Regional Cooperation (SAARC), Bangladesh 
ranked 3rd in terms of total amount CO

2
 emissions followed by Pakistan (2nd) and 

India (1st). Further analysis of data showed that Bangladesh ranked 175th in terms of 
per capita CO

2
 emissions globally. Bangladesh was ranked 5th in terms of per capita 

Table 9.1 Total CO
2
 emissions by Bangladesh as compared with developed 

and South-East Asian Association for Regional Cooperation (SAARC) 
 countries in 2008 (Boden et al. 2009)

Country
Amount  
(Tg/year) % Contribution

Worldwide 
rank

SAARC 
rank

Global 8,230 – – –
China 1,660 20.2 1 –
USA 1,570 19.1 2 –
India 427 5.2 4 1
Pakistan 38.9 0.47 34 2
Bangladesh 11.3 0.14 67 3
Sri Lanka 3.2 0.04 88 4
Nepal 0.88 0.011 126 5
Maldives 0.24 0.003 162 6
Afghanistan 0.19 0.002 163 7
Bhutan 0.10 0.001 175 8

http://www.census.gov/ipc/www/idb/informationGateway.php
http://www.census.gov/ipc/www/idb/informationGateway.php
http://www.who.int/research/en
http://faostat.fao.org
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CO
2
 emissions among the SAARC countries. The per capita emission of CO

2
 in 

Bangladesh was only 70 kg compared with 5.6 and 21.6 Mg/year in US (2nd) and 
Qatar (1st), respectively (Table 9.2). However, due to rapid industrialization, 
economic development, and increasing population growth, the use of commercial 
fuels in Bangladesh has increased sharply, and as a result, the amount of CO

2
 emissions 

was also increased rapidly (Azad et al. 2006). Bangladesh has few indigenous renewable 
energy sources, and the country is heavily dependent on the imported fossil fuels. 
Total amount of CO

2
 released from petroleum products, natural gas, and coal were 

50%, 44%, and 6% CO
2
, respectively (Azad et al. 2006). The analysis of energy data 

projected that petroleum and coal consumption in Bangladesh will be growing by 
more than 5%/year, however, the proportion of natural gas in total energy consumption 
will be increasing. In response, the government of Bangladesh has taken bold steps 
to reduce its future CO

2
 emissions through a development of renewable energy 

sources and greater use of natural gas (Azad et al. 2006).
Although Bangladesh emits less than 0.2% of the global CO

2
 emissions, it is 

nevertheless facing a climate change problem due to global warming from accelerated 
CO

2
 emissions by developed countries (Huq 2001; Quader et al. 2004; Anonymous 

2008; Boden et al. 2009). Long-term data analyses have shown that selected climatic 
variables such as air temperature, rainfall, relative humidity, and sunshine duration 
in Bangladesh have changed over time (Figs. 9.1–9.5). Average air temperature was 
found to be increased @ 0.7°C per decade across Bangladesh (Fig. 9.1). In other 
words, more than 2°C rise in air temperature had taken place from 1950 to 2004. 
There was a trend in average maximum temperature rising by 0.14°C per decade 
between 1960 and 2004 (Fig. 9.2a). Similarly, average minimum temperature 
increased by 0.18°C per decade (Fig. 9.2b). As expected, total annual rainfall dis-
tribution varied regionally over time (Fig. 9.3). On average, the rainfall increased by 
0.73 cm/year from 1948 to 2001. When the total amount of rainfall distribution in 
Bangladesh was divided into four different regions, the highest amount of rainfall 
was found in the north-east region (Fig. 9.4a). Annual total rainfall increased in the 
north-east region @ 2.6 cm from 1950 to 1992. Maximum rainfall was recorded 

Table 9.2 Per capita CO
2
 emissions by Bangladesh as compared with 

developed and South-East Asian Association for Regional Cooperation 
(SAARC) countries in 2008 (Boden et al. 2009)

Country Amount (Mg) SAARC rank Worldwide rank

Qatar 21.6 – 1
USA 5.6 – 9
Maldives 0.7 1 109
India 0.34 2 129
Pakistan 0.23 3 152
Sri Lanka 0.16 4 161
Bangladesh 0.07 5 175
Bhutan 0.05 6 182
Nepal 0.03 7 193
Afghanistan 0.01 8 205
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Fig. 9.3 Variations in annual average rainfall over time in Bangladesh (http://www.bmd.gov.bd/
Mrain.php and http://www.doe-bd.org)
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400 cm as compared to a minimum of 150 cm in the north-east region. However, the 
amount of total rainfall did not increase consistently in the north-west region. 
Highest amount of rainfall was recorded 250 cm as compared to the lowest of 100 
cm/year (Fig. 9.4b). In contrast, the total rainfall decreased by 1.4 cm/year in the 
south-east region (Fig. 9.4c). The highest amount of rainfall of 380 cm and the mini-
mum rainfall of 150 cm were recorded in this region. The amount of rainfall in the 
south-west region of Bangladesh was remained same over time (Fig. 9.4d). 
Maximum rainfall of about 225 cm and the minimum of 125 cm/year were recorded. 
Relative humidity increased by 0.81% per decade (Fig. 9.5a). Annual average maxi-
mum relative humidity was recorded 85% during 2000s compared with 75% in 
1960s. However, the average sunshine duration, in general, was decreasing at an 
alarming rate of 36 min per decade or 3.6 min/year between 1968 and 2000 
(Fig. 9.5b). The sunshine duration was 9.01 ± 0.09 h/day during the period of 
1961–1975 which reduced to 5.97 ± 0.11 h/day during the period of 1991–2006.

Several studies have reported a wide spatial and temporal distribution of annual 
rainfall in Bangladesh (MPO 1991; Anonymous 2008). Annual rainfall reportedly 
ranged from 120 cm in the extreme west to over 500 cm in the east and north-east 
regions of the country (MPO 1991). The eastern and southern regions have been 
receiving more rainfall than western and northern regions of Bangladesh (Anonymous 
2008). Moreover, a south to north thermal gradient in winter mean temperature was 
reportedly developed over time; the southern districts were 5°C warmer than the north-
ern districts (Anonymous 2008). A temperature gradient had also oriented in south-
west to north-east direction of the country with the warmer zone in the south-west and 
the cooler zone in the north-east during pre-monsoon season. As a result, the mean 
monsoon temperatures were higher in the western districts compared with the eastern 
districts of Bangladesh. Moreover, various climate models projected that temperature 
would rise 1.3°C by 2030 and 2.6°C by 2070 with an increase in precipitation, particu-
larly during the monsoon months (Manabe et al. 1991; Mirza 2002; Quader et al. 
2004). By the year 2030, the projected rise in monsoon temperature will be 0.7°C with 
a corresponding rise in winter temperature of 1.3–1.4°C. For 2070, the variation would 
be 1.7°C and 2.1°C for monsoon and winter temperatures, respectively. It was reported 
that the winter rainfall would decrease at a negligible rate in 2030, while in 2070 there 
would not be any appreciable amount of rainfall during winter months. In contrast, the 
monsoon precipitation would increase at a rate of 12% and 27% for the two projection 
years, respectively (Manabe et al. 1991; Mirza 2002; Quader et al. 2004).

With higher temperatures increasing evapotranspiration combined with a small 
decrease in rainfall during dry winter months, even drought, are likely to be 
expected in the north-western region of Bangladesh. However, net irrigation 
requirement to meet crop’s evapotranspiration is decreasing due to increasing solar 
dimming (Karim et al. 1990a; Anonymous 2008). The decline in sunshine duration 
is really a matter of great concern for Bangladesh agriculture (Salam et al. 2003; 
Ramanathan et al. 2005; Anonymous 2008). A progressive increase in brown cloud 
coverage over south-Asia due to gradual increase in GHGs and aerosols resulting 
from accelerated deforestation, rapid urbanization, greater biomass use for cooking 
and heating, and indiscriminate land-use changes may be responsible of such an 
alarming rate of decrease in sunshine duration in Bangladesh (Salam et al. 2003, 
Ramanathan et al. 2005, Anonymous 2008).
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9.3.2  Population Growth and Environmental Changes  
Impact on Agriculture

Bangladesh currently has a population approaching 150 M and will add another  
100 M before stabilizing (Fig. 9.6a). Although the rate of population growth is 
declining (Fig. 9.6b), a high population density (>1,000 people/km2) makes the 
existing agricultural land is virtually saturated, with a very limited capacity for 
horizontal expansion of the cultivable lands for crop production. It is projected that 
most of the increased population will be in urban areas, and much of Bangladesh 
will essentially become a city state in future (Huq et al. 1998; Faisal and Parveen 
2004). The existing population places Bangladesh at great risk of reaching land 
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saturation capacity to absorb further population increases into the rural labor force 
(Fig. 9.6c). Results showed that compared to the mid-1990s, the number of people 
(rural) working in agriculture sector is declining over time (Fig. 9.6d). These trends 
suggest that agriculture will not be able to absorb the continuing growth of popula-
tion into the economically-productive labor force in future. Thus, the continuing 
population growth in the rural areas will have to find other sources of employment, 
or they will be driven into the urban areas looking for work. While agricultural land 
saturation by increasing population growth abounds, the country’s agricultural pro-
duction has improved tremendously in recent decades (http://faostat.fao.org).

Despite floods, droughts, and other problems, production of rice, wheat, maize, 
legumes, fiber, and tuber crops in Bangladesh has improved over time (Figs. 9.7–9.9. 
Although the total area under rice production slightly decreased, the yield, however, 
increased exponentially especially after 1990s (Fig. 9.7). The rice yield increased 
from <2 Mg/ha in 1960s to about 3.7 Mg/ha in 2000. In contrast, the total area 
under winter wheat (<1% to 7%) and maize production increased over time 
(Fig. 9.8ab). The wheat yield increased from <0.8 Mg/ha in 1960s to >2 Mg/ha in 
2000s, i.e. four times increase in yield over time. Likewise, the maize yield 
increased from 1 Mg/ha in 1960s to >5 Mg/ha in 2000s. Total area under 
tubers especially potato increased linearly (<1% to >2%) over time (Fig. 9.8c). 
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However, the potato yield increased exponentially (2.5–14 Mg/ha). Total area under 
oilseed crops production increased quadratically, however, the yield increased 
linearly (Fig. 9.8d). In contrast, the total area under fiber crops (e.g. jute) and legumes 
decreased over time (Fig. 9.9a,b). Total area under jute production decreased from 
8% in 1960s to <4% during 2000s. However, the jute yield increased from 1.5 to 1.9 
Mg/ha over time (Fig. 9.9a). The legume yield increased linearly (Fig. 9.9b).

A temporal increase in food production is most probably related to an increase in 
cropping intensity. It is reported that intensive double (59%) and triple (22%) crop-
ping increases the crop production by 150% using irrigation, abundant chemical 
fertilization, and widespread use of pesticides (Karim et al. 1990b; Karim et al. 
1996; Habibullah et al. 1998; Karim et al. 1998). However, Karim et al. (1996) 
reported that other than intensive agricultural practices, crop yields potentially 
responded to atmospheric CO

2
 fertilization and a slight increase in air temperature 

from global climate change impacts. However, as the CO
2
 fertilization saturates, 

yields could decrease. The increase in temperature may have a positive impact on 
crop production especially rice yields (Karim et al. 1998; Anonymous 2008). In the 
range of temperatures between 10°C and 32°C, a slight increase in temperatures is 
considered to be beneficial for crops especially rice. However, with increasing popu-
lation, degraded land quality, and potential global warming, agriculture is seen as 
one of the major vulnerabilities facing Bangladesh. The effects of global climate 
change pose potential risks for Bangladesh, yet the core elements of its vulnerability 
are primarily contextual. Several projected climate change impacts would in fact 
reinforce many of these baseline stresses that already pose a serious impediment to 
food production and agroecosystems functionality in Bangladesh (Huq 2001; Karim 
et al. 1998; Agarwala et al. 2003; Faisal and Parveen 2004; Quader et al. 2004).

Fig. 9.7 Variations in rice yield and production area over time in Bangladesh (http://faostat.fao.org)

http://faostat.fao.org
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Long-term data analysis suggested that the most direct and adverse effect of 
global warming on crop production across Bangladesh may come from an alarming 
rate of increase in solar dimming. The optimum day length for growing food crops 
in Bangladesh is 8–10 h. Due to reduction in sunshine duration by 25%, the light 
interception and CO

2
 assimilation during photosynthesis may be reduced, and 

affected 15–20% of the crop yields in a typical day length experienced present day 
Bangladesh (Anonymous 2008). If the trend of decline in rainfall and sunshine 
duration continues with increasing temperature, catastrophic effects may occur on 
environmental degradation and agricultural production. Field preparation, planting 
and harvesting of crops, fertilization, and irrigation scheduling will be affected, and 
the incidence of pests and diseases will be severe to achieve food security. Other 
than direct effects of solar dimming from global warming, environmental degrada-
tion related to sea level rise and consequent salinity, flooding and soil erosion, and 
drought may indirectly affect food security in Bangladesh.

Rising sea-levels and consequent salinity may affect crop production by coastal 
flooding and reduction in availability of lands for growing crops both under ambient 
conditions, and even more so in the event of storm surges. It will also indirectly 
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cause riverine flooding by causing more backing up of the Ganges, Brahmaputra, 
Meghna, and Jamuna rivers along the delta. With the expected 1 m rise in sea level, 
it is predicted that 20% of the southern Bangladesh will be under water, and will 
displace 25–30 M people (Habibullah et al. 1998; World Bank 2000; Agarwala 
et al. 2003; Faisal and Parveen 2004; Ahmed 2006). World Bank (2000) reported a 
sea level rising of about 3 mm/year in the Bay of Bengal in response to the current 
level of global warming. Threatening the richest and most productive region of the 
country, sea level rise and salinity could have dramatic consequences for crop production 
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and the economy of Bangladeshi. It is estimated that in eastern Bangladesh alone 
14,000 Mg of grain production would be lost to sea level rise in 2030 and 252,000 
Mg would be lost by 2075 (Habibullah et al. 1998; WRI 2001). The impacts of soil 
and water salinity are already visible in the south-west region of Bangladesh 
(Karim et al. 1990a, b; Huq et al. 1996; Habibullah et al. 2009).

Several studies have reported that between 30–70% of the Bangladesh is normally 
flooded annually (Huq et al. 1996; Mirza et al. 2001; Mirza 2002). The huge 
amount of sediments (>2 Mg/year) brought by the Ganges, Brahmaputra, Meghna, 
and Jamuna coupled with a negligible flow gradient add to drainage congestion 
problems and exacerbate the extent of flooding. The climate models projected 
increased precipitation, particularly during the monsoon season which subsequently 
will contribute to accelerate runoff (Mirza and Dixit 1997; Mirza et al. 2001, 
Agarwala et al. 2003; Anonymous 2008). Mirza and Dixit (1997) have reported that 
a 2°C global warming with a 10% increase in rainfall would increase runoff in the 
Ganges, Brahmaputra, and Meghna rivers by 19%, 13%, and 11%, respectively. 
Satellite-image studies of the Ganges–Brahmaputra–Middle-Meghna Rivers have 
shown that an area of 106,300 ha lost due to flooding and riverine erosion between 
1982 and 1992, while the accretion accounted to only 19,300 ha. The net erosion 
rate from accelerated flooding was therefore estimated at 8,700 ha per annum 
(Agarwala et al. 2003). Moreover, seasonal drought is a recurring problem in north-
western region of Bangladesh due to upstream diversion of transboundary Ganges 
water by India (Karim et al. 1990a, Mirza et al. 2001). The drought problem is 
going to be compounded manifolds in future, more so because of the future plan to 
divert and withdraw greater volume of water from all the transboundary rivers by 
India. As a result, dry season irrigation scheduling for crops will be drastically 
affected. It is reported that as high as 47% area of the country is drought vulnerable 
where 53% of the population is currently living (Karim et al. 1990a, b; Ahmed 
2006). Considering that agriculture is one of the pillars of Bangladesh economy- 
such global climate change impacts have the potential to adversely affect the food 
production in future. The impacts of increasing population and environmental 
degradation only exacerbate the climate change problems already facing the agriculture 
in Bangladesh.

9.4  Conclusions

Bangladesh is vulnerable to global climate change impacts because of its geographical 
location, high population growth, and greater reliance on climate-sensitive sectors 
particularly agriculture. Although population growth is declining, a high population 
density (>1,000 people/km2) makes the existing agricultural land is virtually saturated 
for horizontal expansion of lands for agricultural production. Moreover, increasing 
temperature with less rainfall has already affected biological and physical ecosystems 
of Bangladesh particularly the north-western region with frequent droughts and the 
south-western region with increasing soil salinity. However, the most adverse effects 
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of global warming on agriculture may come from an alarming increase (25%) in 
solar dimming. The decline in sunshine duration (at 36 min per decade) has become 
a growing concern for agriculture in terms of reduced photosynthesis and food 
security. Increasing population growth and environmental degradation are going to 
exacerbate the global climate change effects on agriculture in Bangladesh.
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Abstract South Asia has diverse soils, climates, physiography and other  natural 
resources conducive to agricultural intensification. Yet, the region is characterized 
by several problems including food insecurity, soil and environmental degradation, 
land desertification, pollution of natural waters, and loss of biodiversity. There 
is a widespread poverty and the number of food-insecure population is increas-
ing because of lack of access to food and poor utilization caused by water and air 
pollution. Despite high rate of irrigation, crop yields are vulnerable to vagaries of 
monsoons. Soil degradation is caused by the widespread use of extractive farming 
including removal of crop residues, use of animal manure as household fuel, and 
low and unbalanced application of fertilizers. Crop yields have improved since 1960, 
but can be easily increased by 50% or more. There is a strong need for restoring 
degraded soils and ecosystems through improvements in soil organic  carbon pool 
and creation of positive nutrient budgets. Adaptation to climate change necessitates 
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improvements in soil quality to buffer against the adverse impacts of extreme events 
on agronomic production.

Keywords Indian sub-continent • Land degradation • Salinization • Physical 
 degradation • Chemical degradation • Per capita arable land area • Food security

Abbreviations

GM Genetically modified
IGP Indo-Gangetic plains
Mha Million hectares
Mt Million tonnes
RMPs Recommended management practices
SA South Asia
SOC Soil organic carbon
SOM Soil organic matter

10.1  Introduction

The South Asia (SA) region includes eight countries from Iran in the northwest to 
Sri Lanka in the Southeast along with Afghanistan, Pakistan, India, Nepal, Bhutan 
and Bangladesh. It is a world within the world, because of a great diversity in 
people, languages, climates, vegetation, terrain, soil types, crops, cropping systems, 
and social/cultural/political environments (Lal 2006). The region’s population of 1.5 
billion in 2002 may increase, with medium projections, to 2.13 billion by 2025 and 
2.43 billion by 2050 (Table 10.1). Most populous countries include India, Pakistan 
and Bangladesh. The annual growth rate of population varies among countries.

The total land area of the SA is 641.7 million hectares (Mha), of which 228.0 
Mha is arable, 22.2 Mha is grasslands, 13.9 Mha is permanent crops, 78.5 Mha is 
forest, and 93.3 Mha is permanent pasture (Table 10.2). Of the 228.0 Mha of arable 
land, 169.6 Mha is in India, 21.1 Mha in Pakistan, 15.1 Mha in Iran and 9.4 Mha 
in Bangladesh (Table 10.2). The land area under forest in the SA region is 78.5 
Mha, of which 64.1 Mha is in India. Most forests are severely degraded because of 
indiscriminate removal of trees, including harvesting for fuel wood.

Careful analyses of the data in Tables 10.1 and 10.2 show an imbalance between 
people and the land resources. The SA region is characterized by an extremely high 
population density. Consequently, natural resources (especially the soil and water) 
are already under great stress. It is the shortage of natural resources vis-à-vis the 
high population that is the principal cause of degradation of soil, pollution and 
contamination of water, and perpetual food insecurity affecting about 300 million 
people in SA. Poverty and malnutrition are widespread problems in the SA region 
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(Srinivasan 2000) The relation between economic crisis and long-term food 
 security (Rosegrant and Ringler 2000), and domestic policy and food security 
(Ninno et al. 2007) cannot be overlooked in the SA region. Therefore, the objective 
of this chapter is to identify strategies of sustainable management of soil and water 
resources of SA to advance food security while adapting to climate change and 
improving the environment. Specific attention is given to the confounding effect of 
climate change on exacerbating the problems of degradation of soils and accentuat-
ing the scarcity of water in the SA region.

10.2  Soil and Water Resources of South Asia

The Indian sub-continent lies across the climatic divide. The northwestern part of 
SA (Iran, Afghanistan, Pakistan and parts of Western India including Rajasthan) 
comprise dry zone with about 90-day long growing period (FAO 1994). In other 
words, the western part of SA has adequate soil moisture to support crop growth 
for about 90 days. Thus, supplemental irrigation is essential to successful crop 
production. Most of India lies in semi-arid (southern and northwestern parts) and 
sub-humid (eastern parts) regions. Bangladesh and northeastern India are character-
ized by humid climate. Physiographically, SA can be sub-divided into three regions: 
(i) the mountainous region comprising of the Himalayas, Hindu Kush and the high-
lands of Iran. Because of the steep terrain, soils of the mountainous regions are 
prone to severe erosion, gullying and landslides, (ii) the alluvial plains comprising 
of two distinct regions including the Indo-Gangetic Plains (IGP) of Indus and 
Gangetic river systems, and the interior basins of Iran. Alluvial soils are flat, deep, 
fertile and responsive to inputs, and (iii) uplands also comprising of two distinct 
components including the Deccan Plateaus of south-central India, and central hill 
massif of Sri Lanka. Soils of the uplands are old, highly weathered, prone to erosion 
and drought, and have low inherent fertility.

Table 10.2 Land use in South Asia (FAO 2006)

Country

Area (106 ha)

Total Agricultural
Arable  
land

Permanent 
crops

Grass 
lands Forest

Permanent 
pastures

Afghanistan 65.2 8.05 8.05 0.14 16.1 1.35 30.0
Bangladesh 13.0 9.02 9.44 0.44 0.061 1.33 0.6
Bhutan 4.7 0.54 0.13 0.02 0.40 3.02 0.42
India 297.3 180.80 169.6 9.22 2.62 64.1 11.06
Iran 163.6 60.5 15.1 2.28 – 0.5 44.0
Nepal 14.3 4.23 2.7 0.125 1.11 3.9 1.74
Pakistan 77.1 25.13 91.1 0.67 1.89 2.4 5.00
Sri Lanka 6.5 2.36 1.92 1.00 0.002 1.94 0.44
Total 641.7 290.63 228.0 13.90 22.18 78.54 93.3
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Most of the regions have high temperatures during the summer, with soil tem-
perature at 1 cm depth often reaching 45°C or more. The rainfall is monsoonal, and 
is characterized by high intensity, erosivity and energy load. Thus, rainfall effec-
tiveness is low because of high losses caused by surface runoff and evaporation.

The per capita arable land area in the SA region is declining regressively with 
increase in population. The average per capita cropland area (ha/person) for the 
entire region was 0.47 in 1950, 0.38 in 1960, 0.19 in 1990, and is projected to be 0.10 
in 2025 and 0.093 in 2050 (Table 10.3). By 2050, the per capita arable land area 
(ha/person) will be 0.04 in Bangladesh, 0.025 in Bhutan, 0.05 in Nepal, 0.059 in 
Pakistan, and 0.07 in Sri Lanka (Table 10.3). Similar to arable land, there is also 
scarcity of water especially in the western regions of SA. Countries with severe 
shortage of renewable fresh water supply are Afghanistan, Iran, Pakistan and India 
(Table 10.3). Despite the national average availability of fresh water supply being 
adequate (>1,000 m3/person/year) there are several regions with severe water short-
ages in India, Pakistan and elsewhere in SA. The problem of drought stress may be 
exacerbated by the projected climate change with an attendant increase in frequency 
and intensity of extreme events. Further, there is a strong competition for water 
between agriculture on the one hand and industry and urbanization on the other, as 
is the case in rapidly industrializing India.

Soils of SA are extremely diverse (Table 10.4), and differ among ecoregions. 
Predominant soils are Alfisols and Vertisols for the semi-arid, Inceptisols and 
Entisols for the alluvial plains, Aridisols for the deserts, and Ultisols for the 
humid climates (Lal 2006). In terms of the land area, predominant soils are 
Entisols (25.93%), Aridisols (18.65%), Inceptisols (14.48%), Alfisols (12.11%), 
Vertisols (9.23%), Ultisols (6.38%), Rocks and Shifting Sands (5.02% each), and 
Mollisols (2.92%). Small areas (~0.25%) are occupied by Histosols, Gelisols and 
Oxisols (Table 10.4). Intensively cultivated croplands include alluvial soils 
(Inceptisols), Vertisols, Alfisols, Mollisols, etc.

Table 10.3 Resource availability in South Asia (recalculated from Engelman and Le Roy 1993, 
1995; Gardner-Outlaw and Engelman 1997)

Country

Per capita arable land area  
(ha/person)

Per capita fresh water  
(m3/person)

1950 1960 1990 1995 2025 2050 1950 1995 2025 2050

Afghanistan 0.90 0.71 0.53 0.41 0.18 0.13 5,582 2,543 1,105 815
Bangladesh 0.23 0.17 0.087 0.080 0.05 0.04 54,411 19,936 13,096 10,803
Bhutan 0.18 0.11 0.084 0.073 0.04 0.025 129,428 53,672 26,056 18,326
India 0.47 0.36 0.20 0.18 0.12 0.11 5,831 2,244 1,567 1,360
Iran 0.89 0.71 0.26 0.22 0.12 0.086 6,947 1,719 916 690
Nepal 0.34 0.19 0.14 0.126 0.07 0.05 7,862 7,923 4,192 3,170
Pakistan 0.53 0.34 0.17 0.15 0.07 0.059 11,844 3,435 1,740 1,310
Sri Lanka 0.25 0.16 0.11 0.10 0.08 0.07 5,626 2,410 1,805 1,600
Average 0.47 0.38 0.19 0.17 0.10 0.093 11,014 4,103 2,529 2,201

Averages computed on the basis of total population and total resources for the region
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Table 10.4 Predominant soils 
of South Asia (recalculated 
from Eswaran et al. 1999)

Soil order Area (Mha) % of total area

Alfisols 79.12 12.11
Aridisols 121.78 18.65
Entisols 169.28 25.93
Gelisols 0.30 0.05
Histosols 1.16 0.18
Inceptisols 94.54 14.48
Mollisols 19.06 2.92
Oxisols 0.17 0.03
Rocks 32.79 5.02
Shifting Sands 32.75 5.02
Ultisols 41.63 6.38
Vertisols 60.30 9.23
Total 652.88 100.00

10.3  Agricultural Intensification

Rapid growth in population, especially during the twentieth century, necessitated 
increase in food production. Indeed, the Green Revolution of the 1960s was brought 
about by growing input-responsive and improved varieties of wheat and rice with 
irrigation and application of fertilizers. Total fertilizer use in SA increased from 
0.49 million tonnes (Mt) in 1961 to 21.04 Mt in 2002, by a factor of 43. Of the total 
fertilizer consumption, nitrogen (N) was the most intensively used (Table 10.5). 
Consumption of N-fertilizer in SA increased from 0.35 Mt in 1961 to 14.25 Mt in 
2002, by a factor of 41. There was also an increase in the use of phosphorus (P) 
from 0.084 Mt in 1961 to 4.91 Mt in 2002, by a factor of 58. In comparison, con-
sumption of potash (K) increased from 0.057 Mt in 1961 to 1.88 Mt in 2002, by a 
factor of 33. Relatively more consumption of N compared with P and K, because 
of subsidized price of N, has created nutrient imbalance with widespread deficiency 
of P and K along with those of micro-nutrients (e.g., Zn, B, Fe). Yet, use of fertilizer 
per ha of cropland area in SA is low and is merely 92 kg/ha (NPK). The rate of 
fertilizer use is especially low compared with the consumption in North America 
and China, and may have to be doubled within the next 25 years (by 2035) to meet 
the food demands.

Similar to intensive use of fertilizers, there has also been a very rapid increase 
in cropland area under irrigation (Table 10.6), which increased from 43.4 Mha 
in 1961 to 91.1 Mha in 2000, by a factor of 2.1. Despite the rapid expansion, 
<40% of the cropland area in SA is under irrigation. Future expansion in irri-
gated land area is difficult because of the scarcity of water resources and exces-
sive withdrawal of the ground water (Kerr 2009). The rate of fall of the ground 
water level in Punjab, India has been 4–5 m for the decade ending in 1994 
(Table 10.7). The rate of the fall of water table increased drastically during 
2000s (Kerr 2009). Satellite-based estimates of ground water depletion in north-
western India (Punjab, Haryana, Rajasthan) have indicated that the ground water 
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Table 10.5 Fertilizer  
consumption in the South 
Asia region (Adapted from 
IFDC 2004)

Year

Nutrients used (103 Mg/year)

Nitrogen Phosphorus Potassium Total

1961 353.5 83.6 56.7 493.7
1965 736.5 163.8 116.7 1,017.0
1970 1,914.2 637.3 283.3 2,834.8
1975 3,457.4 662.4 319.1 4,438.9
1980 5,002.7 1,653.2 712.2 7,368.1
1985 7,565.1 2,664.2 993.1 11,222.4
1990 9,892.5 3,812.8 1,503.0 15,208.3
1995 13,058.1 3,662.9 1,345.3 18,066.3
2000 14,559.9 5,223.3 1,732.5 21,515.7
2002 14,250.6 4,909.4 1,875.3 21,035.3

Table 10.6 Irrigated land area in South Asia (recalculated from FAO Stat 2006)

Country

Irrigated cropland area (106 ha)

1961 1965 1970 1975 1980 1985 1990 1995 2000 2003

Afghanistan  2.38  2.38  2.39  2.43  2.51  2.59  2.72  2.72  2.72 2.72
Bangladesh  0.43  0.57  1.06  1.44  1.52  2.07  2.79  3.75  4.19 4.73
Bhutan  0.008  0.01  0.018  0.022  0.026  0.03  0.04  0.04  0.04 0.04
India 24.69 26.51 30.44 33.73 38.48 42.15 46.70 53.0 56.76 57.28
Iran  4.70  4.90  5.20  5.90  4.95  6.80  7.0  7.26  7.58 7.65
Nepal  0.07  0.086  0.117  0.230  0.52  0.76  0.985  1.13  1.14 1.17
Pakistan 10.75 11.47 12.95 13.63  14.68 15.76 15.82 17.20 18.09 18.23
Sri Lanka  0.34  0.34  0.465  4.30  0.46  0.50  0.52  0.57  0.67 0.74
Total 43.37 46.27 52.64 61.82 63.15 70.66 76.58 85.67 91.19 92.56

Table 10.7 Changes in 
water table in June 1984–94 
in Punjab (Joshi and Tyagi 
1994; Aggarwal et al. 2004)

District in Punjab
Average fall of ground 
water (m)

Amritsar 2.3
Jallandhar 2.5
Ludhiana 1.9
Ferozpur 4.5
Kapurthala 1.8
Patiala 4.8
Sangrur 5.1
Bhatinda 1.9
Faridkot 4.5
Fatehgarh Sahib 2.7
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is being depleted at a mean rate of 4.0 ± 1.0 cm/year equivalent height of water 
or about 17.7 ± 4.5 km3/year (Rodell et al. 2009). Efficiency of irrigation is 
extremely low (~30%), and must be at least doubled by adoption of modern 
techniques such as sprinkler, and micro-irrigation including drip sub-irrigation 
and condensation irrigation. Evaporation losses must be reduced by use of 
conservation farming, and application of mulch including the use of bioplastic 
films and zeolites (NRC 2009).

10.4  Soil Degradation

Soils of SA are prone to degradation and desertification (FAO 1994; Van Lynden 
and Oldeman 1997; Joshi and Tyagi 1994; Douglas 2006; Acharyo and Kafle 
2009). Principal processes of soil degradation include erosion by water (81.7 
Mha), erosion by wind (59 Mha), decline in soil organic matter (SOM), nutrient 
depletion and decline in soil fertility (42.4 Mha), salinization (33.3 Mha) and 
waterlogging (12.8 Mha) (Table 10.8, Fig. 10.1). The problem is exacerbated 
by poverty and other anthropogenic factors (Fig. 10.2), which are especially a 
severe problem among small landholders and resource-poor farmers of SA 
(Table 10.9). Soil degradation and desertification are also caused by the wide-
spread use of extractive farming practices including: removal of crop residues 
for fodder and other uses, use of animal dung as household fuel rather than 
manure, and minimal use of fertilizers and soil amendments especially in rainfed 
agriculture (Lal 2007). In addition to biophysical factors, soil degradation is 
also caused by soil, economic and political factors. Land tenure (Niazi 2003) 
and land fragmentation (Niroula and Thapa 2005) are also important 
factors. There is also a strong link between poverty and soil degradation 
(Winslow et al. 2004).

Table 10.8 Extent and severity of soil degradation in South Asia (Adapted from 
FAO 1994)

Country

Soil degradation (106 ha)

Water 
erosion

Wind 
erosion

Nutrient 
depletion Salinization

Water 
logging

Afghanistan 11.16 2.08 –  3.1 –
Bangladesh 1.50 0  6.37  3.0 –
Bhutan 0.04 0 – – –
India 32.77 10.80 29.38  7.0  8.53
Iran 26.40 35.37 – 16.0  0.55
Nepal 1.59 0 – – –
Pakistan 7.20 10.74 5.20  4.2  3.68
Sri Lanka 1.07 0 1.43 – –
Total 81.73 58.99 42.38 33.3 12.76
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There is a strong interaction between soil erosion and soil mismanagement. The 
latter include: (i) decline in protective ground cover by removal of crop residues, 
biomass burning and excessive grazing, (ii) use of little and unbalanced fertilizers, 
(iii) unnecessary plowing, (iv) lack of cover crops and vegetative contour hedges, 
and (v) none or poor establishment of a perennial vegetative cover on steep slopes 
and other erosion-prone regions of a watershed/landscape. The widespread problem 
of secondary salinization is caused by excessive and flood-type irrigation, use of 
poor quality (brackish) water, and no provision for drainage. Rise in ground water 

Fig. 10.2 Population driven soil degradation
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table (inundation or waterlogging), because of excessive canal-based irrigation and 
poor drainage, is a major cause of secondary salinization in parts of northwest-
ern India (Punjab, Haryana, Rajasthan). There is also a close link between the 
drought stress and monsoon rains. Soil moisture content affects the monsoon rains 
(Douville et al. 2001; Kriplani and Kulkarni 2001; Maehl 1994).

Decline in soil structure, low and weak aggregation, and susceptibility to 
crusting and compaction are caused by depletion of SOM. The latter is exacer-
bated by removal of crop residues, excessive grazing and little or no application 
of biosolids (e.g., manure, compost, mulch, sludge, etc) as soil amendments. 
The soil organic carbon (SOC) concentration of most cropland soils is as low 
as 0.1% (1 g/kg). In contrast, the critical level of SOC for most soils of the 
tropics and sub-tropics, for optimal level of processes which govern the essen-
tial ecosystem services, is about 1.1% (Aune and Lal 1998). Therefore, 
improvements in SOC concentration (and pool) in soils of SA are essential to 
reversing degradation trends and restoring degraded/desertified soils and 
ecosystems.

10.5  Crop Yields

The Green Revolution technology increased crop yields throughout SA. The aver-
age yield of wheat (mean across the entire region) increased from 901 kg/ha in 
1961 to 2,044 kg/ha in 2005, by a factor of 2.27 (Table 10.10). The largest relative 
increase in yield of wheat occurred in India, from 851 kg/ha in 1961 to 2,602 kg/
ha in 2005, by a factor of 3.06. In comparison with Europe and East Asia, grain 
yield of wheat can yet be easily increased by 50% and more. Similar to wheat, there 
was also a substantial increase in grain yield of rice (Table 10.11). The average 

Table 10.9 Poverty in South Asia region (World Bank 2005)

Poverty headcount ratio at national poverty line (% of population)

Country name 1991 1993 1994 1996 1999 2000 2002 2004 2005

Afghanistan – – – – – – – – –
Bangladesh – – – 51 – 48.9 – – 40
Bhutan – – – – – – – – –
India – – 36 – – 28.6 – – –
Iran, Islamic Rep. – – – – – – – – –
Maldives – – – – – – – – –
Nepal – – – 41.76 – – – 30.9 –
Pakistan – 28.6 – – 32.6 – – – –
Sri Lanka 20 – – 25 – – 22.7 – –
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yield of rice (mean across the entire region) increased from 2,014 kg/ha in 1961 to 
3,715 kg/ha in 2005, by a factor of 1.84. At national level, high rice grain yields are 
obtained in Iran, Bangladesh, and Sri Lanka. National average grain yields are low 
in Nepal, India and Pakistan. Rice grain yield can be easily doubled through proper 
management of water and plant nutrients. Water management in rice is especially 
critical. Growing aerobic rice may produce a satisfactory yield of 4–5 t/ha, while 
saving a considerable amount of water. Therefore, growing aerobic rice is an impor-
tant strategy, provided that appropriate variety, weed control and nutrient manage-
ment technologies can be established for diverse soils and ecoregions (Kerye et al. 
2009; Bouman et al. 2007).

10.6  Innovative Technologies

Restoring soil quality, identifying alternate crops (improved varieties) and 
 cropping systems, and improving use efficiency of inputs (nutrients, water, energy, 
chemicals) are important to enhancing and sustaining high production. Adapting 
agricultural systems to changing climate also necessitate formulation and imple-
mentation of appropriate policies (Aggarwal et al. 2004). In this regards, the sig-
nificance of increasing SOC (SOM) pool cannot be over-emphasized, especially 
with regards to improving soil structure, increasing total and macro porosity, 
improving water infiltration rate, enhancing activity and species diversity of soil 
fauna, and reducing losses of water and nutrients from the ecosystems. The goal 
is to create positive C and nutrient budgets by strengthening nutrient recycling, 
and reducing losses. Some of the new and innovative technologies for water and 
soil management are listed in Table 10.12. Important technologies for water man-
agement include micro-irrigation to replace flood irrigation, water harvesting and 
recycling, using waste water (city water) for irrigation, improving soil–water 
retention capacity. Growing aerobic rather than flooded rice is an important strat-
egy to save water, and produce more crop per drop of water. Rice and shrimp 
production can be a profitable system (Ali 2006).

Soil management options include conservation agriculture with mulching 
and use of cover crops in the rotation cycle, application of organic amendments, 
and biosolids to enhance SOC pool by creating a positive C budget, integrated 
nutrient management to create positive nutrient budget while minimizing 
dependence on chemical fertilizers, and improving biotic activity of macro and 
micro fauna. Watershed management (Tiwari et al. 2008), and soil C sequestra-
tion (Upadhyay et al. 2005) must be appropriately emphasized.

There are also crop management options, using GM crops and complex cropping 
systems. The goal is to identify new crops which are adapted to changing climate, 
especially crops with deep and prolific root systems. Forages must be grown in 
rotation with food crops so that crop residues are returned or mulch, and energy 
plantations must be established so that animal dung is use as a compost rather than 
a household fuel.
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10.7  Conclusions

South Asia is endowed with diverse soil, water, climate, terrain and physiographic 
conditions. Thus, it has a vast potential to grow a wide range of crops. Replacement 
of traditional and extractive farming practices with scientifically proven and mod-
ern innovations can enhance food production and eliminate food-insecurity. The 
vicious cycle linking poverty with soil degradation can be broken through adapta-
tion of recommended management practices (RMPs). The latter can be facilitated 
through payments for ecosystem services including soil C sequestration, improving 
water quality, enhancing biodiversity etc. In this regard, commoditization of soil C 

Table 10.12 Innovative technologies for sustainable management of soil and water resources in 
South Asia (Adapted from NRC 2009)

Resource Innovative technologies

I. Water management (i) Micro-irrigation primarily sub-surface drip irrigation (SDI)
(ii) Improved soil management (e.g., balanced nutrient application, 

effective weed control) and aerobic rice
(iii) Water harvesting, storage and recycling including managed 

underground storage, and use of aquaculture
(iv) Desalination and using nano materials for water purification
(v) Waste water (city water/grey water) reclamation and use
(vi) Improving soil–water storage through bioplastic (degradable)  

mulch and zeolites

II. Soil management (i) Improving SOC/SOM concentrations and pools by creating  
positive C budget

(ii) Enhancing soil fertility by using NIM, and using balanced  
fertilizers, and using remote sensing of plant physiology for  
nutrient management and soil quality, development of transgenic 
N fixation in non-legumes, manipulating micro-organisms in the 
rhizosphere, using phytostimulators, and microbial  
enhancement of P uptake by crops

(iii) Using zeolites and synthesized nano-materials
(iv) Promoting microbial communities to create 

 disease-suppressive soils

III. Crop management (i) Improved varieties adapted to high temperatures, extreme  
events, and other biotic and abiotic stresses, and GM crops  
with better root systems

(ii) Rice varieties which can produce high and stable yields  
under aerobic rather than flooded conditions

(iii) New crops which can adapt to changing climate and produce  
high yields under adverse climatic conditions

(iv) Complex crop rotations and diversified farming systems
(v) Crops with deep root systems
(vi) Forages which can be grown in rotation with food crops so  

that crop residues are returned to the soil

(vii) Fuel wood plantations to provide alternative to cow dung  
as cooking fuel, and agroforestry systems
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is a win–win strategy. Identifying new opportunities, which restore soil and water 
resources, to enhance farm income is important to increase access to food. 
Important among these are aerobic rice, new crops and cropping systems, aquacul-
ture, agroforestry, biofuel plantations to provide clean cooking fuel etc. With 
improvement in agriculture the SA region can be an engine of economic develop-
ment for the world.
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Abstract Land degradation and desertification are a real threat to the future of 
human civilization in addition to being large contributors to the risks of climate 
change. Iceland has a long history of desertification and land degradation since its 
settlement by humans about 1,100 years ago. Organized battle against destruction 
of woodlands and soil erosion in Iceland began with a law that was set in 1907, 
establishing the Icelandic Soil Conservation Service (ISCS). Experience from the 
last 100 years shows that the key to success is reaching people through involvement 
and education using participatory approaches to soil conservation. The current 
goals of the ISCS are mitigation of land degradation, revegetation of eroded land, 
and attaining sustainable land use.

Climate mitigation through carbon sequestration in soil and vegetation with land 
restoration and revegetation must give full consideration to multiple goals, including 
those of the conventions of combating desertification and conserving biological 
diversity. In Iceland carbon sequestration is regarded as an added benefit of land 
restoration efforts, but not a goal in itself. Ecosystem restoration and carbon 
sequestration through revegetation demonstrates the synergic effects of land degra-
dation and desertification on other environmental goals.

Keywords Desertification • Land degradation • Carbon sequestration • Land 
restoration • Land management • Afforestation
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Abbreviations

IPCC Intergovernment Panel on Climate Change
ISCS Icelandic Soil Conservation Service
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11.1  Introduction

Land degradation and desertification are a real threat to the future of human 
 civilization. The Millennium Ecosystem Assessment has ranked land degradation 
among the world’s greatest environmental challenges that is hampering efforts to 
achieve the Millennium Development Goals in all ecoregions of the world. Vegetation 
and soil is being lost at an alarming rate in many parts of the world, leading to a 
wide range of environmental and socio- economic  degradation and hazards. Close 
to 95% of food production is soil based, which therefore makes soil the most pre-
cious resource on Earth. With the interaction of current soil losses and projections 
on population growth, how can enough food be secured in the coming years? The 
same applies to many of the various services provided by the interlinked ecosys-
tems of the globe. Water storage is dependent on the health of watersheds, but 
a growing proportion of the world’s population is already facing water  shortages. 
A land area of about two billion ha is prone to degradation processes and increases 
annually by 5–10 million ha (Oldeman 1994).

Desertification is a global problem, not only in its consequences, but also in 
its extent. It is far from being confined to land degradation in arid, semi-arid and 
dry sub-humid areas. The world’s forests and woodlands are being reduced at an 
 alarming rate in many parts of the world, and large areas are being overgrazed. 
The weakening of the vegetative cover can lead to a chain of ecosystem distur-
bances, further reducing the resilience of the ecosystems towards greater degra-
dation. If prolonged, this can lead to desertification in a wide range of moisture 
regimes.

Land degradation and desertification are also large contributors to the risks of 
climate change. Land use changes contribute about 25% of agents causing climate 
change (IPCC 2007a). Equally important is that soil organic matter is the second 
biggest carbon pool in the planet after the oceans. Climate change, via changes in 
rainfall patterns and increases in average temperatures, will put further pressure on 
soil quality and will increase the risk of desertification.

The more carbon we keep in or add to the soil, the less carbon dioxide we will 
have in the atmosphere. This will not only aid in mitigating global warming, it will also 
diminish desertification risks, thereby sustaining agricultural production and allowing 
us to keep feeding the ever growing world population. The more affluent countries 
of the world must increase their efforts in assisting countries in need. Our common 
future depends on common solutions.
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11.2  Experience from Iceland

Iceland has a long history of desertification and land degradation since its  settlement 
by humans about 1,100 years ago. Organized battle against destruction of  woodlands 
and soil erosion in Iceland began with a law that was set in 1907. Therefore Iceland 
has possibly the world’s oldest Soil Conservation Service (ISCS), established 1907. 
The main goals of the current law for the ISCS are mitigation of land degradation and 
desertification, revegetation of eroded land, and attaining sustainable land use.

Iceland is located just beneath the Arctic Circle, on the Mid-Atlantic ridge, one 
side belongs to the European-, the other to the American tectonic-plate. Its size is 
103,000 km2 and population of about 315,000 people in 2008. The climate is cold tem-
perate to alpine, mean temperature in the south ranges from around −1°C to +11°C.

Iceland was settled by Scandinavian Vikings around 874 AD. They came to a 
vacant country, although some Irish monks may have had some dwellings there. The 
Saga period, the first few centuries, was prosperous. The foundation for the initial 
wealth of the Icelanders was the fertility of the land. About 60% of the country was 
covered with lush vegetation when it was first settled in 874 (Bjarnason 1942), but 
today, it is left with only about 35% vegetative cover (Guðjónsson and Gíslason 
1998). The forest cover, mostly Downy Birch, Betula pubescens, was significantly 
reduced from 25% since settlement (Bjarnason 1942), to 1.1% in recent decades 
(Guðjónsson and Gíslason 1998). There are several indications that land decline 
began soon after settlement. The woodlands were cut for fuel and timber or burned to 
get space for agriculture and grazing. Regeneration was hampered by heavy grazing 
and the woodlands began to reduce in size. Some of the Sagas, written about 200 
years after these episodes, already then spoke of woodlands of the past in some areas. 
With the reduction of the woodland cover, sensitive soils lost their shelter. 
Unsustainable land use, interacting with frequent volcanic eruptions and climatic 
fluctuations, marked the beginning of dramatic ecosystem destruction that still lasts.

For about 1,000 years, Iceland was a country of self subsistence, to a large extent based 
on hay- and grazing-based livestock production in a harsh environment. Winter survival 
of livestock was the main determinant of population size until the late nineteenth century. 
There were many severe winters. If the sheep starved and died, so did the people.

Keeping the nation alive took its toll. The pressure exceeded the ecological 
 capacity, and catastrophic soil erosion and desertification devastated large parts of the 
country. Much of remaining vegetation is severely degraded. A national survey of the 
nature and extent of soil erosion was completed in 1997, revealing that serious soil 
erosion is still occurring in about 40% of Iceland (Fig. 11.1, Arnalds et al. 2001).

There is much at stake for the Icelandic nation in restoring soil fertility. Not only 
soil and vegetation in extensive areas have been lost. Biological diversity has been 
greatly reduced, land fertility diminished, hydrology altered and local climate 
changed. Immense amounts of carbon have been lost (Figs. 11.2–11.5). Since 
 settlement, around 20 million tons of carbon stored in vegetation may have been 
lost (Jónsson and Óskarsson 1996), and 120–500 million tons of soil organic carbon 
(Óskarsson et al. 2004). Iceland may have lost in total the equivalence of at least 
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Fig. 11.1 Soil erosion in Iceland. Of the total area of Iceland of 103,000 km2, little or no erosion 
covers an area of 37.3%, considerable erosion 22.5%, severe erosion 11%, and extremely severe 
erosion covers 6.2% (Arnalds et al. 2001)

Fig. 11.2 Erosion escarpments at Arnardrangur in W-Skaftafellssýsla county, show vividly the 
magnitude of soil erosion. The erosion has resulted in the complete removal of the soil profile 
down to bedrock or the lava surfaces leaving isolated islands or areas with some remaining soil 
and degraded vegetation. The complete lack of vegetation on the eroded surfaces shows that ero-
sion in this site is still ongoing and severe. (Photo, Björn Barkarson ISCS)
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1.6 billion tons of CO
2
 since 874. This is 500 times more than emissions in the 

baseline year of 1990. These figures are likely to be underestimates. It is difficult 
to assess the fate of the carbon. Much of the finer and the more valuable soil is 
blown long distances, much of it being lost to the ocean. Some is redistributed making 
remaining soils thicker, and some is carried by water either for resettlement or lost 
to lakes and the ocean.

Fighting catastrophic erosion is a legal responsibility of the government. During 
the last 100 years the key to success has usually been found by reaching people 
through involvement and education. Since 1990, there has been an increase in par-
ticipatory approaches to soil conservation. A number of policies and practices have 
been set into action to arrest land degradation and to restore land and soil quality.

The highly successful “Farmers heal the land” project includes a “cost sharing” 
partnership with farmers, with conservation work jointly funded by government 
and farmers. The evolving “Better farms” project combines the forces of soil conser-
vation, forestry, extension and nature conservation in aiding land users to produce 
their own property plans. The farmers have the highest stakes, as their income 
depends directly on the quality of the land. They play a key role in carbon seques-
tration. They own most of the land to be restored and with their machinery and 
knowhow they have an enormous capacity. About 600 farmers (25% of the total 

Fig. 11.3 Þjórsárdalur valley in Árnessýsla county. Hardy grass species are used for reclamation in 
order to stabilize the surface of vast areas that was a source of sand drift prior to reclamation. 
Fertilization is required for 2–4 years to begin with in order to facilitate and speed up natural plant 
succession. Seeded species regress as fertilization effects wear off and natural succession continues 
the process. Area to the right on the photo shows the condition of the land prior to action, a deserted 
area with no vegetation. (Photo, Sigşrúður Jónsdóttir ISCS)



158 S. Runólfsson and A.M. Ágústsdóttir

number of farmers) participate with the Icelandic Soil Conservation Service in 
“Farmers heal the land”.

A major step in conservation was taken with the current contract on agricultural 
support between sheep producers and the government. It has a cross-compliance 
clause, i.e. about a third of the support is dependent on quality of land use. Starting 
in 2003/2004, farmers must verify sustainability of their operation to the ISCS 
in order to obtain a full subsidy. Farmers not meeting standards must submit a 
conservation and land improvement plan for ISCS approval.

A Parliament agreed program gives the ISCS an operational framework for the 
period 2003–2014. This forms Iceland’s equivalence of a National Action Plan for 
Combating Desertification. This 12 year program emphasizes mitigating land deg-
radation and desertification, reclamation, sustainable land use, research, extension 
and awareness-raising. It includes provisions for strengthening cooperation with 
non-governmental organizations (NGOs), land users and other interest groups. 
Measures will be taken so that soil conservation will be in line with policy on devel-
opment and nature conservation. The strategy also aims to fulfill international 
agreements on desertification and nature  conservation that Iceland is a party to.

The 2008 government budget of the ISCS is US $6 million. With a population 
of 315,000 this is equivalent to about US $19 per capita.

Fig. 11.4 Beach Wildrye (Leymus arenarius) has been used to stabilize drifting sands and eroding 
fronts in Iceland for more than a century. It is the only plant species that is capable of tolerating 
and halting sand drift. It does not tolerate competition well and a decline of vigour in L. arenarius 
is commonly observed on sand dunes in Iceland that have become stabilized and colonized by 
other vascular plant species (Photo, Elín Fjóla Þórarinsdóttir ISCS)
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11.3  Carbon Sequestration and Climate Change

Warming of the climate system is unequivocal, both carbon dioxide and global 
temperatures are rising (IPCC 2007b). The greenhouse effects add on natural fluc-
tuations, making them more extreme. Climatic change might have more profound 
effects in Iceland than most of its inhabitants realize, both on its sensitive and 
 vulnerable nature and on the active lifestyle of the Icelanders. However, these 
effects are hard to predict, and they could turn out to become either highly  beneficial 
or catastrophic, with a wide range in between.

Iceland may be regarded as a cool country, and it is on the borderline for crop 
agriculture. A slight increase in the mean annual temperature could make Iceland 
the nicest spot on Earth, with a very comfortable climate. Iceland is in a warm 
period, possibly with the highest mean temperatures since before year 1200. As a 
result, glaciers that cover 10% of the island are retreating. Some estimates even 
predict that much of the glaciers will have disappeared after about 200 years at the 
current rate. Iceland would then lose one of its strongest characters and sources of 
beauty.

Iceland is blessed with plentiful hydrological- and geothermal power. Over 99% 
of electricity production and almost 80% of total energy production comes from 

Fig. 11.5 Remnants of lush birch (Betula pubescens) shrubs and forest still remain in eroded 
sites, shown here in Hraunteigur S-Iceland. These small isolated forest remnants bear evidence to 
the extensive woodlands and prolific ecosystems that were in place in the past (around 1850) in 
all of the northern part of Rangárvallasýsla county in S-Iceland. After extensive erosion the 
remaining vegetation was highly degraded such as the birch in this photo. (Photo, Sveinn 
Runólfsson ISCS)
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hydropower and geothermal energy. More than 80% of houses in Iceland are heated 
with geothermal hot water, and most of the rapidly growing large scale industry is 
based in hydrological power. No other nation uses such a high proportion of  renewable 
energy resources as Iceland. The composition of sources of emission of greenhouse 
gases in the baseline year of 1990 therefore may be unusual, with industry, 
 transportation and fishing roughly emitting close to a third each. The  transformation 
to sustainable energy took place long before 1990. Iceland therefore has more 
 limited options than most other nations in reducing greenhouse gas emissions. This 
uniqueness was met in the Kyoto protocol by allowing Iceland to increase its emis-
sions by 10% above the 1990 baseline during the first commitment period. A special 
clause to the Protocol has also been approved that allows countries with small over-
all emission and where single projects have a large effect, to exclude emissions 
from projects above a certain size up to a total of 1.6 million tons of CO

2
 per nation. 

Some call this the “Icelandic clause”.
Left with limited options for reducing greenhouse gas emissions, carbon 

 sequestration is a significant tool in the Icelandic Climate Change Action Program 
in meeting commitments for the Kyoto Protocol. This is based on the fact that 
reducing emissions, preventing degradation of soil and vegetation, and carbon 
sequestration are all important tools in meeting the goals of conserving climate. 
With regard to land fertility, CO

2
 may be regarded as a misplaced resource that 

vegetation can convert back to organic matter, to be stored in biota and soil.
Encouraged by the success of mitigation and restoration work for 100 years, the 

Icelandic government decided to use carbon sequestration in soil and vegetation to 
meet emission targets for year 2000 and established a special action program for 
1997–2000. This led to some fund increase for halting soil erosion, revegetation 
and reforestation, compared to previous years.

A data base is being built up for carbon sequestration bookkeeping purposes for 
both soil conservation and forestry. Research so far indicates an average carbon 
sequestration rate for revegetation of 0.75 tons carbon/hectare per year, or 2.75 tons 
of CO

2
 equivalents (NIR 2007). Revegetation in Iceland often involves  converting 

previously unvegetated area (‘other land’) into grassland. Much of this carbon is 
stored in the soil. This may be regarded as a rather high rate, but volcanic soils as 
those in Iceland can store high amounts of carbon. In re- or afforestation the annual 
C removal factor of 1.2 t C ha−1 is used in the UNFCCC inventory as a precau-
tionary estimate of data from Icelandic Forest Research, including both  surface 
biomass and below ground biomass of coarse roots in living biomass (NIR 2007). 
The rate ranges widely whether it is from forestry in reclamation- and other poor 
condition or under better conditions using introduced species. Carbon  sequestration 
in Iceland due to revegetation in 1990–2005 amounts to more than −244 Gg CO

2
 

(NIR 2007). There is no shortage of land to be reclaimed in Iceland, and it is of vital 
importance for the Icelanders to improve living conditions and increase food security 
for the future.

In carrying out projects of carbon sequestration for climate conservation 
 purposes, full consideration must be given to multiple goals, including those of the 
conventions of combating desertification and conserving biological diversity. In Iceland 
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the carbon sequestration is regarded as an added benefit, but not a goal in itself. 
A misplaced resource is being returned back to the land for a variety of purposes 
benefiting both current and future generations. Carbon sequestration by restoration 
of land health should not be regarded as an “escape route” from reducing emissions. 
It is an additional tool, a true win–win opportunity for both preventing climate 
change and meeting food requirements and other needs of the worlds growing 
populations. Ecosystem restoration and carbon sequestration through revegetation 
also demonstrates the synergic effects of mitigating land degradation and desertifi-
cation on other environmental goals.
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physical transport and each year up to two billion tons of sediments eroded from the 
Himalaya are delivered to the Bengal Fan through the Ganga–Brahmaputra (G–B) 
fluvial system.

We developed a sampling protocol that allows the heterogeneity of the sediment 
load to be accounted for. In the channel of large rivers, the total organic carbon 
content (TOC) is variable and decreases towards depth. TOC is positively corre-
lated to Al/Si ratio, which characterizes the mineral and grain size sorting. In the 
delta of Bangladesh, sediments from Ganga, Brahmaputra and Lower Meghna have 
similar organic carbon loading.

Coupling Raman Micro-spectroscopy and High Resolution Transmitted Electron 
Microscopy allows the unambiguous detection and characterization of petrogenic 
(rock-derived) carbon. Comparison of Himalayan rivers and G–B in Bangladesh 
indicates that the most graphitised forms are selectively preserved and delivered to 
the Bay of Bengal. Radiocarbon characterization of sediments along depth profiles 
yields values for the absolute concentration of petrogenic carbon in rivers sedi-
ments. Comparison of Himalayan rocks and G–B sediments in Bangladesh shows 
that 40% (±10) of the organic carbon contained in the Himalayan rocks is preserved 
and delivered to the ocean.

The evolution of stable isotopic composition (d13C) from the outflow of the 
Himalayan range to the delta of Bangladesh shows that during the Gangetic flood-
plain transit, more than 50% of organic carbon derived from the Himalaya is oxi-
dized and replaced by organic carbon derived from the floodplain.

The organic carbon loading of recent Bengal Fan sediments is comparable to 
that of G–B river sediments. Biomarker abundance and d13C values show that 
organic carbon is dominated by terrestrial inputs. The terrestrial organic carbon 
burial efficiency is thus close to 100%. This strongly contrasts with other large 
deltaic system on earth, where ~70% of terrestrial organic carbon is oxidized prior 
to burial. This extreme burial efficiency is sustained by high erosion rate in 
Himalaya that generates high sedimentation rate and low oxygen availability in the 
Bay of Bengal.

The balance between biospheric organic carbon burial and petrogenic carbon 
oxidation indicates a net CO

2
 consumption of 3.2 ± 0.8 × 1011 mol/year. 

Atmospheric CO
2
 consumption through organic carbon cycling during Himalayan 

erosion is thus an order of magnitude higher than the CO
2
 consumption through 

silicate weathering in the Himalayan basin (6.4 × 1010 mol/year). Efficient burial 
of organic carbon is a characteristic of high physical erosion typical of active 
orogenic systems. Enhanced physical erosion and consequent organic carbon 
burial buffer atmospheric CO

2
 thereby exerting a negative feedback on the long-

term climate.

Keywords Erosional processes • Fate of soil organic carbon • Carbon burial  
• Sedimentation • Fluvial transport



16512 Organic Carbon Cycling During Himalayan Erosion

Abbreviations

ADCP Acoustic Doppler current profiler
G–B Ganga–Brahmaputra
HRTEM High Resolution Transmitted Electron Microscopy
OC Organic carbon
RM Raman microspectroscopy
TOC Total organic carbon content
WARPO Water Resources Planning Organization

12.1  Introduction

Over geologic timescales, atmospheric CO
2
 concentration is controlled by the bal-

ance between processes liberating and consuming CO
2
. The main sources of CO

2
 

are: (1) volcanism (e.g. Berner 2003; Marty and Tolstikhin 1998), (2) metamorphic 
decarbonation (e.g. Becker et al. 2008; Evans et al. 2008; Perrier et al. 2009), and 
(3) oxidation of organic carbon contained in rocks (e.g. Berner 2003; Hayes and 
Waldbauer 2006). On the other hand, there are two main CO

2
 sinks: (1) silicate 

weathering followed by carbonate precipitation in the ocean (Ebelmen 1845; Rubey 
1951; Garrels et al. 1976; Walker et al. 1981), and (2) organic carbon burial in 
marine sediments (e.g. Berner 2003; Hayes and Waldbauer 2006; Galy et al. 2007). 
Silicate weathering retained most of the attention during the past three decades or 
so. Nevertheless, since the emergence of higher (vascular) plants on the continents, 
organic carbon cycling (i.e. burial and oxidation) likely exerted at least at some 
periods of Earth history a dominant control on atmospheric CO

2
 content. Organic 

carbon burial and oxidation thus play a major role in the long-term climate regula-
tion and are intimately linked to the development and maintenance of life on earth. 
Physical erosion of the continents leads to the export of biospheric organic carbon 
from the continent to the ocean. But it also promotes liberation, transport and oxi-
dation of refractory organic carbon contained in rocks. Moreover, extensive oxida-
tion of organic carbon in the ocean prior to its burial has been documented (e.g. 
Ludwig et al. 1996; Hedges et al. 1997; Schlünz and Schneider 2000; Burdige 
2005; Burdige 2007). The net effect of organic carbon cycling during continental 
erosion thus depends on the balance between rock-derived organic carbon (petro-
genic organic carbon) oxidation and biospheric organic carbon burial in sediments. 
Hence, determining the net effect of organic carbon cycling during continental ero-
sion (i.e. carbon source or sink) requires to determine not only the flux of organic 
carbon exported by rivers to the ocean but also its composition (e.g. biospheric vs. 
petrogenic) as well as its fate in the ocean.

Since the 90s, small mountainous catchments have been the focus of many stud-
ies because they were considered the most efficient pathways of terrestrial OC 
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export and burial, resulting in a disproportionately large influence on the OC cycle 
(Milliman and Syvitski 1992; Scott et al. 2006; Hilton et al. 2008a, b). Carbon 
cycling in these small mountainous rivers stands in sharp contrast to many large 
river basins with extensive floodplains, such as the Amazon basin. The latter typi-
cally act as “reactors”, efficiently recycling labile terrestrial organic material and 
associated nutrients, and resulting in extensive loss of organic carbon prior to its 
escape to the marine sedimentary sink (e.g. Mayorga et al. 2005). However, hitherto 
very little was known about the flux and fate of petrogenic organic carbon and 
the factors controlling the preservation of terrestrial biospheric organic carbon in 
the oceanic system. An early study of organic carbon burial over the Cenozoic in the 
Bengal fan turbiditic system, the sedimentary repository of Himalayan erosion, 
suggested that organic carbon cycling during Himalayan erosion has been a glob-
ally significant atmospheric CO

2
 sink (France-Lanord and Derry 1997). Contrary to 

the early 90s hypothesis that Himalayan erosion was acting as a CO
2
 consumer 

through enhanced silicate weathering (e.g. Raymo and Ruddiman 1992), this sug-
gests that organic carbon cycling has been the dominant process able to consume 
atmospheric CO

2
. During the past few years, we have thus been conducting a 

detailed study of organic carbon cycling associated to current erosion of Himalaya 
and sedimentary transfer in the Ganga–Brahmaputra river system (Galy et al. 2007; 
Galy et al. 2008a, b). Here we present a synthesis of these studies in the scope of 
the global organic carbon cycle. We first explore the different processes affecting 
organic carbon composition and flux in the Ganga–Brahmaputra system (Fig. 12.1). 
Then we address the question of the fate of organic carbon delivered by the G–B 
system to the Bay of Bengal.

12.2  Fluvial Transport in the G–B System

In large rivers, river detritus experience strong hydrodynamic forcing during trans-
port, which results in mineral and grain size sorting. These sorting and mixing 
processes are in turn responsible for very large sediment heterogeneity in the river 
channel. Quartz and other coarse, rounded and dense particles tend to increase with 
water depth and in the bedload, whereas fine and tabular phyllosilicates concentrate 
towards the surface and are more rapidly transported downstream. The organic 
carbon content of the river sediments is also variable. In the river channel, total 
organic carbon (TOC) concentrations are depth-dependent with surface suspended 
particles having the highest values and bed sediments the lowest (Fig. 12.2). Taking 
into account the heterogeneity of the detrital load is thus essential for deriving 
accurate flux estimates as well as to accurately define the composition of the mate-
rial delivered by rivers to the ocean. Consequently, we have applied a sampling 
protocol to develop a more representative picture of sediment transport in river 
systems. This approach, developed during detailed surveys of the Ganga–
Brahmaputra and also successfully applied to the Amazon system, involves collec-
tion of suspended and bed sediments along vertical depth profiles from the surface 
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to the bed of the river, coupled with flow velocity measurements via an Acoustic 
Doppler Current Profiler (ADCP), enabling computation of the mean composition 
of the sedimentary flux.

12.3  Control of Organic Carbon Content  
by Sediment Properties

The simultaneous and monotonic evolution of organic carbon content and sediment 
properties from surface suspended sediments to bed sediments suggests that organic 
carbon content is (1) primarily controlled by sediment properties, and/or (2) affected 
by mixing and sorting processes in the same way as mineral particles. In G–B river 
sediments, organic carbon appears to be present under two different species: organo-
mineral associations and free organic particles. Detailed observations of suspended 
sediments collected along depth profiles indicates that free organic particles tend to 
be segregated as a function of their size, in a similar way as minerals: coarse organic 
debris tend to concentrate in coarse sediments while fine grained sediments contain 
mostly tiny free organic particles. While we found several good correlations between 
sediment properties and TOC, the most robust relationship is obtained with Al/Si 
ratio (Fig. 12.3). This ratio represents the bulk mineralogical composition of the sedi-
ments with low values indicating high proportion of quartz and high values indicating 
high proportions of micas and clays. The positive linear relationship defined by TOC 
and Al/Si thus indicates a control of the mineralogy on the formation of  organo-mineral 

Fig. 12.2 Evolution of TOC in river sediments with sampling depth. Floodplain rivers (Ganga, 
Brahmaputra and Lower Meghna) as well as a large Himalayan river (Narayani) show a progres-
sive decrease of the TOC from the surface suspended sediment to the bed sediment
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associations. Microscopic observations of the sediments reveal the presence of 
organo-mineral aggregates. The formation of these aggregates is controlled by mul-
tiple physical parameters such as particle charge density, chemical composition 
(nature of exchangeable cation), crystalline structure, size and shape (e.g. Sollins 
et al. 1996). Specifically, our study indicates a greater affinity of organic carbon with 
clays and micas than with quartz, feldspar and dense minerals.

Al/Si ratio being dependent on both mineralogy and grain size it appears to ade-
quately catch the processes controlling the repartition of both free organic particles 
and mineral bounded organic carbon. In the G–B system Al/Si ratio also has the 
advantage of being a conservative tracer because Si can be considered as an insolu-
ble element (dissolved Si flux is three orders of magnitude lower than particulate 
Si flux). Al/Si ratio thus provides an efficient normalization parameter, allowing the 
definition of the organic carbon loading for each river and sampling location.

12.4  Evolution of Organic Carbon Loading During Transport

The comparison of different rivers and positions in the basin (high mountains, base 
of the range, delta) indicates that at the first order organic carbon loading varies 
little in the G–B system. Detailed study of the large Himalayan rivers at the base of 
the range however indicates some variability of the organic carbon loading. 

Fig. 12.3 TOC of the Brahmaputra (grey symbols), Ganga (open symbols) and Lower Meghna 
(black symbols) sediments as a function of Al/Si. Sediments from the three rivers define similar 
positive trend between TOC and Al/Si, indicative of similar OC loadings. Best fit and 95% confi-
dence interval are shown for Lower Meghna sediments
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This variability can be attributed to a complex combination of factors such as 
 geomorphology, vegetation distribution, soil types and human activities. It is 
important to note that the main rivers in the plain – the Ganga and Brahmaputra – 
are characterized by very similar organic carbon loading (Fig. 12.3). The Lower 
Meghna – the mixing of Ganga and Brahmaputra in Bangladesh – also has very 
similar organic carbon loading (Fig. 12.3). Organic carbon loading in the delta 
furthermore corresponds to the average of the organic carbon loading of the large 
rivers at the base of the Himalayan range. Altogether these observations indicate 
that the exportation of organic carbon is primarily controlled by the capacity to 
export sediments out of the basin rather than by intrinsic parameters such as pri-
mary production.

12.5  Petrogenic Carbon: Detection and Characterization

The Himalayan range is almost exclusively composed of metamorphic rocks. The 
different Himalayan lithologies therefore contain some organic carbon that has 
been transformed – graphitized – during the metamorphic process. This graphitiza-
tion consists in a chemical and structural transformation of the organic carbon 
leading to crystallized carbonaceous mater. With increasing temperature the graphi-
tization is more intense and the final structure of carbonaceous mater closer to that 
of the graphite. Finally, when the metamorphic temperature reaches 550 degrees (or 
more) the graphitization process is complete and the organic carbon is transformed 
into graphite.

During erosion, this crystallized carbonaceous mater – hereafter referred to as 
petrogenic carbon – is liberated, transported by rivers and eventually oxidized or 
buried in marine sediments. Burial of petrogenic carbon in marine sediments does 
not represent a consumption of atmospheric CO

2
 but a simple recycling of reduced 

carbon. On the other hand, oxidation of petrogenic carbon is a net source of CO
2
 

for the atmosphere. Evaluating the flux and fate of petrogenic carbon during ero-
sion is therefore crucial to characterize the role of erosion in the global C cycle.

During erosion and fluvial transport, some biospheric organic carbon is admixed 
to the mineral matrix and petrogenic carbon. The total organic carbon content of 
river sediments hence account for both petrogenic and biospheric organic carbon. 
During the last decade or so several techniques have been developed to detect and 
quantify petrogenic carbon in river and marine sediments. However, these methods 
are based on the refractory character of the petrogenic carbon, which is not unique 
to petrogenic carbon. We therefore developed a new method allowing specifically 
detecting and characterizing the structure of petrogenic carbon (Galy et al. 2008a). 
This method consists in coupling Raman Micro-spectroscopy (RM) and High 
Resolution Transmitted Electron Microscopy (HRTEM). RM permits to character-
ize the microstructure of carbonaceous particles, while HRTEM allows the charac-
terization of its nanostructure (Beyssac et al. 2002). Thanks to minimal sample 
preparation (hence bias) and great specificity for crystallized carbonaceous matter, 
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these two methods allow the unambiguous detection and characterization of petro-
genic carbon.

Using RM, petrogenic carbon was identified in various forms: (1) discrete “free” 
particles from a few to several tens of mm size, (2) inclusions within quartz, calcite 
and metamorphic minerals, (3) aggregates with minerals, mostly micas. RM shows 
a large structural variety of petrogenic carbon in bed and suspended loads from 
Himalayan rivers (Fig. 12.4). This is confirmed by TEM investigations, which 
reveal the presence of turbostratic disordered petrogenic carbon to perfectly crystal-
line graphite in these samples (Fig. 12.4). The structural variety of petrogenic car-
bon reflects the zoning of metamorphism in the source rocks of the Himalayan 
range (e.g. Beyssac et al. 2004) from low- to high-grade metamorphism. Similar 
structural variety is observed within the vertical depth profiles collected at the out-
flow of the range and in Bangladesh, although the less ordered petrogenic carbon 
is rarely observed. This is particularly true for the most distal sampling location 
in Bangladesh, where highly graphitic petrogenic carbon is largely dominant 
(Fig. 12.4). This implies that the less ordered petrogenic carbon is specifically oxi-
dised during erosion and fluvial transport, while the most graphitised forms are 
selectively preserved and delivered to the Bay of Bengal.
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Fig. 12.4 Raman micro-spectroscopy and TEM characterization of petrogenic carbon in G–B 
river sediments. (a) TEM image of disordered and microporous petrogenic carbon in Narayani bed 
load. (b) TEM image of graphitic C in Narayani bed load. (c) Low magnification (LM) image of 
a graphite particle in Narayani suspended load. (d) TEM image of graphitic petrogenic carbon in 
Lower Meghna bed load. (e) Selection of representative Raman spectra from Himalayan rivers 
(top panel) and Lower Meghna (lower panel). These spectra were obtained from both individual 
petrogenic carbon particles (no mineral contribution in the spectrum) and petrogenic carbon inclu-
sions/aggregates within minerals (mineral contribution in the spectrum as depicted)
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12.6  Petrogenic Carbon: Quantification

Besides its detection and characterization, it is crucial to obtain a quantification of 
the petrogenic carbon in river sediments. We recently developed the use of vertical 
depth profile sampling to distinguish petrogenic and biospheric organic carbon 
components in river sediments on the basis of bulk 14C measurements (Galy et al. 
2008a). Our approach relies on a binary mixing model, which assumes the presence 
of two distinct populations of organic carbon in river sediments: (1) petrogenic 
carbon derived from rock erosion, and (2) biospheric organic carbon derived from 
vegetation, soil and autotrophic production in the river.

The petrogenic carbon is by definition 14C free, while the biospheric organic 
carbon has a variable age but always contains some 14C. Radiocarbon characteriza-
tion of sediments along depth profiles that reflect the continuum created by sorting 
and mixing processes during fluvial transport yields values for the absolute concen-
tration of petrogenic carbon in rivers sediments (Fig. 12.5).

Large Transhimalayan rivers sampled at the outflow of the range appear to carry 
variable amounts of petrogenic carbon. We estimate a petrogenic carbon content of 

Fig. 12.5 Radiocarbon measurements in depth profile sediments collected in the Ganga–
Brahmaputra system. This type of diagram shows the product of the radiocarbon composition 
by the TOC (or absolute modern organic carbon content) as a function of TOC. It allows calcu-
lating the absolute petrogenic carbon content for each depth profile, which is given by the intercept 
of the trends with the x axis
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0.05% and 0.03% for the Narayani and Kosi, respectively (Fig. 12.5). This 
 variability likely derives from intrinsic characteristics of the drainage basins. Our 
data consistently indicate a petrogenic carbon content of 0.02–0.03% in the sedi-
ments exported by the Brahmaputra and the Ganges sampled close to their mouth 
in the Bangladesh delta (Fig. 12.5).

To evaluate the fate of petrogenic carbon during erosion and fluvial transport we 
need to compare these concentrations to the initial mean petrogenic carbon content 
of the Himalayan rocks. The later has been estimated to be 0.05–0.08%, on the 
basis of (1) individual rock samples, and (2) composite gravels extracted from the 
bed of Himalayan rivers (France-Lanord and Derry 1997; Aucour et al. 2006; Galy 
et al. 2007b; Galy et al. 2008b). Based on these figures, at least 30% (40 ± 10) of 
the organic carbon contained in the Himalayan rocks appears to be preserved and 
 delivered to the Indian Ocean.

12.7  Fate of Biospheric Organic Carbon  
During Fluvial Transport

Stable carbon isotopes (d13C) have long been used as a biogeochemical tool to 
derive information on the source of organic carbon due to isotope contrasts result-
ing from photosynthetic C fixation mechanisms employed by different plant types 
(e.g. Deines 1980; Collister et al. 1994). In river sediments, the d13C of bulk 
organic carbon is a proxy for its provenance, because river algae, C3 and C4 plants 
have distinct isotope compositions. The geographic variations in proportions of C3 
and C4 vegetation in the G–B drainage basin are substantial, rendering this a 
potentially valuable tracer, although petrogenic carbon contributions can muddy 
the waters, so as to speak, because of its variable and intermediate isotopic 
composition.

In large rivers at the outflow of the Himalayan Mountains, bulk organic carbon 
d13C values range between −21.2‰ and −25.7‰. Most of this variability is due to 
isotopic heterogeneity in organic carbon-poor bed sediments and reflects contribu-
tions from petrogenic carbon with variable d13C in the Himalayan bedrocks (Galy 
et al. 2008b). In suspended sediments, the d13C values display a narrower range 
with a mean value of ~−24‰. This isotope signature suggests only minor inputs of 
algal matter (which is typically significantly more 13C-depleted), consistent with 
high sediment loads and very dynamic transport that inhibit primary production 
within the Himalayan rivers. In addition, this mean d13C value reveals that bio-
spheric organic carbon is largely dominated by C3 plant inputs, consistent with 
vegetation patterns in the Himalayan region where forest and high altitude ecosys-
tems dominate (e.g., Blasco et al. 1996; Dobremez et al. 1978). In summary, sus-
pended sediments exiting the Himalayan range predominantly represent a binary 
mixture of organic carbon, with a portion of this comprised of petrogenic carbon 
from sedimentary rock erosion and the remainder from C3 vegetation that grows at 
lower elevations within the Himalayan range.
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In the floodplain, Ganga and Brahmaputra suspended sediments have distinct 
d13C values, ~−21‰ and −23.5‰ respectively (Fig. 12.6). The isotope composition 
of organic carbon in Brahmaputra suspended sediments is comparable to that of the 
Himalayan rivers at the outflow of the range implying that inputs are similarly 
dominated by C3 plants (Fig. 12.6). However, organic carbon in lower Ganga sus-
pended sediments has d13C values that are on average 3‰ higher than that of 
Himalayan rivers suspended sediments (Fig. 12.6). This isotopic offset is inter-
preted as a consequence of significant contributions from 13C-enriched C4-plant 
organic carbon to the Ganga suspended sediments. As the organic carbon loading 
in suspended sediments is similar at the outflow of the range and in the floodplain, 
the d13C shift is considered to reflect removal, and subsequent replacement of 
C3-derived organic carbon with C4 plant organic carbon during transit through the 
Ganga floodplain (Keil et al. 1997; Galy et al. 2008).

In the Brahmaputra floodplain, C3 plants dominate the vegetation. Hence, while 
this “loss-and-replacement” process may also be operative, there is insufficient 
isotope contrast in bulk d13C values between Himalayan and Brahmaputra flood-
plain vegetation to establish whether or not this is the case. While it is certainly 
plausible that similar processes occur along the course of the Brahmaputra River, 
there are differences other than vegetation type that may influence the efficacy of 
organic carbon turnover in the floodplain. Notably, the clay mineralogy of soils 
within the Ganga and Brahmaputra is quite distinct, with the former being domi-
nated by smectite and the latter by illite. This difference manifests itself in mineral 
surface area measurements whereby smectite-rich sediments have high specific 
surface areas compared to those containing illite. The role of expandable clays as 
templates for organic matter attachment and transformation in soils and sediments 
is well known, and hence the higher proportion of these clays in the Ganga may be 
an important factor in dictating the exchange of organic carbon derived from differ-
ent vegetation sources (e.g., Satterberg et al. 2003). Other parameters likely to limit 
organic carbon replacement in the Brahmaputra floodplain are the mode of fluvial 
transport and the size of the floodplain. While the Ganga in the plain is a meander-
ing river and has a very long course, the Brahmaputra river is a braided river and 
has a much shorter course in its narrow floodplain. These geomorphologic differ-
ences further support a lower extent of organic carbon replacement in the 
Brahmaputra than in the Ganga floodplain.

12.8  Flux of Biospheric Carbon Delivered to the Ocean

A consequence of the huge variability of TOC along depth profiles is that estimates 
of organic carbon fluxes based on surface suspended sediment data are overesti-
mated. Thus, assessing the organic carbon flux requires the mean sediment compo-
sition transported by the river to be calculated. Thanks to our sampling protocol 
coupling depth profiling and ADCP current profiling, the integrated suspended 
sediment TOC can be estimated by integrating TOC gradient, sediment concentra-
tion and flow velocity over the whole river depth. For the Lower Meghna prior to 
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its discharge into the Bay of Bengal (Fig. 12.1) we calculated an integrated TOC of 
0.41% ± 0.04%. In comparison, bed sediments have low TOC with an average 
value of 0.05%. Furthermore, based on radiocarbon measurements, we previously 
estimated that both bed and suspended sediments delivered to the Bay of Bengal 
contain 0.02–0.03% of petrogenic carbon. Hence the biospheric organic carbon 
content in mean suspended and bed sediments of the Lower Meghna is respectively 
0.39% ± 0.04% and ca. 0.025%.

Suspended sediment fluxes have been measured for the Ganga and the Brahmaputra 
and the average total flux is around 1.15 × 109 t/year (RSP 1996). The flux of bed 
sediment is not directly measured but geochemical mass balance implies that 
bed sediment flux plus floodplain sequestration are almost equal to the suspended 
sediment flux (Galy and France-Lanord 2001). Taking into account these sediment 
fluxes, we estimate that the G–B system delivers 3.9 ± 0.5 × 1011 mol/year of biospheric 
organic carbon to the Bay of Bengal.

12.8.1  Organic Carbon Burial Efficiency in the Bengal Fan

The G–B river system supplies sediment to the Bengal Fan, Earth’s largest active 
sedimentary system. Over the last glacial-interglacial cycle, the sediment source 
has remained stable and is largely dominated by Himalayan inputs (Pierson-
Wickmann et al. 2001; Galy et al. 2008c). As in the rivers, characteristics of Fan 
sediments (grain size and mineralogy) are highly variable due to sorting during 
the transport within the depositional system. Nevertheless, while TOC con-
tents are also variable, as for the river sediments they are tightly correlated with 
Al/Si, and thus a linear function of the proportion of clays and fine-grained 
minerals.

Importantly, the relationship between TOC and Al/Si defined by Bengal Fan 
sediments is statistically identical to that of the G–B river sediments (Fig. 12.7). 
This relationship implies an equivalent level of organic carbon loading in G–B river 
sediments and in modern Bengal Fan sediments. Several biomarker and isotope 
studies have shown that the organic carbon in both modern and ancient Bengal Fan 
sediments is overwhelmingly dominated by terrestrial inputs with negligible marine 
organic carbon (Cochran et al. 1989; Poynter and Eglinton 1990; Meyers and 
Dickens 1992; France-Lanord and Derry 1994; Freeman and Colarusso 2001; Galy 
et al. 2007; Galy et al. 2008c). Together, these observations imply that terrestrial 
organic carbon preservation in Bengal Fan sediments is exceptionally high, with the 
proportion of organic carbon exported by the river that is buried in fan sediments 
(the burial efficiency) approaching 100%! Although high terrestrial organic carbon 
export efficiencies have been reported for small mountainous rivers (e.g., Goni 
et al. 2006), this situation stands in sharp contrast with other large deltaic systems 
such as those of the Amazon and Mississippi rivers where terrestrial OC burial 
efficiencies typically do not exceed 30% (e.g. Burdige 2005; Burdige 2007; Hedges 
et al. 1997).
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Very high organic carbon burial efficiency in the Bengal Fan likely derives from 
the transport dynamic, with rapid sediment accumulation on the delta shelf (up to 
30 cm/year (Suckow et al. 2001). In shallow-water, where organic carbon oxidation 
is theoretically most efficient, organic carbon is protected from oxidation by quick 
burial under a thick layer of fresh sediments. Typical O

2
 penetration depth in such 

sediments is only a few centimeters (Cai and Sayles 1996), i.e. the same order of 
magnitude as the Bengal shelf annual accumulation. Therefore, organic carbon 
exposure time to O

2
 is only few years or so, insufficient for effective organic carbon 

oxidation. Sediments are finally transferred to the deep-water zone by turbiditic 
current and deposited in channel-levee systems. Identical organic carbon loading in 
the shelf, active channel-levee and mid-deep fan sediments indicates that organic 
carbon oxidation during sediment transfer from shelf to deep-ocean is negligible. 
In addition, river discharge and precipitation are responsible for a negative salinity 
anomaly and maintain stratified waters in the Bay of Bengal (Berner et al. 2003; 
Broecker et al. 1980). With high productivity in surface water sustained by high 
nutrient flux delivered by the G–B, the stratification of the Bay of Bengal waters 
favors an intense respiration of marine organic carbon in the surface waters. This 
process consumes O

2
 and generates an extended O

2
 minimum zone and generally 

low O
2
 concentrations in the Bay of Bengal (Berner et al. 2003; Broecker et al. 1980). 

In Bengal Fan sediments, terrestrial organic carbon oxidation is thus limited by 
both short exposure to and low availability of O

2
.

Fig. 12.7 TOC of the Bengal Fan sediments (black diamond) as a function of Al/Si with best fit 
and 95% confidence interval. Fan sediments define a trend comparable to that defined by river 
sediments (grey squares), suggesting they have similar organic carbon loadings
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12.9  Role of Himalayan Erosion in the Global Carbon Cycle

We can finally evaluate the role of Himalayan erosion in the long term global car-
bon cycle by comparing the extent of the different process consuming or producing 
CO

2
. We estimated that the G–B system delivers 3.9 ± 0.5 × 1011 mol/year of bio-

spheric organic carbon to the Bay of Bengal. Because nearly 100% of the terrestrial 
organic carbon delivered to the Bay of Bengal is actually buried in Bengal fan 
sediments, this flux represents the atmospheric CO

2
 consumption associated with 

biospheric organic carbon export and burial during Himalayan erosion.
On the other hand, according to the difference in petrogenic carbon between 

the Himalayan rocks and river sediments delivered to the Bengal fan, we esti-
mate that Himalayan erosion generates a petrogenic carbon oxidation flux of 
7 ± 3 × 1010 mol/year. The balance between biospheric organic carbon burial 
and petrogenic carbon oxidation finally indicates a net CO

2
 consumption of  

3.2 ± 0.8 × 1011 mol/year. Atmospheric CO
2
 consumption through organic 

carbon cycling during Himalayan erosion is thus an order of magnitude higher 
than the CO

2
 consumption through silicate weathering (coupled with subse-

quent carbonate precipitation) in Himalaya (6.4 × 1010 mol/year (Galy and 
France-Lanord 1999)). Although metamorphic outgassing represents a poten-
tially significant source of CO

2
 in Himalaya, the net effect of Himalayan 

 erosion is to consume atmospheric CO
2
, mostly through organic carbon export 

and burial. The efficiency of this process appears to be mostly determined by 
the extent of organic carbon preservation in the marine system, which is 
enhanced by intense orogenesis and subsequent rapid physical erosion and 
sediment export. The creation of new, tectonically active mountain ranges 
therefore acts as a driver of the global carbon cycle, hence long-term climate, 
through enhanced organic carbon cycling and corresponding atmospheric CO

2
 

consumption.

12.10  Conclusion

The Himalayan erosion generates one of the most intense physical erosion flux of 
the planet. The consequence is that the continental transfer to the ocean is remark-
able by its particle flux. During transport in the floodplain, particle flux fixes and 
carries organic carbon derived from soil degradation. In spite of the relatively modest 
organic carbon loading of these sediments, the rapid accumulation in the ocean and 
relatively anoxic conditions in the Bay of Bengal concur to protect organic carbon 
from decay during transport. Comparatively, silicate-weathering uptake of CO

2
 

appears modest. This is in part linked to the lithological composition of the 
Himalaya that contains mostly metamorphosed recycled sediment and are therefore 
silicate crust already depleted in mobile elements such as Ca and Mg. As a conse-
quence, the characteristic of the Himalayan orogeny is to promote an erosion cycle 
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that impact the carbon cycle mostly through the fixation and burial of recent organic 
carbon rather than throughout the silicate weathering-biogenic carbonate precipita-
tion pathway.
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Abstract Securing world food security in light of the impact of climate change 
may be one of the biggest challenges we face in this century. Rising temperatures, 
more intense droughts, floods, and greater weather variability all mean productivity 
losses to crops and livestock. Greater numbers of crop failures, livestock deaths, 
forest fires and damage to fishery infrastructure are already imposing economic 
losses and undermining food security. 

Impacts of climate change can influence the whole food supply chain and all 
four dimensions of food security, namely: availability of food from domestic 
 production and imports, access to resources for producing or buying food, stability 
of food supply, utilization of food. In parallel, growing energy demand is adding 
additional string and could compete with food security objectives.

As importance to bioenergy is growing, the challenges and  opportunities posed 
by biofuels, in view of the world’s food security, energy and sustainable develop-
ment needs to be addressed. In this paper the challenges of climate change and 
bioenergy on food security are discussed together with potential  adaptation and 
mitigation options. The key messages from the FAO’s high level conference on 
“World Food Security: The Challenges of Climate Change and Bioenergy” are 
presented.

Keywords Extreme climate events • Population growth • Water resources • Pests 
and diseases • Climate risk management • Biofuel • Biodiversity • Adaptation  
• Sustainability

13.1  Introduction

One sixth of humanity is undernourished, more than ever before (FAO 2009b). 
Changing climatic conditions are projected to affect food security through their 
impact on local food systems. More frequent and intense extreme weather and 
climate events, increasing uncertainties in rainy season  patterns and rising sea 
levels are already having significant impacts on food  production, food distribution 
infrastructure, food emergencies, livelihood assets and human health, in both rural 
and urban areas (FAO 2008a).

Climate change will generate significant costs to both developing and devel-
oped countries. Such costs will include increased frequency and intensity of 
severe weather events such as floods, tornados and hurricanes; increased drought 
in some regions; loss of coastal areas and water shortages; and changes in the 
incidence of disease. Projected changes in the frequency and severity of extreme 
climate events have significant consequences for food and forestry production, 
and food  insecurity, in addition to impacts of projected mean climate (Easterling 
et al. 2007).

Higher growing season temperature can have significant impacts on agricul-
ture productivity, farm incomes, and food security (Battisti and Naylor 2009). 
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In mid-to high-latitude regions, moderate warming benefits cereal crop and 
pasture yields, but even slight warming decreases yields in seasonally dry 
and tropical regions (IPCC 2007b) and will increase risk of hunger in poor 
 developing countries. These countries are highly vulnerable to climate change 
as under nourishment is already prevalent among considerable proportion of the 
population.

Many of the world’s small-scale farmers work on marginal land in the tropics. 
The adaptive capacity of the smallholder farmers are constrained, will experience 
the negative effects on yields of low latitude crops, combined with a high 
 vulnerability to extreme events. Climate change is likely to affect the suitability of 
land for different types of crops, livestock, fish and pasture. It would also have an 
impact on the health and productivity of forests, the incidence of pests and diseases, 
biodiversity and ecosystems. Regional changes in distribution and productivity of 
particular fish species are expected due to continued warming.

Growing support to the production of biofuels such as ethanol and biodiesel 
from crops adds another dimension to the factors influencing food security. 
Demand for biofuels could place additional pressure on the natural resource base, 
with  particularly harmful environmental and social consequences for people who 
already lack access to energy, food, land and water (FAO 2007). On the one hand, 
a stronger link between agriculture and the demand for energy could result in 
higher  agricultural prices, output and gross domestic product (GDP) and long-
term improvements in food security. On the other hand, there is a risk that unsus-
tainable biofuel development could threaten the food security of the world’s 
poorest people (FAO 2008c). This paper presents the challenges of world food 
security posed by climate change and bioenergy with potential adaptation and 
mitigation options.

13.2  Trends of Agriculture Growth and Food Consumption

13.2.1  Population Growth and Demand for Food

World population is expected to grow by over a third (or 2.3 billion people) 
between 2009 and 2050 (FAO 2009b). Nearly all the further population increases 
will be occurring in countries several of which even in 2050 may still have inad-
equate food consumption levels, hence significant possibility for further 
increases in demand. World’s average per capita agriculture GDP has grown 
from US$328 in 1980 to US$472 in 2004 (FAO 2007) and is much less than 
overall per capita GDP. Continued growth of world agriculture is expected even 
after the end of world population growth. Feeding a world population of 9.1 
 billion people in 2050 would require raising overall food production by some 
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70% over the period from 2005/07 to 2050 (FAO 2009a). The combined effects 
of climate change, land degradation, crop land losses, water scarcity and species 
infestations may cause projected yields to be 5–25% short of demand by 2050 
(Nellemann et al. 2009).

To compensate this demand and to facilitate growth in agriculture output, 
another 185 million ha of rainfed-crop land (+19%) and 60 million ha of irrigated 
land (+30%) will have to be brought into production (IPCC 2007b). On the one 
hand, the entire agricultural land expansion need to take place in developing coun-
tries especially in sub-Saharan Africa and Latin America (Cassman et al. 2003). On 
the other hand, sub-Saharan Africa, Asia and Latin America, with high rates of 
population growth and natural resource degradation, are likely to continue to have 
high rate of poverty and food insecurity (Alexandratos 2005). Climate change will 
add an additional challenge to the dual challenge of meeting food demand while at 
the same time protecting natural resources.

13.2.2  Trends of Food Consumption

The historical trend towards increased food consumption per capita as a world 
 average and particularly in the developing countries will likely continue, but at 
slower rates than in the past. The average of the developing countries, that rose 
from 2,111 kcal/person/day 35 years ago to the present 2,650 kcal, may rise further 
to 3,070 kcal by 2050 (Fig. 13.1). However, not all countries may achieve food 
consumption levels constant with requirements for good nutrition (FAO 2006). 
Potential exists for several of these countries to make gains by assigning priority to 
the development of local food production. But in countries that have limited 
 agricultural  potential, the problem of production constrained food insecurity and 
increase in undernourishment may persist.

For example, the total food production in South Asia has increased threefolds 
from 117 million tonnes in 1961 to 348 million tonnes in 2006 (Fig. 13.2), but the 
dietary energy consumption has increased only marginally and the current dietary 
energy consumption is 2,364 kcal/person/day. It requires additional efforts in yield 
improvement, given the fact that there is limited scope for  expanding area under 
cultivation and area under irrigation. The above facts and figures underline the 
importance of putting in place effective poverty reduction  strategies, and sustain-
able agriculture development programs.

13.3  Climate Change and Food Security

Agriculture has been described as the most weather-dependent of all human 
 activities (Oram 1989). Importantly, agriculture in its many different forms and 
locations remains highly sensitive to climate variations, the dominant source of the 
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overall interannual variability of production in many regions and a continuing 
source of disruption to ecosystem services (Howden et al. 2007).

Rural population, over 2.6 billion who depend on agriculture for sustenance 
and livelihood are often vulnerable to the direct impacts of adverse climate 
events. In total 2.2 billion tonnes of cereals are produced yearly for food and feed, 
 providing two-thirds of total protein intake by humans. In addition, 260 million 
tones of meat and about 139 million tonnes of fish (36 million tones of freshwa-
ter; 72 million tones of marine and 31 million tones of other aquatic  animals) are 
produced annually (FAO 2007). Aquatic products contribute 50% or more of total 
animal protein intake in some small islands and other developing countries (FAO 
2008d).

Climate change will affect food security in all of its four dimensions – 
availability, accessibility, utilization and stability. Negative impacts of climate 
change and increasing climate variability on food security, with the potential 
of reducing food production, access to and utilization of food in many regions 
already vulnerable today, are expected. In particular, stability of food supply 
is likely to be  disrupted by more frequent and severe climate extremes and 
associated variability of agricultural production across all areas. Utilization of 
food may be affected negatively by increases in crop, livestock and human 
pests and diseases, as well as by reduced water availability and water quality. 
The result could be a substantial decline in labour productivity and increase in 
poverty and mortality rates.

The conceptual framework presents a simplified description of the dynamics 
of potential climate change impacts and feedback loops in a holistic food system 
(Fig. 13.3). The implications are presented linearly by looking at projected 
changes for each of five of the most important climate variables for food system 
process. In general the framework presents how climate change affects food 
security outcomes for four components of food security in various direct and 
indirect ways (FAO 2008b).

Climate change variables influence biophysical factors, such as plant and 
 animal growth, water cycles, biodiversity and nutrient cycling, and the ways in 
which these are managed through agricultural practices and land use for food 
production. However, climate variables also have an impact on physical and 
human capital such as roads, storage and marketing infrastructure, houses, 
 productive assets and human health which indirectly changes the economic and 
socio-political facts that govern food access and utilization and can threaten the 
stability of food systems.

The framework illustrates how adaptive adjustments to food system activities 
will be needed all along the food chain to cope with the impacts of climate 
change. The climate change variables considered in the  framework are: the CO

2
 

fertilization of increased greenhouse gas (GHG) concentrations in the atmosphere, 
increasing mean, maximum and minimum temperature, gradual changes in pre-
cipitation, increase in the frequency and intensity of extreme events and greater 
seasonal weather variability and changes in growing season determinants.
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13.4  Agriculture and Global Climate Change

Agriculture is not only at risk from climate change, it is a major driver of envi-
ronmental and climate change itself. Agriculture land occupied 4,974 Mha in 
2000 and most of the area is under pasture (3,442 Mha), arable crops (1,397 
Mha) and permanent crop occupied 135 Mha (FAO 2007). Agriculture gained 
almost 500 Mha during the last four decades from other land uses, a change 
driven largely by increasing demands for food from a growing popula-
tion (Smith et al. 2007). At the global level, 3,952 Mha of land are forested 
(Nabuurs et al. 2007). Agricultural lands (lands used for agricultural  production, 
consisting of cropland, managed grassland and permanent crops including 
agro-forestry and bioenergy crops) occupy about 40–50% of the Earth’s land 
surface (IPCC 2007c).

Agriculture is a notable source of the three major greenhouse gases: carbon 
dioxide, methane and nitrous oxide. Agricultural activities and land-use changes 
contribute about one-third of the total carbon dioxide emissions and are the largest 
sources of methane from livestock and flooded rice production and nitrous oxide 
primarily from application of inorganic nitrogenous fertilizer. Globally, agricul-
ture accounted for an estimated emission of 5.1–6.1 GtCO

2
-eq/year in 2005 

(accounts for 10–12% of the total anthropogenic emissions of GHGs) (IPCC 
2007c). Of the global atmospheric emissions of GHGs  agriculture accounts for 
58% of N

2
O and about 47% of CH

4
 (Smith et al. 2007). Forestry (including defor-

estation) accounted for 17.4% of total greenhouse gas  emissions in 2004, with 
emissions from intensive crop and livestock production  contributing another 
13.5% (IPCC 2007c).
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Fig. 13.3 The conceptual framework of climate change and food security (Source: FAO 2008b)
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13.5  Challenges of Climate Change on Food Security

13.5.1  Changes in Water Quantity and Use

Water use has grown rapidly over the past century, increasing more than sevenfold 
between 1900 and 2000 while the human population grew by about a factor of four 
(UNDP 2006). Despite a decline in per capita consumption since the 1980s, global 
water use continues to increase (Shiklomanov and Rodda 2003). Since 1960, the 
ratio of water use to accessible supply has grown by 20% per decade (Millennium 
Ecosystem Assessment 2005) with an overall upward trend, indicating increasing 
pressure on freshwater resources.

Projections reported in the Human Development Report 2006 (UNDP 2006) 
 suggest that, by 2025, over three billion people are likely to be experiencing water 
stress and 14 additional countries might be classified as water-scarce. An addi-
tional 1.8 billion people could be living in a water scarce environment by 2080 
(UNDP 2008). Climate change will affect rainfall and fresh water availability for 
agriculture and other uses. Adverse effects of climate on freshwater systems 
aggravate the impacts of other stresses, such as population growth, changing eco-
nomic activity, land-use change, and urbanization (Kundzewicz et al. 2007).

Changing climate patterns will have important implications for water  availability 
especially mean run-off changes (Milly et al. 2005), glacier melt during summer 
season, ground water recharge and floods (Kleinen and Petschel-Held 2007) and 
geomorphic processes including erosion, slope stability, channel changes, and 
 sediment transport (Dennis et al. 2003). Climate models projected increased 
 precipitation in high latitudes and parts of the tropics, and decrease in some 
 sub-tropical and lower mid-latitude regions (Bates et al. 2008).

Agriculture accounts for about 70% of all water use worldwide and up to 95% 
in many developing countries and thus influences both the quantity and quality of 
water available for other human uses (FAO 2007). Over 277 million hectares are 
classified as irrigated land (FAO 2007) and of all sectoral water demands, the 
 irrigation sector will be affected most strongly by climate change, as well as by 
changes in the effectiveness of irrigation methods (Kundzewicz et al. 2007). Given 
the dominant role of irrigated agriculture in global water use, management  practices 
that increase the productivity of irrigation water use can greatly increase the  availability 
of water for other human and environmental uses.

13.5.2  Distribution, Incidence and Intensity of Pests  
and Diseases

Changing weather patterns may help spread crop pests and diseases in the future. 
Climate change and increasing climate variability is creating favourable conditions 
for animal and plant pests and diseases. The movement of plant pests, animal 
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 diseases and invasive aquatic organisms across physical and political boundaries 
threatens food security. For example, Bluetongue, a sheep disease is moving north 
into more temperate zones of Europe (Van Wuijckhuise et al. 2006). Fleming and 
Tatchell (1995) predicted that over the next 50 years, aphids will appear at least 8 
days earlier in the spring. This may increase their severity as pests, will also depend 
partly on how the phenologies of their host plants change (Harrington et al. 2007). 
Increased plant density will tend to increase leaf surface wetness and leaf surface 
wetness duration, and so make infection by foliar pathogens more likely (Huber and 
Gillespie 1992). Changes in plant architecture may affect microclimate and thus 
risks of infection.

Altered weather patterns can increase crop vulnerability to infection, pest infes-
tations, and weeds. Range of crop weeds, insects, and diseases are projected to 
expand to higher latitudes (Rosenzweig et al. 2001). In particular, CO

2
-temperature 

and CO
2
-precipitation interactions are recognised as the key factors in determining 

plant damage from pests in future (Easterling et al. 2007; Zvereva and Kozlov 
2006). New vectors, selection and recombination of disease may occur when 
 animal species and breeds and plant species mix or when insect pests and vectors 
are introduced without their natural enemies. Climate change may result in changes 
in species composition and interactions that will augment the emergence of new 
diseases and pests. Climate change would impact vector-borne diseases and may 
also result in new transmission pathways and different host species (Garrett et al. 
2006).

Entry and establishment, emergence and outbreaks of animal and plant pests and 
diseases have historically resulted in major food problems either directly through 
yield reductions of food crops and losses in animal production, or indirectly 
through yield reduction of cash crops (e.g. rinderpest, potato blight, locusts). 
Climate change would result in a higher volatility and, therefore, is likely to cause 
additional crises in agricultural production, in particular for small farmers and those 
involved in subsistence agriculture.

Redistribution of plant pests and changes in pest incidence and intensity may 
result in additional and inappropriate pesticide use. Consequently, there may be 
higher levels of pesticide and veterinary drugs in food. Changes in rainfall, 
 temperature and relative humidity may favour the growth of fungi that produce 
mycotoxins and thus may make food such as groundnuts, wheat, maize, rice and 
coffee unsuitable for human and animal consumption.

13.5.3  Impacts of Extreme Weather/Climate Events

Changes in extreme weather and climate events have significant impacts and are 
among the most serious challenges to society in coping with a changing climate (Karl 
et al. 2008). Natural disasters are increasing, with more frequent and more severe 
occurrences fuelled by global warming. Extreme events drive changes in natural and 
human systems much more than average climate. FAO/GIEWS data indicate that 
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sudden-onset disasters – especially floods – have increased from 14% of all natural 
disasters in the 1980s to 20% in the 1990s and 27% since 2000 (FAO 2008e).

There is growing evidence that a warming world will be accompanied by changes 
in the intensity, duration, frequency and geographic extent of weather and climate 
extremes. The frequency of heavy precipitation events will be very likely to increase 
over most areas during the twenty-first century, with consequences for the risk of 
floods. At the same time, the proportion of land surface in extreme drought at any one 
time is projected to increase, in addition to a tendency for drying during summer, 
especially in the sub-tropics, low and mid latitudes (Bates et al. 2008). Changes in 
extremes are already observed to be having impacts on social, economic and natural 
systems, and future changes associated with continued  warming will present addi-
tional challenges (Karl et al. 2008). The damage and loss due to hydro-meteorological 
disasters in terms of economic value has increased dramatically over the past few 
decades. The damage trends have increased significantly despite ongoing adaptation 
efforts that have been taking place (Mills 2005).

Worldwide, flood occurrence has risen from about 50 floods per year in the 
 mid-1980s to more than 200 today (CRED 2008). As sudden-onset emergencies 
leave much less time for planning and response than slow-onset ones, these trends 
have important implications for mobilization of resources needed to prepare for, 
and respond to, emergencies in order to save lives and protect livelihood systems.

13.5.4  Increased Vulnerability of Fishery-Dependent 
Communities

Fisheries employ some 150 million people in developing countries. Fish products 
provide more than 2.8 billion people with about 20% of their average per capita 
intake of animal protein (FAO 2008d). Fish contributes to, or exceeds, 50% of total 
animal protein intake in some small island developing states. Fisheries and aqua-
culture are threatened by climate change due to higher water temperatures, rising 
sea levels, melting glaciers, changes in ocean salinity and acidity, more cyclones in 
some areas, less rain in others, shifting patterns and abundance of fish stocks.

Fishery-dependent communities may also face increased vulnerability in 
terms of less stable livelihoods, decrease in availability of fish, and safety risks 
due to fishing in harsher weather conditions and further from their landing sites 
 (Hall-Spencer et al. 2008; McClanahan et al. 2008). Direct effects of increasing 
temperature on marine and freshwater ecosystems are already evident, with 
rapid poleward shifts in regions and changes in distribution and production 
(Drinkwater 2005). Evidence from the Pacific and the Atlantic suggests that 
nutrient supply to the upper productive layer of the Ocean is declining due to reduc-
tions in the maridional overturning circulation and up welling (Curry and 
Mauritzen 2005). Most of the large global marine-capture fisheries are affected 
by regional climate variability associated with El-Nino/Southern Oscillation 
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(ENSO), Pacific Decadel Oscillation (Lehodey et al. 2003) and North Atlantic 
Oscillation (Drinkwater et al. 2003).

Vulnerability of fishery-dependent communities in Small Island Developing 
States (SIDS) will stem from their resource dependency and exposure to extreme 
weather events. Combined effect of predicted warming, the relative importance of 
fisheries to national economies and diets, and limited societal capacity to adapt to 
potential impacts are prioritised as reasons of vulnerability of countries to climate 
change (Allison et al. 2009). Climatic changes could increase physiological stress 
on cultured stock and affect productivity and increase vulnerability to diseases and, 
in turn, impose higher risks. Extreme weather events could result in escapes of 
farmed stock and contribute to reductions in genetic diversity of the wild stock, 
affecting biodiversity. However, new opportunities and positive impacts emerging 
from such areas as changes in species and new markets also could be part of future 
changes.

Stability of supply will be impacted by changes in seasonality, increased 
 variance of ecosystem productivity, increased supply risks. Access to fish for food 
will be affected by changes in distribution of fish species and in livelihoods com-
bined with impacts transferred from other sectors such as increases in prices of 
substitute food products and competition for supply. Utilization of the nutrients and 
the  nutritional value of fishery products will be affected by changing supply quality 
and market chain disruptions (FAO 2008d).

13.5.5  Impact on Agriculture Biodiversity

The biodiversity associated with agricultural ecosystems is generally regarded as 
the multitude of plants, animals and micro-organisms at genetic, species and 
 ecosystem levels. Agriculture biodiversity plays sustaining key functions for food 
production and food and livelihood security (FAO 2007) and is the outcome of the 
interactions among the environment, genetic resources and the management systems 
and practices used by farmers.

Biodiversity and climate change are closely linked. Biodiversity is threatened by 
climate change, but biodiversity resources can reduce the impacts of climate change 
on population and ecosystems. Observed impacts of climate change on vulnerable 
systems such as polar and high mountain ecosystems have showed greater 
 vulnerability due to temperature increase. IPCC fourth assessment report (IPCC 
2007b) projected an increasing risk of species extinction with higher confidence as 
warming proceeds. The report elaborated that approximately 20–30% of plant and 
animal species assessed so far are likely to be at increased risk of extinction if 
increases in global average temperature exceed 1.5–2.5°C over 1980–1999 levels. 
Increases in sea surface temperature of about 1–3°C are projected to result in more 
frequent coral bleaching events and widespread mortality, unless there is thermal 
adaptation or acclimatisation by corals.
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Concerns have been raised in recent years over the loss of agricultural biodiversity 
due to expansion of cropland into low productive rainfed lands (Nellemann et al. 
2009) and homogenization of agricultural production systems. Two major concerns 
are: increasing levels of genetic vulnerability and genetic erosion (FAO 1997). 
Genetic vulnerability occurs where a widely used crop or livestock variety is 
 susceptible to changing climatic conditions. Genetic erosion is the loss of genetic 
resources through the extinction of a livestock variety or crop. Climate change and 
increased climate variability may increase genetic vulnerability and intensify 
genetic erosion. Without proper management of agricultural biodiversity, some key 
functions of the agro-ecosystem may be lost, such as maintenance of nutrient and 
water cycles, pest and disease regulation, pollination and land erosion control.

13.6  Expanding Biofuel Production and Food Security

Biofuel crops, increasingly an important source of energy is being promoted in the 
context of their critical role in adaptation to climate change and mitigation of 
 carbon emissions. Biofuels currently account for 0.2% of total global energy 
 consumption, 1.5% of total road transport fuels, 2% of global crop land, 7% of 
global coarse grain use and 9% of global vegetable oil use (FAO 2009d). These 
shares are projected to rise over the coming decades. Climate change and expanding 
biofuel production is likely to lead to competition for access to land. For the millions 
of farmers, pastoralists, fisher folk and forest dwellers with no formal land tenure 
rights, this increased competition poses a threat to their livelihoods.

Investments in biofuels have grown rapidly since beginning of this century. 
Steenblik (2007) estimated US corn-based ethanol production at roughly 18 billion 
litres in 2006 followed by Brazil at 17 billion litres of ethanol from sugarcane. A 
growing number of developing countries are beginning to invest in feedstocks for 
the production of ethanol and biodiesel.

Unsustainable biofuel production will negatively affect the food security of low 
income food deficit countries. The combined effect of rising oil and food prices has 
stressed many developing economies and poor households, because many of the low-
income food-deficit countries are also net importers (Runge and Senauer 2007). The 
high demand for energy and the potential of biofuels are no guarantee that small farm-
ers and poor people in developing countries will receive the benefits.

13.7  Adapting to Climate Change in Agriculture

13.7.1  Cost of Adaptation

Immediate action is vital to increase the resilience of rural people to climate change 
and help them adapt to new conditions. The Stern’s report (Stern 2007) emphasized 
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that taking action early on climate change would greatly reduce estimated costs. It 
is estimated that the cost of removing most of the climate change risks to an accept-
able level would be around 1% of global Gross Domestic Product (GDP) by 2050, 
if decisive action starts now.

A range of methods exists for costing adaptation in agriculture (Parry et al. 
2009). The top-down approach used for costing by McCarl (2007)) for UNFCC 
report on “adaptation options for agriculture, forestry and fisheries” estimated an 
additional funding of 12.9 billion without mitigation and US$11.3 billion with miti-
gation in the year 2030. Interpretation of the study of Fischer et al. (2007) provides 
a cost of US$8 billion for adapting crop and irrigation systems to climate change 
by 2030. A different approach by Cline (2007), using simple crop growth models, 
provides an estimate of US$14.5 billion for the year 2030 for reduction in the value 
of global crop outputs due to climate change. Recent  estimates by Nelson et al 
(2009) for IFPRI put the aggressive agriculture productivity investments of US$7.1–
7.3 billion to raise calorie consumption enough to offset the negative impacts of 
climate change on the health and well being of children.

Global warming is already underway and adaptation strategies are now a matter 
of urgency, especially for the most vulnerable poor countries, which are even now 
being disproportionately affected. It is essential to facilitate adaptation, notably 
through better risk management and safety nets to protect the most vulnerable 
(World Bank, 2009). Many adaptation measures need to focus on strengthening 
measures that already exist, such as sustainable natural resource management, 
water management and enhanced water productivity, climate risk management, 
early warning systems, disaster risk management, rural investments to reduce the 
impacts of climate variability on food security, through crop insurance and 
 incentives that encourage farmers to adopt better agricultural and land use  practices. 
This chapter provides a brief background on the potential adaptation strategies 
towards enhanced food security.

13.7.2  Adaptation Strategies to Enhance Food Security  
Under Changing Climate

13.7.2.1  Sustainable Natural Resource Management

Adaptation efforts must be strengthened to enhance the production in a sustainable 
way to ensure that a growing world population has access to sufficient, safe and 
nutritious food under changing climate. Disruption or decline in global and local 
food supplies due to climate change can be avoided through more efficient natural 
resource management, improved crop varieties, improved land cultivation, farm 
and livestock management and the development of crop varieties and breeds that 
posses potential of adapting to changing climatic conditions.

The specific action to be implemented include: prioritizing location specific 
 adaptation measures considering existing natural resources; enterprise  diversification; 
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water resource management; increasing water productivity; and diversified livelihood 
systems; institutional strengthening; integration of traditional farmer practices and 
gender perspectives into adaptation strategies. Integrated watershed management, 
land use and land cover planning depending on the available natural resources and 
socio-economic needs of the local communities are considered sustainable.

Adaptation measures range from temporal and spatial variations in production 
systems. Better protection against temperature changes, changing rainfall  variability 
and patterns, salinization though sea level rise, and pest attacks require adjusting 
planting or fishing dates, rotations, multiple cropping/species diversification, 
 crop-livestock pisciculture systems and agroforestry. Investing in soil, water and 
biodiversity conservation and development include options such as building soil 
biomass, restoring degraded lands, rehabilitating rangelands, harvesting and recycling 
water, developing adapted cultivars and breeds, protecting aquatic ecosystems in 
order to maintain long-term productivity.

13.7.2.2  Water Management and Enhanced Water Productivity

Reducing Uncertainty in Water Availability As a consequence of climate 
change, farmers will face growing unpredictability and variability in water supplies 
and increasing frequency of droughts and floods. Open access or loose property 
rights on water resources and irrigation systems lead to the overexploitation of 
aquifers and unsustainable irrigation practices that exhaust, contaminate and 
increase irrigation costs. Land degradation is also an outcome of inefficient use of 
water resources and inadequate irrigation management practices, resulting in produc-
tivity reductions and increasing losses of cropland.

Current water management practices may not be robust enough to cope with the 
impacts of climate change on water resources and water supply reliability in 
 agriculture. In many locations, water management cannot satisfactorily cope even 
with current climate variability. As a first step, improved incorporation of information 
about current climate variability into water-related management would assist adaptation 
to longer-term climate change impacts (Bates et al. 2008).

Water Harvesting Water harvesting refers to a number of technologies, traditional 
and modern, that either harvest surface runoff or increase water infiltration. These 
include water channels and dams to catch and convey water, techniques to 
increase soil moisture content, and reservoirs for irrigation and household use and 
to reduce flood peaks. Pretty et al. (2006) confirmed that these practices also 
provide a notable improvement in water productivity, especially for rainfed 
 agricultural systems Water-harvesting practices are known to enhance the surface 
and subsurface water resources.

Investment in Irrigation In Africa, less than 5% of cropland is irrigated. Large 
benefits could accrue to small farmers by expansion of irrigated land to increase and 
stabilize the level of production, while also minimizing the role of rainfall uncer-
tainty in agriculture. Irrigation investment projects have high rates of return, estimated 
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as exceeding 15% and even reaching 30% in sub-Saharan Africa (World Bank 2007; 
FAO 2008e). Significant gains in terms of welfare improvements are also expected 
from expanding irrigation investment. Increasing investment in irrigation by 1% has 
been estimated as having reduced poverty by nearly 5% in Kenya (Thurlow et al. 
2007).

Soil and Water Conservation Numerous studies have established the positive impact 
of soil and water conservation practices in enhancing the water productivity. No-till 
systems are found to reduce water runoff, increase water infiltration, and reduce soil 
erosion (Lal 2007; Humberto Blanco-Canqui and Lal 2008). Conservation tillage 
combined with residue management and proper fertilizer use can help to preserve soil 
moisture, maximum water infiltration, increase carbon storage, minimise nutrient run-off 
and increase crop yields. Rotational grazing, improved livestock distribution and 
increased tree cover on pastures have been found to improve water recharge.

Enhancing Water Productivity The ability to produce more food for a grow-
ing world population has improved significantly in recent decades as a result of 
expansion in irrigated cropland (FAO 2008a). Increasing the proportion of irri-
gated agricultural land has provided a solid base for boosting productivity and 
reducing the volatility of agricultural yields. With demand for water rising and 
climate change imposing further restrictions, efficiency in the management of 
available water resources becomes necessary for productivity increases in agri-
culture and for food security.

13.7.2.3  Biodiversity Conservation

The conservation of crop and livestock genetic diversity may be ensured either ex 
situ or in situ. Ex situ methods include seed and gene banks, while in situ conservation 
takes place in farmers’ fields, ponds or forests. The two approaches are comple-
mentary; the ex situ collections preserve a static set of genetic resources, while in 
situ efforts preserve a dynamic process of evolution, as genetic resources adapt to 
changing pressures from natural and human selection.

The necessary measures for biodiversity conservation in agriculture depend on 
the type of biodiversity to be conserved on production systems and location. The 
three main ways in which farmers service institutions and policy-makers can 
 contribute to biodiversity conservation are: (i) reducing agricultural expansion into 
biodiversity-rich lands; (ii) adopting agricultural production systems that support 
the joint production of biodiversity conservation and agricultural products; and 
(iii) conserving agricultural biodiversity.

A wide range of methods exist for conserving agricultural biodiversity, depending 
on the specific component that is focused upon. Methods differ in terms of the degree 
of human intervention in the natural system, ranging from highly managed ex situ 
gene and seed banks to maintaining wild relatives of cultivated species in wilderness 
areas. Measures also include the on-farm conservation and utilization of traditional 
varieties of crops and livestock, which are often highly adapted to their local environ-
ments. Diversity can be promoted by providing  incentives to maintain a heterogeneous 
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set of crop varieties in production, particularly traditional varieties, or by managing 
field margins to encourage  pest-suppressing natural enemies and pollinators.

Agricultural biodiversity is directly linked to agricultural production, working 
within agricultural market channels to provide incentives to farmers to conserve 
agricultural diversity is an important strategy. In recent years, the international 
community has provided support to farmers for conserving agricultural biodiversity 
in situ. These programmes seek to increase the availability and productivity of 
diversity in production systems, or enhance the returns to maintaining diverse 
 systems. Increasing the demand for diverse products through the establishment of 
labelling, certification or origin schemes and increasing the diversity of agricultural 
seed supply systems (FAO 2006) are the applicable strategies.

There is an urgent need to determine the distribution of biodiversity for food 
and agriculture both in the wild and in the fields and assess its vulnerability to 
climate change. Matching biodiversity distribution mapping with different climate 
change scenarios is a basic requirement for countries to develop conservation 
strategies.

13.7.2.4  Climate Risk Management

The risk of more complex, frequent, intense and unpredictable climate-related 
extreme events associated with global temperature increase, changing precipitation 
patterns and sea-level rise coupled with gradual changes, suggests the need for a 
renewed focus on the climate risk management. Climate risk management need to 
play an increasingly key role in dealing with the impacts of climate change on 
agriculture and food security.

Climate risk management require extensive high quality data and information on 
climate, and on agricultural, environmental and social systems affected by climate, 
with a view to carrying out realistic vulnerability and risk assessments and looking 
towards the knowledge on areas of concern. Vulnerability assessment observes 
impacts of variability and changes in mean climate (inter-annual and intra-seasonal 
variability) on agricultural systems given the knowledge on biophysical and socio-
economic context and available adaptation options. However, agricultural produc-
tion systems have their own dynamics and adaptation has a particular emphasis on 
future agriculture and the potential benefits of adaptation depend on sustained 
policy support.

Climate risk management contribute to facilitate adaptation to climate variability 
and change, including: (i) a historical climate data archive; an archive on climate 
impacts on agriculture; (ii) monitoring tools using systematic meteorological 
 observations; (iii) climate data analysis (to determine the patterns of inter-annual 
and intra-seasonal variability and extremes); (iv) information on the characteristics 
of system vulnerability and adaptation effectiveness such as resilience, critical 
thresholds and coping mechanisms; and (v) crop weather insurance indices to 
reduce the risk of climate impacts for lower-income farmers.
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Provision of advance climate information and integration with operational crop 
models to develop alternative scenarios for operational decision making, and 
 capacity building is part of the climate risk management framework. Climate 
 forecasts and early warning can be a useful part of the decision making process for 
adaptation of food systems to climate change (Challinor 2009). Decision makers 
must therefore prepare for the range of possibilities, and often employ risk manage-
ment strategies that reduce negative impacts of climate extremes and  inefficient use 
of natural resources (Hansen and Sivakumar 2006). Adjustment of crop manage-
ment practices to climate fluctuations are not new, but  proactive management taking 
advantage of recent advances in climate prediction has raised the prospects to man-
age the climate risks and opportunities in  agriculture. Several case studies have 
demonstrated the benefits of localized adaptation  strategies conditioned by reliable 
climate information to improve the production and income of smallholders 
(Sivakumar and Hansen 2007).

Agricultural policies, national extension services and national meteorological ser-
vices must therefore develop synergies to ensure that planning and the management 
of crops, livestock, forests and fisheries benefits from weather and climate-based 
advice. Farmers, herders, and fishers need the benefit of weather and climate-based 
advisories because food systems are expanding more and more into marginal and 
vulnerable areas. With the modern and low cost  information and communication 
technologies (ICTs), climate information can now be  systematically collected in real-
time from villages, analyzed centrally and management options can be prioritized and 
communicated to farmers. Climate information for decision making have the poten-
tial to optimize the economic return from farm, livestock and fishery activities; 
optimize the use of land, water, fertilizer, pesticides etc., in the light of reducing short-
term risk.

13.7.2.5  Pest and Diseases Management

Increased climate extremes may trigger plant diseases and pest outbreaks (Gan 
2004). Control and management of new diseases and pests are emerging chal-
lenges under changing climate. Pest and disease management programmes need to 
strengthen national animal and plant health services as a top priority and need to 
focus on taxonomy, modelling,  population ecology and epidemiology. These efforts  
should also consider how to better consolidate and organise national animal and 
plant health services. Investments in early control and detection systems will be key 
to avoid the higher costs of eradication and management.

New research efforts should focus on identification of resistance gene in hosts 
against pest and diseases, which is insensitive to temperature increase. New heat 
stable antimicrobial compounds derived from plant sources have the potential to 
control plant diseases.

Monitoring pest incidences need to be strengthened and new thresholds has to 
be followed to decide on the pest and disease management methods. Efforts should 
be initiated in developing new knowledge systems and Integrated Pest  management 
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(IPM) technologies to counter new pests or the intensification of new ones (SP-IPM 
2008). Integrated pest management approach can be further elaborated and 
strengthened taking into consideration of climate related risks. The aim to minimise 
the amount of pesticides by employing biological,  cultural and chemical methods 
enhances food safety.

13.7.2.6  Fisheries and Aquaculture

Better Use of Production Aquaculture production to just maintain the current 
dietary production of fish by 2050 will require a 56% increase as well as new 
 alternatives to wild fisheries for the supply of aquaculture feed (Nellemann et al. 
2009). Losses caused by spoilage amount to about 10–12 million tonnes per year 
and an estimated 20 million tonnes of fish a year are discarded at sea (FAO 2008d). 
Reducing post-harvest losses and increasing the percentage of use for direct human 
consumption by creating better storage facilities offers opportunities for better use 
of production.

Ecosystem Approach for Adaptation Climate change compromises the 
 sustainability and productivity of key economic and environmental resources, but it 
also presents opportunities, especially in aquaculture. Adaptation strategies should 
be based on an “ecosystem approach”, defined as comprehensive and holistic 
 processes to understanding and anticipating ecological change, and developing 
appropriate management responses (FAO 2008d).

13.8  Agriculture and Climate Change Mitigation

The mitigation efforts over the next two to three decades will determine to a large 
extent the long-term global mean temperature increase and the corresponding 
 climate change impacts that can be avoided (IPCC 2007a). Agriculture plays an 
important role as a carbon “sink” through its capacity to sequester and store green-
house gases, especially as carbon in soils and in plants and trees.

Agriculture practices collectively can make a significant contribution at low 
cost to increasing soil carbon sinks, to GHG emission reduction, and by contrib-
uting biomass feedstock for energy use. Agriculture has the technical potential 
to mitigate between 5.5 and 6.0 Gt of CO

2
 per year by 2030, mainly through soil 

carbon sequestration (89%) (IPCC 2007c). Additionally, several agriculture-
based mitigation options generate significant co-benefits for both food security 
and  climate change adaptation (FAO 2009c). The actions that have large mitiga-
tion potential and high co-benefits are increasing soil carbon sequestration 
through improved crop and grazing land management (e.g., improved agronomic 
practices, conservation tillage, and crop residue management), forestry and 
agro-forestry initiatives, improving efficiency of nutrient management and 
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 restoration of organic soils and degraded lands. Mitigation is also possible with 
improved water and rice management and improved livestock and manure 
management.

In the forestry sector, the mitigation practices include reduced emission from 
deforestation and forest degradation (REDD), sustainable forest management and 
forest restoration, including afforestation and reforestation. About 65% of the total 
mitigation potential is located in the tropics and about 50% of the total could be 
achieved by reducing emission from deforestation (IPCC 2007c). The adoption of 
agroforestry, rehabilitation of degraded forests and establishment of forest planta-
tion and silvopastoral systems count among the many land-use changes that can 
generate above-ground carbon sequestration (Palm et al. 2005). Co-benefits of 
REDD, for instance alleviating poverty, improving governance, conserving biodiversity 
and providing other environmental services have been part of the debate and greatly 
enhanced (Campbell 2009).

Besides carbon sequestration in the above ground biomass, significant poten-
tial exists for sequestration of carbon in soils. Total global soil carbon sink 
 capacity, approximately equal to the historic carbon loss of 78 ± 12 Pg, can be 
filled at the potential maximum rate of about 1 Pg C/year (Lal and Follett 2009). 
Strategies to increase the soil carbon pool include soil restoration and woodland 
regeneration, no-tillage farming, cover crops, nutrient management, manuring and 
sledge  application, improved grazing, water conservation, and harvesting, effi-
cient irrigation,  agroforestry and growing energy crops on spare lands (Lal 2004). 
Conservation agriculture is practiced in about 95 million hectares which provide 
significant soil carbon sequestration services (Derpsch 2005). Cropping systems 
could be changed to achieve substantial soil carbon sequestration. Around 30% 
(4.7 million km2) of the land characterized by medium-to -high potential for car-
bon sequestration is located in areas where agricultural production is practiced, 
representing 15% of total croplands (FAO 2008a). Carbon sequestration provides 
multiple associated benefits as the resultant increase in root biomass and soil 
organic matter, enhance water and nutrient, availability and plant uptake.

Existing options that can mitigate GHG emissions from the  livestock sector are 
discussed by Steinfeld et al. (2006). Mitigation options in the pastoral systems of 
the tropics are reviewed by Reid et al. (2004). Carbon can be sequestered from 
improved management in grasslands which include conversion of cropland to 
 grassland, reduction in grazing intensity, avoiding biomass burning, improving 
degraded lands, reducing erosion and changes in species mix. Although methane 
emission from  livestock is projected to increase (Herrero et al. 2008) in future, 
technical options do exist to mitigate the emission (Thornton et al. 2009). Mitigation 
activities have the chance of success if they build on traditional pastoral institutions 
and  knowledge, while providing pastoralists with food security benefits at the same 
time.

Emission reductions due to biofuels, feedstocks and associated production 
 technologies are estimated to be smallest (10–30%) for ethanol from maize and 
largest (70–90%) for ethanol from sugarcane and  second-generation biofuels (FAO 
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2009c). These emission reductions will be smaller to the extent that increased bio-
fuel production accelerates conversion of forests or grasslands to cropland.

13.9  Integrated Adaptation and Mitigation Strategies

The strong trends in climate change already evident, the likelihood of further 
changes occurring, and the increasing scale of potential climate impacts give 
urgency to addressing agricultural adaptation more coherently (Howden et al. 
2007). Integrated strategies involving adaptation, mitigation and short and 
long-term approaches are required to overcome the multiple threats of climate 
change on food security. Effective implementation of these strategies will require 
increased investment in agricultural development and natural resources manage-
ment at all levels. Adaptation interventions confirms the need for multiple and 
integrated  pathways across sectors to improve adaptive response of local commu-
nities.  Short-term and long-term adaptive measures in agriculture linked with 
focus on future anticipated risks need to be integrated into cross sectoral 
planning.

The community based adaptation interventions promote integrated strategies to 
enhance the community resilience and livelihood assets (FAO 2008f). These 
include, for example: (i) undertaking physical adaptive measures, such as link 
canals, irrigation, storage facilities for efficient water conveyance and drainage; 
(ii) adjusting existing agricultural practices to match future anticipated risks, such as 
adjustment of cropping pattern, selection of adapted crop varieties, diversification 
of cropping and/or farming systems, better storage of seeds and fodder, more effi-
cient use of irrigation water on rice paddies, more efficient use of nitrogen applica-
tion on cultivated fields, and improved water management including water 
harvesting; (iii) introducing alternative enterprises and farming systems such as 
drought tolerant tree species, goat rearing and poultry production and agroforestry; 
(iv) making socio-economic adjustments, e.g. livelihood diversification or market 
facilitation; (v) strengthening local institutions and self-help capacities together 
with risk insurance, risk sharing mechanisms; (vi) strengthening formal institutions 
and community based organizations; (vii) formulating policy to catalyze enhance-
ment of adaptive livelihood opportunities; and (viii) promoting awareness and 
knowledge sharing.

Climate change response strategies need to be integrated into the overall 
 development agenda. A successful climate strategy will motivate rapid reductions 
in emissions as well as major investments in adaptation. Such a strategy needs to 
address the warming climate’s connection to food production. Hallegatte (2009) 
examined integrated strategies that involved: (i) no-regret strategies that yields 
benefits even in absence of climate change; (ii) favoring reversible and flexible 
options; (iii) buying safety margins in new investments; (iv) promoting soft adapta-
tion strategies, including long-term prospective; and (v) reducing decision time 
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horizons. Adaptation-mitigation strategies also call for integrated design and 
assessment of adaptation and mitigation policies.

13.10  Capacity Building

The capacity to identify, collect and share data, use information and build knowl-
edge relevant for climate change adaptation, mitigation and food  security is critical 
because of rapidly changing climatic, environmental and socio-economic condi-
tions. Extension services need to be strengthened substantially in order to address 
adaptation and mitigation if it will have to provide an efficient interface between 
policy-makers and the farming community.

Technical capacity to assess the impacts of climate change and apply adaptation 
and mitigation measures in agriculture, forestry and fisheries needs strengthening 
at national and local levels. Further, to implement national climate change and food 
security policies, there is need for in-depth knowledge of appropriate methods and 
tools as well as awareness of available funding mechanisms, such as the carbon 
market and adaptation funds.

13.11  Agriculture Research

Agricultural research need to provide several new location specific adaptation and 
mitigation options. However, research for a rapidly changing climatic condition is 
different from research for managing past and current climate risks. New  investment 
in research and development (R&D) is the most productive way to support 
 agriculture under changing climate. The priority areas of research are improving 
data collection, dissemination and analysis, developing varieties tolerant to drought, 
water stagnation and salinity, enhancing water productivity and pest and disease 
resistance. Significant public and private investments in research is required if 
 agriculture is to benefit from the use of new technologies and techniques (FAO 
2009a). Adaptation and mitigation in agriculture requires participatory and  practical 
learning and action research to develop and replicate innovative  technologies 
jointly with farmers, extension services and research institutions.

Traditional and indigenous knowledge and local biodiversity are one of the 
many suitable entry points, but likely to be insufficient in changing climate 
 conditions. In addition, methodologies, farm management practices, crops and crop 
varieties need to be developed for future conditions. Crop and  livestock productiv-
ity-enhancing research, including biotechnology, will be  essential to help overcome 
stresses due to climate change (Nelson et al. 2009). Research results need to be 
public in an enabling environment in which methods, germplasm, crop varieties and 
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animal breeds are accessible for use by most vulnerable people and introduction in 
adaptation and mitigation programs.

13.12  Sustainable Bioenergy

Bioenergy presents both opportunities and risks for food security. Bioenergy 
meets approximately 10% of global energy demand, around 80% of it as solid 
biomass for heating and cooking. Liquid biofuels account for less than 2% of road 
transport fuels worldwide: this is projected to rise to nearly 5% by 2030 (FAO 
2008g). This expansion could revitalise the agriculture sector, foster rural develop-
ment and  alleviate poverty. But if not managed sustainably, it could seriously 
threaten food security. Policy makers have a major role in ensuring that bioenergy 
is developed sustainably, safeguarding food security and ensuring other benefits 
such as market and technology promotion, participatory processes and social 
 protection (FAO 2008g).

Sustainable bioenergy need greater attention at this point of time when  agriculture 
has to play a major role to supply food, fodder, fiber and recently energy is added to 
the list. Without an understanding of these new and complex interactions, it will be 
difficult to make the most fundamental policy decisions (FAO 2008c). Bioenergy 
can reduce  emissions by substituting for transport fuels and replacing fossil fuels 
such as coal for power and heat generation. But, bioenergy development can have 
impacts on water use, soil erosion and biodiversity conservation. A major problem 
with current patterns of biomass use for energy, particularly for traditional bioenergy 
systems in developing countries, is its low conversion efficiency, frequently as low 
as 10% (Kaltschmitt and Hartmann 2001), and related degradation of carbon stocks. 
Improving bioenergy efficiency is a fairly straightforward means of reducing carbon 
emissions and it represents a large potential source of carbon payments for those 
countries that currently depend on traditional bioenergy (Jürgens et al. 2006).

Access to energy is a critical factor in development and poverty alleviation. 
Sustainable energy supply responses must be complemented with policy measures 
that manage energy demand growth. Bioenergy, including liquid biofuels for 
 transport, can play a role in ensuring sustainable energy supply, but its contribution 
will be limited. While traditional biomass use will dominate developing country 
energy systems for many years to come, modern bioenergy systems will only meet 
a small share of total energy demand. Other sources of bioenergy besides liquid 
biofuel (biodiesel, bioethanol) can be used for transport, including biogas and 
woody biomass transformed into electricity. These entail less risk but more 
 technological issues to sort out but it is feasible now or in a relatively short term.

As a new source for agricultural investment biofuel demand can stimulate 
 agricultural growth and poverty alleviation by creating income and employment, 
but only if it is produced sustainably with participation in growing markets. The 
best ways to reduce the competition between food and fuel is to develop better 
integrated food-energy systems, including: (i) intercropping food and fuel crops, 
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(ii) agroforestry, (iii) using by products from agro processing units as feedstock to 
produce bioenergy. Liquid biofuels can be a sustainable form of energy, but only if 
safeguard measures are adopted to ensure that environmental and social risks are 
managed appropriately. However, an international approach is needed to agree and 
implement sustainability standards for biofuels without creating new trade barriers 
for developing countries (FAO 2008h).

13.13  FAO’s High Level Conference

In order to put agriculture, forestry, fisheries and food security on the international 
climate change agenda, the Food and Agriculture Organization of the United 
Nations (FAO), in cooperation with the Consultative Group on International 
Agricultural Research (CGIAR), the International Fund for Agricultural Development 
(IFAD) and the World Food Programme (WFP), has organized a High-Level 
Conference on “World Food Security: The Challenges of Climate Change and 
Bioenergy” held at FAO Headquarters in Rome, Italy on 3–5 June 2008.

In preparation for the Conference, eight expert meetings were held to assemble 
the best available knowledge through expert meetings on: (i) Climate change adap-
tation and mitigation in agriculture, forestry and fisheries; (ii) Climate change, 
water and food security; (iii) Climate-related trans-boundary pests and diseases, 
including relevant aquatic species; (iv) Climate change and disaster risk  management; 
(v) Bioenergy policy, markets and trade and food security; (vi) Global perspectives 
and food and fuel security; (viii) Climate change and fisheries and aquaculture and 
(viii) Climate change and biodiversity for food and agriculture. Each of these expert 
meetings examined the opportunities and constraints for the agriculture, forestry 
and fisheries sectors, including cross-sectoral linkages between food security, rural 
development and the environment. Additionally, stakeholder consultations for civil 
society and the private sector were organized to bring in a broader range of views 
and experiences and to identify areas for collaboration.

13.13.1  Prioritized Policy Options

The key policy recommendations derived from the expert meetings and stakeholder 
consultations are presented below under different thematic areas:

13.13.1.1  Climate Change Adaptation and Mitigation

Adaptation measures need to focus on: climate change “hot spots” analysis, • 
early warning systems, disaster risk management, crop insurance, incentives to 
adopt better agricultural and land use practices
Building capacity and awareness on climate change adaptation• 
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Strengthening data collection, monitoring, analysis and dissemination within the • 
national extension and research services
Promoting soil carbon sequestration as a potential option for mitigation in • 
agriculture

13.13.1.2  Climate Change and Water

Integration of adaptation and mitigation measures for agricultural water manage-• 
ment in national development plans
Promoting management measures to improve the water use efficiency in rainfed • 
and irrigated agriculture
Developing knowledge on climate change and water, and share good practices • 
among countries and regions
Integration of risk management in national policies and promoting better • 
 monitoring networks
Accessing adaptation funds to meet the challenges of water and food security• 

13.13.1.3  Climate Change and Disaster Risk Management

Enhance understanding of climate change impacts at local level• 
Diversifying livelihoods suitable for local conditions• 
Improving weather and climate forecasting and early warning systems• 
Risk management and contingency plans taking into consideration new and • 
evolving risk scenarios
Adjustment of land use plans considering climate change projections• 
Cost/benefit analysis on structural mitigation measures• 

13.13.1.4  Climate-Related Trans-boundary Pests and Diseases

Strengthening national animal and plant health services• 
Focusing on basic sciences – taxonomy, modeling, population ecology and • 
epidemiology
Consolidation and organizing national animal and plant health services• 
Investing in early control and detection systems, including broader inspections• 

13.13.1.5  Climate Change, Fisheries and Aquaculture

Defining and implementing adaptation strategies based on ecosystem approach• 
Developing appropriate management responses to adapt to anticipated ecologi-• 
cal change
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13.13.1.6  Climate Change, Biofuels and Land

Promoting sound land tenure policies and planning• 
Ensuring land tenure security to mitigate climate change• 
Encouraging investments in sustainable land use practices• 

13.13.1.7  Bioenergy and Food Security

Ensuring sustainable bioenergy development• 
Safeguarding food security and ensuring that benefits include market and tech-• 
nology promotion and encouraging participatory processes

13.13.1.8  Climate Change and Biodiversity

Assessment and distribution of biodiversity for food and agriculture both in the • 
wild and in the fields
Assessment of impact of climate change on agriculture biodiversity• 
Biodiversity distribution mapping with different climate change scenarios• 

The Civil Society Organization (CSO) and Non Governmental Organization 
(NGO) forum reaffirmed that food production should be given the highest priority. 
In that context, it is emphasized that the diversion of production to bioenergy crops 
should in every case be handled with caution. The Small Island Developing States 
(SIDS) forum stressed the need for increased attention, both human and financial 
resources, to assist SIDS to mitigate the impacts of climate change on their food 
security. The Africa forum insisted on the fact that local knowledge has always 
been underestimated and emphasized the need to give importance to indigenous 
solutions and build a bridge between traditional knowledge and technology. The 
need to share successful experiences of small farmers in adaptation to climate 
change and farmer to farmer networks were suggested.

13.13.2  Conference Declaration

Following significant discussion and negotiations, the conference concluded with 
the adoption by acclamation of a declaration calling on the international  community 
to increase assistance for developing countries, in particular the least developed 
countries and those that are most negatively affected by high food prices. The coun-
tries agreed that the issues of food security, bioenergy and climate change are all 
closely linked.



210 R. Selvaraju

The conference urged governments to assign appropriate priority to the 
 agriculture, forestry and fisheries sectors, in order to create opportunities for the 
world’s smallholder farmers and fishers, including indigenous people, in particular 
vulnerable areas, to participate in, and benefit from financial mechanisms and 
investment flows to support climate change adaptation, mitigation and technology 
development, transfer and dissemination.

On bioenergy, the conference stressed the need to address the challenges and 
opportunities posed by biofuels, in view of the world’s food security, energy and 
sustainable development needs. The conference concluded that in-depth studies are 
necessary to ensure that production and use of biofuels is sustainable and take into 
account the need to achieve and maintain global food security. The conference 
called upon relevant inter-governmental organizations, national governments, part-
nerships, the private sector, and civil society, to foster a coherent, effective and 
results-oriented international dialogue on biofuels in the context of food security 
and sustainable development.

13.14  Conclusions

Agriculture is most weather dependent and climate sensitive sector. Small farmers, 
marginal ethnic groups, indigenous people, livestock herders, forest dependent 
communities and fishers living in vulnerable areas will be affected by most of the 
 climate phenomenon manifest due to climate change. Developing countries, Small 
Island Developing States, Least Development Countries that already vulnerable to 
climate extremes, low incomes and high incidence of hunger and poverty are 
expected to be adversely affected by climate change.

Climate change adaptation strategies are now a matter of urgency, especially 
for the most vulnerable communities, which are even now being disproportion-
ately affected. Integrated strategies involving adaptation, mitigation priorities and 
short and long-term approaches are required to generate significant benefits for 
food security, and climate change adaptation and mitigation. Increasing soil car-
bon sequestration through forestry and agro-forestry initiatives and tillage prac-
tices, improving  efficiency of nutrient management and restoring degraded lands 
are examples of actions that have large mitigation potential and high 
co-benefits.

The practices having strong adaptation and mitigation synergies in agriculture, 
livestock production, fisheries and forestry may offer new opportunities for financ-
ing and benefit smallholder farmers. However, agriculture needs a strong presence 
in climate change negotiations. There are constraints which includes lack of suf-
ficient data, monitoring and policy and institutional frameworks. There are innova-
tive policy options already exist and new strategies are being developed 
continuously and are expected to provide necessary mechanisms to promote more 
resilient adaptation and mitigation practices without compromising food 
security.
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Climate change combined with demand for alternative energy possibly from bio-
fuels produced from food crops is capable of reducing the availability of land, and 
water for food production. Bioenergy can contribute to rural income,  supply rural 
households with electricity and heat, and mitigate climate change by substituting 
fossil fuels. However, if biofuels are produced unsustainably, their contribution to 
mitigating climate change is negative. It is the challenge how best to respond to the 
new opportunities, while making sure people can continue to grow or buy adequate 
food.
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Abstract It is estimated that the current food production in South Asia has 
increased three times from 117 million tonnes in 1961 to 348 million tonnes in 
2006, but the dietary energy consumption has improved not enough emphasising 
the fact that the growth rate is not sufficient to tackle the emerging challenges in 
addition to population pressure. Ensuring food security in the future requires a great 
deal of additional efforts in yield improvement, with limited scope for expanding 
area under cultivation.

FAO has revealed recently (2008) that the Boro rice output in Bangladesh is 
estimated at record 17.54 million tonnes, increased by some 17.2% from the previ-
ous year and 29.3% above the 5-year average. This increase of production was 
mainly due to favourable weather conditions and extra efforts made by farmers and 
Government in response to the high food prices and production loss of 1.4 million 
tonnes in 2007 Aman season following severe flood and Cyclone Sidr.

We in FAO strongly feel that it is not enough; adaptation and mitigation requires 
socio-institutional learning process and participatory community based actions for 
technology refinement and transfer. Location-specific technologies and good 
 practices need to be built upon an improved understanding of the links between 
climate change and food provision, while promoting socio-economic development 
and limiting further environmental degradation.
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14.1  Introduction

Securing world food security in light of the impact of climate change may be one of 
the biggest challenges we face in this century. An estimated 1,020 million people in 
the world today suffer from hunger. Of those, more than 95% live in developing 
countries, the countries expected to be most affected by climate change. Projected 
population and socio-economic growth will double current food demand by 2050. 
To meet this challenge in developing countries, cereal yields need to increase by 
40%, net irrigation water requirements by 40–50%, and 100–200 million ha of addi-
tional land may be needed, largely in Asia, sub-Saharan Africa and Latin America.

The fourth assessment report of the Intergovernmental Panel on Climate Change 
(IPCC) states that warming of the climate system is unequivocal, as is now evident 
from observations of increase in global average air and ocean temperatures, wide-
spread melting of snow and ice and rising global average sea level (IPCC 2007). 
Observational evidences from all continents and most oceans show that many 
 natural systems are being affected by regional climate changes, particularly 
 temperature increase. In terrestrial ecosystems, earlier timing of spring events and 
pole ward and upward shifts in plant and animal ranges are with very high confi-
dence linked to recent warming. In some marine and freshwater systems, shifts in 
ranges and changes in algal, plankton and fish abundance are with high confidence 
associated with rising water temperatures, as well as related changes in ice cover, 
salinity, oxygen levels and circulation. All these changes are already affecting agri-
culture and allied sector and food security in many parts of the world.

South Asia (as defined in this paper comprises eight countries; Afghanistan, 
Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan and Sri Lanka,) faces key 
development challenges such as population growth, high incidence of poverty, 
urbanization and the degradation of the environment. Climate change could make 
this region more vulnerable and reverse country’s efforts towards achieving the 
Millennium Development Goals (MDGs) by causing reduction in agricultural 
yields, increased water stress due to changes in precipitation patterns and glacier 
melting, decline in fishery products, degradation of natural grasslands and impacts 
on forest products. South Asia lags on most human development goals, although it 
will likely meet the poverty reduction MDG (World Bank 2008).

The climatic conditions, combined with socio-economic situations make South 
Asia, one of the most vulnerable regions in the world with regard to climate change. 
The climate of South Asia is characterised by extremes and natural hazards like 
cyclones, wind storms, droughts and heat waves, floods, Glacial Lake Outburst 
Floods (GLOS), land slides, pest and disease outbreaks etc.. The assessments of the 
impacts of natural disasters revealed that South Asia accounts for almost 80% of 
the total population affected and 86% of total damage due to drought in Asia. 
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Similarly, this sub-region account for 35% of the total population affected and 28% 
of the total damage due to floods in Asia (CRED 2008). Moreover, the productive 
sectors which include agriculture accounted for over half of associated damages 
and losses. Climate change will superimpose itself on these existing trends, signifi-
cantly increasing production risk and rural vulnerability, particularly in regions that 
already suffer from poverty and hunger.

14.2  Current Agriculture Production and Food Security  
Status in South Asia

The majority of the south Asian countries share similar economic and sustainable 
development challenges. The most prominent similarities are frequent occurrence and 
susceptibility to natural hazards, excessive dependence on agriculture, widespread 
poverty and vulnerability to climate change. Five out of eight countries in the region 
are characterised as Least Developed Countries (LDC), and of these five LDCs, three 
are Land-Locked Least Developed Countries (LLDC) possessing low-income, weak 
human resources and economic vulnerability. The South Asia region contains a popu-
lation of 1,507.5 million (2007) and projections anticipate 1,727 million by 2015. 
Agriculture represents a high share of GDP and approximately 150 million house-
holds, with 751 million people classified as agriculture dependent. Since 1990, 
 millions more people are chronically hungry in sub-Saharan Africa and in Southern 
Asia, where half the children under age 5 are malnourished (United Nations 2005).

South Asia possesses diverse farming systems ranging from intensive rice-wheat 
systems to sparse arid regions and mountains. Large parts of the region face severe 
environmental constraints like erratic and uneven distribution of rainfall, water 
stress risk, low soil suitability, steep slopes and mountains, severe land degradation 
and low to medium climate production potential (Dixon et al. 2001). The area under 
arable land and permanent crops is estimated at 213 million ha (FAO 2008a) and 
expected to show only a marginal increase by 2030; the region’s irrigated land area 
will grow from 85 million ha to about 95 million ha in 2030.

The current total food production in South Asia has increased threefolds from 
117 million tonnes in 1961 to 348 million tonnes in 2006 (FAO 2008b), but the dietary 
energy consumption has increased only marginally. The current dietary energy 
 consumption is 2,364 kcal/person/day and is expected to increase to 2,790 by 2015 and 
3,040 by 2030. It requires additional efforts in yield improvement, given the fact that 
there is limited scope for expanding area under cultivation and area under irrigation.

South Asia is home to the largest concentration of poverty and undernourished 
population. FAO estimates that 312 million (21%) people are still undernourished (FAO 
2008c) and 26.4% of the population is below poverty line (ADB 2008). Indicators 
of other dimensions of poverty, such as female illiteracy (59%), child mortality 
(89 per 1,000 in children <5 years), and child malnutrition (51%) also point to 
extensive poverty. Nearly 40% of the world’s poor earning less than a  dollar a day 
live in the region (Dixon et al. 2001).
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14.3  Climate Change and Its Implications for Agriculture  
and Food Security in the Sub-region

Changes in climate and other important environmental factors pose a major concern 
to food security in the region. This is because such changes not only directly threaten 
the production of food from land and sea for local consumption, but also threaten 
revenue generation at farm scale. The adverse impacts of climate change are a major 
barrier to food security and achievement of sustainable development goals in South 
Asia. They are anticipated to exacerbate the impact of existing development chal-
lenges such as loss of market and declining value of traditional exports, declining 
domestic food production and increasing imports; and environmental degradation.

Arable land, water resources and biodiversity are already under pressure and are 
expected to be stressed by changes in precipitation patterns. With climate change, 
negative impacts on agriculture are predicted; coral reefs and mangroves will be 
threatened by increased sea surface temperatures, and sea-level rise. Predicted 
impacts of climate change in the region include extended inundation of arable land, 
salinity intrusion and reduced fresh water availability. For example, in India fresh-
water availability is predicted to decrease by 47% in 2025 due to climate change 
and population growth.

The fragile ecosystems vulnerable to climate change impacts are: mountain/
Himalayan ecosystems (e.g. Nepal, India, Bhutan), mangroves, salt marshes and 
coral reefs (e.g. India, Bangladesh and Sri Lanka), semi-arid and arid resource poor 
dry lands (e.g. India and Pakistan). The low lying coastal regions would be affected 
due to Sea Level Rise (SLR) and/or increase in extreme climate events (e.g. Maldives 
and Bangladesh).

Semi-arid tropics are vulnerable due to reduced rainfall and increased evapo-
transpiration and drought (e.g. central and peninsular India; Sindh and Balochistan 
of Pakistan; North West Bangladesh), while small islands are extremely vulnerable 
due to high exposure of population and agricultural infrastructure to sea level rise 
(e.g. Maldives) and increased storm surge. The Magna basin and north eastern hoar 
region of Bangladesh is vulnerable to flash floods.

Fresh water availability in South Asia is projected to decrease and temporal and 
spatial changes in precipitation and associated droughts have major implications for 
agriculture. Temperatures are projected to increase by as much as 3–4°C towards 
the end of the twenty-first century. In India, climate change may aggravate the 
 current problems of sustainability and profitability of agriculture in many regions. 
Studies on socio-economic impact of climate change indicate that the loss in farm-
level net revenue may range between 9% and 25% for a temperature rise between 
2.0°C and 3.5°C (MoEF-GOI 2004).

In Pakistan, studies indicate that fourteen crops (eight field crops, three vegeta-
bles and three fruits) have shown some degree of vulnerability to heat stress under 
a climate change scenario of a rise in temperature of 0.3°C per decade. Under the 
scenario where rainfall decreases by 6%, net irrigation water requirements could 
increase by 29%. Over 1.3 million farm households (30% of the total), cultivated 
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cotton and 27% of reporting households had paddy fields which will be exposed to 
negative climate change impacts (MoE-GIRP 2003).

Glacier melting in the Himalayas is projected to increase flooding and affect 
water resources within the next two to three decades. Glacial Lake Outburst Floods 
(GLOF), landslides, flash flood and droughts are key hazards affecting Bhutan. 
Decreased water availability for crop production, increased risk of extinction of 
already threatened crop species (traditional crop varieties), loss of soil fertility due 
to erosion of top soil and runoff, loss of fields due to flash floods, landslides, crop 
yield loss due to hailstorms and forest fires are the key vulnerabilities. There are an 
estimated 2,674 glacial lakes in Bhutan out of which 562 are associated with 
 glaciers and 24 glacial lakes are potentially dangerous (NEC-RGB 2000).

Agriculture remains Nepal’s principal economic activity, employing 80% of the 
population. The Terrai plains constitute 43% of the total cultivated land. Recurring 
natural disasters undermine agricultural productivity causing poverty and food 
insecurity. In Nepal, the potential yield of Terrai rice is estimated to increase by 
about 18–21% when CO

2
 increases to 580 ppm. However, with an increase of 

 temperature beyond 4°C, the yield is projected to decrease. Similarly, temperature 
changes will affect the availability of forages and alter the movement of Yaks in the 
mountains between 3,000 and 5,000 m elevation (MoEST 2004).

It is projected that Sri Lanka’s rice output would be reduced by 5.91% with a 
temperature increase of 0.5°C. Approximately 740,000 ha are cultivated with paddy 
in Sri Lanka and of this 44% is irrigated under major irrigation schemes and another 
24% under minor irrigation schemes (GoSL 2000). The bulk of this land is in the dry 
and intermediate zones and is vulnerable to fluctuation in rainfall pattern. Increased 
temperatures are also expected to negatively affect high value crops such as vegeta-
bles and potatoes. The impact of salt water intrusion on low lying agriculture would 
be significant and loss and degradation of arable lands will significantly lower the 
agricultural output in coastal areas. A temperature rise of about 2°C may have 
 substantial impacts on the distribution, growth and reproduction of fish stocks.

Over 80% of the land area of the Maldives is less than 1 m above mean sea level 
and is extremely vulnerable to sea level rise and beach erosion. Agriculture is a 
comparatively small sector in the Maldivian economy with a GDP share of about 
3.5%. However, the sector is considered important because of its potential on 
 generating employment, income opportunities and attaining local food security. 
A wide range of crops are grown, with a heavier concentration of root crops in the 
south and more field and grain crops in the north. The Maldives tuna fishery is 
affected by the seasonal monsoon and their associated currents.

The hydrological cycle is predicted to be more intense with increased intensity 
of daily rainfall during monsoon season which may lead to intensified flooding and 
inundation of agricultural areas. The most intense cyclones crossing the East coast 
of India and Bangladesh are associated with storm surges, strong winds, coral 
bleaching, ocean spray and inundation of land, and erosion. In South Asia, analysis 
of data has shown that the number of very warm days and nights is increasing. 
There is a trend towards an overall increase in precipitation, with prolonged dry 
spells having occurred over the last few decades. Climate change projections show 
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marked increase in both rainfall and temperature over the region. Temporal and 
spatial changes in glacier melting and precipitation patterns; associated droughts, 
floods, and more intense or frequent cyclones are likely to negatively affect all 
agricultural sub-sectors.

The crop yields could decrease up to 30% in the region by the mid-twenty-first 
century and considering the population growth, the risk of hunger is projected to 
remain very high. Impact analysis based on statistical crop models and climate 
projections for 2030 from 20 general circulation models, revealed that South Asia, 
without sufficient adaptation measures, will likely suffer negative impacts on 
 several crops that are important to large food-insecure human populations (Lobell 
et al. 2008). Other projected impacts of climate change include inundation of arable 
land, salinity intrusion, reduced fresh water availability and persistence of trans-
boundary pest and diseases. Irrigation demand for agriculture in arid/semi-arid 
regions is expected to increase by 10% for temperature increase by 1°C; and 
increased dryness during pre-summer season may accelerate the rate of forest fire 
incidence and threaten rural livelihoods.

Extreme weather events can be very damaging to fisheries industry, hitting  fishing 
gear, fishing vessels, but also coral reefs, mangroves and coastal vegetation, which act 
as protective barriers for the coastlines. The unprecedented increase in the movement 
of people, animals and goods, multiplies the pathways for the  dissemination of trans-
boundary animal diseases and plant pests (including insects, pathogens, and plants as 
pests) and aquatic species. Once introduced, climatic change combined with change 
in crops, landscapes and human activities may create favourable  ecological condi-
tions for the persistence of transboundary diseases and pests.

14.4  Initiatives on Climate Change Adaptation  
and Mitigation in the Agriculture Sector

Several regional and national initiatives have been undertaken in the recent past 
on climate change adaptation and mitigation. The South Asian Association for 
Regional Cooperation (SAARC) has prioritized regional issues, strategies,  programs 
and projects on food security. The prioritized issues related to climate change 
impacts are: low and stagnating production and productivity, high pre and post 
harvest losses, overexploitation and degradation of natural resources.

The fourteenth SAARC Summit (New Delhi, 3–4 April 2007) expressed deep 
concern over global climate change; the New Delhi declaration called for pursuing a 
climate resilient development in South Asia. The SAARC Expert Group Meeting on 
Climate Change (Dhaka, 1–2 July 2008) recommended a draft SAARC Action Plan 
on Climate Change and stressed the need for actions relevant to agriculture, among 
others: adaptation of technologies and practices, sharing of best practices on  sustainable 
forest management and sharing of good practices in disaster management.

India released its National Action Plan on Climate Change in June 2008 with a 
focus on harnessing renewable energy. The action plan identifies eight priority 
 missions that will promote India’s development objectives, with the “co-benefit” of 
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tackling climate change. The missions are: solar energy, enhanced energy  efficiency, 
sustainable habitats, water conservation, sustaining the Himalayan ecosystem, 
developing a ‘green’ India, sustainable agriculture and building a strategic knowl-
edge platform on climate change. The Government of Bangladesh has prepared a 
first draft Climate Change Strategy and Action Plan (2008) for discussion. Three of 
the five LDCs in the region, -Bangladesh, Bhutan and Maldives-, have submitted 
their National Adaptation Programme of Action (NAPA), recognizing that agricul-
ture (including livestock, fishery and forestry) is highly vulnerable to climate 
change and prioritizing several adaptation projects in these sectors.

FAO assists member countries in the region in identifying potential adaptation 
and mitigation options most applicable to their particular circumstances, in main-
streaming climate change responses in food and agricultural policies and  programmes 
and in including adaptation measures into National Programmes for Food Security 
(NPFSs), Special Programmes for Food Security (SPFSs), National Forest 
Programmes (NFPs) and other policy and planning processes.

FAO has initiated programmes targeting food security in the sub-region: 
(i)  pro-poor policy formulation, dialogue and implementation to reduce rural 
 poverty through enhanced institutional capacity to analyze, formulate and imple-
ment agricultural and rural development policies, (ii) support for the preparation of 
a Regional Programme for Food Security (in Bangladesh, Bhutan, India, Maldives, 
Nepal, Pakistan and Sri Lanka) and (iii) the Initiative on Soaring Food Prices.

FAO has implemented and/or is in the process of implementing many projects 
in South Asia directly addressing climate change adaptation at the local level: 
(i) strengthening support to disaster preparedness in agriculture in Bangladesh 
(2004–2006), (ii) livelihood adaptation to climate change in drought-prone and 
coastal areas of Bangladesh (FAO/UNDP-CDMP: 2005–2009), (iii) strengthening 
capacities for disaster preparedness and climate risk management in the agriculture 
sector in Nepal (FAO-TCP: 2008–2010), (iii) enhancing capacities for disaster risk 
 management (DRM) and climate change adaptation (CCA) for sustainable liveli-
hoods in the agriculture sector in Nepal (FAO-UNDP). In Pakistan, technical 
 support is being given for crop area and yield forecasting.

The donor funded projects have identified a multitude of adaptation options for 
South Asian countries which include engineering solutions such as sea defences, 
costal embankments, polders and the provision of water storage. The technological 
solutions in agriculture include use of more drought and salinity tolerant crops, 
 terracing, contour farming, rain water harvesting, vegetative barriers, wind breaks 
and watershed management. In spite of the wide range of adaptation options, there 
are constraints that can limit the choices of options and their implementation such 
as inadequate data, lack of technical and institutional capacity and limited financial 
resources. FAO provides capacity building through field projects and legislative 
solutions such as agro-ecological zoning, land zoning around coasts, coastal 
 forestry and updating food security policy and provides technical assistance to the 
focal ministries to participate in the NAPA processes.

The priority actions to protect local food supplies, assets and livelihoods against 
the effects of increasing weather and extreme events are: (a) vulnerability and risk 
analysis and risk management specific to agricultural eco-systems, (b) crop  varieties 
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and breeds adapted to changing climate conditions, (c) introducing  alternatives to 
provide food, fodder and energy and enhance cash incomes, (d)  promotion of 
 insurance and relocation of vulnerable assets, and (e) rain water  harvesting, water 
 storage and in-situ conservation.

The priority actions to avoid disruptions or decline in food supplies due to 
changes in temperature and precipitation are: (a) efficient agricultural water 
 management and drainage, (b) adjustment of planting and harvesting schedules, 
(c) floating agricultural systems for flooding, risk diversification in drought prone 
areas, (d) improving weather/climate and flood forecasting and warning, and 
(e) improved livestock management, altered grazing and rotation of pasture.

The eco-system management through provision of environmental services needs 
to be ensured by: (a) use of degraded/marginal lands for productive planted forests 
or biomass for alternatives fuels, (b) watershed management and prevention of land 
degradation, (c) regulation through planning legislation and zoning, (d) protection 
of coastal areas from cyclones and other coastal hazards, (e) forest fire management 
through altered stand layout, (f) preservation of mangroves and their contribution 
to coastal fisheries, and (g) biodiversity conservation.

FAO promotes options for climate change mitigation in the food and agriculture 
sector by reducing emissions without compromising food security. Sustainable land 
management practices can diminish the conversion from forested area to cultivated 
or grazing land, increase the efficiency of water, soil and energy use and at the same 
time reduce emissions from deforestation, forest degradation (REDD), cropland 
and pastures. For example, Bhutan has 72.5% of its total land area under forest 
cover and high per capita GHG sequestration potential.

In agriculture, reducing methane emissions from ruminant livestock, rice 
 paddies, manure and nitrous oxide emissions from soil need attention. Carbon 
sequestration in biomass and soils can be enhanced by (a) sustainable forest 
 management, (b) reforestation and afforestation, (c) rehabilitation and restoration 
of degraded grasslands, (d) rehabilitating and restoration of cultivated organic soils, 
(e) promoting conservation agriculture, (f) grazing land management and (g) residue  
retention and conservation tillage systems.

14.5  Experiences Gained and Lessons Learned

FAO is implementing programs and projects in the region on climate change adap-
tation at multiple levels targeting agriculture sector. The experience clearly shows 
that the climate change impacts exacerbate existing vulnerabilities; adaptation must 
be addressed in the broader context of vulnerability. Addressing current climatic 
risks is a suitable operational entry point to launch climate change adaptation. 
Adaptation is considered as a social learning process and needs to involve institu-
tions and multiple actors within the agriculture sector and other relevant sectors.

Awareness raising and institutional capacity building are the key. Adaptation is 
location specific, requires demand-driven research and extension strategies for 
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technology development and transfer. Cross-sectoral livelihoods perspectives with 
strengthened institutional systems are essential to capture farmers’ needs and to 
respond to location specific demands.

Improved operational linkages between climate change adaptation, disaster risk 
management and development are needed. Re-strengthening agriculture research 
(action-oriented/adaptive research), extension services and development links are 
essential for continuous adaptation. Synergies between climate change adaptation 
and mitigation exist and need to be exploited.

Responses to climate change need to be coordinated and integrated with existing 
policies of socio-economic development and environmental conservation to facili-
tate sustainable development. There are several initiatives like regional consulta-
tions on food security and ministerial meeting on climate change organised by 
SAARC to implement potential adaptation measures to help increase resilience to 
the impacts of climate change. These initiatives and follow-up actions need to focus 
on strengthening of institutions, capacity building, and mainstreaming climate 
change issues into policy and regulations, and on field activities such as the promo-
tion of water storage and drought and salinity tolerant crops.

Re-orientation of water resource management to take care of the impacts of 
climate change is very much needed as South Asia’s food production depends 
 heavily on fresh water resources including groundwater. National Agriculture 
Ministries, Agricultural Research Systems, Universities, FAO and several other 
development agencies have promoted innovative approaches of water management, 
and key issues still need to be addressed, such as: (i) reform of irrigation agencies, 
(ii)  modernization of irrigation systems, (iii) changes in water governance, (iv) river 
basin management and (v) water policy related to agriculture sector aiming to meet 
food security in the region.

Community-level actions to demonstrate viable adaptation options in the 
drought-prone areas of Bangladesh improved the adaptive capacity of the marginal 
farmers against climate risks and helped to accelerate adaptation processes. The 
Farmers Field School (FFS) approach promoted by FAO and Danida provides 
excellent opportunities for integrating climate risk management strategies and 
 practices into the FFS modules.

14.6  Knowledge Gaps, Opportunities and Key Messages

Comprehensive impact assessments on agriculture and food security and adaptation 
strategies for smallholder systems need be strengthened. Highly vulnerable micro-
environments and their significance to the socio-economic status of the small and 
marginal farmers should be identified and suitable adaptation strategies have to be 
prioritized. Information and knowledge on the effects of elevated CO

2
 and increased 

temperature on non-cereals, pest, diseases and weeds have to be improved to facili-
tate development of new technologies. Impacts of climate change on aquatic biota, 
coastal and mountain ecosystems have to be properly understood. Policy  instruments 
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to guide adaptation and mitigation actions in agriculture are required to speed up 
location-specific actions.

Adaptation requires targeted research and participatory extension strategies for 
technology development and transfer. Location-specific technologies and good 
practices are needed as well as decentralised ways of working, within the frame-
work of coherent national and international policies. Within this context, support 
to the emergence of national/regional programmes for food security that are 
 responding to location-specific needs to be associated with climate change 
 concerns. There are several initiatives in the sub-region aimed at livelihood adap-
tation (e.g. LACC), cyclone risk management and rehabilitation programmes 
(in Bangladesh) and strengthening institutional capacity to manage risks associated 
with climate variability, change and natural hazards. These initiatives and good 
practices need to be scaled up.

Adoption of risk management practices and policies for hazard vulnerability 
reduction help South Asian countries in preparing better for climate change 
impacts. Risk transfer could occur through micro-insurance, catastrophe bonds and 
reduced insurance premiums as an incentive to take preventive measures. However, 
the lack of financial mechanisms act as an obstacle to insurance initiatives.

Policy formulation needs to be built upon an improved understanding of the links 
between climate change and food provision, while promoting socio-economic devel-
opment and limiting further environmental degradation. Given the magnitude of the 
impacts of climate change, a comprehensive climate strategy for the region needs to 
focus on adaptation as a first priority. Mitigation activities such as soil carbon 
sequestration, ecosystem restoration, protecting mangroves in coastal areas and 
reduced emission from deforestation and forest degradation promotes  ecosystem 
resilience and improves adaptive capacity of the communities against climate risks.

Several opportunities exist to streamline the climate change adaptation and miti-
gation interventions through the Regional Action Plan adopted by SAARC member 
states. Synergies are expected in identification, development and promotion of 
agricultural practices for mitigation and adaptation without compromising food 
security in the region. Collection, exchange, and dissemination of meteorological, 
hydrological data and statistics within the SAARC region would strengthen the 
adaptation and mitigation planning process.

The diversity of experience in the region provides an opportunity to upscale 
climate change adaptation and mitigation initiatives. Collaboration between 
 countries in the sub-region in developing regional and national policies, legislation 
for sustainable development and institutional mechanisms would provide a  common 
platform for sharing of information, technologies and capacity building.

The Government of Bangladesh recognised the need for regional collaboration 
and requested the development partners to assist in establishing an International 
Centre for Adaptation in Bangladesh which will provide a forum to study aspects 
of the vulnerability of countries to climate change, scope and constraints to adapta-
tion, develop relevant data bases, provide a network among countries and profes-
sionals (Karim 2007). FAO has already responded to the request and submitted a 
technical proposal (FAO 2007) for consideration.
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Abstract Indian agriculture is extremely vulnerable to weather and climate. In 
recent past there was substantial loss of crop in the country due to extreme weather 
and unusual weather conditions. Significant variations in the weather and climatic 
parameters, as projected in different Global Circulation Models Climate Change 
experiments, are expected to have substantial impact on crop production in the 
country in future. In the present paper elaborate discussion was made to understand 
the trends of different weather parameters during the last few decades over the 
Indian region and the linkage of weather with the Indian agriculture is also high-
lighted. Future projections of weather parameters from various Global Circulation 
Models Climate Change experiments over the country and its implication on Indian 
agriculture have also been documented. Under changing climate, food security 
of the country might come under threat. To cope up with climate change more 
effectively, integrated adaptation and mitigation options for a range of agroeco-
systems, so as to enable a favorable policy environment for the implementation of 
the framework, have been identified. Several adaptation measures and mitigation 
strategies to reduce vulnerability to climate change by enhancing adaptive capacity 
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and increasing resilience and also to offset the negative effect of climate change on 
Indian agriculture have also been mentioned here.

Keywords Food production • Historic climate data • Seasonal temperature 
projections • Adaptation to climate change • Mitigation

15.1  Introduction

Climate change is a threat to mankind. Since the end of the nineteenth century the 
earth’s average surface temperature has increased by 0.3–0.6°C. Over the last 40 
years, the rise has been 0.2–0.3°C. Recent years have been the warmest since 1860, 
the year when regular instrumental records became available. The potential impact 
on the global climate of increasing atmospheric concentrations of carbon dioxide 
(CO

2
) and so called green house gases is now well documented. Many studies of 

climate change have shown that the Earth’s atmosphere is being modified by 
anthropogenic and biogenic emission of carbon dioxide and other radiatively active 
gases. According to Raper et al. (1996), the most likely rate of future global warm-
ing over the period 1900–2100 due to combined human modification of the atmo-
sphere is estimated to be between 0.1°C and 0.3°C decade−1 several times the mean 
rate of warming over the past 100 years.

Food security refers to the availability of food and one’s access to it. Food 
production in any given year is affected most directly by the values of the critical 
climate elements (temperature, radiation, precipitation, etc.) during the year. The 
stability of available food supplies is governed by the inter-annual variability of 
these elements. Access to food supplies in different regions of the world is deter-
mined by their share of the food production, the role of cereals in the diet of the 
people, and the various political and market forces that act upon the global food 
security system (Sinha et al. 1988). Climate change will affect agricultural yield 
directly because of alterations in temperature and rainfall, and indirectly through 
changes in soil quality, pests and diseases. Temperature rises conditions will 
become more favorable for pests such as grasshoppers to complete a number of 
reproduction cycles thereby increasing their population. Extreme weather condi-
tions such as high temperature, heavy rainfall, floods, droughts, etc. will also 
affect crop production (Fig. 15.1).

Global and regional weather conditions are also expected to become more vari-
able than at present, with increases in the frequency and severity of extreme events 
such as cyclones, floods, hailstorms, and droughts. Changes in temperature and 
precipitation associated with continued emissions of greenhouse gases will bring 
changes in land suitability and crop yields. The Fourth Assessment Report of 
Intergovernmental Panel on Climate Change (IPCC 2007) concluded that ‘there is 
high confidence that recent regional changes in temperature have had discernible 
impacts on many physical and biological systems’. Climate change affects 
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 agriculture and food production in complex ways. It affects food production 
directly through changes in agro-ecological conditions and indirectly by affecting 
growth and distribution of incomes, and thus demand for agricultural produce. By 
bringing greater fluctuations in crop yields and local food supplies and higher risks 

Fig. 15.1 Distribution of rainfall in different states in some selected weeks during Southwest 
Monsoon season 2009 (IMD 2009) of India
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of landslides and erosion damage, they can adversely affect the stability of food 
supplies and thus food security. The importance of the various dimensions and the 
overall impact of climate change on food security will differ across regions and 
over time and most importantly, will depend on the overall socio-economic status 
that a  country has accomplished as the effects of climate change set in. The recent 
IPCC report also emphasizes that increases in daily temperature will increase the 
frequency of food poisoning, particularly in temperate regions. Extreme rainfall 
events can increase the risk of outbreaks of water-borne diseases particularly where 
 traditional water management systems are insufficient to handle the new extremes 
namely food availability (i.e., production and trade), access to food, stability of 
food supplies, and food utilization.

The paper reviews the studies of the ranges of climatic changes that has taken 
place and also likely to take place in India, based on the projections of different 
Global Circulation Models, and also the possible impacts of these changes on agri-
culture. Finally the paper indicates the different adaptation and mitigation strategies 
to combat the negative effects of climate change on agriculture over the region.

15.2  Indian Agriculture and Its Linkage to Weather

Agriculture represents a core part of the Indian economy and provides food and 
livelihood activities to much of the Indian population. Factors influencing agricul-
ture and food security are primarily increasing population, growing urbanization, 
decreasing crop land, continuing crop loss, declining crop production, declining 
bio-diversity, wide range of pests diseases and weeds etc. In India strong strides 
made in increasing the production in the past 50 years are mainly due to adoption 
of High Yielding Varieties (HYVs) of crops and other technological developments. 
Subsistence agriculture with small land holdings and skewed distribution of land is 
an important feature in Indian agriculture. Other aspect of agriculture in the country 
is wide variation in regional productivities. Majority of the food grain production 
in the country still depends on rainfed agriculture. Stagnation/decline in yields is 
due to the diversification, quality and quantity of water resources, incidences of 
pests and diseases etc. Agricultural production is frequently affected by extreme 
weather events such as droughts and cyclones.

Climate induced vulnerability of agriculture cause plateau in agriculture produc-
tivity in the country. Wide variation of rainfall and temperature not only affect the 
crops in kharif season, but the effects are also being manifested on rabi crops in 
winter season. As per the FAO and IPCC assessment, agricultural productivity in 
India would be reduced substantially in future [2020 (2.5–10%), 2050 (5–30%)]. 
While the magnitude of impact of climate variability and climate change varies 
greatly by region, climate change is expected to impact on agricultural productivity 
and shifting crop patterns. Study of the multi-decadal changes considering the data 
of past 50 years in break days during monsoon season show that number of break 
days are more (Table 15.1) in July as compared to August.
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Heat/cold wave, more variable rainfall, increased extremes weather events, 
erratic onset, advance and retrieval of monsoon, shift in active/break cycles, inten-
sity and frequency of monsoon systems often affect the agricultural production in 
the country. Crops have to cope with increased variability of weather, extreme 
events, and changing climate patterns throughout the growing season. Agriculture 
may learn to adapt to climate change but climate variability needs to be combated. 
The frequency of occurrence of extreme climate conditions dictates the response of 
agriculture to climate variability/change.

15.3  Drought in India – 2009: Causes and Policy Implications

Although the southwest monsoon 2009 (June –September) was in time, the 
advancement of monsoon delayed in central and northern parts of the country 
resulting in delay in advancement of monsoon in other parts of the country. It was 
deficient by 39% as on 10th June, −54% as on 24th June which has resulted in 
drought like conditions in some parts of the country (IMD 2009). However, the 
rainfall has improved over the last week of July. At the end of July, the rainfall was 
normal by −19%. The cumulative rainfall from 1st June to 9th September is defi-
cient by 20%. In the week ending August 26, the rainfall remained only 5% below 
normal. As many as 298 of 533 districts faced less than normal rainfall in the 
 season as on 23rd September 2009 (Fig. 15.2). In fact, the rainfall in the month of 
September, 2009 has primarily helped the regions that witnessed scanty rainfall 
(more than 60% deficit). Deficit of 20% in southwest monsoon rainfall is expected 
to be worse than previous droughts in 2002, 1987 and 1979 when the shortfall was 
about 19% (Fig. 15.3).

Primarily the eleven states i.e. Assam, Jharkhand, Himachal Pradesh, Manipur, 
Nagaland, Uttar Pradesh, Bihar, Karnataka, Maharashtra, Madhya Pradesh and 
Rajasthan have faced drought-like situation. First drought declaration came on 25th 
June, from the north-eastern state of Manipur. Its neighbors, the states of Assam 
and Nagaland, followed on 14th and 15th July. The central Indian state of Jharkhand 
followed with its drought declaration on 20th July. Between 25th and 30th July the 
huge state of Uttar Pradesh declared drought in various districts. On 6th August its 
western neighbor, Himachal Pradesh, declared drought. And on 10th August its 

Table 15.1 Data of past 50 years show that the number of break 
days are greater in July as compared to August

Period

Number of break days during

July August

01–10 11–20 21–31 1–10 11–20 21–31

1888–1917 46 49 53 43 84 26
1918–1947 14 36 21 55 54 25
1948–1977 22 44 64 21 33 41
1978–2003 23 32 39  6 14 37
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eastern neighbor Bihar did so. India’s monsoon rains have strengthened from end 
of July, easing a drought that has hit large swathes of the country, though some 
areas remain severely affected (Fig. 15.4).

Low rains in July and August ravaged India’s rice, soybean, cane sugar and 
groundnut crops, and disrupted the flow of water into the main reservoirs that are 
vital for hydropower generation and winter irrigation. Scanty rainfall has delayed 
the sowing of important crops including paddy – in Uttar Pradesh. In the big 
western state of Maharashtra, the coverage of crop land under cereals, oilseeds has 
declined. Figures with the Agriculture Ministry reveal that there is a shortfall in the 
paddy sowing this year (Fig. 15.5).

In order to support the farmer under drought situation, policies are made at state 
and central level. It has been reported that the Ministry of Agriculture has provided 
a distress diesel subsidy – “to enable the farmers to provide supplementary irriga-
tion through diesel pump sets in the drought and deficit rainfall affected areas to 
protect the standing crops; this will help in mitigating the adverse impact of 
drought/deficit rainfall conditions on food grain production”. Widespread drought 
declarations prompt the central government (and affected state governments) to cut 
back on social sector spending. It is also reported that the instructions are given to 
the panchayats or village councils and the rural development department to step up 
relief measures in these areas and create more jobs under the National Rural 
Employment Guarantee Scheme. Agricultural experts and scientists in different 
states have decided to take up agricultural activities in each district in accordance 
with its climatic requirements in view of the failure of this year’s monsoon and 
the threat of drought looming large over the State. Most of the State Governments 

Fig. 15.2 Statewise distribution of no. of districts with excess, normal, deficient, scanty and no 
rainfall
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are fully conscious of the gravity of the drought situation in the State and taking all 
measures to provide relief to farmers (Fig. 15.6).

15.4  Signals of Climate Change Based on Historic Data

Global temperature has increased 0.15–0.3°C decade−1 for 1990 to 2005. Next 2 
decades, warming of 0.2°C decade−1 is also projected. Indian scenario is not dif-
ferent. Climate change studies for India with respect to temperature and rainfall 
have already been made by a number of workers (Hingane et al. 1985; Thapliyal 
and Kulshrestha 1991; Srivastava et al. 1992; Rupakumar et al. 1994; Rupa Kumar 

Fig. 15.3 Linear trend expressed as a percentage of normal per 100 years, 1971–1984 for mon-
soon rainfall. Hatched areas indicates negative trend and stipped areas indicates significance at 5% 
level (Rupa Kumar et al. 1992)
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et al. 2002; Govinda Rao et al. 1996; Kotawale and Rupa Kumar 2005; 
Chattopadhyay and Hulme 1997; Dash and Hunt 2007). Studies show that Indian 
temperatures are steadily increasing and mean annual temperature has increased 
by about 0.4°C in India during the past century. In general, it can be mentioned 
that an increasing trend in temperature has observed in southern and central India 
in the post monsoon season. The warming is generally been accompanied by 
increased diuranality. Srivastava et al. (1992) observed increasing trends of annual 
mean, maximum and minimum temperature south of 23°N and cooling trends 
north of 23°N. A number of other workers (Hingane et al. 1985; Rupa Kumar and 
Hingane 1988; Rupakumar et al. 1994; Govinda Rao 1993) concluded from their 
studies that an increasing trend in mean temperature in most parts of Indian sub-
continent has been observed most strongly in post monsoon and winter seasons. 
Kotawale and Rupa Kumar (2005)) reported that while all India mean annual tem-
perature has shown significant warming trend of 0.5°C10 year−1 during the period 

Fig. 15.4 Linear trend of mean annual temp (°C per 100 years). Shaded areas indicates signifi-
cance at 95% level (Hingane et al. 1985)
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1901–2003, the recent period 1971–2003 has seen a relatively accelerated  warming 
of 0.22°C10 year−1 which is largely due to the unprecedented warming during the 
last decade. As per the study of Dash and Hunt (2007) frequency of intense rainfall 
events has increased over past 53 years. Extreme rainfall events also increased 
over the west coast of India (based on analysis of 100 years of data; 1901–2000). 
Analysis of meteorological measurements in India indicates large difference in 
trends in the minimum temperature and cloud amounts between north and south 
India. There is also asymmetry in the increasing temperature trends between 

Fig. 15.5 Annual rainfall of India. Thick line-5 year running mean (Thapliyal and Kulshrestha 
1991)
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 different seasons in a year. These observations along with the occurrence of 
extreme weather events lead to the importance of regional climate changes. The 
interplay between the aerosols, clouds and mesoscale flows around Indian moun-
tains in global warming atmosphere may play a crucial role in the regional climate 
in future. According to Rupa Kumar et al. (2002) the summer monsoon rainfall 
during 1901–2000 has shown significant decreasing trends in the sub-division of 
northeast India, Orissa and East Madhya Pradesh while increasing rainfall trends 
in Konkan and Goa, coastal Karnataka along the west coast and in Punjab, 
Haryana and Delhi (Fig. 15.7).

In spite of general increase in temperature over recent decades, there has been 
decreased trend in Pan Evapotranspiration (Ep) in almost all the parts of India 

Fig. 15.7 Linear trend (°C decade−1 ) in mean temperature for 1940–1990 for different seasons over 
India based on 27 stations (dots) Dot size is related to trend (Chattopadhyay and Hulme 1997)
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particularly significant in premonsoon and monsoon season (Chattopadhyay and 
Hulme 1997) . Seasonal and spatial pattern of changes in Potential Evapotranspiration 
(PE) are similar to those for Ep, but magnitude of changes is less. In monsoon and 
post monsoon seasons PE has decreased over the whole country, whereas in the 
winter and pre-monsoon season the trend is less consistence (Fig. 15.8).

15.5  Projection of Climate Change in India

Using a number of Global Circulation Models different scenarios have been gener-
ated for the future climate change in India. It has been projected that average 
surface temperature will increase by 2–4°C during 2050s, marginal changes in 

Fig. 15.8 Linear trend (°C decade−1) in diurnal temperature range for 1940–1990 for different 
seasons over India based on 27 stations (dots). Dot size is related to trend (Chattopadhyay and 
Hulme 1997)
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monsoon rain in monsoon months (JJAS) and large changes of rainfall during 
 non-monsoon months. Number of rainy days set to decrease by more than 15 days 
and intensity of rains to increase by 1–4 mm/day. Increase in frequency and inten-
sity of cyclonic storms is projected. The hydrological cycle is predicted to be more 
intense, with higher annual average rainfall as well increased drought (Bhattacharya, 
2006). There is a predicted increase in extreme rainfall and rainfall intensity in all 
three river basins (Ganga, Godavari and Krishna) towards the end of the century 
twenty-first century. Number of rainy days decreases in the western parts of the 
Ganga basin, but with increases over most parts of the Godavari and Krisha basins. 
Thus, surface water availability showed a general increase over all three basins 
though future populations projections would need to be considered to project per 
capita water availability. According to Lal (2001) an annual mean area-averaged 
surface warming over the Indian subcontinent will range between 3.5°C and 5.6°C 
over the region by 2080. These projections showed more warming in winter 
season over summer monsoon. The spatial distribution of surface warming sug-
gests a mean annual rise in surface temperatures in north India by 3°C or more by 
2050. The study also suggests that during winter the surface mean air temperature 
could rise by 3°C in north and central parts while it would rise by 2°C in southern 
parts by 2050. In case of rainfall, a marginal increase of 7–10% in annual rainfall 
is projected over the subcontinent by the year 2080. However, the study suggests 
a fall in rainfall by 5–25% in winter while it would be 10–15% increase in summer 
monsoon rainfall over the country (Fig. 15.9).

Future changes in PE over India and adjoining countries will increase in all the 
global climate models. In the winter seasons, all the models show increasing trend 
in PE over southern and central India up to around 25°N . In most of the model 

Fig. 15.9 Regionally averaged annual Ep anomalies (mm day−1) for the period 1961–1992 with 
respect to the 1976–90 mean for different seasons over India. Number of stations is ten between 
1961–1975 and 1991–1992 and 19 between 1976 and 1990. Dashed lines show best fit linear trend 
(Chattopadhyay and Hulme 1997)
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experiments maximum winter increased in PE is of the order of 3–4% per degree 
Celsius of global warming and is seen in peninsular and most central parts of India. 
In the monsoon season maximum increased in PE over northwestern India. Inter 
relationship between PE and rainfall was assessed by mapping the number of GCM 
experiments which yield and increased the P/PE ratio for the monsoon season. 
A number of GCMs agree that P/PE ratio becomes more favorable over northeastern 
India and changes in this ratio are less favorable in post monsoon season and in the 
extreme south in the country (Chattopadhyay and Hulme 1997) (Fig. 15.10).

15.6  Impact of Climate Change on Agriculture

India, located in south central Asia, has great economic dependence on agriculture. 
A likely impact of climate change on agricultural productivity in India is causing 
great concern to the scientists and planners as it can hinder their attempts for 
achieving household food security. Any major changes in water budget and change 
in temperature have major consequence in hydrologic processes and agriculture and 
in turn economy of the country. The potential effect of climate change on agricul-
ture in India would be the shift in the sowing time and length of growing season 
which would ultimately alter planting and harvesting dates of crops and varieties 
currently use in a particular areas. With warmer temperatures, evapotranspiration 
rates would rise, which would call for much greater efficiency of water use. Also 
weeds and insect pests could sift (Fig. 15.11).

Fig. 15.10 Regionally averaged annual PE anomalies (mm day−1) for the period 1976–1990 with 
respect to the 1976–1990 mean for different seasons over India. Number of stations averaged is 
ten. Dashed lines show best fit linear trend (Chattopadhyay and Hulme 1997)
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As per the findings in the AR4 of the IPCC, Working Groups I, II and III, there 
will be decrease up to 30% in south and central Asia by 2050. Sinha and 
Swaminathan (1991) showed that an increase of 2°C in temperature could decrease 
the rice yield by about 0.75 ton ha−1 in the high yield areas; and 0.5°C increase in 
winter temperature would reduce wheat yield by 0.45 ton ha−1. Increased tempera-
ture is likely to reduce the wheat production particularly in north India. Morey and 
Sadaphal (1981) reported a decrease of wheat yield by 400 kg ha−1 for a unit 
increase of 1°C. Rao and Sinha (1994) showed that wheat yields could decrease 
between 28% and 68% without considering the CO

2
 fertilization effects; and would 

range between +4% to −34% after considering CO
2
 fertilization effects. Aggarwal 

and Sinha (1993) using WTGROWS model showed that 2°C temperature rise 
would decrease wheat yields in most places (Fig. 15.12). Saseendran et al. (2000) 
showed that for every one degree rise in temperature, the decline in rice yield would 
be about 6%. Decrease in yield of crops would be due to the temperature increase in 
different parts of India For example a 2°C increase in mean air temperature, rice yields 
could decrease by about 0.75 ton ha−1 in the high yield areas and by about 0.06 ton ha−1 
in the low yield coastal regions. Major impacts of climate change will be on rain 
fed crops (other than rice and wheat), which account for nearly 60% of cropland area. 
In India, poorest farmers practice rainfed agriculture. The loss in farm-level net 

Fig. 15.11 Rainfall projections at different seasons (Bhattacharya 2006)
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revenue will range between 9% and 25% for a temperature rise of 2–3.5°C. The 
study found that increase in temperature (by about 2°C) reduced potential grain 
yields in most places. Regions with higher potential productivity (such as northern 
India) were relatively less impacted by climate change than areas with lower poten-
tial productivity (the reduction in yields was much smaller). Climate change is also 
predicted to lead to boundary changes in areas suitable for growing certain crops 
(Fig. 15.13). Reduction in yields as a result of climate change are predicted to be 
more pronounced for rain fed crops (as opposed to irrigated crops) and under lim-
ited water supply situations because there are no coping mechanisms for rainfall 
variability. The difference in yield is influenced by baseline climate. Overall tem-
perature increases are predicted to reduce rice yields. An increase of 2–4°C is 
predicted to result in a reduction in yields. Eastern regions are predicted to be most 
impacted by increased temperatures and decreased radiation, resulting in relatively 
fewer grains and shorter grain filling durations. By contrast, potential reduction in 
yields due to increased temperatures in Northern India are predicted to be offset 
by higher radiation, lessening the impacts of climate change. Although additional 
CO

2
 can benefit crops, this effect was nullified by an increase of temperature. 

Fig. 15.12 Temperature projections at different seasons (Bhattacharya 2006)
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The Study clearly indicates that the yield of wheat, mustard, barley and chickpea 
show sign of stagnation or decrease following rise in temperature at all the four 
northern states. However, the extent of decrease was different for crops as well as 
there locations (Fig. 15.14).

Agriculture will be worst affected in the coastal regions of Gujarat and Maharashtra, 
where agriculturally fertile areas are vulnerable to inundation and salinisation. 
Standing crop in these regions is also more likely to be damaged due to cyclonic activity. 
In Rajasthan, 2°C rise in temperature was estimated to reduce production of pearl 

Fig. 15.13 Calculated change (%) in mean seasonal PE for 1°C of global warming for the CCC 
experiment (Chattopadhyay and Hulme 1997)
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millet by 10–15%. The state of Madhya Pradesh, where  soybean is grown on 77% of 
all agricultural land, could dubiciously benefit from an increase in carbon dioxide in 
the atmosphere. According to some studies, soybean yield could go up to by as much 
as 50% if the concentration of carbon dioxide in the atmosphere doubles. However, if 
this increase in carbon dioxide is accompanied by an increase in temperature, as 
expected, then soybean yields could actually decrease. Changes in the soil, pests and 
weeds brought by climate change will also affect agriculture in India (Fig. 15.15).

Fig. 15.14 Calculated change (%) in mean seasonal PE for 1°C of global warming for the GFDL 
experiment (Chattopadhyay and Hulme 1997)
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15.7  Adaptation to Climate Change

Adaptation can be defined as any action that seeks to reduce the negative effects of 
climate change. Several adaptation measures are available to reduce vulnerability 
to climate change by enhancing adaptive capacity and increasing resilience. 
Adaptive actions may be either anticipatory or reactive in nature. An example of an 
anticipatory adjustment is the development of heat and drought-tolerant crop varieties. 
The levels of adaptation made by a region may have significant effects on how 
climate change will affect agriculture in that area. Farmers can adopt coping 
mechanisms that withstand climate variability through activities such as the use of 
drought-resistant or salt-resistant crop varieties, the more efficient use of water 
resources and improved pest management. Adjustments may include the introduc-
tion of late-maturing crop varieties, switching cropping sequences, sowing earlier, 

Fig. 15.15 Calculated change (%) in mean seasonal PE for 1°C of global warming for the UKTR 
experiment (Chattopadhyay and Hulme 1997)
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adjusting timing of field operations, conserving soil moisture through appropriate 
tillage methods and improving irrigation efficiency. Options such as switching crop 
varieties might not be expensive while others such as irrigation entail major invest-
ments. Changes in cultivation patterns can include the reduction of fertiliser use, 
better management of crop production, improvement of livestock diets and better 
management of their manure. In addition, governments have an important role to 
play in enforcing land-use policies which discourage slash and burn expansion, 
extensive livestock rearing and raising opportunities for rural employment. While 
changes in planting schedules or in crop varieties may be readily adopted, modify-
ing the types of crops does not ensure equal level of food production or nutritional 
quality, nor can it guarantee equal profit for farmers. Expanded irrigation may lead 
to groundwater depletion, soil solemnization and water-logging. Increased demand 
for water by competing sectors may limit the viability of irrigation as an adaptation 
to climate change. This is particularly critical for many island atolls where the 
availability of water for drinking is a serious issue. Expansion of irrigation as a 
response to climate change will be difficult and costly, even under the best circum-
stances. Mounting societal pressures to reduce environmental damage from agricul-
ture will likely foster an increase in protective regulatory policies that can further 
complicate the process of adaptation. Adaptation cannot be taken for granted. 
Improvements in agriculture have always depended on the investment made in 
agricultural research and infrastructure. It would help to identify, through research, 
the specific ways farmers adapt to present variations in climate. Success in adapting 
to possible future climate change will depend on a better definition of what changes 
will occur where and on prudent investments made in timely fashion, in adaptation 
strategies. To complicate matters, the availability for insurance generally and for 
agriculture in particular is a cause of major anxiety among many developing coun-
tries. Crop insurance sounds like a far cry in many developing countries but given 
the likely impacts on agriculture because of climate change, this possibility should 
no longer be regarded as a luxury. Indeed, insurance for crops should be an adapta-
tion option which should be seriously pursued. The Agromet services provide a 
very special kind of inputs to the farmer as advisories that can make a tremendous 
difference to the agriculture production by taking in time actions against extreme 
weather events. This has a potential to change the face of India in terms of food 
security and poverty alleviation (Fig. 15.16).

15.8  Mitigation to Climate Change

Improved water and fertilizer management in rice paddies could reduce emission of 
GHGs. Improved management of livestock population and its diet could also assist 
in mitigation of GHGs. Approaches to increase soil carbon such as organic manures, 
minimal tillage and residue management should be encouraged. These have syner-
gies wroth sustainable development as well. Use of nitrification inhibitors, such as 
neem coated urea and fertilizer placement practices need further consideration for 
GHGs mitigation. Improve the efficiency of energy use in agriculture by using better 
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designs of machinery and by conservation practices. Changing land use by  increasing 
area under bio fuels and agro-forestry could also mitigate GHG emissions. This, 
however, may have trade-offs with goal of increasing food production.

15.9  Conclusions

Climate change is a global problem and India will also feel the heat. The various 
studies conducted in the country have shown that the surface air temperatures in 
India are going up at the rate of 0.4°C per 100 years, particularly during the 
post-monsoon and winter season. Using models, they predict that mean winter 

Fig. 15.16 Number of GCM experiments which yield an increase in P/PE ratio for each season. 
Maximum number is six. Areas of agreement in the sign of the change between all six GCMs are 
shaded (Chattopadhyay and Hulme 1997)
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temperatures will increase by as much as 3.2°C in the 2050s and 4.5°C by 2080s, 
due to Greenhouse gases. Summer temperatures will increase by 2.2°C in the 2050s 
and 3.2°C in the 2080s.Extreme temperatures and heat spells have already become 
common over Northern India, often causing loss of human life

Climate change, it appears is now underway. Nearly 700 million rural people in 
India directly depend on climate-sensitive sector (agriculture, forests, and fisheries) 
and natural resources for their subsistence and livelihood. Under changing climate, 
food security of the country might come under threat. In addition, the adaptive 
capacity of dry land farmers, forest and coastal communities is low. In increased in 
weather extremes like torrential rain, heat wave, cold wave, flood besides year to 
year variability in rainfall affects agricultural productivity significantly and lead to 
stagnation/ decline in production across various agro-climatic zones.

In developing countries like India, climate change could represent an additional 
stress on ecological and socioeconomic systems that are already facing tremendous 
pressures due to rapid urbanization, industrialization and economic development. 
With its huge and growing population, a 7,500-km long densely populated and low-
lying coastline, and an economy that is closely tied to its natural resource base, 
India is considerably vulnerable to the impacts of climate change. Increased tem-
peratures will impact agricultural production. Higher temperatures reduce the total 
duration of a crop cycle by inducing early flowering, thus shortening the ‘grain fill’ 
period. The shorter the crop cycle, the lower the yield per unit area. There is grow-
ing need to qualify the effects of rising temperature on yield of crops in different 
agroecologies and agri-production environments.

There is thus an urgent need to address the climate change and variability issues 
holistically. Climate change, energy security and food security are interlinked, and 
require an integrated approach. Some specific options have already been identified, 
tested and documented for climate change mitigation and adaptation for agriculture 
sector, such as sustainable land and forest management; changing varieties; more 
efficient water use; altering the timing or location of cropping activities; improving 
the effectiveness of pest, disease and weed management practices and making better 
use of seasonal climate forecasts to reduce production risks. If these options are 
widely adopted, they could have substantial potential to offset negative impacts from 
climate change and take advantage of positive impacts. To cope with climate change 
more effectively, it is necessary to identify integrated adaptation and mitigation 
options for a range of agroecosystems so as to enable a favorable policy environment 
for the implementation of the framework. The policy implications are wide-reaching, 
as changes in agriculture could affect food security, trade policy, livelihood activities 
and water conservation issues, impacting large portions of the population
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Abstract South Asia is home to nearly 22% of the world’s population, including 
40% of the world’s poor. Agriculture plays a critical role in terms of employment 
and livelihood security for a large majority of people in all countries of the region. 
The region is prone to climatic extremes, which regularly impact agricultural pro-
duction and farmers’ livelihood. Himalayan glaciers, a major source of water for 
the rivers in the Indo-Gangetic plains, are projected to significantly recede in future 
that could affect food and livelihood security of millions of people in Pakistan, 
Nepal, Bhutan, India and Bangladesh. Climate change is further projected to cause 
a 10–40% loss in crop production in the region by the end of the century. The 
increased climatic variability in future would further increase production variabil-
ity. Producing enough food for the increasing population in a background of reduc-
ing resources in a changing climate scenario, while minimizing environmental 
degradation is a challenging task. Simple adaptation strategies such as changes in 
planting dates and varieties could help in reducing impacts of climate change to a 
limited extent. A Regional Adaptation and Mitigation Framework for South Asia is 
proposed that could assist the region in increasing its adaptive capacity to climate 
change. This includes assisting farmers in coping with current climatic risks, inten-
sifying food production systems, improving land, water and forests management, 
enabling policies and regional cooperation, and strengthening research in critical 
areas. South Asian agriculture is a significant source of greenhouse gases (GHG) 
emissions, primarily due to methane emission from rice paddies, enteric fermen-
tation in ruminant animals, and nitrous oxides from application of manures and 
fertilizers to soils. While a considerable fraction of this is inevitable, some reduc-
tion in emissions could be obtained by midseason drainage or alternate drying in 
irrigated rice, increasing nitrogen use efficiency and soil carbon, and improvements 
in livestock diet. Clear inclusion of agricultural GHG mitigation options in future 
international agreements would lead to improved soil fertility, higher income for 
the farmers, and food security.

Keywords Climate change • South Asia • Food security • Adaptation • Mitigation

Abbreviations

CDM Clean development mechanisms
COP Conference of parties
GDP Gross domestic product

16.8.3  Evaluating the Biophysical and Economic Potential of  
Various Adaptation Strategies.........................................................................   269

 16.9  A Framework for Mitigation of Emissions from Agriculture ......................................  270
16.10  Sequestering Soil Carbon and Mitigating GHGs .........................................................  270
16.11  Facilitating Mechanisms for Payments to Farmers for Carbon Sequestration .............  272
16.12  Conclusions ..................................................................................................................  272
References .................................................................................................................................  273



25516 Global Climate Change and Food Security in South Asia

GHG Greenhouse gas
MDG Millennium development goals
SAARC South Asian Association in Regional Cooperation
UNFCCC U.N. Framework Convention on Climate Change

16.1  Introduction

A large human population, continuing high rate of population growth, and poverty 
characterize South Asia. The region has nearly 1.4 billion people (22% of the 
world’s population), including 40% of the world’s poor. Agriculture continues to 
play a critical role in terms of employment and livelihood security in all countries 
of the region, although its share has now considerably declined to 20–25% of GDP. 
More than half of the population of the region is still engaged in agriculture. Most 
farms in the region are small (less than 1 ha). In addition to the marginal and small 
farmers there are a large number of landless households. There are more than 
300 million hungry and malnourished people in the region.

South Asia is very prone to climatic extremes. Droughts and floods are common 
in the whole region whereas heat waves and cyclones occur regularly in some parts. 
Degradation of natural resources due to intensive human activities is also common 
in the region. There is evidence of gradual deterioration in natural resources, par-
ticularly in areas that benefited from the Green Revolution technologies. The intro-
duction of canal irrigation in India, for example, has resulted in almost seven 
million ha of cultivated land becoming effected by soil salinity and waterlogging 
(Joshi and Tyagi 1994) while the rapid increase in the number of tubewells during 
the last three decades in north-western India, eastern Pakistan and other regions has 
resulted in overexploitation of groundwater, leading to a rapid fall in water-tables. 
There is now growing concern about the decline in soil fertility, changes in water-
table depth, deterioration in the quality of irrigation water, and rising salinity (Sinha 
et al. 1998).

Despite impressive development of irrigation potential, food production and 
consequently economy of the region is still considerably dependent on monsoon. 
There have been several droughts and floods in all countries of the region, which 
have affected their food security.

During last few decades, however, the region as a whole has shown progress on 
several fronts at the macro level. The population growth rate has shown some 
decline, although there are significant differences among countries. The region has 
generally achieved food self-sufficiency and the per capita availability of food is 
rising. In general, there has also been an increase in per capita income, which has 
led to increasing demand of superior grains, and animal and horticultural products 
(Bhalla et al. 1999).

South Asian population is predicted to increase by almost 700 million people in 
the next 40 years. This, and the rising income of people is expected to result in a 
large demand for food. It is estimated that the food grain requirement by 2020 in 
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the region will be almost 50% more than in 2000 (Paroda and Kumar 2000). 
The additional quantities will have to be produced from the same land resource, or 
less, due to the increase in competition for land and other resources by non-agricultural 
sectors. The situation may be further complicated by global climatic change that 
directly affects agriculture and hence food supply.

The global mean annual surface air temperature increase by the end of this cen-
tury is likely to be in the range of 1.8–4.0°C (IPCC 2007a). For South Asia, the 
projections for increases in mean annual temperature are 0.5–1.2°C by 2020, 
0.88–3.16°C by 2050 and 1.56–5.44°C by 2080 depending upon the scenario of 
future development (Table 16.1; IPCC 2007a). Overall, the temperature increases 
are likely to be much higher in the rabi (winter) season than in the kharif (monsoon) 
season. It is very likely that hot extremes, heat waves, and heavy precipitation 
events will become more frequent. The projected sea level rise by the end of this 
century is likely to be 0.18–0.59 m. Rupa Kumar et al. (2006) have shown similar 
results for the region using a regional climate model.

The absolute amount of precipitation is likely to increase in South Asia in future 
in all months except in the period December–February when this is likely to 
decrease (Table 16.1). This increase may, however, be associated by heavier pre-
cipitation events and fewer rainy days leading to increased frequency of floods and 
droughts in the region.

The IPCC (2007b) showed that densely populated megadeltas of the region such 
as those in India and Bangladesh, and islands and coastal areas such as those in Sri 
Lanka and Maldives, India and Bangladesh are more vulnerable to global climate 
change. Enhanced glacier melt in the Himalayas is projected to reduce availability 
of water resources in agriculturally important Indo-Gangetic plains of Pakistan, 
India, Nepal and Bangladesh.

The Thirteenth Conference of Parties to the UNFCCC Conference in Bali 
(COP-13) in 2007 saw some progress in cooperative action by all countries for 
meeting these challenges. Bali Action Plan calls for enhanced action on mitigation 
and adaptation by nationally appropriate commitments and actions, technology 
development and transfer, and provision of financial investments and resources to 
support these.

FAO organized in June 2008 a conference entitled ‘World Food Security: the 
Challenges of Climate Change and Bioenergy’. It urged governments to explore 
how farmers, smallholders in particular, could adapt and assist in mitigation 
through the global financial mechanisms and investment flows, and technology 
development and transfer (FAO 2008).

Producing enough food to meet the increasing demand against the background 
of reducing resources in a changing climate scenario, while also minimizing further 
environmental degradation in South Asia, will be a challenging task. Addressing 
climate change is central for the region’s future food security and attainment of 
Millennium Development Goals (MDGs), especially on poverty alleviation. The 
region will need to implement strategies, linked with its development plans, to 
enhance its adaptive capacity, mitigate emissions of greenhouse gases (GHG) and 
sequester more carbon.
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The Fifteenth South Asian Association for Regional Cooperation (SAARC) 
Summit held in Colombo on 2 and 3 August 2008 reiterated the need for 
increased regional cooperation in assessing and managing risks and impacts of 
climate change, and to develop a people-centered short to medium term strategy 
to ensure region-wide food security (http://www.saarc-sec.org/data/summit15/ 
colombostatementonfoodsecurity.htm).

Some Governments of the region have developed their National Action Plans on 
Climate Change detailing strategies they will follow for increasing their adaptive 
capacity and for mitigation (Government of India 2008; MOEF 2008).

In the light of these developments, a Regional Adaptation and Mitigation 
Framework for South Asia is being proposed in this paper which articulates the vision 
on technological and policy options for enhancing adaptive capacity, mitigating GHG 
emissions, and sequestering carbon in agricultural systems of South Asia, while keep-
ing focus on meeting increased food production and other developmental targets.

16.2  Impacts of Climate Change on South Asian Agriculture

IPCC (2007b) indicates that crop yields could decrease up to 30% in South Asia 
by the end of the century even if the direct positive physiological effects of CO

2
 

are taken into account. Several global studies indicate a probability of 10–40% 
loss in crop production in India with increases in temperature by 2080–2100 
(Rosenzweig and Parry 1994; Fischer et al. 2002; Parry et al. 2004; Cline 2007; 
Stern 2007). These long-time horizon estimates generally assume the business as 
usual scenario, no new technology development, and no or limited adaptation by 
all stakeholders. Recent studies in India and Pakistan suggest a 5–7% decline in 
wheat for every degree Celsius increase in temperature provided irrigation 
remains available in future at today’s levels. In Sri Lanka, initial estimates indi-
cate a loss of 6% rice output with an increase of 0.5°C temperature (Government 
of Sri Lanka 2000).

The projected negative impacts of increased temperatures on cereal yields in the 
low latitude regions (see Box 16.1) imply that food security of most developing 
countries, including the South Asian countries, is likely to become vulnerable in 
near future. At the same time, differential impacts of climate change on food pro-
duction in different parts of the world is likely to have consequences on interna-
tional food prices and trade (Easterling et al. 2007).

Analysis of the historical trends in yields of crops in the Indo-Gangetic plains using 
regional statistics, long-term fertility experiments, other conventional field experiments 
and crop simulation models has shown that rice yields during last three decades are 
showing a declining trend and this may be partly related to the gradual change in weather 
conditions during last two decades (Aggarwal et al. 2000a; Pathak et al. 2003).

All countries of South Asia frequently experience natural climatic disasters. 
Bangladesh, parts of India and Sri Lanka are low-lying coastal areas prone to 

http://www.saarc-sec.org/data/summit15/colombostatementonfoodsecurity.htm
http://www.saarc-sec.org/data/summit15/colombostatementonfoodsecurity.htm
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cyclones, sea level rise, and floods. Bhutan, Nepal, India and Pakistan have several 
mountain ecosystems that are vulnerable to glacier melt. Semi-arid and arid areas 
of India, Afghanistan, Pakistan and Bangladesh frequently experience heat and 
drought stress. Such climatic extremes are known to negatively impact agricultural 
production, and farmers’ livelihood. The projected increase in these events could 
result in greater instability in food production and threaten livelihood security of 
farmers. Increased production variability could be perhaps the most significant 
impact of global climate change on South Asian economies.

Rise in sea level can significantly affect the livelihood of coastal communities due 
to salinization of cultivated areas and water bodies, and associated change in land use.

Cold waves cause significant losses to crops such as mustard, mango, guava, 
papaya, brinjal, tomato, and potato in northern India, Nepal, Afghanistan and 
Pakistan. There are indications that such cold waves and frost events could decrease 
in future due to global warming and hence yield losses in these crops associated 
with frost damage are likely to decrease.

The IPCC has indicated a significant increase in runoff in many parts of the 
world including South Asia due to global warming (IPCC 2007b). This, however, 
may not be very beneficial because the increase is largely in the wet season and the 
extra water may not be available in the dry season, when it is most needed, unless 
storage infrastructure is vastly expanded. This extra water in the wet season, on the 
other hand, may lead to increase in frequency and duration of floods. The increased 
melting and recession of glaciers associated with global climate change could fur-
ther change the runoff scenario. In recent decades, Himalayan glaciers have receded 
between 2.6 and 28 m/year (Kulkarni and Bahuguna 2002). These glaciers are a 
major source of water for the rivers such as the Indus, Ganga and Brahmaputra in 
the Indo-Gangetic plains, which are crucial to millions of people in Pakistan, 
Nepal, Bhutan, India and Bangladesh. Such increases in glacier melt in Himalayas 
could affect availability of water for irrigation especially in the Indo-Gangetic 
plains, and thus affect food and livelihood security of millions.

The nutritional quality of cereals may be moderately affected by climatic 
changes, which in turn, may have consequences for nutritional security of several 
developing countries where cereals are the primary diet. Research has indeed 
shown that the increasing CO

2
 concentrations and temperature lead to a decline in 

grain protein content in cereals (Hocking and Meyer 1991; Ziska et al. 1997).
Crop–pest interactions will change significantly with climate change leading to 

impact on pest distribution and crop losses (Easterling et al. 2007). Diseases and 
insect populations are strongly dependent upon the temperature and humidity. Any 
increase in them, depending upon their base value, can significantly alter their 
population, which ultimately results in yield loss. With small changes, the virulence 
of different pests changes. The swarms of locusts produced in the Middle East usu-
ally fly eastward into Pakistan and India during summer season and they lay eggs 
during monsoon period. Changes in rainfall, temperature and wind speed pattern 
may influence the migratory behavior of locusts and other similar pests, thus threat-
ening food and livelihood security.
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Heat stress associated with global warming directly impacts forage quality, 
ingestion of food and feed, declines in physical activity, and ultimately reduces 
dairy milk yield (St-Pierre et al. 2003). Increases in air temperature and/or humidity 
have the potential to affect the reproductive behavior of domestic animals. Global 
warming would further increase water, shelter, and energy requirement of livestock 
for meeting the projected increased milk demands.

Increasing sea and river water temperature is likely to affect fish breeding, 
migration, and harvests (Sharp 2003; Easterling et al. 2007). A rise in temperature 
as small as 1°C could have important and rapid effects on the mortality of fish and 
their geographical distributions. Corals are affected by warm surface waters leading 
to bleaching due to losses of associated symbiotic algae. Heat stress in 1998 and 
2002 caused considerable bleaching of corals in the Indian Ocean (Wilkinson et al. 
1999; Kumaraguru et al. 2002). Such events are likely to become more frequent in 
future due to global climate change.

 Box 16.1 IPCC’s key observations on vulnerability of agriculture to global 
climate change (IPCC 2007b)

In mid- to high-latitude regions, moderate to medium local increases in 
temperature (1–3°C), along with associated carbon dioxide (CO

2
) increase 

and rainfall changes can have small beneficial impacts on crop yields. In 
low-latitude regions, even moderate temperature increases (1–2°C) are 
likely to have negative yield impacts for major cereals. Further warming has 
increasingly negative impacts in all regions (medium to low confidence).

About 2.5–10% decrease in crop yield is projected for parts of Asia in 
2020s and 5–30% decrease in 2050s compared with 1990 levels without CO

2
 

effects (medium confidence).
Projected changes in the frequency and severity of extreme climate events 

have significant consequences for food production, and food insecurity, in 
addition to impacts of projected mean climate (high confidence).

Smallholder and subsistence farmers, pastoralists and artisanal fisherfolk 
will suffer complex, localised impacts of climate change (high confidence).

Food trade is projected to increase in response to climate change, with 
increased dependence on food imports for most developing countries (medium 
to low confidence).

The marginal increase in the number of people at risk of hunger due to 
climate change must be viewed within the overall large reductions due to 
socio-economic development (medium confidence).

Projected changes in the frequency and severity of extreme climate events 
have significant consequences for food production, and food insecurity, in 
addition to impacts of projected mean climate (high confidence).

Simulations suggest rising relative benefits of adaptation with low to 
 moderate warming (medium confidence), although adaptation stresses water 

(continued)
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16.3  A Regional Framework for Adapting Agriculture  
to Climate Change

In view of the projected large-scale adverse effects of global warming on food 
production in South Asia, we need to analyze the possible options that could assist 
in increasing the regions adaptive capacity. There is considerable traditional wisdom in 
the region for adapting to climatic risks and it is valuable even today. Sharing such 
experiences accumulated over centuries across South Asia could be useful at the 
household, community as well as regional level. The region has earlier adapted to 
climatic stresses by resorting to mixed cropping, changing varieties and planting 
times, by diversifying sources of income for farmers, and maintaining buffer stocks 
of food for managing periods of scarcity. These management strategies would also 
help in the future climate change scenarios but may not be enough in view of the 
increasing intensity of climatic risks and pressure on land to produce more food and 
also with much higher efficiency. Some of the possible adaptation options, which 
are relevant for adapting to current climatic risks as well as to climate change, are 
discussed below (see Box 16.2). These include options available with farmers (often 
referred to as autonomous adaptations) as well as with communities and govern-
ments (often referred to as planned adaptation). The latter are generally policy 
options that facilitate increases in the adaptive capacity of the agricultural systems.

 Box 16.2 Key elements of the adaptation framework for South Asia

 1. Assisting farmers in coping with current climatic risks
Improving collection and dissemination of weather related information• 
Establishing a regional early warning systems for climatic risks• 
Promoting insurance for climatic risk management• 
Facilitating establishment of community partnership in food, forage • 
and seed banks

 2. Intensifying food production systems
Bridging yield gaps in crops• 
Enhancing livestock productivity• 
Enhancing fisheries• 

(continued)

Box 16.1 (continued)

and environmental resources as warming increases (low confidence). On 
average, in cereal cropping systems worldwide, adaptations such as changing 
varieties and planting times enable avoidance of a 10–15% reduction in yield 
corresponding to 1–2°C local temperature increase. Adaptive capacity in low 
latitudes is exceeded at 3°C local temperature increase.
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16.4  Assisting Farmers in Coping with Current  
Climatic Risks

16.4.1  Improving Collection and Dissemination  
of Weather Related Information

South Asia experiences considerable number of climatic extremes even today. A pre-
requisite for managing climatic risks, and thus increasing adaptive capacity, is timely 
knowledge of their spatial and temporal magnitude. A dense network of Weather 
Stations for standardized, real-time monitoring of rainfall and temperatures needs to 
be established in the whole region. The SAARC Meteorogical Research Centre 
(SMRC) could be very effective for this purpose. The weather data, together with 
short- and medium-range weather forecasts, will enable scientists and extension 
workers to quickly translate the information into region-specific, value-added agricul-
tural services for farmers such as time of crop planting,  applying inputs, and timing 
the farm operations. Development of decision support tools for translating weather 
information into operational management practices will further facilitate this.

Box 16.2 (continued)

 3. Improving land, water, and forests management
Implementing strategies for water conservation and use efficiency• 
Managing coastal ecosystems• 
Increasing the dissemination of resource conserving technologies• 
Exploiting the irrigation and nutrient supply potential of treated • 
wastewaters
Improving management of forests• 

 4. Enabling policies and regional cooperation
Integrating adaptation perspectives in current policy considerations• 
Providing incentives for resource conservation• 
Establishing regional food security programs• 
Securing finances and technologies for adaptation• 
Raising capacity in regional climate change assessments• 

 5. Strengthening research for enhancing adaptive capacity
Assessing regional impacts on crops, livestock, fisheries, pests, and • 
microbes
Evolving ‘adverse climate tolerant’ genotypes• 
Evaluating the biophysical and economic potential of various adapta-• 
tion strategies
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16.4.2  Establishing a Regional Early Warning  
System for Climatic Risks 

A reliable and timely early warning system of impeding climatic risks could help 
in determining the potential food insecure areas and communities given the type of 
risk. Success of such a system is also dependent upon community preparedness to 
quickly use such warnings. To enable this, contingency plans should be developed 
for different types and durations of risks for various agro-ecological regions with 
due consideration to the required response time and available resources. Cooperation 
in developing such an early warning system, especially using modern tools of infor-
mation and space technologies will be mutually beneficial for all countries of the 
region. This is especially critical for monitoring movements of insects and patho-
gens within South Asia. As climatic features, agricultural profiles, and pests are 
similar across large parts of the region, countries may not be able to address the 
issues related to transboundary movement of pests individually. Mechanisms do 
exist in some countries of the region to keep track of the movements of few pests 
such as locusts and avian bird flu. These early warning mechanisms, including 
regional cooperation for risk analysis, exchange of information and coordinated 
action, need considerable strengthening for a variety of key pests.

16.4.3  Promoting Insurance for Climatic  
Risk Management

The increasing probability of floods and droughts and other uncertainties in climate 
may seriously increase the vulnerability of resource-poor farmers of South Asia to 
global climate change. Policies that encourage crop/livestock insurance spread the 
risk and thus provide protection to the farmers if their farm production is reduced 
due to natural calamities. Weather insurance, coupled with standardized weather 
data collection, can greatly help in providing an alternate option for adapting agri-
culture to increased climatic risks. South Asian countries, in cooperation with other 
vulnerable regions such as in Africa, should endeavor to secure global adaptation 
and mitigation funds for improving climatic services and for implementation of 
weather related risk management programs.

16.4.4  Facilitating Establishment of Community Partnership  
in Food, Forage and Seed Banks

Climatic risks such as drought, cyclones and floods, often result in destruction of 
standing crops and loss of livestock. In such events, farmers need food for  themselves, 
forage for their surviving livestock, and seeds to replant. Since such activities cost 
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money and individual farmers may not be able to manage them on their own, 
communities of farmers could group together and establish their own stocks of 
food, forage and seeds. Such self-help groups will require technical and finan-
cial support from the government and other development partners, at least in the 
initial stages.

16.5  Intensifying Food Production Systems

16.5.1  Bridging Yield Gaps in Crops

Recent years have witnessed stagnation in food production in South Asia. The 
national average yields of rice and wheat crops are less than 4 t/ha today, whereas 
climatic factors in the region allow reasonably high yield potential of most crops. 
For example, in the productive Indo-Gangetic plains, potential rice and wheat yields 
are estimated to be 10 and 8 t/ha, respectively (Aggarwal et al. 2000b) indicating 
large yield gaps. Such yield gaps exist in all crops and across all ecosystems and 
bridging them could ensure meeting increased food demands of the future (Singh 
et al. 2001). Even if a fraction of these yield gaps could be bridged, food security 
in the region could be strengthened and the vulnerability of the food sector to cli-
mate change could be reduced. Fragile seed sector, poor technology dissemination 
mechanisms, lack of adequate capital for inputs, and poor markets and infrastruc-
ture are the key reasons for yield gaps (Aggarwal et al. 2004). A mission-oriented 
approach for key crops focusing on eliminating these constraints will enhance food 
security. Considering increasing competition for land and water among agriculture, 
urban settlements, industry, and recently biofuel plantations, such a mission 
approach must also ensure more yields per unit of land, water, and nutrients.

16.5.2  Enhancing Livestock Productivity

In recent past, livestock productivity has increased in South Asia due to intensification 
and industrialization. This will need to be further augmented to meet rapidly growing 
demands for milk and meat. Most livestock in the region feed primarily on crop 
by-products, household waste, and open grazing areas. Since productivity is the key 
to growth, livestock productivity will have to be raised through scientific breeding, 
feeding and management (Nin et al. 2007; Staal et al. 2008). Climate change is likely 
to impact availability of feed, water and energy for livestock. Livestock species with 
higher adaptation to harsher environments are available but they often have low pro-
ductivity. Heat tolerance of the key livestock species needs to be enhanced by allele 
mining. Livestock based industry will also need to adapt to provide cooler housing 
for animals for alleviating their heat related distress and decline in reproduction. 
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This will require formulation of long-term policies by the governments and significant 
 investments in the industry. In view of large number of low productive livestock in the 
region, South Asia must assess the size of the sustainable livestock population with a 
perspective on carbon emissions, water use, milk production and social values.

16.5.3  Enhancing Fisheries

Fisheries are a major source of nutrition and livelihood security to millions of fish-
ers and others in South Asia (FAO 1997). This sector has seen phenomenal growth 
in last few decades. To meet future demands of fish, there is a need to utilize scien-
tific and sustainable fishing practices, enhancing fish productivity, strengthening the 
whole chain from fish production to consumption, and imparting skills in commu-
nity management and training in different aspects of fisheries and aquaculture. 
Climate change is likely to impact fish breeding, migration and harvest in marine as 
well as inland ecosystems (Nellemann et al. 2008). Being a highly perishable com-
modity, the quality of fish and fish products may erode due to rise in atmospheric 
temperature. Increase in extreme events will also have considerable impact on fish-
eries and aquaculture. Alternate fish species and fishing practices will need to be 
studied that could meet the demands for fish in the face of climate change. A com-
prehensive assessment of the fisheries potential of the increasing waterlogged and 
inundated areas as a result of higher precipitation caused by global warming should 
be made. Similarly, the scope for enhancing mariculture may be explored for the 
areas affected by sea level rise and incursion of seawater into the coastal areas.

16.6  Improving Land, Water, and Forests Management

16.6.1  Implementing Strategies for Water Conservation  
and Use Efficiency

Agriculture sector uses the largest amount of water in South Asia, yet a large frac-
tion of arable land remains rainfed. There is an urgent need to develop technologies 
and policies for integrated storage and distribution of surface, ground, and rainwa-
ter. Technical standards, design and operation of irrigation systems should take 
note of the changing climatic variability. Scientific watershed management pro-
grams can assist in this endeavor and at the same time yield multiple benefits such 
as sustainable production, resource conservation, ground water recharge, drought 
moderation, employment generation and social equity (Dhyani et al. 1997).

In South Asia, there are several transboundary river basins such as Indus, 
Ganges and Brahmaputra and Tista. Comprehensive planning and regional collabo-
ration from the perspective of glacier melt and water availability, its appropriate 
storage and integrated use could help in conserving water resources and utilizing 
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them for alleviating droughts during periods of water stress. Appropriate measures 
should be put in place to manage increased silting of the irrigation systems caused 
by increased runoff and soil erosion associated with projected higher frequency of 
the intense rainfall events in the future.

16.6.2  Managing Coastal Ecosystems

Sea level rise is likely to inundate heavily populated, large coastal lands in India, 
Bangladesh, Maldives and Sri Lanka. This may lead to salinization of land and water 
bodies, and drainage congestion. Coastal lands are also vulnerable to frequent cyclones 
and other climatic extremes (Alam and Laurel 2005). There has been a significant increas-
ing trend in the cyclone frequency over the Bay of Bengal during November and May, the 
main months for cyclone in the Bay of Bengal (SMRC 2003). Due to their limited finan-
cial resources, expensive adaptation mechanisms to prevent inundation of coastal lands 
may not be feasible. Salinity management, alternate land/resource use systems including 
salt tolerant crops, fish and fisheries, and diversification of livelihood strategies acceptable 
to local communities will, however, enhance their adaptive capacity.

16.6.3  Increasing the Dissemination of Resource  
Conserving Technologies

Recent researches have shown that surface seeding or zero-tillage establishment of 
upland crops after rice gives similar yields to those planted under normal conven-
tional tillage over a diverse set of soil conditions. This reduces costs of production, 
allows earlier planting and thus higher yields, results in less weed growth, and 
above all reduces the use of fuel, and shows improvements in efficiency of water 
and fertilizers. Such technologies have become quite popular in eastern Pakistan 
and northwestern India (RWC 2007). Studies should be made to analyze and elimi-
nate the key limitations for its accelerated diffusion in other parts of South Asia.

16.6.4  Exploiting the Irrigation and Nutrient Supply  
Potential of Treated Wastewaters

In the future, irrigation water availability in South Asia is likely to be less due to 
glacier retreat, increased variability in precipitation, and competition from rapidly 
growing industrial and urban sectors. In order to meet the increasing food demands 
in such a scenario of increasing water deficits there is a need to improve water 
productivity at all scales. Additionally, industrial and sewage wastewater could be 
evaluated as a potential irrigation source. Such effluents, once properly treated, can 
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also be a source of nutrients for crops and potentially for fish culture. Since water 
serves multiple uses and users, effective inter-departmental coordination in the 
government is needed to develop the location specific framework of sustainable 
water management and cost-effective recycling of wastewater.

16.6.5  Improving Management of Forests

Forests account for about 20% of the arable land use in south Asia and are a large 
reserve of biodiversity and provide many services to local communities and national 
economy apart from protection against floods, cyclones and sea level rise. IPCC 
(2007b) has shown that the net primary productivity of forest ecosystems is likely 
to increase due to CO

2
 fertilization, at least in the initial decades, and may decline 

in the later periods. Studies by Ravindranath et al. (2006) on forest ecosystems of 
India have shown that nearly 75% area is likely to experience changes in forest or 
vegetation type. Since forests are highly vulnerable even at moderate warming, 
there is a need for developing effective adaptation practices and policies. These 
strategies include planting of tolerant species, mixed species forestry, implementa-
tion of fire protection practices, conservation of biodiversity, halting of forests 
fragmentation, and promoting community forestry (Ravindranath et al. 2006).

16.7  Enabling Policies and Regional Cooperation

16.7.1  Integrating Adaptation Perspectives  
in Current Policy Considerations

South Asian countries have limited resources, which are targeted towards attaining 
food security and poverty alleviation, and other developmental targets. Addressing 
future climate change concerns at the cost of current priority of development cannot 
be an option. However, integrating perspectives on climatic risks in their current poli-
cies and programs in different sectors such as disaster management, water resources 
management, land use, biodiversity conservation, and agricultural development will 
lead to increased adaptive capacity to current as well as future climatic variability.

16.7.2  Providing Incentives for Resource Conservation

Adaptation to environmental change could be in the form of a policy where positive 
incentives are provided to farmers and industry for increasing the resilience of food 
production systems. Necessary provisions need to be included in the development 
plans to address the issues of attaining twin objectives of containing environmental 
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changes and improving resource use productivity. For example, policies and 
 incentives for appropriate organic matter management in rural areas would encour-
age farmers to sequester carbon in the soil and thus improve soil health, and use 
water and energy more efficiently. Rational pricing of surface and groundwater and 
incentives for their conjunctive use can arrest its injudicious use.

16.7.3  Establishing Regional Food Security Programmes

History has shown that climatic extremes do not impact the entire South Asian 
region at the same time. Despite being land and food scarce, several countries in the 
region have evolved a policy of storing food in good years to manage food scarcity 
in bad years as well as for providing support to relatively poor population. 
Assuming that climate change associated extremes are not likely to occur all over 
South Asia at the same time in the future as well, and considering the huge costs of 
storing food, SAARC countries should establish a Food Security Fund or a Food 
Bank to augment the regional food security that will mutually benefit countries in 
reducing supply fluctuations during adverse weather. Such emergency reserves 
should be specifically meant for supporting only the poor and needy.

16.7.4  Securing Finances and Technologies for Adaptation

Implementing various strategies for enhancing adaptive capacity would require con-
siderable financial resources. Several global funds for adaptation are now available 
and some more are likely to be established in future. South Asia should attempt to 
secure these funds for ‘climate proofing’ food supplies in its vulnerable regions. Some 
specific programs where such funds could be used are developing and strengthening 
adaptation related infrastructure, implementation of weather related risk insurance 
programs, enhancing research capacity, and for securing ‘patented’ knowledge/ 
technologies related to adaptation, including germplasm/genes from various sources.

16.7.5  Raising Capacity in Regional Climate  
Change Assessments

Effective handling of environmental issues in agriculture needs a close interaction 
between scientists, development partners, policy makers, administrators, trade and 
industry, farmer organizations and other stakeholders. Different types of capacity 
building programs need to be developed at various levels to ensure efficient manage-
ment of natural resources for sustainable agricultural development. A network could 
be established to facilitate continuous dialogue, share experiences, and to develop 
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strategies for implementation of desired changes. Enhancing capacities of SAARC 
regional centers on agriculture, disaster management, coastal zones, meteorology, 
and forestry, will strengthen regional cooperation and enhance adaptive capacity.

16.8  Strengthening Research for Enhancing Adaptive Capacity

16.8.1  Assessing Regional Impacts on Crops, Livestock, 
Fisheries, Pests, and Microbes

Developing an effective adaptation response requires a comprehensive understand-
ing of the impacts and vulnerabilities of different agricultural commodities, and 
microbes and pests. A large part of current understanding of impacts on South Asia 
is based on generic global scale assessments since there are relatively few regional 
studies. Indigenous research is needed to understand the probable impacts especially 
on native crops such as legumes, oilseeds, and plantations. This requires special 
facilities such as carbon dioxide enrichment and temperature enhancement in open 
fields, controlled environment chambers, and validated simulation models. Regional 
and international cooperation for capacity enhancement in this should be sought. 
Special attention is needed in the region in short-term to assess the impacts of 
enhanced climatic variability at critical stages of crop growth and its management.

16.8.2  Evolving ‘Adverse Climate Tolerant’ Genotypes

Future breeding efforts will need to address multiple stresses – droughts, floods, 
heat, salinity, and pest load – imposed by changing global climate. There will be a 
need to stack several adaptive traits in a suitable agronomic background. This 
requires substantial breeding efforts, including collection, conservation and distri-
bution of appropriate genetic material among breeders and other researchers. There 
is a need for a better understanding of wild relatives and landraces, and their distri-
butions and sensitivity to climatic variables. In view of large biodiversity for stress 
tolerance in South Asia, regional cooperation in development of adapted genotypes 
should be encouraged.

16.8.3  Evaluating the Biophysical and Economic Potential  
of Various Adaptation Strategies

There are several strategies available with farmers such as using alternate crops/
varieties, livestock and fish species, and modified input management that can be 
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employed to manage small changes in climatic parameters. Larger changes in 
 climatic parameters may require consideration of alternate land use systems. Since 
the socio-economic scenario is rapidly changing, and there is considerable uncer-
tainty in the magnitude of global climate change, a thorough quantitative assess-
ment of the potentials and constraints of land is needed, in which scientific 
knowledge, socio-economic conditions and the conflicting interests of various 
stakeholders can be harmonized and most efficient and sustainable land use systems 
identified. Current availability of simulation models and other systems research 
tools provides an opportunity for an interdisciplinary approach for this (Roetter 
et al. 2007). Capacity for such research in the region could be enhanced through 
international collaboration.

16.9  A Framework for Mitigation of Emissions  
from Agriculture

The global share of average emissions of GHG from agriculture is 13.5% (IPCC 
2007c). This fraction is much larger in South Asian countries due to relatively large 
role of agriculture in national GDP. The IPCC concluded that there has been a large 
growth in emissions from agriculture in South Asia in last few decades relative to 
the developed world due to expanding use of nitrogen fertilizers and manure to meet 
demands for food resulting from rapid population growth (IPCC 2007c). In the 
future, the percentage of emissions from agriculture in the region is likely to be 
smaller, and closer to the global average, due to relatively much higher growth in 
energy use (and hence emissions) in transport and industrial sectors.

The emissions from agriculture are primarily due to methane emission from rice 
paddies, enteric fermentation in ruminant animals, and nitrous oxides from applica-
tion of manures and fertilizers to agricultural soils (Fig. 16.1). IPCC has identified 
various strategies for enhancing carbon sequestration in soils and for mitigating 
emissions of GHG from agricultural systems (see Box 16.3). The key ones in the 
context of South Asia are discussed below.

16.10  Sequestering Soil Carbon and Mitigating GHGs

Soil carbon sequestration is considered the main mechanism responsible for mitigation 
potential (Smith et al. 2007). There are several approaches to increase carbon 
sequestration in soils of South Asia (Lal 2004). These include addition of organic 
manures, minimal tillage, residue management, agroforestry, scientific water and 
nutrient management, and restoration of degraded soils. Lal (2004) estimates that 
such practices can lead to carbon sequestration of 25–50 Tg C/year in soils of South 
Asia for several decades, including 11–22 Tg C/year on croplands.
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Box 16.3 IPCC’s key observations for mitigation of GHGs and carbon 
sequestration in agricultural systems (IPCC 2007c)

A variety of options exist for mitigation of GHG emissions in agriculture. 
The most prominent options are improved crop and grazing land management 
(e.g., improved agronomic practices, nutrient use, tillage, and residue man-
agement), restoration of organic soils that are drained for crop production and 
restoration of degraded lands. Lower but still significant mitigation is possible 
with improved water and rice management; set-asides, land use change 
(e.g., conversion of cropland to grassland) and agro-forestry; as well as 
improved livestock and manure management.

Soil carbon sequestration (enhanced sinks) is the mechanism responsible 
for most of the mitigation potential (high agreement/much evidence), with an 
estimated 89% contribution.

Current GHG emission rates may escalate in the future due to population 
growth and changing diets (high agreement/medium evidence). Deployment 
of new mitigation practices for livestock systems and fertilizer applica-
tions will be essential to prevent an increase in emissions from agriculture 
after 2030.

Organic soil restoration has a host of biodiversity/environmental co-benefits 
but opportunity cost of crop production lost from this land; economic impact 
depends upon whether farmers receive payment for the GHG emission 
reduction.

CH4 enteric
27%

CH4 rice
13%

CH4 N2O
Manure

4%

CH4 N2O
burning

2%

N2O Soils
54%

Fig. 16.1 Contribution of various agricultural sectors to GHG emissions in South Asia (Smith 
et al. 2007)
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Controlling emission of methane from paddies by midseason drainage or 
 alternate drying instead of continuous flooding in irrigated areas has reasonable 
mitigation potential. Improved management of livestock diet through use of feed 
additives, substitution of low digestibility feeds with high digestibility ones, con-
centrate feeding, and changing microflora of rumen also leads to a reduction in 
methane emission.

Appropriate crop management practices, which lead to increase nitrogen use 
efficiency and yield, hold the key to reduce nitrous oxide emission. Curtailing the 
nitrification process by the use of nitrification inhibitors, particularly the cheap, 
locally available, plant-derived materials, such as neem cake, will be useful to miti-
gate nitrous oxide emission from soil.

Improving the efficiency of energy use in agriculture by using better designs of 
machinery, increasing fuel efficiency in agricultural machinery, commercialization 
of wind/solar power potential, and use of laser levelers also lead to mitigation.

Changing land use by increasing area under biofuels or agro-forestry could also 
mitigate GHG emissions (Smith et al. 2007). This, however, may have trade-offs 
with goal of increasing food production. South Asian countries that are short of 
land resources need to examine the consequences of diverting land to biofuels on 
their food security (Aggarwal et al. 2007).

16.11  Facilitating Mechanisms for Payments to Farmers  
for Carbon Sequestration

A Clean Development Mechanism (CDM) is being implemented under the 
UNFCCC to mitigate GHG emissions. This allows for carbon credits to be traded 
primarily in the energy and forestry sectors. It does not at this time specifically 
include carbon sequestration and mitigation in agriculture. The IPCC (2007c) 
 estimates that the agricultural GHG mitigation options are cost-competitive with 
non-agricultural options. If these mitigation options could be included in future 
agreements on climate change, it would lead to better soil fertility and higher 
income for the farmers in addition to the primary goal of carbon sequestration. To 
facilitate this, methodologies are needed to upscale the carbon sequestered/miti-
gated in individual farms to a large regional scale in order to keep the transaction 
costs at a low level.

16.12  Conclusions

Global climate change is likely to affect food and livelihood security of the millions 
of poor farmers and landless in South Asia and other developing countries. Climatic 
changes could limit the future capacity of South Asia to remain agriculturally 
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 self-sufficient. Urgent steps are needed to increase its adaptive capacity to face 
 current as well as the future climatic risks. Action needs to be taken now since it 
takes time for adaptive practices to become effective. These adaptation strategies 
will need to simultaneously consider the background of changing demand due 
to globalization, population increase and income growth, as well as the socio- 
economic and environmental consequences of possible adaptation options. This 
would require increased adaptation research, capacity building, development activi-
ties, changes in policies, and support of global adaptation and mitigation funds and 
other resources.

The costs of adaptation and mitigation are not clearly known today but these are 
expected to be high (Stern 2007; Cline 2007). A universally preferable solution is 
to start with such adaptation strategies that are anyway needed for sustainable devel-
opment. Strategies that maximize synergies between adaptation, mitigation, food 
production and sustainable development would be most appropriate. For example, 
increasing the efficiency of fertilizer and water use will lead to higher profits for the 
farmers as well as sequester more carbon, which will improve soil health and lead 
to higher production. Such practices would become more attractive if farmers could 
be paid incentives for environmental services that agriculture provides. It is time 
that the society considers such incentives to farmers in the interest of global envi-
ronment, food security, and poverty alleviation. Development partners should con-
sider the adaptation and mitigation strategies outlined in this paper to help in 
poverty alleviation and enhancing food security of the vulnerable South Asia.

International climate change negotiations revolve primarily around mitigation of 
GHG emissions from industrial and other sources, and other related activities. Such 
discussions must simultaneously address poverty alleviation and the vulnerability 
of poor farmers of developing countries.

South Asia has a history of regional cooperation through SAARC and other 
mechanisms. Climate change makes the need for such cooperation even more 
important. Regional collaboration in many proposed areas of adaptation and mitiga-
tion would be useful due to large areas across borders with similar agro-ecological 
features. For example, Punjab in India and Pakistan, Bengal state of India and 
Bangladesh, Tarai region of Nepal and Uttar Pradesh and Bihar in India, have similar 
agro-ecological features. Having agreements on agriculture related trans-boundary 
issues such as water and pests movement would help in managing climatic risks as 
and when they occur. Also, such collaboration and cooperation would be necessary 
to raise the voice of South Asian farmers in global negotiations.
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Abstract The South Asia region is characterized by high population density and 
scarcely available land for sustainable agriculture. The region has a land area of 
642 million ha (Mha) and a population of 1,587 million. The agricultural popula-
tion is 786 million, 49% of the total. The area of agricultural land is 230 Mha, 
36% of the total land area. The average ratio of agricultural land to agricultural 
population in the region is 0.33 ha per caput. Food security situation in South Asia 
is further affected by low productivity and prone to natural disaster. Causes of 
these problems are high population pressure, urbanization, increased demand for 
bio-fuels, building materials, and agricultural lands. The diversion of agricultural 
land to non-agricultural uses is also a growing concern. Fertile farm lands are being 
indiscriminately diverted, thus reducing the area available for food production. 
Vulnerability to food security is rising because of climate change which makes 
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more areas, particularly coastal and low-lying areas, disaster-prone while growing 
population is further forcing vulnerable people to settle in risk-prone areas and crop 
land inundated. The problem is aggravated by factors such as skewed distribution 
of assets and income, degradation of the natural resource base and unsustainable 
management of land and water resources. Smallholder and subsistence farmers may 
not be able to cope with climate change effectively, due to reduced adaptive capac-
ity and higher climate vulnerability. Under such conditions, pressure to cultivate 
marginal land or to adopt unsustainable cultivation practices as yields drop is likely, 
and may increase land degradation, water scarcity and endanger biodiversity.

To cope with climate change and increase agricultural productivity through con-
servation and efficient use of agricultural land and water resources with technical, 
policy support and environmental considerations, improved land management and 
land-use planning are possible adaptation methods. Those risks could be reduced 
through resource conservation technologies, providing information and education, 
and through suitable policy measures. There is a need to balance food security 
needs with sustainable use of land and water. Diversifying from high water con-
suming crops to high value horticulture and livestock products is preferable and 
growing. Monitoring of climate change may also mitigate the serious implications 
for the South Asia’s agriculture. For the mitigation to climate change by controlling 
GHG emissions in agriculture, a variety of options exist. The most prominent 
options are improved crop and grazing land management, restoration of organic 
soils, and restoration of degraded lands. In less extent, but still significant mitiga-
tion is possible with improved water and rice management, agroforestry, and 
improved livestock and manure management.

Sustainable use and management of soil and water resources in South Asia is a 
major issue to be addressed through adaptations of technologies such as low tillage 
and maintenance of permanent soil cover that can increase SOM and reduce impacts 
from flooding, erosion, drought, heavy rain and winds. Also the potential areas being 
explored are conservation agriculture, organic agriculture and risk-coping produc-
tion systems that incorporate crop rotations, agroforestry, crop–livestock associa-
tions, crop–fish systems and the use of hedges, vegetative buffer strips and other 
farm landscaping practices. Surface mulch cover protects soil from excess tempera-
tures and evaporation losses and can reduce crop water requirements by 30%.

Keywords Land cover • Land slides • Vulnerability to food insecurity • Cropland 
inundation • Land degradation • Land use • Conservation agriculture • Agroforestry 
• Biofuel

Abbreviations

ADPC Asian Disaster Preparedness Center
CDMP Comprehensive Disaster Management Program
GHG Greenhouse gas
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GLCN Global Land Cover Network
GWP Global warming potential
HWSD Harmonized World Soil Database
IPNM Integrated Plant Nutrient Management
SOM Soil organic matter
WOCAT World overview of conservation agric. practices

17.1  Background

South Asia is extremely vulnerable to natural disasters such as earthquakes, 
cyclones, landslides, flooding and drought. Floods, cyclones and landslides are 
common hazards in the region due to the region’s climatic and geographical diver-
sity, particularly in India, Bangladesh, Pakistan and Nepal. The number of persons 
killed and affected between 1974 and 2003 in South Asia is more than 580 million 
(41.4%) out of the total number of 1.5 billion disaster victims of the world (SDMC 
2009). In 8393 disaster events during 1974–2008, 40% were in Asia and 30% of 
those were in South Asia. The total number affected in 2007 is over 64 million and 
the estimated damage reaches over 4.7 billion dollars.

A significant number of landslides caused by various natural and man-made 
 factors contribute to the high incidence of landslides each year. Natural factors 
include steep slopes, undercutting of their banks by incised rivers, weathered, frac-
tured and weak rocks in the mountains, high rainfall and seismic activities. 
 Man-made factors responsible for landslides in the country are intensive deforesta-
tion, improper agriculture and irrigation practices, overgrazing on the slopes, quar-
rying for construction materials, and construction of infrastructure beyond the 
bearing capacities of the hill slopes, Landslides frequently occur in the monsoon 
season following an earthquake in the previous year.

The main causes for the frequent occurrence of floods are heavy seasonal rain-
fall, deforestation, lack of flood protection schemes, unplanned development activi-
ties, etc. (ADPC 2007). Droughts of varying duration and impact with changing 
weather patterns, populations, deforestation and the resultant adverse effects on the 
ecological balance have been observed. Socio-economic conditions in the region 
including population pressures and inhabiting on marginal lands, such as flood 
plains, deserts, earthquake prone areas and steep slopes and environmental degrada-
tion further aggravate the situation. Lack of investments in infrastructure in hazard 
prone areas to reduce vulnerability and prevent potential loss of economic assets is 
also identified as critical.

Floods and landslides which occur mostly during the monsoon season are often 
interrelated and some landslides are triggered by riverbank erosion. Glacial lake 
outburst floods are common in the Himalayan region, and are triggered by a wide 
range of hydrological, geological and seismic factors (ADPC 2008). Himalayan 
glaciers are retreating at rates ranging from 10 to 60 m per year and many small 
glaciers (<0.2 km2) have already disappeared. As glaciers retreat, glacial lakes grow, 
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and many Himalayan basins are reporting very fast growing lakes (Bajracharya 
et al. 2007). Disastrous flash floods usually occur in Nepal when landslides or 
debris block a river for several hours and the water is then releases suddenly, inun-
dating the adjacent area downstream in a rapid and turbulent manner. Flash floods 
are also caused by continuous heavy rainfall in many rivers originating in hilly 
regions. It may also be caused by an avalanche, snowstorm or cloudburst.

17.2  Climate Change, Disaster and Food Security

Its general physical environment is featured by climate, landform and soils which 
cause natural hazards of degradation. The problem is aggravated by factors such as 
rapidly growing population, skewed distribution of assets and income, degradation 
of the natural resource base and unsustainable management of land and water 
resources. Food security situation in South Asia is thus affected by low productivity 
and prone to natural disaster. Vulnerability to food security is rising because of 
climate change which makes more areas, particularly coastal and low-lying areas, 
disaster-prone while growing population is further forcing vulnerable people to 
settle in risk-prone areas and crop land inundated. Climate variability will result in 
more frequent and intensive disasters with the most severe consequences on the 
food security and livelihoods of agriculture dependent populations in vulnerable 
countries (FAO 2008a).

Agriculture in South Asia is subject to variety of risks arising from rainfall 
aberrations, temperature fluctuations, hailstorms, cyclones, floods and climate 
change. These risks are exacerbated by price fluctuations, weak rural infrastruc-
ture, imperfect markets and lack of financial services, including limited span and 
design of risk mitigation instruments such as credit and insurance. These factors 
not only endanger the farmer’s livelihood and income but also undermine the 
viability of the agriculture sector and hence food security. Smallholder and subsis-
tence farmers may not be able to cope with climate change effectively, due to 
reduced adaptive capacity and higher climate vulnerability. Under such conditions, 
pressure to cultivate marginal land or to adopt unsustainable cultivation practices 
as yields drop is likely, and may increase land degradation, water scarcity and 
endanger biodiversity.

17.3  Land Resources in South Asia

The South Asia region is characterized by high population density and scarcely 
available land for sustainable agriculture. The region has a land area of 642 Mha and 
a population of 1,587 million (FAO 2007a). The agricultural population is 786 million, 
49% of the total. The area of agricultural land is 230 Mha, 36% of the total land area 
(Table 17.1). The average ratio of agricultural land to agricultural  population in the 
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region is 0.33 ha per caput which is slightly higher than the Asia–Pacific average of 
0.30 ha per caput, but lower than the world average of 0.59 ha per caput. Especially 
for Bangladesh and Nepal, only 0.1 ha per caput is available while in India and 
Pakistan there are about 0.3 ha per caput where agricultural population of 566 million 
and 76 million which are 72% and 10% of agricultural population of the region, 
respectively. The region has a large growing population which put great pressure on 
land, but little opportunity for further expansion.

Identified environmental problems in South Asia include land degradation, 
water scarcity and degradation, deforestation and biodiversity loss (FAO 1994; 
UNEP 1997). A study estimated the severity and costs of land degradation in South 
Asia worth at least US$10 billion annually which is equivalent to 2% of the Gross 
Domestic Products of the region (FAO 1994). The 43%, 140 Mha, of the region’s 
total agricultural land suffer from degradation. These economic losses will impact 
on future generations. Irrigated land in South Asia covers over 91 Mha which is the 
largest in the Asia and the Pacific region (FAO 2007a). Unsuitable irrigation caused 
land degradation in water erosion and salinization. Water in general in the region is 
scarce and ground water depletion has also been recognized (ESCAP 2000).

South Asia is projected to be predominantly rural in 2030 despite of its rapid 
growth of cities. Massive food demand to support growing population of the region 
has been attained by the intensification of agriculture and its expansion to marginal 
lands, and also with extensive and inefficient irrigation systems (ESCAP 2006). 
Key environmental issues identified are soil degradation (including soil salinization 
and loss of soil fertility), soil erosion, overgrazing, deforestation, desertification, 
biodiversity loss, and air and water pollution (FAO 1994; ESCAP 2000).

There is a need to balance food security needs with sustainable use of land and 
water. Smallholder and subsistence farmers may not be able to cope with climate 
change effectively, due to reduced adaptive capacity and higher climate vulnera-
bility. Under such conditions, pressure to cultivate marginal land or to adopt 

Table 17.1 Land use in South Asia (FAO 2007a)

Total land

Arable and  
permanent  
crops

Permanent 
pasture

Forests and 
woodlands Other land

Country (Mha) (Mha) % (Mha) % (Mha) % (Mha) %

Afghanistan 65.21 8.05 12 30 46 0.87  1 26.29 40
Bangladesh 13.02 8.42 65 0.6  5 0.87  7 3.13 24
Bhutan 4.7 0.18  4 0.42  9 3.2 68 0.91 19
India 297.32 169.65 57 10.53  4 67.7 23 49.44 17
Iran 163.62 17.6 11 44 27 1,108  7 90.95 56
Maldives 0.03 0.01 33 0  3 0  3 0.02 50
Nepal 14.3 2.49 17 1.74 12 3.64 25 6.44 45
Pakistan 77.09 22.07 29 5  7 1.9  3 48.12 62
Sri Lanka 6.46 1.92 30 0.44  7 1.93 30 2.17 34
Suoth Asia Region 641.75 230.38 36 92.72 15 91.18 14 220.78 34
Asia–Pacific 3,462.86 581.31 17 1,300.16 38 724.89 22 856.51 25
World 13,009.8 1,544.62 12 3,437.6 26 3,952.03 30 4,075.55 31
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 unsustainable cultivation practices as yields drop is likely, and may increase land 
degradation, water scarcity and endanger biodiversity. This should be reduced 
through resource conservation technologies, providing information and education 
and through suitable policy measures.

17.3.1  Land Degradation

Land degradation is intensifying in many parts of the world, according to a study 
using data taken over a 20-year period. Defined as a long-term decline in ecosys-
tem function and productivity, land degradation is increasing in severity and extent 
in many parts of the world, with more than 20% of all cultivated areas, 30% of 
forests and 10% of grasslands undergoing degradation. An estimated 1.5 billion 
people, or a quarter of the world’s population, depend directly on land that is being 
degraded. The consequences of land degradation include reduced productivity, 
migration, food insecurity, damage to basic resources and ecosystems, and loss of 
biodiversity through changes to habitats at both species and genetic levels. Land 
degradation also has important implications for climate change mitigation and 
adaptation, as the loss of biomass and soil organic matter (SOM) releases carbon 
into the atmosphere and affects the quality of soil and its ability to hold water and 
nutrients (Fig. 17.1).

The data indicate that despite the stated determination of 193 countries that rati-
fied the United Nations Conference to Combat Desertification in 1994, land degra-
dation is worsening rather than improving. Some 22% of degrading land is in very 
arid to dry-subhumid areas, while 78% of it is in humid regions. The study found 
that degradation is being driven mainly by poor land management. Comparing with 
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previous assessments, the present study shows that land degradation since 1991 has 
affected new areas; meanwhile some historically degraded areas were so severely 
affected that they are now stable having been abandoned or managed at low levels 
of productivity.

Global Land Assessment of Degradation (FAO 1994) showed 43% of total agri-
cultural land was degraded with different degree of degradation. Afghanistan, 
Pakistan and India suffer most from land degradation and desertification. In India, 
about 175 Mha are degraded, of which about 141 Mha are subject to water and 
wind erosion and the remaining are through water logging and salinity. Soil erosion 
has caused sedimentation of dams and reducing their capacity to retain water, con-
trol floods and generate electricity. The soil constraints assessment (Dent 1990) for 
identifying the major natural constraints to agricultural production showed 76% of 
the soils in South Asia have some extent of problems including too dry, too steep, 
too salty and too clayey.

Major causes of these problems are high population pressure, urbanization, 
increased demand for bio-fuels, building materials, and agricultural lands. The 
diversion of agricultural land to non-agricultural uses is also a growing concern. 
Fertile farm lands are being indiscriminately diverted, thus reducing the area 
 available for food production. In the context of food security, the need for effective 
land use policy for housing, infrastructure and urbanization is required to minimize 
the impact of this trend.

17.3.2  Climate Change and Land Degradation

Deforestation, biomass burning, conversion of natural to agricultural ecosystems, 
drainage of wetlands and soil cultivation are considered contributed carbon emis-
sions through land use changes. According to a crude estimate of the carbon emit-
ted from soil to the atmosphere based on an average loss of 30–40 megagram (Mg) 
C ha−1 due to historical land use (Fig. 17.2), soil degradation and fertility mining 
practices is about 5–7 Pg (Lal et al. 2004). As a result of its large-scale activities, 
agriculture is a significant contributor to land degradation and, in particular, a major 
emitter of greenhouse gases. Overall, agriculture is responsible for 25% of carbon 
dioxide (largely from deforestation), 50% of methane (rice and enteric fermenta-
tion), and more than 75% of N

2
O (largely from fertilizer application) emitted annu-

ally by human activities. However, the assessment of degrading areas with global 
land cover revealed that 19% of degrading land is cropland, 24% is broadleaved 
forest, and 19% needle-leaved forests while cropland occupies only 12% of the 
land area. Thus land degradation is mainly associated with farming may be over- 
represented in cropland globally (Bai et al. 2008).

The depletion of soil C causes soil degradation which is exacerbated by misuse and 
mismanagement of land and soil resources. Soil carbon conservation and sequestration 
through adoption and promotion of a restorative land use and  recommended management 
practices could contribute in reduction of the emission of CO

2
 while having improved 

conditions for food security, agro-industries, water quality and the environment. 
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Fig. 17.2 Land use system in South Asia (Nachtergaele and Petri 2008)
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It not only restores degraded soils, but also enhances biomass  production and 
availability of surface and ground waters. Therefore soil C sequestration is consid-
ered a “win–win” strategy. Potential soil carbon restorative land use and management 
practices include adoption of conservation agriculture practices (minimum tillage 
with cover crops and crop residue mulch), integrated plant nutrient management 
(IPNM) with principally returning organic materials to soils, and other soil and water 
resources management. Sequestration of soil C may reach 50–1,000 kg ha−1 year−1 
and its global contribution is estimated to be 0.9 ± 0.3 Pg C year−1 which offset one-
fourth to one-third of the annual increase in atmospheric CO

2
 estimated at 3.3 Pg C 

year−1 (Lal 2004). However, sequestration of soil carbon is considered more a devel-
opment and policy challenge than technical although it is already challenging for 
soils of dry and warm environment of the region.

17.4  Land Use and Management for Climate  
Change Adaptation and Mitigation

Adaptation to climate change is one of the approaches considered likely to reduce 
the impacts of long-term changes in climate variables. Adaptation is a process by 
which strategies to moderate and cope with the consequences of climate change, 
including climate variability, can be enhanced, developed and implemented, and is 
needed in diverse ecosystems, including agro-ecosystems (crops, livestock, grass-
lands), forests and woodlands, inland waters and coastal and marine ecosystems.

Climate change adaptation for agricultural cropping systems requires a higher 
resilience against both excess and lack of water. A key element to counter problems 
is SOM management (Fig. 17.1). SOM improves and stabilizes the soil structure 
and hence enhances absorbance and retention of water without causing surface run 
off, soil erosion, and downstream flooding. Depletion of SOM which was released 
into the atmosphere as GHGs (CO

2
, CH

4
 and N

2
O) in South Asia is critical. 

Removal and burning of rice straw and wheat stubble aggravate the situation. 
Plowing also aggravate loss of SOM through mineralization and oxidation. It is also 
influenced by other factors including clay content and its mineralogy, soil tempera-
ture and soil moisture regimes (Lal et al. 2004).

Sustainable use and management of soil and water resources in South Asia is a 
major issue to be addressed. Soils in the warm, semi-arid and dry region of South 
Asia are coarse-textured and contain predominantly low-activity clay. For that envi-
ronment, FAO promotes low tillage and maintenance of permanent soil cover that 
can increase SOM and reduce impacts from flooding, erosion, drought, heavy rain 
and winds (FAO 2007b). Among areas being explored are conservation agriculture, 
organic agriculture and risk-coping production systems that incorporate crop 
 rotations, agroforestry, crop–livestock associations, crop–fish systems and the use 
of hedges, vegetative buffer strips and other farm landscaping practices. While 
intensive soil tillage reduces SOM through aerobic mineralization, low tillage and 
the maintenance of a permanent soil cover (through crops, crop residues or cover 
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crops and the introduction of diversified crop rotations) increases SOM. A no- or 
low-tilled soil conserves the structure of soil for fauna and related macrospores 
(earthworms, termites and root channels) to serve as drainage channels for excess 
water. Surface mulch cover protects soil from excess temperatures and evaporation 
losses and can reduce crop water requirements by 30%.

17.4.1  Conservation Agriculture

Conservation agriculture and organic agriculture that combine zero or low tillage and 
permanent soil cover are promising adaptation options for their ability to increase 
soil organic carbon, reduce mineral fertilizers use and reduce on-farm energy costs. 
Risk-coping production systems, resilient to land and water modifications, require 
diversified structures in space and time such as crop rotations, agroforestry, crop–
livestock associations, crop–fish systems and the use of hedges, vegetative buffer 
strips and other farm landscaping practices. Accomplishing this can have an enor-
mous impact on adaptation to drought, heavy rains and winds.

Conservation agriculture systems for crops and pastures sequester carbon from 
the atmosphere into long-live SOM pools and contribute maintaining and increas-
ing productivity, promote a healthy environment and strengthen rural communities. 
In general, 1.8 Mg CO

2
 per hectare per year can be sequestered through adaptation 

of best conservation agriculture practices, and one-third of the current annual global 
emission of CO

2
 from the burning of fossil fuels can be sequestered if it is practiced 

on five billion hectares of agricultural land. Early markets have shown that carbon 
offsets from conservation agriculture can be quantified, verified and traded. Carbon 
credit trading may provide an economic opportunity for farmers to adopt these 
ecologically based approaches to farming. The Conservation Agriculture Carbon 
Offset Consultation held on 28–30 October 2008 in Indiana, USA recommended 
the below priority actions (FAO 2008a).

 1. Enable conservation agriculture to be recognized within any renegotiated clean 
development mechanism formed by the United Nations Framework for Climate 
Change Convention after the current expiration in 2012.

 2. Promote closer interaction between government agencies, farmers, private  sector, 
technology generators and disseminators, and nongovernment organizations in 
policy reform, as well as for the design and application of stewardship incentives 
for broad acceptance of conservation agriculture.

 3. Mobilize the commercial sector to recognize the importance of ecosystem ser-
vices provided by conservation agriculture, particularly its role in soil carbon 
sequestration.

 4. Develop a science-based synthesis on how carbon might provide ecosystem  services 
from conservation agriculture. This should include optimized  measurement 
methodologies and determining the potential of soil carbon sequestration for 
defined crop management systems and ecoregions of the world.
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 5. Develop standardized protocols for applying science-based information to 
 conservation agriculture projects that provide ecological goods and services 
using internationally accepted guidance, such as ISO 14064 for greenhouse gas 
emission reductions.

 6. Seek government endorsement of conservation agriculture for development of 
national and international policies to value ecosystem services.

 7. Support adoption of conservation agricultural technologies through payment for 
ecosystem services (e.g., soil carbon sequestration and water quality benefits).

Intensive rice-wheat cropping has caused not only reduced soil quality, but deple-
tion of ground water in some regions. Identifying and including other  possible 
crops such cotton, sunflower, sugarcane, maize, and vegetables in rotation would 
be particularly important. It is also important to identify alternative crops for rice 
which require more water. Improved rice farming may also reduce  methane emis-
sions. Those species should be adaptable in various cropping systems such as 
mixed or relay cropping to maximize resources use.

Conservation agriculture may be effective to sequester carbon into soil and 
 biomass, but in some cases crop residues may be needed for animal feed, or leaving 
them on the ground may delay re-sowing. The economics of farming are harsh, espe-
cially in the developing world. So the several different farming systems, such as agro-
forestry, grazed grassland and arable land have also been considered (FAO 2001).

17.4.2  Agroforestry

Agroforestry, association of trees with crops or pastures, can represent a sustainable 
alternative to deforestation and shifting cultivation (Sanchez et al. 1999; Schroeder 
1994; Sanchez 1995). It has a huge potential for carbon sequestration in croplands 
(Sanchez et al. 1999). Schroeder (1994) evaluated in tropical areas, carbon storage 
of 21 (sub-humid) to 50 Mg C ha−1 (humid) can be obtained with cutting cycles of 
8 or 5 years, far shorter than for forests. Schroeder also estimated the land poten-
tially available for conversion to agroforestry to be 160 Mha suitable in the tropics. 
The global C storage would be somewhere between 1.5 and 8 Pg.

Secondly, agroforestry systems can be established on unproductive croplands 
with low levels of OM and nutrients. The conversion to agroforestry would 
permit tripling the C stocks, from 23 to 70 Mg ha−1 over a 25-year period. Soil 
carbon sequestration for improved land management with some leguminous species 
(Sesbania sesban, Tephrosia vogelii, Gliricidia sepium, Crotalaria grahamiana, 
Cajanus cajan) can also supply 0.1 to 0.2 Mg N ha−1 year−1. Agroforestry would be 
one of the interesting changes in land use related to C sequestration because of its 
relatively high rate of C gain (0.2 to 3.1 Mg ha−1 year−1), mitigation of CO

2
 emission 

from deforestation, and provision of a sustainable system from technical, ecological 
and economic points of view although there are some difficulties in social and cul-
tural reasons.
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17.4.3  Best Management Practices

The appropriate strategy to manage GHG emissions must involve intensive crop 
management practices that enhance nutrient use efficiency while continuing to 
achieve yield increase. Intensification does not necessarily increase the global 
warming potential (GWP) per unit of production of a cropping system (Dobermann 
2007). High-yielding crops can mitigate GHG emissions through increased soil C 
storage, provided they are grown with Best Management Practices (BMPs) such as 
choice of the right combination of adapted varieties or hybrids, planting date, and 
plant population to maximize crop biomass production; use of tactical water and N 
management, including frequent N applications to achieve high N use efficiency 
with minimal opportunity for N

2
O emissions; and use of residue management 

approaches that favoured a build-up of SOC as a result of large amounts of crop 
residues returned to the soil. Although little is known about their measured impact 
on GHG emissions by many fertilizer BMPs, improved crop recovery, reduced NH

3
 

loss and reduced NO
3
-N leaching are the expectations among the other considerable 

potential to reduce fertilizer-associated GHG emissions and GWP.
Identified fertilizer BMPs are (1) choice of the N source that best matches the 

agronomic needs of the specific crop and soil system, and which minimizes risks of 
N loss via all loss pathways, particularly risks of N

2
O emission; (2) use of appropri-

ate N rates to optimize crop yield and minimize residuals of NO
3
-N; (3) timing of 

N applications to coincide, as practically and logistically possible, with crop N 
uptake demand and to avoid losses to air or water; (4) use of balanced fertilization 
by supplying all required nutrients to increase crop growth, increase crop N use 
efficiency, and maximize crop capture of CO

2
; and (5) use of the right combinations 

of source, rate, placement, and timing of N increase the probability of maximizing 
crop yields and farmer profits, while reducing the net GWP associated with the 
specific local crop and soil system (Snyder et al. 2007; Roberts 2007; Fixen 2007).

To enhance efficient and effective nutrient use by the cropping system or rotation, 
continuous system-level management planning may be needed. Intensive crop man-
agement in the system is essential to minimize nutrient losses from agro- ecosystems. 
Conservation practices such as crop rotation matched to specific site characteristics, 
effective irrigation scheduling and rates to match consumptive water and nutrient 
demand, cover crops to retain and recover residual inorganic N, and managed drain-
age and wetlands to further reduced N

2
O emissions (Snyder et al. 2007).

17.4.4  Soil and Water Conservation

Climate change adaptation for agricultural cropping systems requires a higher 
resilience against both excess of water (due to high intensity rainfall) and lack of 
water (due to extended drought periods). A key element to respond to both prob-
lems is SOM that improves and stabilizes the soil structure, so that the soils can 
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absorb higher amounts of water without causing surface runoff, which could result 
in soil erosion and, further downstream, in flooding. SOM also improves the water 
absorption capacity of the soil during extended drought. A broad range of agricul-
tural water management practices and technologies are available to spread and 
buffer production risks. Enhancing residual soil moisture through land conserva-
tion techniques assists significantly at the margin of dry periods while buffer strips, 
mulching and zero tillage help to mitigate soil erosion risk in areas where rainfall 
intensities increase.

Soil and water management techniques have been developed under the FAO 
partnership of the World Overview of Conservation Approaches and Techniques 
(WOCAT), which identify which methods have proven workable under specific 
biophysical and socio-economic conditions. Land use planning approaches have 
been developed that stress participatory approaches for identifying priority areas at 
district and national level and identifying where investments are most needed under 
changing climatic conditions.

A report from Soil and Water Conservation Society (2003) identified the 
approaches to adapt soil and water conservation policies and practices to a chang-
ing climate regime are to take account of updating climatic parameters in critical 
conservation planning tools, investigating sensible estimates of the damage likely 
to occur, and evaluating benefits of building the risk of damage from severe rain-
storms into the conservation planning process through risk-based assessments 
targeted to key conservation systems and environmental outcomes.

17.4.5  Land Cover Assessment and Monitoring

Land cover assessment and monitoring of its dynamics are essential for sustainable 
management of natural resources, assessing the vulnerability of ecosystems and 
planning food security and humanitarian programmes. However, there is still a lack 
of reliable or comparable baseline data. The Global Land Cover Network (GLCN) 
led by FAO and UNEP works to harmonize land cover definitions, standardize land 
cover baseline datasets, facilitate data acquisition and build capacity at the national 
and regional levels. FAO and the International Institute for Applied Systems 
Analysis (IIASA) took the initiative of combining the recently collected vast vol-
umes of regional and national updates of soil information with the information 
already contained within the 1:5,000,000 scale FAO-UNESCO Digital Soil Map of 
the World, into a new comprehensive Harmonized World Soil Database (HWSD; 
FAO/IIASA/ISRIC/ISS-CAS/JRC 2008).

The AEZ methodology which utilizes a land resources inventory to assess for 
 specified management conditions and levels of inputs, all feasible agricultural land-
use options and to quantify expected production of cropping activities relevant in 
the  specific agro-ecological context can be suggested. The characterization of land 
resources includes components of climate, soils and landform, which are basic for 
the supply of water, energy, nutrients and physical support to plants (FAO 2000). 
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Recent availability of digital global databases of climatic parameters, topography, 
soil and terrain, and land cover allow for revisions and improvements in calculation 
procedures.

17.5  Livelihood Adaptation Strategies

In order to increase resilience at all levels and reduce damage and losses from natu-
ral disasters, in 2003 the Government of Bangladesh approved the Comprehensive 
Disaster Management Programme (CDMP) as a key strategy to advance govern-
ment and agency risk reduction efforts in the country (FAO 2006). The CDMP 
follows a strategic institutional and programming approach to address risks associ-
ated with  climate variability and change. CDMP is designed to optimize the reduc-
tion of long-term risk and to strengthen the operational capacities for responding 
to, and recovering from, emergencies and disasters. Efforts to reduce vulnerability 
to long-term climate change have included livelihood adaptation strategies in the 
agricultural and allied sectors, particularly for women and poor communities with 
the lowest capacities to adapt.

FAO assisted the Government of Bangladesh and other key stakeholders in 
designing and promoting livelihood adaptation strategies in the agricultural sector 
to help reduce vulnerability to climate change, particularly among women and poor 
communities. The outputs and deliverables of this effort include (1) survey of 
climate impacts and local perceptions of climate hazards including assessment and 
analysis of capacities and coping strategies; (2) increased understanding of the 
effect of drought on agriculture and allied sectors; (3) analysis of climate analogues 
and climate change model outputs; (4) documentation of viable adaptation prac-
tices and options for livelihood adaptation; and (5) development of extension mate-
rials and awareness-raising methods (FAO 2006).

Successful local adaptation to climate variability and change requires multiple 
pathways with well planned interrelated short- and long-term measures, including:

Adopting physical adaptive measures – such as excavation, re-excavation of • 
canals, miniponds, irrigation, storage facilities for retaining rain water
Adjusting existing agricultural practices – such as adjustment of cropping patterns, • 
selection of drought-tolerant crop varieties; better storage of seeds and fodder; dry 
seedbeds; or adopting alternative, cash crops such as mango (Mangifera indica L.) 
and jujube (Ziziphus jujuba)
Adjusting socio-economic activities – such as livelihood diversification, market • 
facilitation, small-scale cottage industries, integration of traditional knowledge
Strengthening local institutions – such as self-help programmes, capacity build-• 
ing and awareness raising for local institutions
Strengthening formal institutional structures – such as local disaster manage-• 
ment committees and financial institutions
Formulating policy to catalyze enhancement of adaptive livelihood opportunities• 
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Creating awareness and advocacy on climate change and adaptation issues• 
Supporting better research – such as on-farm links to new or improved crops includ-• 
ing drought-tolerant varieties, and other conducive and adaptive technologies.

17.6  Biofuel

The remarkable increase in the development of the biofuel sector is a response to 
the virtual panacea of benefits being associated with it. Few other sources of energy 
can arguably contend to mitigate climate change, enhance national energy security 
and lead to re-vitalized rural development through the increase of relatively cheap 
and easily produced agricultural feedstocks. The benefits attributed to biofuels are, 
however, mirrored by a list of potential threats and pitfalls. Biofuels have been 
debated in a wide range of social and environmental aspects. Foremost among these 
high profile issues are food vs. fuel, increased food prices, loss of land access by 
vulnerable groups, increased demands on water supplies, impacts on forests and 
biodiversity, and questionable climate change contributions.

The implications of increased biofuel use are that increased land will be con-
verted to the production of biofuel feedstocks. This may occur through several 
processes, but most likely a patchwork combination of approaches. Portions of 
farmland under current cultivation of food crops will inevitably be turned over to 
higher value biofuel crops. Increased demand for arable land will presumably be 
met as well through the conversion of forested areas, particularly where enforce-
ment and tenure arrangements are weak (FAO 2008b).

Land use planning approaches have been developed that stress participatory 
approaches for identifying priority areas at district and national level and identify-
ing where investments are most needed under changing climatic conditions. 
However, any diversion of land from food crops to production of energy crops will 
influence food prices as both compete for the same inputs. Conflicting demands for 
arable land among food, fiber, biomaterials and energy production interests cannot 
be avoided. In India, biofuel plantations are planned for wastelands, which are 
considered not suited to cultivation of food crops. The categorization of such lands 
as wastelands has been disputed given the dependence of the rural poor on those 
lands for grazing and fuelwood collection. It is imperative that their tenure and 
access rights be strengthened by appropriate policies.

17.7  Conclusions

Improve conservation and efficient use of land, water and bio-diversity resources 
through available technologies and by ensuring effective reforms in policy are deemed 
necessary. South Asian governments took significant initiatives to strengthen institu-
tions, improve regulatory systems, and financial and policy reforms (ESCAP 2000). 
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However, a number of common limitations observed are legal, industrial, policy and 
NGO communities. Legislation failed to respond to changing paradigms of develop-
ment and many resource laws and statutes became obsolete. Likewise, regulatory 
framework is weak and implementation and enforcement are challenging. 
Environmental policies showed some successful cases such as local level decentral-
ized approaches have larger impact on resource management. The environmental 
management, the increased involvement of the public sector in environmental deci-
sion making, and poverty alleviation are to be further emphasized.

Many countries already are adapting to current climatic events at national, 
provincial, state, district and local levels in short-, medium- and long-term time 
frames. However, in the past, many structural, physical and institutional adapta-
tion mechanisms, implemented through conventional top-down approaches, 
lacked community participation and livelihood focus. Appropriate adaptation 
strategies also require balancing the need to reduce climate change impact with 
any constraints in national policy-making processes.

To cope with climate change and increase agricultural productivity through con-
servation and efficient use of agricultural land and water resources with technical, 
policy support and environmental considerations, improved land management and 
land-use planning are possible adaptation methods. Sustainable land management 
combines technologies, policies and activities aimed at integrating socio-economic 
principles with environmental concerns to simultaneously maintain or enhance 
productivity, reduce the level of production risk, protect natural resources and 
 prevent degradation of land and water resources, economically viable and socially 
acceptable (FAO 1999). Monitoring of climate change may also mitigate the seri-
ous implications for the South Asia’s agriculture.

It is suggested to improve land-use planning and management through technical 
and policy support, and increase agricultural production/productivity through 
 conservation and efficient use of agricultural land and water resources with techni-
cal and policy support and environmental considerations. Bio-diversity conservation 
and protection should be promoted through proper planning and policy support.

As the weight of evidence in widespread land degradation in the region has been 
clearly recognized, immediate integrated actions should be taken to combat both 
the direct and the indirect causes of land degradation and climate change. Two 
major proposals are assessment of the severity and extent of the problem and its 
effects and action to check and reverse land degradation which increase resilience 
and reduce risks affected by changing climate.
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Abstract Minimizing waste generation and recycling have become the focus of 
governmental agencies in many countries to reduce human impact on the environ-
ment. With this focus, composting has received a high ranking in the hierarchy of 
recycling methods and continues to gain importance throughout the world for the 
conversion of organic by-products to new resources. Adoption of composting for 
capturing and recycling organics however is not without environmental and eco-
nomic issues and requires approaches which manages the process from the cradle 
(source separation) to the grave (high value markets). This paper addresses the 
challenges and opportunities in composting organic matter. Its focus is on reduc-
ing operational cost and managing odors. Composting systems and principles are 
presented along with results of optimization studies based on engineering analysis 
as well as pilot scale and large scale composting studies. Results are from studies 
on many organics including, municipal solid waste (MSW), biosolids, short paper 
fiber (SPF), yard trimmings, and animal manures. A list of guidelines for develop-
ing and managing efficiently composting systems are presented. . Compost value 
for growing plants, both as a fertilizer and biocontrol agent are outlined along with 
other uses in protecting the environment.

Keywords Waste management • Municipal solid waste • Biosolids • Clean air act 
• Clean water act • Windrow

Abbreviations

Letters

E
a
   Activation energy in Arrhenius equation

k   Rate of decomposition of dry matter per unit of compostable dry matter: 
day−1

k
vs

   Rate of decomposition based on volatile solid: day−1

m  Dry mass (refers to compost if no substance identified): kg
MiR  Mixing ratio decimal fraction of material of interest to total weight of mix, 

dry basis: kg kg−1

R  Ideal gas constant in Arrhenius equation
T  Temperature (refers to compost if no substance identified): °C
T*  Optimum temperature: °C
w  Moisture content dry basis: kg kg−1

w   Moisture content wet basis: kg kg−1

X  Relationship for k as a function of compost variables X
T
, X

w
, 

2OX , Xj, XC/N
.

2OY   Mass concentration of oxygen in compost free air space: 
2Okg kg

a
−1

Greek Letters, Symbols

*  Optimu m or chosen operating point

wΦ   Moisture loss term aeration factor
∞   Infinity
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Letter Subscripts, Superscripts

a   Dry air
abs   Absolute
BL   Broiler liter
c   Dry compost
CAFO   Concentrated animal feeding operations
C/N   Carbon to nitrogen ratio
max   Maximun
0   Initial value at time zero
MiR   Mixing ratios
MSW   Municipal solid waste
PFRP   Process to further reduce pathogens
PM10   Particulate matter <10 mm
RCRA   Resource Conservation & Recovery Act
SPF   Short paper fiber
T   Temperature
USEPA   US Environment Protection Agency
VOC   Volatile organic compound
vs   Volatile solids
w   Water

Conversion Table

g   0.002205 lb (pound)
kg   2.2 lb
Mg   1,000 kg or 2,200 lb
m   3.281 ft (feet) or 1.094 yd (yard)
cm   0.03937 in. (inches) or 0.03281 ft
m3   35.31 ft3 or 1.308 yd3

kg m–3   0.0623 lb ft–3 or 1.682 lb yd–3

MJ   948.6 BTU (British Thermal Units)
MJ kg–1   431.2 BTU lb–1

ha   2.471 ac (acres)
Mg ha–1   890 lb/ac
m3 kg–1 day–1  16.05 ft3 lb–1 day–1

18.1  Introduction

Composting is a widely used process throughout the world for the treatment of 
solid waste (Hoitink et al. 2002). In the USA more than 8,500 composting sites 
were operating in 1997 (Composting Council 1997) with 15 for mixed municipal 
solid waste (MSW), 250 for municipal biosolids; 138 for food waste, 3,316 for 
yard trimmings, and >5,700 for farm residuals. Of the farm composting operations, 
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over 5,000 (Kashmanian and Rynk 1996) were composting animal mortalities. 
Since then composting sites for all categories have increased except for MSW. For 
example mortality composting has increased exponentially due to economic and 
bio-security considerations and in the state of Ohio alone over 3,200 farmers have 
been added to the list doing mortality composting (Keener et al. 2002b). In addition 
backyard composting by homeowners has also increased and some industries now 
use composting as a method for the destruction of toxic by-products. This paper 
outlines the challenges and opportunities for composting to capture/recycle more 
of organic waste stream citing examples from the USA experiences. It also presents 
basic concepts to composting organics safely and efficiently. It does not however, 
purport to claim that composting is the best choice in all cases for recycling 
organic waste.

18.2  Challenges and Opportunities for Waste in the USA

The United States Environmental Protection Agency (USEPA) notes, “Nearly every-
thing we do leaves behind some kind of waste. Households create ordinary garbage. 
Industrial and manufacturing processes create both solid waste and hazardous waste” 
(USEPA 2008a). USEPA regulates all this waste under the Resource Conservation 
and Recovery Act (RCRA). The goals of the act are to: protect people from the hazards 
of waste disposal, conserve energy and natural resources by recycling and recovery, 
reduce or eliminate waste, and clean up waste which may have been spilled, leaked, 
or disposed of improperly. To accomplish these objectives, the USEPA has developed 
a hierarchy for waste management – source reduction/reuse, recycling, composting, 
combustion, and landfills. Composting was selected as a management scheme 
because it can meet RCRA’s objectives by recycling natural resources in an environ-
mentally safe way that are important in the production of agronomic, landscape and 
nursery crops.

18.2.1  Minimize the Waste Stream

Although reducing the waste stream won’t necessarily insure more organics will be 
composted, it will reduce total societal disposal cost and potentially lead to more 
monies for investing in recycling programs such as composting. Spiegelman and 
Sheehan (2004) discuss the future of waste and noted that managing product waste 
effectively is a responsibility shared by both producers and consumers, but it really 
begins with product design. These concepts are being advanced in the US, and have 
already been incorporated into other societies such as Japan and parts of Europe. In 
this respect, the USEPA received in May, 2004 the prestigious 2004 Shingo Prize for 
Research, a prize named for the Japanese industrial engineer Shigeo Shingo (USEPA 
2008b). The award was for the USEPA’s National Waste Minimization Partnership 
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Program, which promotes reducing the amounts of waste generated and lowering the 
toxicity and persistence of those wastes that are, of necessity, generated.

18.2.2  Source Separated MSW

The USA with a population of over 299,000,000 generated 228,000,000 Mg of 
MSW in 2006, or 2.09 kg inhabitant−1 day−1 (USEPA 2008c). Analysis of the trends 
over the last 16 years gives an annual growth rate of 1.3%, although from 1990 to 
2006 only a minimal increase per inhabitant occurred. Makeup of this waste stream 
is organics (paper, yard trimmings and food scraps) at 59.3% and non-organics 
(plastics, metals, rubber, leather, textiles, glass, wood, etc.) at 40.7%. Currently 
32.6% is recovered (24.3% recycled, 8.3% composted), 12.5% burned and 55% 
disposed of in landfills. Kaufman et al. (2004) put the MSW generated at 
335,000,000 Mg/year for the USA and discusses in detail the difference between 
their number and the USEPA.

Compost systems for mixed MSW have had high operational cost and the compost 
produced has only limited uses (Hoitink et al. 1993b; Spencer 2004). This has lead 
to the increased emphasis on source-separated organics for composting. Operational 
cost for controlling odors and odor nuisance complaints at these facilities can also 
be cited as causing their shutdown. Composting source separated yard trimmings 
from MSW has proven successful with over 3,200 sites in the USA (Kaufman et al. 
2004). In many instances, mulch as well as finished compost is generated from the 
trimmings. Growth in source separation of yard trimmings can be linked to bans on 
land filling of yard trimmings by individual states in the 1990s. In states where a 
ban is not mandated, high tipping fees at landfills can lead to recycling the yard 
trimmings by composting.

Composting source separated food waste has increased only slightly in the USA 
because grocers, restaurants, and produce distributors are not willing to participate 
in source separation (Jamieson et al. 2004). The major issue with source separating 
food has been the extra labor and expense required to sort. In addition, waste haul-
ers generally prefer co-mingled waste hauled directly to landfills because of its 
lower cost. A second reason for the difficulty of food waste composting being 
adopted is the lack of expertise by compost operators in managing high moisture 
by-products and preventing odor, along with high cost per ton for the finished compost. 
Development of new concepts which reduce labor and management cost of separa-
tion of the MSW is needed. Such items as biodegradable packaging and eating 
utensils may lead to increased source separation by commercial businesses.

A different approach to centralized composting being promoted for food waste 
is on-site composting using manufactured small scale composting systems (Deller 
2004). One example is the Earth Tub™ that was designed specifically for on-site 
composting of food-wastes at schools, universities, restaurants, hospitals and super-
markets. It is a fully enclosed composting vessel featuring power mixing, compost 
aeration, and biofiltration of all process air. Their adoption may be limited, 
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 however, because cost of installing and operating (maintenance, labor, energy) may 
be much greater than cost associated with offsite composting facilities.

18.2.3  Biosolids

The North East Biosolids and Residuals Association (NEBRA 2007) estimated that 
in 2004 a total of 6,527,300 Mg or 60.9 g inhabitant−1 day−1 of dry biosolids were 
generated in the U.S. This is equivalent to 1.22 kg inhabitant−1 day−1 of biosolids at 
5% solids. Beneficial use of these biosolids in 2004 was 3,188,000 Mg or 49% of 
the waste stream. This is down from the 59% estimated in 1998. Beneficial use was 
74% for agriculture, 1% forest land, 3% reclamation, and 22% class A distribution 
(includes composting and dried pellet fertilizer). This left 51% of the waste stream 
for disposal by land filling,  incineration, and other.

Direct land application has been a lower cost method of handling biosolids in the 
past, costing »1/2 that of composting. For the City of Columbus, Ohio cost in 2004 
was $90 per dry Mg for land application and $190 per dry Mg for composting (Hoff 
2004). Columbus’s compost product, Com-Til, is available for purchase in both 
18.2 kg bags or in bulk quantities. In 2004 the traditional Com-Til product’s retail 
bulk pickup price was $19.60 m−3, while the new Com-Til Plus soil conditioner was 
$13.10 m−3. A challenge to the continued land application of biosolids is public 
concerns over pathogens, air emissions and water contamination. In addition, in wet 
climates seasonal wet soils affects timeliness of disposal as well as increasing envi-
ronmental risk.

Recent improvements in solids separation for biosolids has increased the sludge 
cake solids content from ~22% to ~30% w/w (Goldstein 2004). This dramatically 
reduces the amount and cost of amendments required to manage moisture content. 
However, NH

3
 emissions would be expected to increase if C/N decreases due to 

higher biosolids to amendment ratios. Since biosolids composting facilities are 
continually challenged by odors, NH

3
 emissions and high cost of operation, new 

ways to lower cost are being tried. One way receiving much emphasis is anaerobic 
digestion of biosolids to produce methane prior to utilization of the residuals for 
beneficial use (Schmack BioEenergy 2009).

One approach for small communities to compost biosolids is the example from 
Lenoir City, TN (Blackburn 2004) The approach is a static pile consisting of 20 cm 
of a biosolids (9% solids) and green woodchips mixture (1:3 ratio) placed on a bed 
of woodchips 18–20 cm deep, and then covered with 20–30 cm of clean wood-
chips. Results on temperature indicated the USEPA’s PFRP (Pathogen Free 
Reduction Process) of 55°C is being met with no turning of bed. In addition, 
Salmonella tests at interface have met USEPA standards. No cost is given, but for 
small cities this concept may be economical to produce compost that can be safely 
land applied. This concept is similar to that used for composting animal mortality 
(Keener et al. 2000b).
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18.2.4  Agricultural Waste

Agricultural waste involves plant residues (such as plant materials from  greenhouses, 
weather damaged forage crops, crop residues, etc.) and animal manures. Due to the 
nature of the plant residues they can often be composted using low tech approaches 
with minimal cost. However, animal manures are often high in moisture (fresh dairy 
and swine manure range from 88% to 98%, caged layer manure »75% moisture) 
and cannot be composted without amendments (Michel et al. 2004) or in the case 
of caged layer manure drying to <55% moisture (Elwell et al. 1998). Poultry litter 
and horse manure are solid manures, ranging in moisture from 30% to 55%, 
depending on the levels of bedding used. All of the animal manures, with the excep-
tion of horse manure/bedding, have the potential to emit large quantities of NH

3
 

because of low carbon to nitrogen ratios (C/N <<25).
Location in the USA does affect approaches to composting animal manures. In 

the southwest or dryer climates, windrow systems predominate with minimal bed-
ding. Often the manure being composted comes from a screen separator or screw 
presses (Katers et al. 2003). Jurgens (2004) describes composting at New Era 
Farms. This 30-year-old operation produces 70,000–90,000 Mg annually, drawing 
on solid and liquid manures from 10 of the larger dairies within a 60 mi. radius in 
San Joaquin Valley. The composting is done in windrows and takes 90–120 days. 
Finished compost is uniform in particle size, stable, dark brown (not black which 
indicates too hot a process, i.e. >70 C) and is marketed to almost 400 growers farm-
ing over 405,000 ha, of which 115,000 ha are biologically influenced fertility and 
14,160 ha are certified organic. Charge for stable compost was $13–$23 Mg−1. 
Blending gypsum or lime with the compost may be done, depending on pH of soil 
to which compost is being applied.

Composting dairy manure in the Midwest is best done under roof or with the 
option of covering outside windrows with a fleece blanket. Results of studies 
(Keener et al. 2002c; Michel et al. 2004) showed late fall and winter composting 
resulted in high moisture contents in the finished compost if no covers were 
used.

18.2.5  Innovative Uses of Compost

Using compost as a soil amendment has been known for centuries. It improves soil 
tilth, reduces erosion, provides plant nutrients and helps control plant diseases. 
Today new uses are being found for compost and composting which help save 
money, reduce the use of chemical fertilizers and pesticides, and conserves natural 
resources. A list of these uses are: bioremediation and pollution prevention, erosion 
control, turf remediation, and landscaping and disease control for plants and animals 
and animal mortality composting (USEPA 2009b).
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18.2.6  Composting Regulations

USEPA compost regulations cover biosolids and materials containing biosolids. 
These rules, identified as USEPA 503 (Epstein 1997) address pollutants (hazardous 
organics, heavy metals, pathogens) that can impact the environment. For a detailed 
description of EPA 503 visit EPA’s website (USEPA 2009a). Other regulations on 
composting are set by the individual states. In Ohio, current regulations for non- 
biosolids require testing of the finished compost for pathogens, heavy metals, organic 
chemicals (PCB, Benzene, etc.), pathogens, and foreign matter (plastics, glass, 
 textiles, etc.) before marketing, a goal oriented regulation. Also, testing is required 
for boron, maturity, pH, salinity, N, C, P and K, although no limits are set. Current 
rules regarding solid waste composting can be found under Chapter 3745-27 of the 
Ohio Administrative Code (OAC), specifically Rules 3745-27-40 to 3745-27-47 
(Ohio EPA 2009).

One part of USEPA regulations is the Process to Further Reduce Pathogens 
(PFRP). The PFRP requires (1) maintaining the compost temperature at ³55°C for 
3 days for a within-vessel compost method or the static aerated pile method, or 
(2) if composting is done in turned windrows the criteria is five turns over 15 days 
while achieving ³55°C in the windrow. The goal is minimizing the risk of patho-
gens in the compost. This PFRP has been adopted as a requirement for compost to 
be sold to certified organic farmers, even though the compost is made from yard 
trimmings, food waste and manures. Such regulations focus on the process and not 
the desired outcome, and by so doing eliminates using low cost composting prac-
tices which can still provide pathogen control. Outcome based criteria (such as 
done in Ohio) on allowable pathogen levels should be the basis of regulations and 
not a specific processing procedure.

18.2.7  Clean Air Act

The state and federal EPA’s are promulgating new rules and regulations under the 
clean air act. These rules apply directly to waste handling and treatment facilities, 
including composting. Air regulations emphasize ozone, dust (particulate matter 
PM10 and PM2.5), CO

2
, SO

2
 and NO

X
 (USEPA 2004), although NH

3
, CH

4
, and 

volatile organic compounds (VOCs) are also considered from a greenhouse gas 
effect, or precursor to PM formation. Odors are considered from a nuisance stand-
point and are the concern of local and state regulations. In the past, odor has been 
the primary cause of facilities being shut down. Development of biofilters for 
VOCs and odor and chemical scrubbers for NH

3
 have proven effective in many 

instances, but the high cost of operation and treatment needs to be improved 
upon.

US agricultural enterprises are facing new regulations associated with the Clean 
Air Act. This is evident by new federal legislation for CAFOs (concentrated animal 
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feeding operations) to regulate emissions, as well as stepped up enforcement of 
provisions in the Clean Air and Water Acts. Recently, Ohio’s largest egg producer 
“agreed to a comprehensive Clean Air Act settlement under which the company 
would spend $1.6 million to install and test innovative pollution controls to dra-
matically cut air emissions of particulate matter and NH

3
” (Department of Justice 

2004). In the San Joaquin Valley an estimated 1,350 farms and dairies now face 
regulations on smog forming emissions (Anonymous 2004). These challenges are 
leading to innovative concepts in agriculture, many of which center on composting 
as a way to create a value added ‘by-product’ with multiple marketing opportuni-
ties. New facility design and management, such as the High Rise™ hog facility 
coupled to windrow composting (Keener et al. 2001a,b) or manure belt systems for 
caged layers coupled to in-vessel composting (Keener et al. 2002a), high rise 
 poultry + deep pile composting/storage, and aerated pads with windrow turning for 
dairy manures are new approaches being developed and adopted. These concepts 
and others are addressing the odors, flies and pathogens associated with livestock 
manures, while closing the loop on nutrient cycling by enabling manure nutrients 
to be cycled back into crop production systems.

18.2.8  Clean Water Act

The state and federal USEPA’s are promulgating new rules and regulations under 
the clean water acts. These rules apply directly to waste handling and treatment 
facilities, including composting. Currently, in Ohio, all runoff from outdoor com-
posting sites must be contained and reused back into the composting operation or 
disposed of by irrigating onto land with minimal potential for direct discharge into 
the “waters of the state”.

The challenges and opportunities facing expansion of composting in the USA 
are varied and will require understanding the design and operation of composting 
facilities. The remainder of this paper focuses on the current knowledge base asso-
ciated with the design and management of facilities and ways to minimize fixed and 
variable cost while controlling odors, pathogens, leachate and dust. In addition it 
presents information on developing new uses and markets for compost.

18.3  Composting Process

In conventional composting, ingredients are mixed and then placed in a pile to allow 
bacteria, fungi and other microorganisms to break down the organic materials to a 
stable mixture called compost. The organisms consume oxygen and release heat, 
water, and carbon dioxide (CO

2
). In some cases NH

3
 and other gases are emitted. 

Generally the mix is turned every 3 or 4 days, but sometimes every day or only 
weekly or monthly. In some systems air is forced through the compost to control 
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temperature and keep the pile supplied with oxygen as composting occurs in a 
predominantly aerobic environment (Rynk 1992; Haug 1993). When little or no 
heating is observed, the material is removed, remixed and placed in a curing pile for 
several months before marketing. Length of time for any one phase of  composting 
is affected by the composition of the parent materials, processes  temperature, oxygen 
levels, C/N ratio, particle size, turning frequency, and many other factors. Length of 
curing depends on the aforementioned factors and market opportunities (uses) for 
the compost.

Figure 18.1 is a schematic of the material flow in the process. Volume and mass 
reductions as high as 75–80% of parent materials have been noted for composting 
(Michel et al. 2004). A description of the composting process, compost maturity 
and compost stability are given in numerous references (Haug 1993; Hoitink and 
Keener 1993; Keener et al. 2000a,d).

18.3.1  Composting Systems

Composting systems can be classified as static piles, aerated static piles, turned 
windrows and aerated turned windrows. The terms windrow and pile can be used 
interchangeably in these descriptions. The terms in-vessel and tunnel indicate that 
the pile or windrow is contained within a structure. Which system represents the 
best technology depends on the material to be composted and takes into account not 
only environmental issues (health, safety, public nuisance, etc.) but also the 
 economics. Table 18.1 is an overview of systems which have been used for a 
 particular material. Brief descriptions of the various systems are presented here. It 
should be noted, success of any system occurs only when good management 
 practices are followed.

18.3.1.1  Static Pile

Composting material is placed in a pile (or windrow) and left to compost with minimal 
turning and without using forced ventilation (Haug 1993; Rynk 1992). This 

ORGANIC
SUBSTRATE

WATER

MARKET
MIXING

RECYCLED

CURINGCOMPOSTING
(turning)

ORGANIC AMENDMENT
(woodchips, sawdust, yardwaste,....)

Fig. 18.1 Material flow in conventional composting. Airflow into the composting and curing 
pile, also a part of the process, is not shown in the figure
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approach is generally used with materials unlikely to generate offensive odors if 
anaerobic; materials such as leaves and ground yard waste which have high C/N 
ratios (>50). When escaping odors may be a problem, the pile is capped with a 
biofilter type material to trap and destroy the odors. This latter approach is used for 
dead animal composting (Keener et al. 2000b) by capping the pile with 25–50 cm 
of biofilter. These systems are usually turned once at the end of the high rate phase 
of composting and once between the stabilizing phase and the curing stage. 
Screening often proceeds the marketing of material to remove non-organic 
 contaminants and provide a uniform product less than 1 cm in size. The over sized 
material left from screening, if woody, is often mixed with the incoming material 
for future composting.

18.3.1.2  Aerated Static Pile

Composting material is placed in piles (or windrows) with ventilation ducting 
underneath the piles (Haug 1993; Rynk 1992). Past studies on aerated pile systems 
show they work best using forced ventilation as opposed to suction because of 
higher pressure drops and accumulation of water in the piping under suction. Even 
so, many systems ventilate by negative-pressure on the compost and exhaust the 
resulting gases through a biofilter system (Haug 1993). The rate of aeration required 
to prevent anaerobic metabolism within the compost varies with the product being 
composted (Keener et al. 1997a, 2000d, 2002d, 2008).

Pile height is generally limited to 2–1/2 m and less than 30 m length to balance 
airflow required to control temperature, static pressure drops, and fan power 
requirements. Spacing of ducts is usually controlled by pile height since duct spacing 
is approximately equal to the height of the pile. A block approach is often used to 
maximize use of space. Pipe sizing, both header and aeration duct, and hole place-
ment in the aeration duct are often critical for successful operation of this system 

Table 18.1 Composting concerns for specific substrates and the composting 
systems used

Material Odor Pathogens Toxic Technology used

Woody materials SP,TP
Leaves SP,TP
Lawn clippings X SP,TP,ASP
Food waste X X SP,ASP,TP,ATPa

Mortality X X SP,ASP,TP,
Biosolids and manures X X X SP,ASP,TP,ATPa

Municipal waste X X X SP,ASP,TP,ATPa

SP, static pile; ASP, aerated static pile; TP, windrow with turning; ATP, aerated 
turned windrow (in-vessel, etc.)
aSystem chosen depends on mixing ratios of materials. If a large portion of the 
material composted is woody then the static pile and turned pile systems are 
appropriate under good management (good site selection, well-defined opera-
tions protocol)
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(Rynk 1992). Improper design leads to over ventilation of the pile in one location 
and under ventilation (with accompanying odor and low decomposition rate) in 
other places. Matching pile depth to material and moisture of material is critical for 
the success of this system (Das and Keener 1997). Biosolids mixed with a bulking 
agent are often composted with this system (Haug 1993; Elwell et al. 1994).

18.3.1.3  Turned Windrow

Composting material is placed in a windrow (pile) and is turned at regular schedules. 
Pile heights are generally limited to 1.5–2.5 m because of the ability of equipment 
to handle material and porosity considerations. Equipment ranges from tractors with 
buckets to payloaders and from pull type turners handling 1.5 (height) × 2.5 m 
(width) windrows to straddle turners handling 2.5 × 3 m windrows. Length of wind-
row is generally not critical, but will depend on site location. Windrow systems 
have been adopted to handle many types of materials such as cattle manure, yard 
trimmings and MSW.

Compost porosity >30% is important to minimize anaerobic conditions since 
windrows, as with the static piles, depend on natural convection (chimney effects) 
to ventilate the pile. Excessive porosity (>70%) however can prevent the windrow 
from self heating (Michel et al. 2004). Turning the pile can incorporate oxygen, but 
if the pile lacks porosity, the center of the windrows become anaerobic in a matter 
of minutes (Hoitink et al. 1993b). Turned windrow can suffer from lack of moisture 
in dry climates. Many turners designed today introduce water back into the windrow 
to maintain conditions favorable for high rate composting.

Windrow systems often generate some odors early in the process with highly 
putrescible material. One method to minimize odor is to keep pile temperature 
below 58°C as this will minimize volatilization of odorous compounds (Miller 
1993). This is accomplished by regulating pile size, moisture content and porosity. 
Another method is to cap the piles with biofilter type material to trap escaping 
odors and delay turning the windrows until the temperature of the high rate phase 
of composting has declined to <58 C, and oxygen levels have recovered in most 
regions of the compost pile.

18.3.1.4  In-Vessel

This system is an aerated turned windrow with sidewalls. Historically, it has 
included upright silos, flat rectangular structure with bays, structure with walking 
floors, etc. (Haug 1993) gives detailed descriptions of in-vessel systems that have 
been built and used for composting. Operating principles of these systems have 
been well defined (Haug 1993; Keener et al. 1993). A roofed version of this system 
is the tunnel system, which completely controls the path of exhaust air leaving the 
system. In-vessel systems can be used for all types of “prepared (particle size is 
critical) materials” and have the capabilities of controlling emissions. An approach 
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used to reduce cost with such technology is to use two composting systems – an 
in-vessel system for 7–21 days and an aerated pile till material is through the high 
rate phase of composting. In-vessel systems have high fixed and operating cost and 
should be selected based on materials to be composted and site requirements, rather 
than an arbitrary criterion of best available technology.

18.3.2  Controllable Factors

While composting does occur naturally, efficient composting requires the control 
of many factors to avoid nuisance problems such as odors and dust. Keener et al. 
(2000a, d) identified over 20 controllable factors affecting the cost and perfor-
mance of the composting system (Table 18.2). Of these factors, nutrient balance, 
moisture content, particle size, porosity and pH are the most important in formula-
tion of the compost mix. Factors such as oxygen concentration, temperature, and 

Organic amendment Ambient temperature
Bulking agent Aeration schedule
Percent recycled compost Percent recycled air
Nutrient balance, C/N ratio Stirring frequency
Water content Moisture control
Particle size Retention time
Porosity Curing time
Bulk density
pH Pile shape
Oxygen concentration Pile depth
Compost temperature Pile volume
aFactors presented in boldface are those considered most 
important in formulation or management of the composting 
process

Table 18.2 Factors affecting 
performance and operational 
cost of composting systema

Table 18.3 Guidelines for major factors affecting composting

Factor Reasonable range Preferred range

Nutrient balance, C/N 25:1−40:1 30:1–40:1
Water content 45−65% w.b. 50–60% w.b.
Particle size 0.8−1.2 cm (1/8–1/2 in.) Depends on material
Porosity 30−60% 35–55%
Bulk density <640 kg/m3 (1,100 lb/yd3)
Temperature 45–68°C (110–155°F) 54–66°C (130–150°F)
Oxygen concentration >1% > >5%
pH 6.0–9.0 6.5–8.0
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water content are the most important during management of the process. Guidelines 
for major factors are presented in Table 18.3 (Rynk 1992).

18.3.3  Optimizing Design and Management of Compost Systems

Keener et al. (1993) noted “optimization of a design, whether based on cost of 
construction and operation, energy use (conservation of resources) or pollution 
levels (odors, dust, etc.) can be done through field experimentation and mathematical 
modeling of the composting process. Field experimentation implies collection of 
basic information for real working systems (pilot or full scale) and evaluation of the 
results. Modeling the process is done using analytical or numerical models devel-
oped on the basis of heat and mass transfer principles and the reaction kinetics of 
biological systems. These models are used interactively with cost models that 
describe the system.” The following sections present results of both field experi-
mentation and modeling on controllable factors in composting.

18.3.3.1  MiR – Mixing Ratios

Rynk (1992) describes materials encountered in composting as being primary 
(material of interest), amendment (material to adjust C/N or water content) and 
bulking agent (material to “open” up the compost mix, giving it porosity so air 
can move through the pile). Because many materials do not compost rapidly and 
properly by themselves, efficient composting begins with a proper mix of these 
materials to control water content, C/N ratio and porosity. Three examples of 
materials requiring amendments or bulking agents are pine bark (high C/N), 
short paper fiber (high C/N), and biosolids (low C/N, high water content, low 
porosity). Some materials serve both as a bulking agent and amendment and in 
special cases the added  material is also a by-product. Examples of co-compost-
ing are grass/leaves/brush (Marugg et al. 1993), biosolids/ woodchips/leaves 
(Elwell et al. 1994), food waste/yard waste/chicken manure (Elwell et al. 1996) 
and short paper fiber/poultry liter (Eckinci et al. 2002). Mixing ratios or the 
proportion of the various materials which give the correct levels of C/N and 
moisture can be calculated using data on chemical composition and density of 
materials (Fitzpatrick 1993; Keener et al. 2000d). Mixes are usually developed 
on a volume basis to make it easier for the operator of a facility to manage the 
process. The website OCAMM (2008) presents computer spreadsheets (Keener 
et al. 2002d), based on volumes or mass of materials and their measured proper-
ties moisture, N, C/N and wet bulk density, used to calculate the mixture’s C, N, 
C/N, moisture, and density.

Sources of data on the chemical and physical properties of waste products are 
given in Rynk (1992) and Keener et al. (2000a). More recent sources of information 
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on specific products are easily located through computerized literature searches. 
Since material’s properties vary considerably from source to source, each by- 
product to be composted needs to be analyzed. Recycling compost and overs is 
sometimes a part of the process (Haug 1993; Elwell et al. 1994). Keener et al. 
(1993) presented equations for solving the effects of recycling on compost efficien-
cies and maturities if decomposition rates are known.

18.3.3.2  C/N – Carbon Nitrogen Ratio

Composting is usually successful when the mixture of organic materials contains 
25–40 parts of carbon to 1 part of nitrogen. This carbon to nitrogen ratio (C/N ratio) 
in the compost meets the needs of microorganisms for high rates of decomposition 
while minimizing the loss of nitrogen as ammonia (Hansen et al. 1993; Michel 
et al. 2004; Ekinci et al. 2002). Woody materials such as bark, pulp or sawdust are 
typically enriched with nitrogen as ammonia or urea to avoid nitrogen deficiency. 
It is best to add nitrogen in organic form, such as in poultry manure, to avoid losses 
of the added N due to leaching or volatilization. The quantity of nitrogen to be 
added depends on the C/N ratio, particle size and the biodegradability of the material 
and typically ranges from 1.0 to 1.5 kg m−3 material (Hoitink and Kuter, 1986). 
Phosphorus, other principal and trace elements are generally available in satisfac-
tory amounts for microorganisms when organic materials are blended to achieve 
this C/N ratio.

18.3.3.3  C/N and MiR – Maximizing Composting Rate  
and Capacity of Facility

Regulating C/N ratio is critical to achieving high rates of decomposition. It is 
adjusted by altering the mixing ratio, MiR, of materials being composted. Rynk 
(1992) states desired C/N ratio for composting is between 25:1 and 40:1 and is 
based on the C being readily available to microorganisms. This C/N range favors 
high growth rates of microorganisms and their efficient processing of degradable 
organics with limited odor generation. C/N above 40 generally slows decomposi-
tion due to limited nitrogen for microbial growth. Ekinci et al. (2002) evaluated 
the effects of mixing ratio (SPF/[SPF + BL], w/w) of paper mill sludge and 
broiler litter on k, decomposition rate, and bo, non-compostable fraction 
(Fig. 18.2). Maximum decomposition rate, k

max
, was 0.119 day−1 and occurred at 

C/N = 33.5.
Ekinci et al. (2002) solved for the optimum mixing ratio, MiR, which for materi-

als x1 and x2 maximized processing capacity of a composting system for material 
x1. Solution was dependent on desired level of stability (maturity ratio, mR*)”. In 
this problem, mixing ratio was defined as

[ ]x1 x1 x2MiR m / m m= +
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Presented was a solution for composting short paper fiber (x
1
) with broiler liter (x

2
). 

The procedure outlined can be applied to any compost mix if decomposition rates 
are known as a function of C/N. Results (Fig. 18.3) showed maximum throughput 
capacity was occurring at MiR @ 0.7 and C/N @ 35.

18.3.3.4  Water Content and Moisture Control

Numerous researchers have noted effects of compost moisture content on rates of 
decomposition. For w

c
 between 50% and 65% on a wet weight basis, k is not 

generally affected. When the water content of most materials exceeds 65%, the 
structural strength of the compost deteriorates below critical threshold levels, 
oxygen movement is inhibited, and the process tends to become anaerobic (Das 
and Keener 1997). If the process becomes anaerobic and the compost has a low 
C/N ratio (e.g. meat wastes), putrefaction occurs. At high C/N values, the materi-
als ferment which result in decreasing pH and inhibition of the process. Both 
processes produce odors and must be avoided (Miller 1993). Below 50% mois-
ture, bacterial growth becomes a rate limiting factor. The optimum moisture level 
varies with materials because of their specific water holding properties (Jeris and 
Regan 1973b). The ideal water content of the compost during the curing stage is 
45–50% wet weight basis. This provides an acceptable environment for recoloni-
zation by beneficial microorganisms, but minimizes potential anaerobic 
conditions.

If compost contains a level of inert (ash, plastic, glass,…) > 10%, water con-
tent should be at 50–60% for the non-inert fraction (Keener et al. 2000d). Ekinci 
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et al. (2004a) evaluated decomposition as a function of moisture for SPF/BL and 
found decomposition could be represented as a Gaussian function (Fig. 18.4). 
The equation incorporating moisture was

2
c0.5[(w 44.22)/19.87]

wcX e− −=

Because this material had a high ash content of 52%, the optimum moisture level 
was 44.2%. The ash free moisture was 62% w.b.

Because large quantities of water are evaporated during composting to achieve 
temperature control, sometimes over two-thirds, optimum water content can only 
be maintained through rewetting. Time to first remixing event based on moisture 
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control was solved by Keener et al. (1996). Results gave moisture loss as a function 
of time and decomposition and showed the interaction between ash content, initial 
moisture, and minimum moisture on remix time. Keener et al. (2000c) expanded 
those results and used field data on F

w
, water removed per unit mass of compost 

decomposed, to solve for maximum allowable starting moisture of compost to 
achieve a final moisture of w

c,∞. Application to field studies on dairy manure, where 
measured F

w
 was 4.4 kg water per kg dry mass loss (approximately 2/3 of theoretical 

value), showed that above 81% moisture the compost mix would gain moisture 
during composting.

18.3.3.5  Particle Size and Distribution

Particle size and distribution are critical for balancing surface area for growth of 
microorganisms and maintenance of adequate porosity for aeration. As particle size 
increases, surface area decreases, thus lowering the surface area to mass ratio. 
Studies on particle size suggest acceptable values to be 0.8–1.2 cm nominal diameters 
(Rynk 1992). In addition, most of the compost mass in larger particles (interior of 
particles) does not decompose due to low oxygen levels (Hamelers 1993). These 
factors are material specific since they relate to porosity of the particle and its 
chemical composition. Particle size distribution, shape and packing of particles and 
moisture content control porosity of the compost mix. The percent air-filled pore 
space of compost piles should be in the range of 35–50%. Optimum recommended 
particle size for composting varies with materials used, the method of composting 
used and the intended market for the product.

Fig. 18.4 Decomposition rate, k, as a function of (T
c
, w

c
 ) for Short Paper Fiber and Broiler Litter 

Mix. Equations for X
WC

 and X
Tc

 are presented in sections X3.3.4 and X3.3.7, respectively. C/N = 32
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18.3.3.6  Porosity and Oxygen

Optimum porosity is achieved by balancing materials and their particle sizes, water 
content of the mix, and pile size (Jeris and Regan 1973b). Greater than 50% porosity 
generally causes the pile to remain low in temperature because energy lost exceeds 
heat produced. Building bigger piles can overcome part of the problem if porosity 
is high. Too little porosity leads to anaerobic conditions and odor generation.

Haug (1993) discussed the effects of oxygen level and free air space, j, on k. 
For most composting systems, the rate limiting effects of these parameters are 
avoided if interstitial oxygen, Y

O2
, is maintained above 5% and j is greater 

than 35%. Ekinci et al. (2004b) adapted Haug’s model for Y
O2

 and j and incorpo-
rated these variables in his simulation models evaluating air recirculation. They 
found that  oxygen would become self-limiting in systems with high recirculation 
of  composting air. For Y

O2
 (w/w) above 15% k was reduced less than 4%, but for 

Y
O2

 at 5% k was reduced 25%. The j did not affect k (<1% drop) if j exceeded 
35% in his model.

Composting in the open air is affected by rainfall and in some regions rainfall 
saturates compost piles. This results in leachate formation, odors and other problems. 
In dry regions and in covered facilities, water must be added to avoid process 
 inhibition. As air leaves the pile, CO

2
 is also removed which is essential to avoid 

inhibition of microbial activity. Typically, if enough air enters active compost 
heaps to control temperatures below 65°C, enough oxygen is supplied as well 
(Finstein and Miller 1985). Keener et al. (2002d) showed for aerated systems 
which  controlled compost temperatures below 70°C, oxygen level >18% would be 
maintained in the compost.

18.3.3.7  Temperature and Airflow

The optimum temperature range for composting is 40–65°C (Jeris and Regan 
1973a; Kuter et al. 1985; Bach et al. 1987). Temperatures above 55°C kill fecal 
coliforms, parasites, and plant pathogens (review in Epstein 1997). At temperatures 
above 57–63°C, microbial activity declines rapidly with activity approaching low 
values as compost temperatures exceed 72°C (Finstein and Hogan 1993). However, 
due to gradients in the composting system composting can still be efficient at 
exhaust temperatures as high as 68–70°C (Keener et al. 1997b).

The decomposition rate k in a biological system is considered to be a function 
of temperature and has been expressed by the Arrhenius relationship, e−Ea/RTabs 
(Haug 1993; Weppen 2002) or a linearized form known as “Q

10
” effect, which 

states activity doubles for each 10°C increase. Above 60°C a second temperature 
term is often added to the expression for k (Haug 1993; Weppen 2002) such thatk 
→ 0 as compost temperature exceeds 70°C. Recently, Ekinci et al. (2004a) evalu-
ated decomposition of paper mill sludge mixed with broiler litter (SPF/BL) as a 
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function of composting temperature and used the Gaussian distribution equation 
(Fig. 18.4) to fit the data over the range of 40–65°C (R2 = 0.95). The developed 
equation was

20.5[( 58.31)/16.72]Tc
TcX e− −=

Based on these results the optimum composting temperature was 58.3°C.
Optimum compost temperatures is achieved by controlling pile size and/or 

 regulating airflow (Finstein and Miller 1985; Haug 1993; Keener et al. 1997a) and 
allowing heat (»18 MJ kg−1) generated through microbial activity to leave the pile. 
Compost mass stored in piles a few meters high by several meters across usually 
reach 60°C in less than 2 days with minimal aeration. Maximum practical depth 
ranges from 1.5 to 3.5 m, depending upon the material to be composted. Deep piles 
(depths >4 m) sometimes lead to spontaneous combustion. Because the temperature 
of the material in the pile is an indication of how well the material is composting, 
monitoring temperature is an essential part of running a composting operation. In 
cold climates, when the ambient temperature drops below –5 C, pre-heating of air 
may be required for systems employing forced ventilation.

Fundamental equation for design of the aeration system for composting have 
been present by Keener et al. (1993, 2000a,d, 2002d, 2005) both for continuous 
and intermittent aeration. Figure 18.5 presents airflow requirements for three com-
post materials (Keener et al. 1997a): biosolids/woodchips, yard waste, and MSW. 
Initial airflows were 1.41, 3.48 and 0.76 m3 1CO

kg − day−1, respectively for compost-
ing at 55–60°C. Inlet air had a density of 1.18 kg

a
 m−3. Results suggest airflow 

requirements can decrease as much as 40-fold from day 0–21. Haug (1993) recom-
mended 3.0–3.8 m3 1CO

kg − ·day−1 for a biosolids/woodchip mixture and Rynk 
(1992) 0.47 or 4.7 m3 1CO

kg − ·day−1 for animal manures (continuous fan operation or 
temperature control of fan). To minimize fan fixed and operating cost, design should 
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be based on 3–5°C above optimal temperature for decomposition (Keener et al. 
2003). Das and Keener (1997) showed that during forced aeration channeling can 
occur and lead to  inefficient operation, unless remixing occurs to correct the 
problem.

18.3.3.8  pH

A pH between 6.7 and 9.0 supports good microbial activity during composting. 
Therefore, pH often is not a factor since most materials are within this pH range. 
An exception is a material such as cage layer manure. Large quantities of ammonia 
are lost if the pH is not maintained below 7.5 (Carey 1997). The pH of high C/N 
ratio materials such as municipal solid wastes which are low in buffer capacity 
readily reach a pH <6.7 and this leads to inhibition. This problem can almost 
always be overcome with O

2
 levels maintained above 5% within the compost 

matrix (Haug 1993) since high O
2
 concentrations results in respiration and utiliza-

tion of organic acids which avoids low pH problems. Blending of materials with 
low and high pH can reduce ammonia losses when it is feasible.

18.3.3.9  Odor Control

Wilbur and Murry (1990) discussed odor control at biosolids composting facilities. 
Their recommendations on reducing odor were: (1) minimize moisture going into 
the process, (2) get a good mix, and (3) minimize air to dry the sludge, i.e. operate 
at the highest temperature possible for moisture and stability control. Haug (1993) 
discusses use of biofiltration for VOCs and odor control and presents design infor-
mation. Chapters by Walker, Miller, Dunsen and Williams in Hoitink and Keener 
(1993a) discuss odor prevention and control.

Experimental studies (Hong et al. 1998; Elwell et al. 2001; Wiles et al. 2001) 
have explored the effect of continuous and intermittent aeration on NH

3
 emissions 

and odor generation during composting hog and dairy manure. Results of those 
studies showed NH

3
 emission was highly correlated with total airflow, regardless of 

fan operating mode. Results also suggested odor emissions would be reduced if the 
airflow were reduced while maintaining aerobic conditions. Results of Elwell et al. 
(2004) showed preventing anaerobic aging of manure (could be any organics) prior 
to composting is a major step in preventing the formation of offensive odors.

18.4  Compost Utilization

For a summary of available information on the use of compost for managing haz-
ardous waste streams (as well as other applications) and possible areas for future 
investigations the reader is refereed to USEPA (2009b).
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18.4.1  Determination of Physical and Chemical Properties

Laboratory analysis for physical and chemical properties of materials is 
 necessary to manage the composting process and to provide information for 
marketing of the compost produced. Moisture (i.e. water content), density, and 
porosity can be done easily by the composter (Keener et al. 2000d). Other prop-
erties such as carbon, nitrogen (total, ammonia, nitrate), pH, nutrients (P, K, 
Ca,...), heavy metals, volatile solids, and maturity often require the use of 
 commercial laboratories. The US Composting Council (USCC 2009) has devel-
oped detailed protocols for the composting industry to verify the physical, 
chemical, and biological  condition of composting feedstocks, material in  process 
and compost products at the point of sale. This protocol is called TMECC, Test 
Methods for the Examination of Composting and Compost. In addition the 
USCC has initiated a marketing program called the STA, Seal of Testing 
Assurance. It is a testing and information disclosure program to inform the con-
sumer the necessary product information on the compost bag (or data sheet) so 
he can use the compost properly. Both these programs are designed to enhance 
the marketing of compost in the USA.

18.4.2  Maintaining N, P, K Levels in Compost

Many compost are marketed and priced based on their nutritive value, which is 
fixed (except for N) by the initial compost mix. This is because the plant nutrients 
P, K, Ca, Mg, as well as heavy metals do not disappear from the system as the dry 
matter decomposes (unless leaching occurs). However, N is lost during composting 
via numerous pathways, with ammonia being the most common. Its loss is directly 
related to total N content of manure and by C/N ratio. Numerous studies have 
shown C/N ratios near 40 or above will minimize N loss. However, high nitrogen 
waste such as caged layer manure and biosolids do not achieve this ratio for any 
reasonable level of amendment (Hansen et al. 1993). To prevent N losses, una-
mended caged layer manure can be composted in a enclosed structure with high 
atmospheric NH

3
 to reduced N losses (Keener et al. 2002a). A second method 

which has been proposed is to use a replaceable biofilter made from curing compost 
(Tanaka et al. 2003). This system passes the NH

3
 laden air from the composting 

stage to the curing stage for biofiltering and scrubbing out of the ammonia. It is 
unlikely this method will work for mixes with C/N < 20. A third approach is acid 
scrubbing and returning the NH

3
 salt back to the finished compost (Carey 1997). 

Still other approaches have used alum (Ekinci et al. 2002) and gypsum (Tubail 
et al. 2008). Since compost nutrient values can vary within the size ranges of the 
cured compost (Elwell et al. 1994), screening can also be used to modify NPK 
levels in products.
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18.4.3  Utilizing Compost Effectively in Crop Production

Proper land application of composts for crop production requires careful attention 
to the source of compost and the time, method and rate of application. Dalzell et al 
(1987) recommended that mixtures of mineral fertilizers and composts should be 
such that at least 30% of the N is supplied by each source. However, composts 
made from biosolids often contain high concentrations of nitrate-N such that these 
 composts require no mineral fertilizer N additions (Chen et al. 1996). The timing 
of application versus when a crop is grown on the amended soil is important. 
Immature compost with a high C/N ratio should be applied several weeks ahead 
of planting to prevent immobilizing soil N and inhibiting crop growth. The method 
of application, i.e. surface applied or mixed into the soil, is controlled by whether 
N loss will be excessive from surface application and the tillage program for the 
crop production system. Lastly, rate of application is important. For crop produc-
tion a minimum of about 2.5 Mg ha−1 is required before benefits of compost appli-
cation become  evident. However, rates 10 times or more above the stated minimum 
rate can be equally effective if applications are not made annually but only every 
3 or 4 years.

18.4.4  Avoiding Toxicity in Compost

Organic acids in immature compost have negatively impacted percentage emer-
gence of seeds (Chanyasak et al. 1983). Low molecular weight fatty acids (acetic, 
propionic and butyric acids) are most toxic. In practice, producing compost in 
 properly aerated systems so that anaerobic pockets are avoided and preventing 
anaerobic conditions during curing/storage avoid toxicity caused by organic 
acids. In regions with high levels of precipitation, stabilized composts should be 
stored under a roof.

18.4.5  Maintaining Compost Physical Properties

Utilizing compost in container media and soil blending is determined primarily by 
the compost effects on hydraulic conductivity, water retention and air capacity 
(Hoitink 1980; Spencer and Benson 1982). Compost addition should maintain air 
capacities above 25% as air capacity of a potting mix directly affects plant growth 
and has an impact on root rot severity. For example, observations in nurseries indicate 
that Phytophthora root rots do not occur in media that contain tree barks having air 
capacities >25% and percolation rates >2.5 cm/min. Since the ratio of compost to 
soil in land application is small, compost’s physical properties have only marginal 
effects on soil physical properties in land application.
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18.4.6  Producing Disease Suppressive Compost

It is recognized that control of root rots with composts can be as effective as that 
obtained with fungicides (Spring et al. 1980; Ownley and Benson 1991; Hoitink et al. 
1997). The ornamental plant industry now relies heavily on compost products for 
control of diseases caused by soilborne plant pathogens. However, composts must be 
of consistent quality to be used successfully for biological control of diseases of 
 horticultural crops, particularly if used in container media (Inbar et al. 1993).

Effects of chemical properties of composts on soil borne disease severity are 
important but often overlooked. Highly saline composts such as those prepared 
from dairy manure or hog manure (Keener et al. 2001a) enhance Pythium and 
Phytophthora diseases unless they are applied months ahead of planting to allow 
for leaching. Compost prepared from municipal sewage sludge has a low carbon to 
nitrogen ratio. They release considerable amounts of ammonium nitrogen and 
enhance Fusarium wilt diseases (Quarles and Grossman 1995). Germination and 
plant growth studies, evaluating the effect of compost age, are a way to maintain 
quality assurance of the compost.

18.4.7  Recolonizing Compost During Curing  
with Beneficial Organisms

Most beneficial microorganisms, along with pathogens and weed seeds are killed 
during the high temperature phase of composting. During curing, mesophilic micro-
organisms that grow at temperatures <40°C recolonize the compost from the outer 
low temperature layer into the compost windrow or pile. Therefore, suppression of 
pathogens and/or disease is largely induced during curing. The reader is referred to 
Hoitink and Boehm (1999) for more detailed discussion on mechanisms. In order to 
induce the growth of suppressive organisms, maintain water content during curing 
at least 40–50%, w/w. Compost pH also affects the potential for beneficial bacteria 
to colonize composts. A pH <5.0 inhibits bacterial biocontrol agents.

In mature compost, where concentrations of free nutrients are low, plant diseases 
sclerotia of R. solani are killed by the parasite Trichoderma, and biological control 
prevails (Nelson and Hoitink 1983). This reveals that composts must be adequately 
stabilized to reach that decomposition level where biological control is feasible. 
Note, however that excessively stabilized or pyrolyzed compost does not support 
adequate activity of biocontrol agents. Because practical guidelines defining this 
critical stage of decomposition in terms of biological control is not yet available, 
industry achieves this end condition by maintaining constant conditions during the 
entire process and adhering to a given time schedule (Hoitink et al. 1991). In prac-
tice, this occurs in composts that have been (1) stabilized far enough to avoid 
 phytotoxicity and (2) colonized by the appropriate specific microflora.

To minimize variability in compost suppressiveness three approaches are sug-
gested: (1) cure the composts for 4 months or more (Kuter et al. 1988); (2) incorporate 
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composts into field soils for several months before planting (Lumsden et al. 1983); 
and (3) inoculate composts with specific biocontrol agents (Kwok et al. 1987; 
Hoitink 1990). Composition of the feed stock appears to have an impact on the 
microflora in composts active in biological control. This factor has to be considered 
when specific inoculants are introduced into composts on a commercial scale.

18.4.8  Developing Compost for Foliar Disease Control

Papers have been published on the control of plant diseases of above ground plant 
parts with water extracts, also known as steepages, prepared from composts 
(Weltzhien 1992; Yohalem et al. 1994; Conforti et al. 2002). Unfortunately, effi-
cacy varies with the compost, batches of steepages produced, crops and the dis-
ease under question. Recently it has been shown that composts incorporated into 
soils can protect the foliage of plants from foliar plant pathogens (Tränkner 1992; 
Zhang et al. 1998; Hoitink et al. 1997; Khan et al. 2002; Pharand et al. 2002; 
Krause et al. 2003). It seems possible that composts may be used more widely in 
the future for control of foliar diseases but currently many uncertainties remain.

18.5  Summary and Conclusions

Opportunities and challenges exist in many countries for recycling more of the 
MSW and biosolids waste stream and agricultural manures by composting. 
However for this to happen will require

Changing the mindset of the public and businesses (source separation) and • 
 government policies (use outcome based criteria)
Keeping composting operations environmentally friendly (manage process to • 
control odors, leachate, emissions; produce compost free of pathogens, organic 
acids, heavy metals, ….)
Making composting operation profitable (optimize the process and develop markets • 
for products)

If the opportunity is seized and the challenges met, composting can transform organic 
wastes into high value environmentally friendly products. Such products (compost) 
will not only have fertilizer value, but also will promote plant health, reduce erosion 
and bring about many other beneficial effects.

18.6  Relevance to South Asia

Many organic “waste” streams exist in the cities and rural villages in South Asia. 
Composting is one way to treat these organic streams and recycle their plant nutrients 
in an environmentally safe manner back to agricultural production systems. 
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This recycling can lead to increased food, feed and fiber production, i.e. kg/ha, 
since soil plant nutrients are often limiting crop yields and farmers are unable to 
meet the needs with commercial fertilizers due to high prices relative to food 
prices. However, before these countries can realize the full potential of recycling 
waste, they need to develop system wide inventories of their waste streams which 
identify sources of materials, potential collection sites, chemical composition and 
environmental hazards. From those inventories, studies can then be done (govern-
ment, universities, private businesses) to evaluate and determine cost effective 
approaches to capture, treat and recycle those waste.
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Abstract In this chapter, historical climate information on rainfall, evaporation 
and temperature is compared with projections of these variables using outputs 
from the CSIRO Mk3 GCM for the A1B SRES scenario and stochastic down-
scaling models for two selected locations in Australia. The differences between 
current climatic parameters and those for 2030 and 2070 provide information on 
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the changes in dependability of crop growing seasons. These analyses could also 
be used in identifying suitable strategies for adaptation to the projected climate 
change, and for evaluating alternate management options relating to excess and 
insufficient water during the growing season. These findings also have implications 
in resource management for mitigation purposes (e.g. the role of crop models in 
screening environments for growing of carbon sinks). The issue of the response of 
pests and diseases, and their interaction with host crops, to climate change is also 
considered. Information is required on the seasonal and geographic distributions 
of the occurrence and severity of pests and diseases for future climatic situations. 
We also report on current research aiming to integrate pathogen, crop and weather 
information for making tactical crop management decisions.

Even though the study uses Australian data as a case study to test and validate 
the methodologies presented, it provides a generic framework and research directions 
which can easily be applied to other parts of the world including South Asia. 
Implications of research findings to South Asia and future research directions are 
also discussed.

Keywords Australia • Downscaling • Modelling climate change • Meteorological 
anomalies • New South Wales • Crop and pests modelling

Abbreviations

APN Asia Pacific Network
CSIRO Council of Scientific and Industrial Research
ESCAP Economic & Social Commission for Asia and Pacific
GCM Global Circulation Models
ICM Integrated Crop Management

19.1  Introduction

Various human activities, including the burning of fossil fuels and changes in land 
vegetative cover and land use patterns, are believed to be responsible for increasing 
the atmospheric concentrations of greenhouse gases and hence global warming. 
The warmer climate is expected to accelerate the global water cycle leading to 
spatial and temporal redistribution of precipitation, faster evaporation (conditions 
under which evaporation is likely to increase i.e. higher temperature and low 
humidity), changes in streamflow, and increased frequency of extreme hydrologic 
anomalies such as floods and droughts (Arora and Boer 2001; Nijssen et al. 2001; 
Bürger and Chen 2005). Changes in the extremes of floods and droughts could have 
serious implications on the planning and management of our water resources and 
are of more concern for the developing countries like Bangladesh where flooding 
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is a common feature (Fig. 19.1). Increased global warming also adds an element of 
significant uncertainty on how the changes in hydrologic variables will evolve over 
time and influence crop growth and food production.

19.2  Australia’s Variable Climate

The small landmass of Australia in relation to the size of ocean that surrounds it, 
and its location across tropical, subtropical and temperate climate zones are the 
major factors causing Australia’s climate to be highly variable. The country is well 
known as the driest inhabited continent, with highly variable rainfall and high rates 
of evaporation. The year-to-year variations in sea surface temperatures in both the 
Indian and Pacific Oceans and variations in atmospheric circulation (such as the 
latitude of the sub-tropical high-pressure belt) exert a significant influence on 
Australia’s climate (Drosdowsky 2002, 2005). Several studies have also noted 
the larger annual variability of rainfall and streamflow in regions of Australia in 
 comparison to the similar locations in the world (see, for example, McMahon et al. 
1992; Nicholls et al. 1997). Considering the fact that for most Australian catchments, 
average annual streamflow is a small proportion of the overall water balance and 
therefore, small changes in average rainfall either as a result of natural climate vari-
ability at longer time scales, or due to climate change, can result in large changes 
in streamflow. A study carried out by Sadler et al. (1988) estimates that for a catchment 
in south-west Western Australia a decrease of 20% in rainfall would result in a 45% 
decline in streamflow.

To understand the Australia’s variable climate, a simple measure is the comparison 
of the variability of the areal averaged rainfall of different locations or countries 

Fig. 19.1 An example of a common flood situation in Bangladesh (picture supplied by  researchers 
from Bangladesh)
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(Nicholls and Wong 1990; Nicholls et al. 1997). The coefficient of variation is 
given by the ratio of standard deviation and the mean. Figure 19.2 provides the 
coefficient of variation (expressed as percentage) of annual rainfall of a number of 
representative countries including Australia. From the figure it is evident that 
Australia’s rainfall is highly variable relative to some of the countries that compete 
with Australia in the world’s market for agricultural products.

19.3  Climate Change Scenarios Projection: the Need  
for Downscaling

General circulation models (GCMs) are among the most advanced tools used to 
simulate the present climate and to obtain detailed climate information needed for 
the assessment of the various consequences of future climate changes on ecosystems 
and societies, both in space and time (e.g. IPCC 2007; Bergstrom et al. 2001; Varis 
et al. 2004). The GCMs are usually run at coarse grid resolution and provide a rea-
sonably accurate representation of the average planetary climate. However, they are 
incapable of representing local sub-grid-scale features and dynamics that are often 
required for impact studies (IPCC 2007; Charles et al. 2004; Vicuna et al. 2007). As 
a consequence techniques have been developed to transfer the GCM output from the 
large spatial scales to the local or regional scales by means of downscaling for use 
in modelling studies at a catchment or regional scale. Statistical downscaling is thus 
a way to infer local information from coarse scale information by applying empirical 
or statistical links between large-scale fields and local conditions (Fig. 19.3). Such 
statistical links may be used both to validate global and regional climate models, and 
to develop detailed local climate scenarios based upon the output from such climate 

Fig. 19.2 The coefficient of variation of national annual rainfall for Australia and 10 other countries 
(source: http://www.connectedwater.gov.au/framework/water_availability.html)
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models. A diverse range of statistical downscaling techniques have been developed 
over the past few years, with regression-based and weather state-based methods 
being quite popular. IPCC (2007) and Fowler et al. (2007) provide an excellent 
review and discussion of various downscaling techniques.

19.4  Issues and Complexities in Downscaling Data  
for Future Projections

Downscaling focuses on statistical descriptions of the relationships between 
 predictor and local-scale variables, paying little attention to physical linkages 
between the atmosphere and the surface environment. Some major assumptions 
include stability of the statistical relationships over time, integrity of the GCM output, 

Fig. 19.3 Translating information from GCM scale to point or catchment scale
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and application of these downscaling techniques (calibrated for the present climate) 
to future climate (Wilby 1997; Wilby and Wigley 1997; Yarnal et al. 2001).

The relationship between the atmosphere and surface variables can be unstable, 
since short-term relationships are conditional on long-term variations in the climate 
system. The surface variable under consideration may also be dependent on additional 
atmospheric variables. It is assumed that GCMs adequately represent the large-
scale features of the atmosphere. However, it has been observed that errors in statistical 
downscaling can be a result of improper simulations of long wave amplitudes, pressure 
fields and geopotential heights (Yarnal et al. 2001).

In this chapter, we provide climate predictions using a single GCM run (the 
CSIRO Mk3 GCM is used) for one assumed climate change scenario (SRES 
A1B). While comparisons have been performed with outputs of other GCMs (The 
Second Generation Coupled Global Climate Model, CGCM2) and additional 
scenarios and the general trends in predictor variables confirmed, further work 
needs to be done to ascertain the stability of the GCM simulations using multiple 
ensemble runs of different GCMs. This is especially relevant given the added 
uncertainty in GCM outputs (Phillips and Gleckler 2006) more specifically 
across the southern oceans, as has been pointed out in many studies in the past 
(Hennessy et al. 1998).

Whilst recognising the limitations inherent in the use of a single GCM, and in 
the downscaling procedure, we feel that the projections discussed in the following 
sections can provide useful insights into possible changes in meteorological and 
hydrologic parameters under the climate change scenarios examined. Further 
details on the stochastic downscaling model used in the results that follow, can be 
obtained from Mehrotra and Sharma (2007). It should be noted that the model is 
structured to generate rainfall and evaporation at point locations for a future climate, 
such that spatial and temporal attributes observed in the historical record, can be 
appropriately represented in the downscaled outputs corresponding to the same 
time period. It should also be noted that the downscaling model is stochastic, or, it 
generates multiple realisations, which allow a representation of the uncertainty 
contained within the downscaling procedure being used.

19.5  Projections for Meteorological Anomalies  
for the Years 2030 and 2070, for Two Locations  
in New South Wales, Australia

The SRES A1B emission scenario provides an estimate of the average climate 
around the nominated years (2030 and 2070) under future greenhouse gas emission 
scenarios. The 2030 climate is calculated as the average of 2021–2040 data, while 
the 2070 climate is the average of 2061–2080. Individual years will, of course, 
show some natural variability about this average.

Two locations in New South Wales (NSW), Australia – Richmond and 
Goulburn – were chosen for the simulations. Both areas are about 34–35°S latitude, 
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and are within 200 km of each other. However, Goulburn is further from the Australian 
coast, and is in the rain shadow of coastal mountain ranges. As a result, Goulburn has 
lower rainfall (674 mm versus 858 mm) than Richmond. Therefore the two areas 
provide a good comparison from the climate change assessment perspective.

The results of climate change projections have been prepared for the climate 
changes centered on 2030 and 2070, relative to the baseline period 1960–2002. For 
convenience, the baseline period is referred to as the current climate. Note that in 
this analysis daily maximum temperature and pan evaporation data is used. 
Table 19.1 provides details on the rainfall and pan evaporation anomalies expressed 
as the percentage changes in relation to the current climate. This table also includes 
the details on the daily maximum temperature anomalies expressed as the relative 
change in the temperature with respect to the current climate.

19.5.1  Median Estimate of Changes by 2030

The best estimate of annual mean warming (increase in daily maximum temperature) 
for Goulburn and Richmond by 2030 is around 0.3°C, with variations across the 
seasons from −0.1 to 0.7°C. Changes in median estimate of annual wet days  suggest 
no change (−4 to 4%) for Goulburn and about 7% (2–10%) increase for Richmond 
while for rainfall amount a median increase of about 4% (−4 to 10%) for Goulburn 
and about 14% (5–22%) for Richmond is expected by 2030. This increase is not 
evenly spread throughout the year, with large increases in summer and lesser in autumn 
and winter. The implications of such changes in rainfall distribution on seasonal basis 
are examined in Section 15.6. The best estimates of pan evaporation for both the 
 stations show no significant changes in 2030.

19.5.2  Median Estimate of Changes by 2070

The best estimate of the mean annual warming by 2070 for both Goulburn and 
Richmond is 1.4°C with spread of 0.7–2.2°C. Projected median changes in annual 
wet days show decreases of 12% (−16 to −9%) and −2% (−5 to 1%) for Goulburn 
and Richmond, respectively. For annual rainfall median estimates indicate a decrease 
of 13% (−18 to −8%) for Goulburn and an increase of about 4% (−3 to11%) for 
Richmond in 2070 with large variations across the seasons and realizations. Pan 
evaporation estimates indicate an annual increase of 20% for Goulburn and about 
8% for Richmond with small variations across the seasons (Table 19.1).

The agronomic implications of rainfall and temperature changes must be consid-
ered in relation to the changes in the evaporation regime, and this is considered in 
Section 15.6. Changes in the proportion of wet days may have an effect on the inci-
dence of climate-sensitive diseases such as Downy Mildew. Table 19.1 shows both 
increases and decreases in the number of seasonal wet days for 2030 and 2070.

http://Section�15.6
http://Section�15.6.
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Table 19.2 Median and 5 and 95 percentiles estimated of annual wet days, rainfall totals, pan 
evaporation and daily maximum temperature for Richmond and Goulburn for the current climate 
and for years 2030 and 2070 using A1B scenarios. Figures in parentheses represent 5th and 95th 
percentile limits on the median estimates drawn form the 100 replicates

Time period Wet days Rainfall (mm) Evaporation (mm) Temperature (°C)

Goulburn
Observed 

(1960–2003)
 97 674 1,275 19.3

Current climate 
(1960–2003)

101 (103–98) 704 (737–681) 1,246 (1277–1221) 19.4 (19.4–19.3)

Year 2030 
(2021–2040)

101 (105–97) 731 (776–677) 1,263 (1324–1277) 19.7 (19.8–19.6)

Year 2070 
(2061–2080)

 88 (92–85) 614 (651–578) 1,493 (1559–1430) 20.8 (20.8–20.7)

Richmond

Observed 
(1960–2003)

108 858 1,466 23.7

Current climate 
(1960–2003)

108 (110–105) 766 (801–733) 1,449 (1469–1433) 23.7 (23.7–23.6)

Year 2030 
(2021–2040)

115 (118–110) 874 (932–805) 1,453 (1490–1433) 24.0 (24.1–24.0)

Year 2070 
(2061–2080)

105 (109–102) 795 (849–744) 1,572 (1615–1534) 25.1 (25.21–25.1)

19.6  Implications of Changes in Rainfall and Evaporation  
for Crop Growth in 2030

In this section we examine the implications of climate change for cropping in 
southern NSW through a qualitative interpretation of rainfall (P) and evaporation 
(E) data, which will exert a dominant influence on the crop water balance.

Rain fed winter cropping is dominant in southern NSW, with some summer 
cropping if irrigation is available. Wheat is the dominant winter cereal crop, with 
canola and legumes as the main broadleaf crops. Rotations are widely practiced. 
Cereals are alternated with broadleaf crops for a number of years, followed by a 
pasture phase. The major purpose of the rotation strategy is for stubble/residue 
borne disease and weed control.

Expected changes in annual wet days, rainfall amount and pan evaporation at 
Richmond and Goulburn in 2030 and 2070 are shown in Table 19.2. There are small 
reductions (2–7%) in annual wet days and a small increase in annual rainfall in 
2030 in relation to the current climate, and this result is expected for areas in southern 
NSW. For 2070, however, a 13% decrease in annual rainfall for Goulburn is 
noticed. Similarly, the results for annual pan evaporation show a no appreciable 
changes in annual pan evaporation in 2030 with appreciable increases of about 20% 
and 8% at Goulburn and Richmond, respectively. This increase is expected in terms 
of the increased temperature (Table 19.1) and higher average vapor pressure deficit. 
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Rainfall and Evaporation for Richmond - Current climate
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Fig. 19.4 Measured rainfall and evaporation for Richmond, 1960–2004

Rainfall and Evaporation for Richmond -  Year 2030
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Fig. 19.5 Projections of rainfall and evaporation for Richmond, 2030 (2021–2040)

The rainfall decrease coupled with increased evaporation can have serious implications 
for cropping in the Goulburn region.

The implications of Climate Change for cropping in 2030 and 2070 may be best 
examined by analysis of data on rainfall and evaporation on a weekly, monthly and 
seasonal basis. The rainfall and evaporation regimes for the current climate and for 
years 2030 and 2070 for Richmond and Goulburn are shown in Figs. 19.4–19.9. For 
this analysis (0.7*E) is regarded as an estimate of maximum transpiration for more 
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developed winter crop, while (0.3*E) is used for a crop earlier in its development. 
A more quantitative analysis, including estimates of yield for the different scenar-
ios, could be carried out using cropping systems simulation models such as APSIM 
(Keating et al. 2003). However, for our purposes a simple comparison of rainfall 
with crop water requirements was regarded as adequate as a method of identifying 
changes in the soil and crop water balance throughout the year.

Figures 19.4–19.9 indicate that in most cases rainfall is reasonably well distributed 
throughout the year. However Fig. 19.9 suggests an increasing dominance of summer 

Rainfall and Evaporation for Richmond -  Year 2070
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Fig. 19.6 Projections of rainfall and evaporation for Richmond, 2070 (2061–2080)

Rainfall and Evaporation for Goulburn - Current climate
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Fig. 19.7 Measured rainfall and evaporation for Goulburn, 1960–2003
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rainfall for Goulburn in 2070. This change could have significant implications for the 
success of winter cropping in this area, and would require changes in cropping 
strategies.

The performance of a rain fed cropping regime is increased when the majority of 
rain falls during the cropping season (as is the case for most Monsoon and 
Mediterranean climates) and when rainfall during the growing season is sufficient to 
satisfy the requirements of plant transpiration. Based on this argument, the data 
presented in Figs. 19.4–19.9 has been used to calculate three types of information:

Rainfall and Evaporation for Goulburn -  Year 2070
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Fig. 19.9 Projections of rainfall and evaporation for Goulburn, 2070 (2061–2080)

Rainfall and Evaporation for Goulburn - Year 2030
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Fig. 19.8 Projections of rainfall and evaporation for Goulburn, 2030 (2021–2040)
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 1. Growing Season rainfall and Fallow rainfall: For the purposes of these calculations 
the growing season is considered to be June to November, while the fallow 
period is the 6-month period from December to May.

 2. (P-0.3 E) as an indicator of the sufficiency of water supply to the crop in the early 
part of the growing season. This calculation was used for the period June to August.

 3. (P-0.7 E) as an indicator of the sufficiency of water supply to the crop in the latter 
part of the growing season. The period used for this calculation was September 
to November.

Information on these parameters for the two sites for the current climate and for the 
2030 and 2070 climates is shown in Table 19.3. From the table it is evident that 
almost all of the annual rainfall decrease in future climates occur in the growing 
season, thus reducing both the efficiency of annual rainfall and the viability of 
winter cropping. This later result is illustrated by large decreases in the parameter 
(P-0.7 E) for the spring season in years 2030 and 2070. Changes in annual rainfall 
and pan evaporation at these reference stations are small in years 2030, however, 
assume significance in 2070.

The methodologies described above, along with cropping systems simulation 
modelling, can be used to study the implications of climate change for cropping in any 

Table 19.3 Hydrologic parameters for different time periods of a year for the current climate and 
for 2030 and 2070 scenarios at two sites in New South Wales, Australia

Time period
Annual  
wet days

Annual 
rainfall  
in mm

Fallow 
rainfall  
in mm

Growing 
season 
rainfall  
in mm

Rainfall – (0.3 
× evaporation) 
(June–Aug.)  
(in mm)

Rainfall – (0.7 
× evaporation) 
(Sept.–Nov.) 
(in mm)

Goulburn
Current Median 101 704 344 364 116 −31

5th percentile 103 738 374 394 129 −23
95th percentile 98 681 312 341 107 −38

2030 Median 101 731 371 354 105 −37
5th percentile 105 776 433 401 126 −27
95th percentile 97 677 330 315 91 −50

2070 Median 88 614 330 284 83 −137
5th percentile 92 651 377 323 101 −131
95th percentile 85 578 283 252 71 −141

Richmond
Current Median 108 766 456 309 61 −107

5th percentile 110 801 499 343 78 −98
95th percentile 105 733 423 280 47 −114

2030 Median 115 874 522 346 67 −81
5th percentile 118 932 592 405 93 −60
95th percentile 110 805 469 301 47 −95

2070 Median 105 795 472 323 84 −143
5th percentile 109 849 530 371 111 −136
95th percentile 102 744 410 273 59 −154
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environment. Information on soil properties including available water-holding capacities 
along with the presented information would improve the quality of the analysis.

The methodologies can also be used in identifying suitable strategies for sustainable 
food production. These strategies provide an adaptation in natural or human systems 
in response to the projected climate change in Australia and South Asia. Some 
options include:

Determining the length of the effective growing season.• 
Choosing appropriate enterprises to allow adaptation to climate change, including • 
summer cropping and different crops.
Evaluating alternate management options in addressing issues relating to excess • 
water during water sufficiency periods within the crop growing season, and 
scheduling supplementary irrigation in dry periods.
Examining options for mitigation purposes (e.g. the growing of carbon sinks). • 
This includes the role of crop models in screening environments where such 
long-term mitigation strategies as Carbon Emissions Trading and offsets, including 
the forest planting as tree carbon sequestration, is viable.

19.7  Crop and Pests Modelling

The potential impacts of Global Warming on pests, and the threat that they pose to our 
agricultural industries, are not clearly understood. A review of the impacts of climate 
change on plant biosecurity (Aurambout et al. 2006) indicated a need to document pest 
and disease responses to climate change and incorporate them into our management 
and contingency planning. The expected increase in atmospheric CO

2
, heavy and 

unseasonal rains, increased humidity, drought, cyclones and hurricanes and warmer 
winter temperatures, are likely to affect crops, pests and diseases and pathogen–host 
interactions. However, the extent to which climate change will affect emergency pests 
and pathogens, their hosts and the environment is not clearly understood.

For example, it is not known how climate change will affect the biology and 
distribution of known plant hosts. Nor do we understand the effects of climate 
change on our currently identified key pests and pathogens. While future spatial 
distribution can be predicted under climate change scenarios using models and 
examining historical trends, there appears to be limited knowledge of how climate 
change will impact on the biology of the pest or pathogen and how the interaction 
with their host responds to the climatic factors listed above.

19.8  Implications of the Information to South Asia

The assessment of potential impacts of climate change on agriculture in South 
Asia is crucial because of agriculture’s role in providing food and fiber to South 
Asia’s human population. A clear understanding of the relationship between climatic 
variability, rainfall, temperature, soil moisture, crop management, agricultural 
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 productivity and pest management is crucial in assessing the impacts of climatic 
 variability and change on ultimate crop production, the identification of adaptation 
strategies and appropriate management practices, and the formulation of  mitigating 
measures to minimize the negative effects of climatic variability on agricultural 
productivity. In the future, food security will be at the top of the agenda in Asian 
countries because of growing population. Greatly enhanced efforts to understand 
the relationship between key climate elements and agriculture should provide a 
sound basis for meeting the challenges of optimizing the benefits of changing 
climatic resources. While the examples discussed in this paper are related to 
Australian locations, the principles developed are of direct relevance to other parts 
of the world including South Asia and offer many useful suggestions and research 
directions including the following:

Extending the research to South Asia including output of multiple GCM and climate • 
change scenarios to encompass the possible spectrum of climate change 
projections
Forming a network of able regional researchers willing to collaborate in research • 
and application activities in this area including weather-crop-disease modelling 
and advisories
Strengthening regional collaboration for proactive crop management• 
Initiation of similar sets of experiments for testing predictions of selected disease • 
epidemic and consequences on growth and yield of selected crops, to include 
new efforts to improve model code and structure
Devising a system for validation of existing and possibly future results using • 
local index crops
Collection of data on crop growth and disease occurrence from a set of pilot • 
projects (field trials) in South Asian countries
Elucidation of the relationship between data obtained from meteorological stations • 
and microclimatic conditions in nearby crop fields, and comparing with future 
climate change projections
Involvement of stakeholders and national policy makers for drawing contingency • 
plans for the actions they will need to take to mitigate such impacts

19.9  Research and Development Needs for South Asia

To respond to future climates, changes to industry practices and government  policies 
may be required. A wide range of stakeholders therefore need to be involved in 
development of policies and strategies for managing crops, pests and diseases in a 
changing climate.

As indicated in the previous section, the information needs to be developed at 
two levels:

 1. At a strategic level, where information on both the seasonal and geographic 
 distributions of the occurrence and severity of pests and diseases is required 
for future climatic situations as projected by various GCMs and scenarios. 
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These changes need to be modelled to make strategic decisions about crop 
management. Such information can be used to target research and extension efforts.

 2. At a tactical level, where information on the biology of the pest or pathogen, and 
on the interaction with host plants, is used to make tactical decisions on control 
options such as spraying. As discussed earlier, such information is not yet avail-
able for future climates. However, the potential of using dynamic crop simula-
tion models in making reliable agronomic and policy decisions is highlighted as 
a means of reducing ecological and economic risks.

Experience in the use of dynamic crop simulation models in the current climate has 
been gained from the Asia–Pacific Network for Global Change Research (APN) 
funded project on “climate and crop disease risk management”, led by the 
University of Western Sydney. As illustrated in Fig. 19.10, the aim of the project 
was to integrate a range of information including historical climate data, medium-
range weather forecasts, crop growth and plant disease models with  economic 
analysis to produce a crop disease risk model and appropriate  management tools. 
The project has demonstrated the value of climate information in developing inte-
grated pest management strategies for coping with climate change (Coughlan et al. 
2009; Huda et al. 2007).

Historical climate data Medium range weather forecast

Pathogen
Biology

Natural
Enemy
Biology

Microclimate
data

Met station
data

Crop growth model

Crop-disease risk model

Disease risk
management tool

Econ input

Econ benefit

Climate Information-Disease Risk

Crop Management advisory system
A conceptual framework

plant disease
model

Fig. 19.10 Integrating climate and crop disease. (The figure originated from collaboration led by 
University of Western Sydney with  the Central Research Institute for Dryland Agriculture 
(CRIDA), and the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), 
Hyderabad, India for climate and crop disease risk management research)
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Future programs should build on the previous research including the APN 
funded project’s (Coughlan et al. 2009) success in disease management and broaden 
its sphere of activity to Integrated Crop Management (ICM), including decisions 
such as fertilizer application, planting, and other agronomic decisions

19.10  Conclusions

The Intergovernmental Panel on Climate Change (IPCC) fourth assessment report 
(IPCC 2007) concludes that it is very likely that changes in the global climate system 
will continue well into the future. These changes are expected to have significant impli-
cations for our environment, affecting water resources, rainfall, agriculture, economy, 
health, biodiversity and many other factors. Sustainable management of water is prob-
ably the biggest challenge we face in this era of increasing demands (through popula-
tion growth and better living standards) and climatic uncertainty and change.

This chapter illustrates the use and value of GCM-based scenarios in examining 
the likely future impact of climate change on water availability and viability of 
cropping options. The simple method of data analysis used here suggests options 
for strategies for adaptation to climate change from the time distribution of rainfall 
and evaporation. Although dynamic cropping systems simulation models provide 
quantitative data on projected crop yields, they require additional inputs such as 
available water-holding capacity of the soil and drained upper limit to allow calcu-
lation of the soil water balance.

While the examples discussed in this paper are related to two selected Australian 
locations, the principles developed will be of direct relevance to other regions. 
The methodology presented can be tested and used for developing mitigation and 
adaptation strategies in both South Asia and Australia.

The chapter has also demonstrated the value of climate information in developing 
integrated pest management strategies for coping with the predicted changes in the 
climate system as a result of global warming.
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Abstract Projected climate change will adversely impact distribution and diversity 
of forests in South Asia. It may also lead to increase in vulnerability to pests 
and pathogens including risks of forest dieback. While there may be short-term 
increase in biomass production because of the CO

2
 fertilization effect, eventually 

climate change will reduce NPP. Thus, there is a strong need for identification of 
adaptation strategies to minimize risks of forest fragmentation. Research priorities 
include development of dynamic vegetation models, and initiation of long-term 
experiments. Identification of appropriate policies is essential to minimize the 
adverse impacts of climate change on forest production.

Keywords Ecosystem service • Forest biodiversity • Dynamic vegetation models 
• Ecological research • Mitigation potential policies

N.H. Ravindranath (*), I.K. Murthy, and S. Swarnim 
Centre for Sustainable Technologies, Indian Institute of Science, Bangalore 560 012, India 
e-mail: ravi@ces.iisc.ernet.in; indu@ces.iisc.ernet.in; swarnimshilpa@gmail.com

Chapter 20
Options for Forest Management for Coping 
with Climate Change in South Asia

N.H. Ravindranath, Indu K. Murthy, and Shilpa Swarnim 

Contents

20.1  Introduction ...................................................................................................................  344
20.2  Status of Forests in South Asia .....................................................................................  344

20.2.1  Area Under Forest in South Asia ....................................................................  344
20.2.2  Changes in Area Under Forest ........................................................................  345
20.2.3  Status of Forests ..............................................................................................  345

20.3  Climate Change Projections for South Asia .................................................................  346
20.3.1  Temperature Projections for South Asia .........................................................  346
20.3.2  Precipitation Projections for South Asia .........................................................  347

20.4  Impact of Climate Change on Forests ...........................................................................  348
20.4.1  IPCC Conclusions ...........................................................................................  348
20.4.2  Impacts of Climate Change on Forests in South Asian Countries ..................  348

20.5  Adaptation to Climate Change in Forest Sector ...........................................................  354
20.6  Conclusions and Future Direction ................................................................................  356
References ................................................................................................................................  357



344 N.H. Ravindranath et al.

Abbreviations

CCCM Canadian Climate Change Model
GCM General Circulation Model
GFDM Geophysical Fluid Dynamic Model
HadRM Hadley Center Regional Model
Mha Million hectares
MMD Multi-model data
RCM Regional Climate Model

20.1  Introduction

Forests account for nearly 20% of the geographic area of the south Asian region. 
Forests in south Asia are also known for their rich biodiversity with many biodiversity 
‘hotspots’ (http://chm.aseanbiodiversity.org/featured-articles/47-latest-features/78-
revisiting-aseans-biodiversity-hotspots-). Forests provide a number of environmental 
services as well as livelihoods to a large number of forest dependent and rural 
 communities. Forests are critical for protection from floods, cyclones, etc. in particular 
mangroves in south Asia are critically important. According to the Intergovernmental 
Panel on Climate Change (IPCC) and several research studies in the region as well 
as the reports of the National Communication, climate change is projected to have 
adverse impacts on forest ecosystems and biodiversity. This could have adverse 
implications for the livelihoods of the forest dependent communities. The forests in 
south Asia are also subjected to human pressure leading to degradation of forest 
biodiversity and biomass. The disturbed or fragmented forests are more vulnerable 
to climate change (Laurance and Peres, 2006). Some of the impacts of climate change 
are likely to be irreversible, e.g., loss of biodiversity and even forest biomes. Thus, 
there is a need for development and implementation of adaptation practices and 
policies to reduce the vulnerability of forest ecosystems and forest dependent com-
munities. In this chapter, an attempt is made to present the state of forests in the 
south Asian region, review the studies on the impacts of climate change, and explore 
potential adaptation practices and policies in the context of the south Asian region.

20.2  Status of Forests in South Asia

20.2.1  Area Under Forest in South Asia

The total area under forest in south Asia according to FAO (2009) is 79 Mha 
(Table 20.1), accounting for 19% of the total geographic area. India dominates by 
accounting for 67.7 Mha (22.8% of land area), according to the State of Forest 
Report (FSI 2005) followed by Nepal 3.6 Mha (25% of land area) and Bhutan 

http://chm.aseanbiodiversity.org/featured-articles/47-latest-features/78-revisiting-aseans-biodiversity-hotspots-
http://chm.aseanbiodiversity.org/featured-articles/47-latest-features/78-revisiting-aseans-biodiversity-hotspots-
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3.2 Mha (68% of land area). Pakistan and Bangladesh have the lowest area under 
forest with only 2.5% and 6.7% of the land area under forests, respectively.

When the area per 1,000 population is considered, among the major countries, 
Sri Lanka (101 ha/1,000 people) is followed by India (59 ha/1,000 people), Pakistan 
(12 ha/1,000 people) and Bangladesh (6 ha/1,000 people). This indicates that the 
area under forests in the south Asian region per unit of population is very low 
among all the major countries except Bhutan (Table 20.1).

20.2.2  Changes in Area Under Forest

According to FAO 2009, the area under forests for south Asia as a whole has declined 
marginally in other words, the area under forests has stabilized during the period 
2000–2005. However, during the period 1990–2000, forest area increased marginally. 
Thus on the whole, during the period 1990–2005, the area under forests in south Asia 
as a whole has stabilized. Among the south Asian countries, area under forests has 
increased significantly in India during the period 1987–2003 (Fig. 20.1).

In south Asia, India has been implementing a large afforestation programme under 
which annually about 1.3 Mha is afforested over a period of 1980–2005 (Ravindranath 
et al. 2008). Similarly afforestation programmes have been implemented in other 
countries of the region. The afforestation programme largely caters to meeting the 
biomass requirements, particularly of the rural communities.

20.2.3  Status of Forests

South Asia is a highly populated region of the world with a total population of over 
1.5 billion and a high population density of 367 persons/km2. Rural  population 
dominates the south Asian region accounting for 71% of the total  population, 

Table 20.1 Area under forests in South Asia (FAO 2009)

Extent of 
forests 2005

Annual 
change rate 1990–2000 2000–2005

Country
Forest area 
(1,000 ha)

% of land 
area

Area per  
1,000 people (ha)

1,000  
(ha) %

1,000  
(ha) %

Bangladesh 871 6.7 6.0 6 0.0 −2 −3
Bhutan 3,195 68 4,931 11 0.3 11 0.3
India 67,701 22.8 59 362 0.6 29 0.0
Maldives 1 3.0 3 0 0.0 0 0.0
Nepal 3,636 25.4 132 −92 −2.1 −53 −1.4
Pakistan 1,902 2.5 12 −41 −1.8 −43 −2.1
Sri Lanka 1,933 29.9 101 −27 −1.2 −30 −1.5
Total 79.239 19.252 213 0.27 −88 −0.11
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with many countries having over 80% of the population in rural areas. The rural 
 communities in the south Asian region depend on fuelwood as the dominant source 
of cooking fuel. The fuelwood consumption in the south Asian region is estimated 
to be around 382 million m3. Though it is not possible to say exactly what percent 
of this fuelwood comes from forests, it is likely that significant part of fuelwood 
consumed is extracted from the forests, leading to degradation. The degradation of 
the forests in the south Asian region can be observed from the fact that the growing 
stock in the region is 79 m3/ha compared to 102 m3/ha in Africa and 155 m3/ha in 
south America (FAO 2009). Further according to FAO 2007, the growing stock in 
the region has declined from 110 in 1990 to 88 m3/ha in 2005 and further to 79 m3/ha 
in 2007 (FAO 2009). Further the  biodiversity in forests is declining in the region 
and at the same time, the problem with forest fire is increasing (FAO 2007). Thus, 
it is possible to conclude that the forests in south Asian region are subjected to 
degradation, leading to decline in growing stock as well as biodiversity.

20.3  Climate Change Projections for South Asia

Climate change is projected to have significant impacts on forest ecosystems. The 
climate projections for south Asia according to IPCC 2007b are summarized below.

20.3.1  Temperature Projections for South Asia

For the A1B scenario, the multi-model data set (MMD)-A1B models show a median 
increase of 3.3°C in annual mean temperature by the end of the twenty-first century. 
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The median warming varies seasonally from 2.7°C in June–July–August to 3.6°C in 
December–January–February, and is likely to increase northward in the area, parti-
cularly in winter, and from sea to land. The tendency of the warming to be more 
pronounced in winter is also a conspicuous feature of the observed temperature 
trends over India. Downscaled projections using the Hadley Centre Regional Model 
(HadRM2) indicate future increases in extreme daily maximum and minimum 
tempe ratures throughout south Asia due to the increase in greenhouse gas concentra-
tions. This projected increase is of the order of 2–4°C in the mid-twenty-first century 
under the IPCC Scenario IS92a in both minimum and maximum temperatures 
(Krishna Kumar et al. 2003). Results from a more recent Regional Climate Model 
(RCM), PRECIS, indicate that the night temperatures increase faster than the day 
temperatures, with the implication that cold extremes are very likely to be less severe 
in the future.

20.3.2  Precipitation Projections for South Asia

Most of the MMD-A1B models project a decrease in precipitation in December–
January–February (the dry season), and an increase during the rest of the year. The 
median change is 11% by the end of the twenty-first century, and seasonally is –5% 
in December–January–February and 11% in June–July–August, with a large inter-
model spread. In a study with four General Circulation Models (GCMs), Douville 
et al. (2000) find a significant spread in the summer monsoon precipitation anoma-
lies despite a general weakening of the monsoon circulation. They conclude that the 
changes in atmospheric water content, precipitation and land surface hydrology 
under greenhouse forcing could be more important than the increase in the land-sea 
thermal gradient for the future evolution of monsoon precipitation.

Time-slice experiments with ECHAM4 indicate a general increase in the 
 intensity of heavy rainfall events in the future, with large increases over the 
Arabian Sea and the tropical Indian Ocean, in northern Pakistan and northwest 
India, as well as in northeast India, Bangladesh and Myanmar (May 2004). The 
HadRM2 RCM shows an overall decrease by up to 15 days in the annual number 
of rainy days over a large part of south Asia, under the IS92a scenario in the 2050s, 
but with an increase in the precipitation intensity as well as extreme precipitation 
(Krishna Kumar et al. 2003). Simulations with the PRECIS RCM also project 
substantial increases in extreme precipitation over a large area, particularly over 
the west coast of India and west central India (Rupa Kumar et al. 2006). Based on 
regional HadRM2 simulations, Unnikrishnan et al. (2006) report increases in the 
frequency as well as intensities of tropical cyclones in the 2050s under the IS92a 
scenario in the Bay of Bengal, which will cause more heavy precipitation in the 
surrounding coastal regions of south Asia, during both southwest and northeast 
monsoon seasons.

Thus climate is projected to change significantly in the south Asian region, poten-
tially leading to impacts on forest ecosystems, which is presented in the following 
section.
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20.4  Impact of Climate Change on Forests

20.4.1  IPCC Conclusions

IPCC 2007a has presented an assessment of the impacts of climate change on forest 
ecosystems. A brief summary of the overall impacts of climate change are presented:

Populations of threatened species are expected to be at greater risk•	

Species that are currently classified as “critically endangered” will become extinct –
1/3 to 2/3 species at risk of extinction –
Loss of biodiversity –

Species composition and dominance will be altered, resulting in ecosystem •	
changes
Shifts in forest types boundary•	

Altitude and latitude –

Forest die-back/mortality•	

Climate will change faster than capacity of plants to migrate –

Increase and later decrease in biomass productivity•	

IPCC 2007a projects changes in the structure, production and function of forests. 
Further, it concludes that the tropical forests are likely to be subjected to significant 
impacts with respect to changes in the geographical spread of forests, changes in 
biodiversity largely leading to decline of threatened species and finally, positive 
implications for biomass productivity in the short-term followed by negative impacts 
in the long-term with increased warming.

20.4.2  Impacts of Climate Change on Forests  
in South Asian Countries

The implications of projected climate change on forest ecosystems in different 
south Asian countries from published literature and the reports of the National 
Communications (www.unfcccc.int) are presented in the following sections.

India A study by Ravindranath et al. (2006) has assessed the impacts of climate 
change on forest ecosystems in India. This assessment is based on climate projections 
of Regional Climate Model of the Hadley Centre (HadRM3) using the A2 (740 
ppm CO

2
) and B2 (575 ppm CO

2
) scenarios of Special Report on Emissions 

Scenarios and the BIOME4 vegetation response model.
When the impact of projected climate on the forested grids is considered, the 

dominant Miscellaneous forest type (where no species dominates) distributed across 
different parts of India, occurring in different rainfall and temperature zones and 

unfccc.int/resource/docs/natc/srinc1.pdf


34920 Options for Forest Management for Coping with Climate Change in South Asia

dispersed in fragments of varying sizes, is projected to undergo large-scale changes 
with 75% of the grids in A2 and 67% of the grids likely to be subjected to change 
of forest type (Fig. 20.2). The economically important forest types, such as Tectona 
grandis (Teak), Shorea robusta (Sal), Bambusa spp. (Bamboo), Upland Hardwoods 
and Pinus spp. (Pine), are projected to undergo change. When Pine, Teak, Sal and 
Bamboo are considered, over 75% of the grids are projected to undergo change in 
A2 and B2 scenarios. The forest types, which are likely to undergo minimal or no 
change under both A2 and B2 scenarios are Western Ghats Evergreen, Semi-
evergreen and Mangrove forest types.

The overall impact of climate change could be assessed by considering the percentage 
of grids or area that show a change in the forest types under climate change 
 scenarios. This change in the vegetation or forest type may be taken as an indicator 
of the vulnerability of the forest ecosystems to the projected climate change. 
Analysis for the 35,190 forested grids shows that 77% of the grids under A2 and 
68% under B2 scenario are likely to undergo vegetation change. This indicates that 
well over half of the area under forests in India is vulnerable to the projected  
 climate change under both A2 as well as the moderate B2 GHG scenarios. Similar 
trends were observed using IS92a scenario based HadRM2 climate outputs and 
BIOME3 model, which reported over 70% of all the grids projected to undergo 
change in vegetation types and potential vegetation (Ravindranath et al. 2003).

A review of studies by (IPCC 2001) and Gitay et al. (2002) has shown that forest 
biodiversity or the species assemblage is projected to undergo changes due to the 
projected climate change. Biodiversity is likely to be impacted under the projected 

Fig. 20.2 Percentage of grids under different forest types undergoing change in A2 and B2 GHG 
scenarios (Ravindranath et al. 2006)
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climate scenarios due to the changes or shifts in forest or vegetation types (in 57–60% 
of forested grids), forest dieback during the transient phase, and different species 
responding differently to climate change (IPCC 2001) even when there is no change 
in forest type. Climate change will be an additional pressure and will exacerbate the 
declines in biodiversity resulting from socio-economic pressures (Gitay et al. 2002).

Impact of Climate Change on Net Primary Productivity The impact of climate 
change on net primary productivity (NPP in g C/m2 per year) was estimated under the 
Current and GHG scenarios. The mean value of NPP is estimated to be 835 g C/m2 per 
year under Current climate scenario for the forested grids. Under the A2 GHG  scenario, 
a doubling of NPP is predicted, while the moderate B2 GHG scenario  projects an 
increase of about 73% for the forested grids. NPP is projected to increase in all the 
forested grids mainly due to the CO

2
 fertilization effect on forest ecosystems. The 

impact of climate change on NPP varies according to vegetation types (Fig. 20.3).
It can be observed from Fig. 20.3 that among the dominant vegetation types 

(Tropical Xerophytic Shrubland, Tropical Deciduous Forest, Warm Mixed Forest 
and Tropical Semi-deciduous Forest), the NPP increases by 1.35–1.57 times under 
the GHG  scenarios (A2 and B2) over the Current scenario NPP. The NPP under 
Tropical Evergreen Forest increases by 1.5 times under the GHG scenarios. The 
rate of increase on NPP was lower for Cool Conifer Forest, Cold Mixed Forest and 
Temperate Deciduous Forest. Generally the rate of increase is higher for warmer 
vegetation types.

Pakistan The possible impacts of climate change on the forestry sector assessed 
include changes in forest area, productivity and species composition as reported in 
the Pakistan’s Initial National Communication on Climate Change (unfccc.int/
resource/docs/natc/paknc1.pdf). Climate impacts are projected under two scenarios 
of CO

2
; 360 and 550 ppm, temperature increase of +0.9°C and +1.8°C in 2020 and 

2050 and rainfall increase by 3% and 6% by 2020 and 2050, respectively.

Fig. 20.3 Climate impacts on NPP; % forest biome-RCM grids subjected to change in NPP under 
GHG scenario over the current scenario under B2 Scenario (Ravindranath et al. 2006)
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Changes in the Location of Optimal Growing Areas In general, a shift in the 
 location of different biomes is likely under the change in precipitation scenarios. Cold 
and temperate conifers will show a northward shift, pushing against the cold conifer/
mixed woodland, which in turn encroach upon the southern and lower edges of the 
alpine tundra. Similarly, the northern boundaries of warm conifer/mixed forest will 
also move north, pushing against the southern boundaries of the temperate conifer/
mixed forest. This northwards shift of coniferous biomes will increase their size at the 
cost of the extent of the alpine tundra. A change in species composition may also occur, 
as those species that are hardier and have a wider distribution are likely to shift to other 
biomes in the north and south. Due to less severity and frequency in the incidence of 
frost and rise in temperature because of climate change, the frost tender species, which 
are at present confined to the  southern biomes, will start moving northwards.

The size of biomes with considerable economic value such as the cold conifer/
mixed woodland, cold conifer/mixed forest, temperate conifer/mixed woodland, 
etc., increase in general, while the size of biomes of degraded vegetation/scrub such 
as the alpine tundra, xerophytic wood/scrub, grassland/arid woodland and desert 
decrease. Biome size showed a consistent relation of increase or decrease with ris-
ing temperature, but remained independent of changes in precipitation.

Changes in Productivity The increase in temperature scenario tended to increase 
NPP in all biomes in the year 2020 and 2050 due to CO

2
 fertilization effect. Under 

increase or decrease in rainfall scenarios, the NPP of all biomes did not show much 
increase in the years 2020 and 2050.

Changes in Carbon Stored The NPP increase of different biomes, over the base 
year of 1990 is estimated as 12% in the year 2020 and 19% in the year 2040–2050 
under the climate change scenarios. Therefore, the carbon stored in the dry woody 
forest biomass is expected to increase from 111.75 million tons to 125.16 million 
tons in the year 2020 and to 132.98 million tons in the year 2050.

Changes in Nutrient Retention and Litter Decay Rate Under the prediction of 
increase in NPP and forest biomass as a result of climate change, there is likely to 
be a drain of soil nutrients, which are normally found in woody and non-woody 
forest biomass. In forests that are used for commercial harvesting, there is no 
immediate risk of nutrient depletion under climate change scenarios. In coniferous 
biomes, the soils are shallow but the nutrient balance shall remain undisturbed due 
to long rotation, low yield and selective cutting, as well as the increased activity of 
nutrient rebuilding process under climate change.

Changes in Pests and Weeds High temperature and increased precipitation 
reduces the dormant period for insects and increases the length of active period. 
Moreover, longer summers with early onset of growth may lead to more develop-
ment of weeds in spring, which in turn can aggravate the spread of forest pests and 
pathogens. This may result in greater damage to forest vegetation due to the 
increase in prevalence of defoliating, sap sucking and stem boring insects.

A study by Siddiqui et al. (1999) using BIOME3 model and a 0.3°C rise in 
temperature per decade and a CO

2
 concentration change from 350 to 425 ppm 

showed changes in area under different biome types with three biomes showing 
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decline in area and five biomes showing an increase in area. Further, the study 
projects an increase in NPP for all the biomes.

Nepal Forests are the most important natural resources after water in Nepal. 
Majority of people use forest products as firewood, food, fodder, timber and medi-
cines. Extensive utilization of and increasing demands for forest products have led 
to its dwindling both in area and quality. Further, Global Warming may cause forest 
damage through migration towards the polar region, changes in their composition, 
extinction of species etc. The consequence of this situation could affect directly not 
only the environment of Nepal but also lives of majority of the people.

To assess potential impacts on biodiversity, climate data for 1 × CO
2
 and 2 × CO

2
 

were obtained from Climate Change scenarios developed using Canadian Climate 
Change Model (CCCM) and Geophysical Fluid Dynamics Model (GFD3) models. 
Increase of 2°C of temperature and 20% of rainfall to the observed data of 80 
 stations under the existing 1 × CO

2
 level were also used for projecting scenarios of 

forest types. As one of the final outcomes, Holdridge vegetation map was prepared 
from data of 80 meteorological stations using Holdridge model system. The vegeta-
tion change due to double Carbon dioxide (2 × CO

2
) was also mapped using this 

Holdridge system, and variations in vegetation patterns were recorded.
Out of the 39 forest type zones categorized by Holdridge model, Nepal is depicted 

having 15 types (excluding snow area) under the existing 1 × CO
2
  condition. These 

forests are tropical moist, tropical dry, tropical wet, subtropical moist, subtropical 
wet, subtropical dry, warm temperate rain, warm temperate moist, warm temperate wet, 
warm temperate dry, cool temperate moist, cool  temperate wet, cool temperate 
dry, cool temperate steppe and boreal dry bush. Under 2 × CO

2
 condition, there will 

remain only 12 types of vegetation: tropical dry, tropical moist, tropical rain, 
 subtropical dry, subtropical moist, subtropical wet, subtropical rain, warm temperate 
dry, warm moist, warm wet, warm thorn steppe and desert bush. But under the incre-
mental scenario (2°C temperature rise and 20% increase in precipitation) projected 
by the model, vegetation pattern in Nepal would be different than the existing ones. 
Out of eighty, 38 station locations will have change in vegetation pattern; tropical 
and subtropical moist forest will extend in area, subtropical and warm temperate dry 
forest will change to warm temperate moist forest in Jumla, cool temperate, steppe 
and thorn steppe will emerge in warm temperate and desert bush in existing cool 
temperate regions of Mustang, and forest cool temperate moist forest of this area 
will convert into warm temperate moist forest.

This study indicates that the tropical wet forest and warm temperate rain forest will 
disappear, and cool temperate vegetation will turn to warm temperate vegetation. 
Existing classification reveals that there does not exist rain forest in tropical and sub-
tropical regions in the country, but they are expected to emerge under 2 × CO

2
 condi-

tion. Warming effect will be significant in the sub-alpine and alpine regions of Nepal. 
The vegetation regime in general could be pushed up as much as 500 m in elevation.

Bangladesh Bangladesh has a diverse range of forest ecosystems, including savan-
nah, bamboo, freshwater swamp forests and mangroves. The Sundarbans of 
Bangladesh, a world heritage site, is the single largest mangrove area in the world, 
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comprising an area of 577 ha, and housing one of the richest natural gene pools. A total 
of 425 species have been identified there, the most notable of which is the Bengal tiger, 
which is endemic to the area. Forests contribute to a great extent to the ecological and 
economic stability of Bangladesh. The area under forest cover is shrinking rapidly due 
to over exploitation of forest resources and gradual conversion of forestlands to other 
uses. In Neilson et al. (1998), the IPCC reports that under some scenarios of climate 
change for late in the twenty-first century, Bangladesh would become a savanna/wood-
land, whereas under other scenarios, conditions would become wet enough to support 
tropical broad-leaf forests. The modeling results are inconsistent on whether the den-
sity of vegetation will increase or decrease. Studies on vegetation changes in 
Bangladesh under scenarios corresponding to the first half of the next century are not 
available. It is, however, reported that climate change induced additional flooding 
would adversely affect the Artocarpus species, especially Artocarpus heterophyllus. 
Similarly, other flood vulnerable species including Azadirachta indica, Cajanus cajan, 
Leucaena  leucocephala would be affected. It is also feared that the Sal forest ecosys-
tems in the Madhupur and the Barind tract areas would face additional moisture stress. 
Further water stress due to increased groundwater demand for irrigation would have 
 compounding effects on the regeneration process of the species in those areas.

Climate change will have a detrimental impact on all of the forest ecosystems in 
Bangladesh, and the Sundarbans are likely to be the worst affected (Rahman and 
Alam 2003). The changes in temperature and water resources with climate change will 
result in direct pressure on many climate-sensitive species, and thereby increased  erosion 
and deterioration of soil quality in may upland forested areas. Increased rainfall 
intensity will cause enhanced erosion upstream and thereby  sedimentation. Saline 
intrusion is already a major problem in the Sundarbans,  however it should be noted 
that climate change will also cause an increase in  freshwater flows from the major 
 distributaries with increased precipitation, and the extent to which this may offset 
salinity intrusion is uncertain. The Sundarbans also offer subsistence to around 
3.5 million inhabitants who live within and around the forest boundary. The inundation 
and intruding salinity are interrupting traditional practices in the Sundarbans.

Sri Lanka The National Communications Report of Sri Lanka to UNFCCC (unfccc.
int/resource/docs/natc/srinc1.pdf) provides limited information on the  projected 
impacts of climate change on forest ecosystems, indicating the limitations of scientific 
assessments. Drought could lead to increased fire hazard in forests. Furthermore, under 
extreme drought conditions, small plants below 2 years of age could die due to water 
stress. Coastal wetlands are generally found at elevations just above mean sea level and 
below the highest tide. These wetlands account for a significant proportion of land less 
than 1m above sea level. With the rise in sea level marshes have generally kept pace 
by migrating inland and this has helped the  prevention of wetland loss. However, if 
marshes are unable to keep pace with sea level rises, it would lead to a net loss of 
wetlands. According to IPCC (1997), in Sri Lanka, a significant increase in dry forest 
and a decrease in wet forest could occur. Projected increases in evapotranspiration and 
rainfall variability are likely to have a negative impact on the viability of freshwater 
wetlands, resulting in shrinkage and desiccation.

unfccc.int/resource/docs/natc/srinc1.pdf
unfccc.int/resource/docs/natc/srinc1.pdf
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A study by Somaratne and Dhanapala (1996) has evaluated the potential impact 
of climate change on forest distribution in Sri Lanka. The Holdridge Life Zone 
Classification was used along with current climate and climate change scenarios 
derived from two general circulation models, the Geophysical Fluid Dynamics 
Laboratory model and the Canadian Climate Centre Model, at a 0.5° × 0.5° resolu-
tion. Current and future distributions of life zones were mapped with a Geographic 
Information System. These maps were then used to calculate the extent of the 
impact areas for the climate change scenarios. The current distribution pattern of 
forest vegetation includes tropical very dry forest (6%), tropical dry forest (56%), 
and tropical wet forest (38%). Results obtained using the Geophysical Fluid 
Dynamics Laboratory model show an increase in tropical dry forest (8%) and 
decrease in tropical wet forest (2%). The Canadian Climate Centre Model scenario 
predicted an increase in tropical very dry forest (5%) and tropical dry forest (7%), 
and a decrease in tropical wet forest (11%). Both models predicted a northward 
shift of tropical wet forest into areas currently occupied by tropical dry forest.

Bhutan Bhutan is part of one of the 10 global biodiversity “hotspots”. Today its 
rich biodiversity resources still make a large contribution to the economy. 
Unfortunately, human activities are increasingly threatening all the existing ecosys-
tems. In addition, several species are already endangered by climate change and 
extreme events. In the recent years, frequent landslides and prolonged dry periods 
and unprecedented heavy monsoon rain affecting agriculture and biodiversity are 
visible because of climate change. Given the lack of climate change scenarios for 
Bhutan, the National Com munications Report analyses the vulnerability and poten-
tial impacts on the basis of available information and the current state of knowledge 
under the IPCC and not based on Bhutan-specific model-based analysis. The 
 combination of climate change with the pressures of deforestation, land use 
changes, habitat degradation and fragmentation presents a significant threat to 
 biodiversity. Climate change can affect biodiversity either directly, by changing the 
physiological responses of species, or indirectly, by changing the relationships 
between species. For example, a change in the insect population could influence the 
evolution of plant biodiversity and vice versa. Ironically, the projected climate 
change, with some increase in rainfall and temperature, is favorable for the richness 
of diversity; this is because a warmer world has greater potential for plant produc-
tivity, together with a movement of many species towards higher latitudes. Some 
species, however, will die out or become extinct as temperatures exceed their toler-
ance limits. Sufficient water supply will mean enough water for plants and animals 
for their survival and production. An increase in rainfall, on the other hand, also 
will enhance soil erosion and will affect vegetation and other biodiversity.

20.5  Adaptation to Climate Change in Forest Sector

According to IPCC 2007a as well as south Asia country-specific studies, climate 
change could cause irreversible damage to unique forest ecosystems and  biodiversity, 
rendering several species extinct, locally and globally. Forest ecosystems  require 
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the longest response time to adapt, say through migration and regrowth. Further, a 
long gestation period is involved in developing and implementing adaptation strate-
gies in the forest sector (Leemans and Eickhout 2004). Thus there is a need to 
develop and implement adaptation strategies. Adaptation is adjustment in natural or 
human systems in response to actual or expected climatic stimuli and their impacts 
on natural and socio-economic systems. Several ‘no regret’ or ‘win–win’ policies 
and forest management practices could be considered to adapt to the impacts of 
climate change. As a first step to adaptation, there is a need to conduct model-based 
projection of impacts of climate change at regional level using global dynamic 
vegetation models to identify vulnerable regions, forest types and species. This 
would enable planning adaptation practices and strategies. Adaptation practices are 
likely to vary for different forest types and regions, depending on the current status 
of the forests, knowledge of the projected impacts and access to information on 
suitable silvicultural practices and forest management strategies.

Adaptation practices: Some examples of the ‘win–win’ practices are as follows:

Anticipatory planting of species•	

Along latitude and altitude –
Promote assisted natural regeneration –

Promote mixed species forestry•	

Species adapted to different temperature tolerance regimes –

Develop and implement fire protection and management practices•	
Adopt thinning, sanitation and other silvicultural practices•	
Promote in situ and ex situ conservation of genetic diversity•	
Develop drought and pest resistance in commercial tree species•	
Develop and adopt sustainable forest management practices•	
Expand Protected Areas and link them wherever possible to promote migration•	
Conserve forests and reduce forest fragmentation•	
Adoption of energy efficient fuelwood cooking devices to reduce pressure on forests•	

Adaptation Strategies and Policies Forest planning and development programs 
may have to be altered to address the likely impacts of climate change and appro-
priately adopt various policy and management practices to minimize the adverse 
impacts and vulnerability. Examples of policies and strategies include:

Incorporate adaptation practices in forest planning both for the short and •	
long term

Promote forest conservation since biodiversity rich forest are less vulnerable  –
due to varying temperature tolerance
Halt forest fragmentation to promote migration of species –
Link protected areas and create corridors to promote migration –

Promote community forest management to create long-term stake for communi-•	
ties in conserving forests and biodiversity
Build capacity to develop and implement adaptation strategies•	
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20.6  Conclusions and Future Direction

Forest account for nearly 20% of the geographic area of south Asia and includes 
many ‘hotspots’ of biodiversity. There is a large dependence of communities on the 
forests and biodiversity for their livelihoods. Any adverse impacts of climate 
change could have implications for biodiversity, livelihoods of dependent commu-
nities and many other ecosystem services. Very limited studies have attempted to 
assess the potential impacts of climate change on forest ecosystems, biodiversity 
and biomass production using vegetation models at the regional level. The existing 
studies, with all the limitations, conclusively show that the projected climate 
change is likely to have adverse implications for the distribution of different forest 
types and biodiversity. Studies state that forest types will undergo change or shifts 
in the forest boundaries, leading to forest die back in the transition period. Forest 
biomass production may increase initially with warming and rise in CO

2
 concentra-

tion in the short-term but may experience decline in the long-term. All the studies 
and the reports of the National Communications of the region highlight the need to 
develop and implement adaptation strategies. This may involve implementing adap-
tation practices, incorporating climate change adaptation in forest planning as well 
as implementing policies to prevent forest fragmentation, conservation of forests 
and expansion and linking of protected areas. Planning and implementation of 
adaptation strategies requires reliable data and information on the projected climate 
change and impacts at regional level for different forest types. However, currently 
there are uncertainties with respect to climate projections at the regional level as 
well as the projections of impacts of climate change at the regional level. Some of 
the limitations in development and implementation of adaptation strategies are:

Absence of reliable regional climate projections•	
Limitations of dynamic vegetation models specific to tropical forests•	
Limitations of data on vegetation, soil, water, etc., parameters for modeling•	
Absence of models incorporating mitigation and adaptation components•	
Absence of long-term forest vegetation monitoring studies•	
Absence of long-term adaptation studies•	

There is a need for long term collaborative research into development of dynamic 
vegetation models, generating parameters required for developing country-specific 
forest types (or Plant Functional Types), assessment of climate impacts at regional 
level and development of adaptation practices and policies. This requires network-
ing of different research institutions in the region as well as collaboration with 
international organizations such as FAO, UNEP, CIFOR and ICRAF. Some of the 
broad research needs in the climate change impact and adaptation area include the 
following:

Ecological research on plant and animal species and communities in relation to •	
climate variability and change
Dynamic vegetation modeling of climate change impacts on forest ecosystems, •	
biodiversity and adaptation
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Impact of climate change on mitigation potential, carbon sinks and adaptation•	
Development of adaptation practices, strategies and policies•	
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Abstract Fisheries and aquaculture have very important roles for food supply, food 
security and income generation in South Asia. About 7.5 million people work directly 
in the sector in this region, producing around 8.5 million tonnes annually. Due to 
several reasons, production from fisheries is stagnant in the last ten years, and aqua-
culture is not expanding as anticipated. Climate change is projected to exacerbate 
this situation. The potential outcome for fisheries may be decrease in production and 
value of coastal and inland fisheries, and decline in the economic returns from fishing 
operations. The potential outcome for aquaculture may be higher capital, operating 
and insurance costs, loss of fish stocks, damage to facilities, conflict with other water 
users, reduced production capacity and increased per unit production costs.
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Despite the uncertainties and potential negative impacts of climate change on 
 fisheries and aquaculture, there are opportunities to reduce the vulnerability to 
 climate-related impacts. The following measures could contribute to coping with 
 climate change: (i) evaluating the adaptive capacity of important fish groups; 
(ii)  identifying adaptive fishing and post-harvest practices to sustain fish production 
and quality; (iii) supporting energy efficient fishing craft and gear; (iv) identifying 
new land use system for aquaculture; (v) identifying new candidate species and devel-
oping hatchery and grow-out technologies; (vi) cultivating aquatic algae, which have 
positive response to climate change for food and pharmaceutical  purposes and for 
production of biodiesel; (vii) investigating the potential fish  diseases in the natural and 
aquaculture systems; (viii) increasing climate literacy among the fishing and farming 
communities; (ix) establishing Weather Watch Groups; and (x) evolving decision sup-
port systems for fisheries and aquaculture in the region. It is also important to recog-
nize the synergies between adaptive and mitigation options related to climate change 
and non-climatic factors such as responsible fisheries, and ecofriendly aquaculture.

Keywords Fish production • Marine fish • Phenological changes and climate 
change • Corals • Iron fertilization • Sustainable fishing

Abbreviations

APR Annual production rate
CMFRI Central Marine Fisheries Research Institute
HABS Harmful algal blooms
ICAR Indian Council of Agricultural Research
Mt Million tonnes
NDI National Dependency Index

21.1  Introduction

South Asia includes some of the most productive fishing waters in the world. With 
more than 2,500 species of finfish alone, it is one of the regions of richest 
 biodiversity. The sector is one of the important revenue-earning and employment- 
opportunity sectors, contributing significantly to the economy of the region. The 
annual fish production during 2000–2007 was about 8.5 million tonnes (Table 21.1). 
The region contributes about 6.5% to the overall fish production in the world. India 
contributes 70.2% to the region’s total followed by Bangladesh (17.4%). Productions 
from countries bordering Arabian Sea (west coast of India and Pakistan) contribute 
56.3%, countries bordering Bay of Bengal (east coast of India and Bangladesh) 
38.9%, and Indian Ocean islands (Sri Lanka and Maldives) 4.8%. Production 
comes from three subsectors, viz., marine capture fisheries (50.3% to the region’s 
total production), inland capture fisheries (11.5%), and inland and brackishwater 
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aquaculture (38.2%). Mariculture is in its infancy, but is poised for growth. About 
7.5 million people are employed either fulltime or part-time in fisheries and aqua-
culture. Fish trade has expanded significantly in the region over the last decade, 
with annual export reaching 2,596 million US$. The Nutritional Dependency Index 
(NDI is calculated from per caput consumption of fish to total animal protein 
intake, and scaled to 100) is very high for Maldives (100), Sri Lanka (62) and 
Bangladesh (58), indicating the high level of dependency on fish as food among the 
populations (Allison et al. 2004).

In recent years, the sector is facing serious challenges. Production from capture 
fisheries is stagnant for the last ten years as there is overexploitation, depletion of 
coastal fish stocks and competition among stakeholders in sharing the renewable, 
but limited resources. Aquaculture is not expanding to new species and areas due 
to legal, social and trade issues, and challenges posed by disease problems. 
Climate change exacerbates this situation. The region is recognized as being very 
vulnerable to climate change and sea level. Modeling studies show that climate 
will have the greatest economic impact on the fisheries sector in Asian countries 
(Brander 2007). The majority of South Asia’s 7.5 million fishermen and fish farmers 
live in areas vulnerable to sea level rise. Bangladesh, for instance, is an extremely 
flat and low lying deltaic country. The east coast of India is prone to annual events 
of storms and cyclones. It is being increasingly realized that all the subsectors of 
fisheries and aquaculture will be impacted by climate change. Analyzing the impact 
of climate change on production systems, the Intergovernmental Panel on Climate 
Change (IPCC) ranked that small rivers and lakes in areas of higher temperatures 
and less rain will be affected the maximum followed by coastal waters, large rivers 
and lakes, estuaries and high seas, in that order (IPCC 1995).

In spite of the realization that fisheries and aquaculture have very important 
roles for food supply, food security and income generation in South Asia, research 
on the impacts, vulnerability and adaptation of this sector to climate change is 
 limited. In the absence of peer-reviewed research papers from the region, grey 
 literature in the form of reports and articles prepared by different organizations 
were reviewed for preparation of this paper (IPCC 1995, 2007; Allison et al. 2004; 
Adam 2006; World Fish Center 2007; FAO 2007a, 2008).

21.2  Historic Trends and Future Projections  
in Fish Production and Aquaculture

In 1995, South Asia produced 1.96 million tonnes (m t) of aquatic animals and plants 
valued at 279,000 million US $ through aquaculture, contributing 7.1% by weight and 
6.6% by value to global aquaculture production. Production from aquaculture 
increased by 206.3% between 1984 and 1995 at an annual production rate (APR) of 
10.7, with India being the largest producer (1.61 m t in 1995) within the sub-region. 
The share of aquaculture in total fisheries production in South Asia increased signifi-
cantly from 15.2% in 1984 to 27.8% in 1995. In contrast, total capture fisheries 
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 production in South Asia increased by only 42.0% from 3.59 m t in 1984 to 5.10 m t 
in 1995. Thus the production from capture fisheries as well as aquaculture increased 
from 4.49 m t in 1984 to 7.06 m t in 1995 to 8.50 m t during 2000–2007.

The projected total production in South Asia for the year 2020 is 14.5 m t (India: 
10.0 m t), and the share from aquaculture is expected to range from 60% (India) to 
50% (other South Asian countries). The projected APR is 1.0% and 8.5% for capture 
fisheries and aquaculture, respectively for India; and 0.8% and 3.5% for  capture fish-
eries and aquaculture, respectively for the other South Asian countries.

21.3  Impact of Climate Change on Marine Fish

Fish is the largest living resource exploited from the wild. The most important 
characteristic of capture fisheries in South Asia is that the resource is a common 
property, the access to which is free and open. Second, property rights to fisheries 
are difficult to establish, leading to intrasectoral conflicts. In addition to these, other 
anthropogenic interventions such as discharge of untreated domestic and industrial 
effluents into the sea, bioaccumulation and biomagnification of toxic chemicals and 
trace metals in fish tissues, ballast water discharge, coral mining and habitat 
destruction cause considerable damage to fish populations. For India, the catches 
have been either very close to or have exceeded the potential yield in the late 1990s 
for several fish stocks due to overfishing (Vivekanandan 2001). Climate change is 
a dispensatory factor on fish populations.

Most fish species have a fairly narrow range of optimum temperatures related to 
their basic metabolism and availability of food organisms. Being poikilotherms, 
even a difference of 1°C or 0.1 unit pH in seawater may affect their distribution and 
life processes. The more mobile species should be able to adjust their ranges over 
time, but less mobile and sedentary species may not. Depending on the species, the 
area it occupies may expand, shrink or be relocated. This will induce increases, 
decreases and shifts in the distribution of marine fish, with some areas benefiting 
while others lose. From the recent investigations carried out by the Indian Council 
of Agricultural Research (ICAR) and Central Marine Fisheries Research Institute 
(CMFRI), the following responses to climate change by different marine fish species 
are discernible in the Indian seas: (i) Extension of distributional boundary 
(Vivekanandan et al. 2009a); (ii) Shift in latitudinal distribution; (iii) Shift/extension 
of depth of occurrence (CMFRI 2008); and (iv) phenological changes (Vivekanandan 
and Rajagopalan 2009). Some evidences of the responses are given below:

21.3.1  Extension of Distributional Boundary

The oil sardine Sardinella longiceps and the Indian mackerel Rastrelliger kanagurta 
are tropical coastal and small pelagic fish, forming massive fisheries in India (catch 
during 2007: 0.7 million tonnes valued at about 150 million US$). They are  governed 
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by the vagaries of ocean climatic conditions, and have high population doubling time 
of 15–24 months. They are cheap source of protein, and form a  staple, sustenance 
and nutritional food for millions of coastal people. They were known for their 
restricted distribution between latitude 8°N and 14°N and longitude 75°E and 77°E 
(Malabar upwelling zone along the southwest coast of India) where the annual 
 average sea surface temperature ranges from 27°C to 29°C. Until 1985, almost the 
entire catch was from the Malabar upwelling zone and the catch was either very low 
or there was no catch from latitudes north of 14°N. In the last two decades, however, 
the catches from latitude 14°N to 20°N are increasing, reaching 150,000 t (21% of 
all-India catch during 2007). A positive correlation was found between the catches 
and sea surface temperature (SST). The surface waters of the Indian seas are 
 warming by 0.04°C per decade, and the warmer tongue (27–28.5°C) of the surface 
waters expanded to latitudes north of 14°N, enabling the oil sardine and Indian 
mackerel to extend their distributional boundary to northern latitudes. It is also found 
that the catches from the Malabar upwelling zone has not decreased indicating the 
distributional “extension” and not distributional “shift”. Considering the catch as a 
surrogate of distribution and abundance, it is also found that the two most dominant 
fish are able to find temperature to their preference especially in the northern lati-
tudes in recent years, thereby establishing fisheries in the extended coastal areas. 
Assuming further extension of warmer SST tongue in the future, it is expected that 
the distribution may extend further north of latitude 20°N. However, if the SST in 
the Malabar upwelling zone increases beyond the physiological  optimum of the fish, 
it is possible that the populations may be driven away from the southern latitudes.

21.3.2  Shift in Latitudinal Distribution and Abundance

Catfish are one of the major resources along the southwest and southeast coasts of 
India (latitude: 8°N–14°N). During 1970–2007, the catches from these coasts 
decreased from 35,000 to 7,800 t. On the other hand, the catches from the northwest 
and northeast coasts (latitude: 15°N–22°N) increased from 16,000 to 42,500 t  during 
the same period. There was a strong negative correlation between catfish catch and 
SST along the two southern coasts whereas the correlation between catch and SST 
was positive along the northern coasts. As the average seawater temperature in the 
southern latitudes exceeded 29°C in the last one decade, it appears that the catfish 
have shifted their distribution to the northern latitudes where the  seawater tempera-
ture is between 27°C and 28.5°C. This is a response different from that shown by the 
oil sardine and Indian mackerel to increase in seawater temperature.

21.3.3  Shift/Extension of Depth of Occurrence

The Indian mackerel, Rastrelliger kanagurta, in addition to extension of its 
 northern boundary, is found to descend to deeper waters in the last two decades. 
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The fish normally occupies surface and subsurface waters. During 1985–1989, only 
2% of mackerel catch was from bottom trawlers, and the rest of the catch was 
 contributed by pelagic gear such as drift gillnet. During 2003–2007, it is estimated 
that 15% of mackerel catch is contributed by bottom trawlers along the Indian coast. 
The Indian trawlers operate at a depth ranging from 20 to 80 m by employing high 
opening trawlnets. In the last 25 years, the specifications of trawlnet such as mouth 
opening, headrope length, otterboard and mesh size have not been modified, and 
hence the increase in the contribution of trawlers to the mackerel catch is not gear-
related. As the subsurface waters are also warming up, it appears that the mackerel, 
being a tropical fish, has extended its veritical boundary to deeper waters.

21.3.4  Phenological Changes

Fish have strong temperature preferences to spawning. The process of spawning is 
known to be triggered by pivotal temperatures. The annually recurring life cycle 
events such as timing of spawning can provide particularly important indicators of 
climate change. Though sparsely investigated, phenological changes such as 
 seasonal shift in spawning season are now evident in the Indian seas.

The threadfin breams Nemipterus japonicus and N. mesoprion are distributed 
along the entire Indian coast at depths ranging from 10 to 100 m. They are short-
lived (longevity: about 3 years), fast growing, highly fecund (annual egg production 
around 0.2 million per adult female) and medium-sized fishes (maximum length: 
35 cm). Data on the number of female spawners collected every month off Chennai 
(southeast coast of India) from 1981 to 2004 indicated wide monthly fluctuations. 
However, a trend in the shifting of spawning season from warmer (April–September) 
to cooler months (October–March) was discernible. Whereas 35.3% of the  spawners 
of N. japonicus occurred during warm months during 1981–1985, the number of 
spawners gradually reduced and only 5.0% of the spawners occurred during the 
same season during 2000–2004. During 1981–1985, it was observed that 64.7% of 
the spawners occurred during October–March, whereas as high as 95.0% of the 
spawners occurred during the same season in 2000–2004. A similar trend was 
observed in N. mesoprion too. The percent occurrence of spawners of the two 
 species linearly decreased with increasing temperature during April–September, 
but increased with increasing temperature during October–March over the time 
scale. It appears that SST between 28°C and 29°C may the optimum and when the 
SST exceeds 29°C, the fish are adapted to shift the spawning activity to seasons 
when the temperature is around the preferred optima.

Currently, it is difficult to find out how much of catch fluctuation is due to changes 
in fish distribution and phenology. However, these changes may have impact on 
nature and value of fisheries (Perry et al. 2005). If small-sized, low value fish species 
with rapid turnover of generations are able to cope up with changing climate, they 
may replace large-sized high value species, which are already  showing declining 
trend due to fishing and other non-climatic factors (Vivekanandan et al. 2005). 
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Phytoplankton are the basis for the productivity of the oceans and are  critically 
 important to the flow of resources. Plankton are particularly sensitive to environmental  
fluctuations, and therefore those fish, which are directly dependent on plankton for 
food, will be strongly influenced by climate change (Briones et al. 2006). The larvae 
of several marine fish have wider dispersal ranges (aided by  currents) than terrestrial 
organisms. Major changes to ocean circulation will cause changes in dispersal pattern 
of larval fish, particularly the pelagics. This will change the food webs as well fish 
catch. Such distributional changes would lead to novel mixes of organisms in a 
region, leaving species to adjust to new prey,  predators, parasites, diseases and 
 competitors (Kennedy et al. 2002), and result in  considerable changes in ecosystem 
structure and function.

21.4  Vulnerability of Corals

Coral reefs are the most diverse marine habitat, which support an estimated one 
million species globally. They are highly sensitive to climatic influences and are 
among the most sensitive of all ecosystems to temperature changes, exhibiting 
the phenomenon known as coral bleaching when stressed by higher than normal 
sea temperatures. Reef-building corals are highly dependent on a symbiotic 
relationship with microscopic algae (type of dinoflagellate known as zooxanthellae), 
which live within the coral tissues. The corals are dependent on the algae for 
nutrition and coloration. Bleaching results from the ejection of zooxanthellae by 
the coral polyps and/or by the loss of chlorophyll by the zooxanthellae themselves. 
Corals usually recover from bleaching, but die in extreme cases.

In the Indian seas, coral reefs are found in Gulf of Mannar, Gulf of Kachchh, 
Palk Bay, Andaman Seas and Lakshadweep Seas. Indian coral reefs have experi-
enced 29 widespread bleaching events since 1989 and intense bleaching occurred 
in 1998 when the SST was higher than the usual summer maxima. By using the 
relationship between past temperatures and bleaching events and the predicted SST 
for another 100 years, Vivekanandan et al (2009b) projected the vulnerability of 
corals in the Indian Seas. The outcome of this analysis suggests that if the projected 
increase in seawater temperature follows the trajectory suggested by the HadCM3 
for an SRES A2 scenario, reefs should soon start to decline in terms of coral cover 
and appearance. The number of decadal low bleaching events will remain between 
0 and 3 during 2000–2099, but the number of catastrophic events will increase from 
0 during 2000–2009 to 10 during 2000–2099.

Given the implication that reefs will not be able to sustain catastrophic events 
more than three times a decade, reef building corals are likely to disappear as domi-
nant organisms on coral reefs between 2020 and 2040 and the reefs are likely to 
become remnant between 2030 and 2040 in the Lakshadweep region and between 
2050 and 2060 in other regions in the Indian seas. These projections on coral reef 
vulnerability have taken into consideration only the warming of seawater. Other 
factors such as increasing acidity of seawater would slow down formation of 
 exoskeleton of the reefs, and if acidification continues as it is now, all the coral reefs 
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would be dead within 50 years. Given their central importance in the marine 
 ecosystem, the loss of coral reefs is likely to have several ramifications.

21.5  Status of Aquaculture in South Asia

India is world’s second largest aquaculture producer and contributes 70.3% by 
weight and 65.8% by value to production from South Asia. The contributions (by 
weight) of other major fish-producing countries in the region are: Bangladesh 
26.5%, and Nepal 0.4%.

Aquaculture systems in South Asia range from small low intensity operations 
such as small family-owned ponds that require little in the way of inputs to large-scale 
high intensity systems such as shrimp. However, majority are extensive and traditional 
freshwater and brackishwater farming systems. The South Asian aquaculture 
production is dominated by freshwater fish (>90%); the remainder is nearly all from 
brackishwater; and production from marine environment is insignificant (Handisyde 
et al. 2005). Production originating from stocked lakes (man-made and natural), 
floodplains and reservoirs also contributes significantly. Countries are  looking into 
integration of aquaculture with agriculture, rice-cum-fish culture and other forms of 
integrated aquaculture. Freshwater carp culture is expanding at a considerable rate 
over the past decade. Over 75 species have been identified as potential candidates for 
freshwater aquaculture. However, only a few species (Indian major carps, Chinese 
carps, and a very few indigenous species) are currently cultured commercially. High 
value crustacean, the scampi, Macrobrachium rosenbergii is also cultured. Organized 
farming of other species has not developed on a commercial scale. Bangladesh, with 
substantial annual flooding, continues to increase fish production through floodplain 
stocking. However, lack of adequate seed, disease prevention and control programs 
constrain the future development of this sector.

It is likely that land and water may become limiting factors to the growth of 
freshwater aquaculture in most countries in the region, especially in some areas 
of India, where freshwater availability may become a severe limiting factor. The 
national  governments should give priority for allocation of water and land to 
aquaculture. Aquaculture diversification and intensification are necessary and 
there is also a need for technological advancement for commercial-scale farming 
of new species.

Brackishwater aquaculture is focused almost exclusively on the penaeid shrimp, 
Penaeus monodon. Shrimps are produced mainly for export markets and the main 
producers are India, Bangladesh and Sri Lanka. Environmental costs, social equity 
and sustainability have become important issues in shrimp culture development in 
these countries. Besides the Whitespot Syndrome disease outbreaks, which have 
devastated the shrimp aquaculture sector in the last ten years, issues of shrimp farm 
effluent management have to be adequately addressed. In recent years, culture of 
the seabass Lates calcarifer is gaining popularity in India.

Development of mariculture has commenced in a modest scale in India and 
Sri Lanka. In India, mussel and ornamental fish farming are becoming popular. 
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In Sri Lanka, marine ornamental fish farming is being practiced on a commercial scale. 
Finfish culture in open cages is in infancy and at present does not contribute 
significantly to production. Global demand for mariculture products is creating 
interest in developing appropriate technology and trained personnel. Effective inte-
grated coastal area management needs to be adopted to avoid environmental issues 
of open sea and coastal aquaculture development, and to control impact from other 
non-aquaculture activities.

Overall, the prospects for aquaculture development in South Asia are good, as 
there is scope for growth of commercial and subsistence farming. The countries 
have optimistic projections for the expansion of aquaculture. Projections by the 
Indian Council of Agricultural Research indicate that only 20% of available coastal 
land for shrimp farming is currently being used in India. India and Bangladesh have 
projected an annual growth rate of 8.5% and 3.5% respectively for another 10 years 
(FAO 2004). However, future aquaculture development in South Asia calls for 
developing hatchery technology and locally made artificial feed. If large-scale 
aquaculture programs are to be successful in the long run, the socioeconomic issues 
such as land ownership, leasing procedures, common property rights, etc. need to 
be resolved.

21.5.1  Impact of Climate Change on Aquaculture

The possible sensitivities of climate change on aquaculture is difficult to assess due 
to several uncertainties such as extent and rate of predicted changes and the 
biological  and physical impacts. There are only a limited number of publications 
on the possible impacts of climatic factors on aquaculture in South Asia (Handisyde 
et al. 2005). Climate change issue has not been considered a priority by the aqua-
culture sector so far in spite of the understanding that increase in fish production in 
the future has to come from aquaculture.

Small- scale aquaculture farmers represent a large group in the sector. They are 
many in number and each manages small areas of land and water resources. 
However, the total area availed by them is quite large, which are ecologically sensi-
tive and highly vulnerable to climate change impacts. The resource – poor small 
farmers will be particularly vulnerable because of their dependence on biological 
and economic resources, and their low ability to adapt.

The potential impacts of climate change on aquaculture will be either direct or 
indirect. The predicted direct impacts are (i) changes in water availability, tempera-
ture and salinity; (ii) changes in the season and quantity of seed availability; (iii) 
damage by extreme climatic events such as storms, floods and droughts; and (iv) 
adaptability of the candidate species to the changes (Table 21.2). The indirect 
impacts are (i) availability of fishmeal and its cost; and (ii) increased frequency of 
disease outbreaks. The impact on aquaculture and the related livelihoods will be 
linked to the type, scale and intensity of the aquaculture production system and the 
location and environment in which it is being carried out.
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21.6  Options for Fisheries and Aquaculture Sector  
for Adaptation

21.6.1  Tackling Overfishing

Options for adaptation are limited, but they do exist. The impact of climate change 
depends on the magnitude of change, and on the sensitivity of particular species or 
ecosystems (Brander 2008). Fish populations are facing the familiar problems of 
overfishing, pollution and habitat degradation. Food and Agriculture Organization 
has estimated that about 25% of all fish stocks are overexploited and 50% are fully 
exploited (FAO 2007b). About 1.2% of global oil consumption is used in fisheries, 
and it is found that fish catching is the main contributor to global warming in the 
fish production chain (Thrane 2006). Reduction of fishing effort will benefit in rela-
tion to adaptation of fish stocks and marine ecosystems to climate impacts; and 
mitigation by reducing greenhouse gas emissions. Hence, some of the most effec-
tive actions which we can be taken to tackle climate impacts are to deal with the 
old familiar problems such as overfishing (Brander 2008) and adapt Code of 
Conduct for Responsible Fisheries (FAO 2007b).

Table 21.2 Impact of climate change on aquaculture systems

Causes Impact Adaptation

Higher temperature –  Changes in metabolism of candidate 
species

–  Identify and grow thermal 
resistant species, and 
genetically modified 
species

–  Decrease in dissolved oxygen  
in ponds

–  Increased incidents of fish  
diseases

Salinization of inland 
water due to sea  
level rise

–  Candidate species may not tolerate 
higher salinity

–  Identify and grow salt 
resistant species

– Reduction in growth
Storm surges – Physical damage to farm structures –  Proper planning in selection 

of aquaculture sites– Loss of stock
– Abrupt loss of capital –  Adequate fiscal back-up 

such as insurance
Floods – Physical damage to structures –  Proper planning in selection 

of aquaculture sites– Loss of stock
– Abrupt loss of capital –  Adequate fiscal back-up 

such as insurance– Reduction in salinity
– Fish disease occurrence

Drought – Great risk of water availability –  Proper planning in selection 
of aquaculture sites–  Erosion of water quality leading  

to diseases –  Adequate fiscal back-up 
such as insurance– Reduction in production
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21.6.2  Plankton Restoration by Iron Fertilization

Global phytoplankton production is reported to have declined by 6 to 9% since 
1980 (Gregg et al. 2003). It is suggested that a massive international plankton 
 restoration program by iron fertilization could regenerate carbon sequestering 
capacity of the world oceans. Iron fertilization is the physical distribution of micro-
scopic particles of the vital micronutrient, viz., iron in the upper oceans where the 
growth and/or reproduction of phytoplankton is limited by the amount of iron in the 
seawater. Being a vital micronutrient, it encourages growth of phytoplankton 
blooms, increases energy flow in marine food chain, and sequesters CO

2
 from the 

atmosphere. Each kilogram of iron can fix 83 t of CO
2
 and generate 100 t of 

 phytoplankton (Sunda and Huntsman 1995). Advocates of iron fertilization say 
that, using this technique, the ocean plankton populations can be restored, reduce 
the climate change problem, revive major fisheries and other endangered marine 
organisms. Whereas iron fertilization is considered as one of the effective mecha-
nisms to slow global warming, a number of criticisms has also arisen (Table 21.3). 
The criticisms are concerned with some serious consequences as given below: 
(i) The plankton bloom is short-lived. (ii) Possible side effects on the ecosystems are 
not known. (iii) Carbon sequestration is very little as most of the plankton is eaten 
and does not settle to ocean bottom. (iv) The bloom induces anoxic condition in the 
sea bottom, and may cause red tides and other harmful algal blooms (HABs). It also 
should be recognized that in the iron fertilization program, what holds true for one 
region may not be true in another (Watson 1997). Hence, iron fertilization programs 
need to be viewed with caution.

Table 21.3 Arguments for and against iron fertilization

For Against

Natural blooms occur without ill effects. Possible side effects not known;  
the ecosystem may  
change.

CO
2
-induced surface warming is already  

shifting the distribution of marine organisms  
on a massive scale.

Carbon that sinks below marine thermocline  
is effectively removed from the atmosphere  
for thousands of years.

Carbon is not removed from ocean 
system unless it settles to ocean floor 
where it is sequestrated.

Some ocean trials report remarkable results  
of CO

2
: iron fixation of 300,000 to 1.

Sequestration may be very little, with 
most of the plankton being eaten 
rather than deposited to ocean floor.

Red tides and HABs are coastal phenomena. Iron 
fertilization is done in deep oceans where  
iron deficiency is the problem.

Plankton blooms may cause red tides  
and other harmful algal blooms 
(HABs).

Many extremely massive natural blooms  
have been studied and no deep-water anoxia  
has been reported.

Organic bloom sinks, and may induce 
anoxic condition in the sea bottom.

Even medium-scale fertilization produces  
ecosystem-level blooms.

Large-scale iron fertilization experiments 
have not been attempted so far to 
make conclusions.
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21.6.3  Cultivation of Sea Plants

Sea plants are excellent carbon sequestration agents and many of them sequester at a 
rate better than their terrestrial counterparts (Zon 2005). The emission of CO

2
 through 

their respiratory activity of sea plants is very low as they are capable of reutilizing the 
respiratory release of CO

2
 within their cellular interspace for subsequent photosynthe-

sis (Kanwisher 1966). CO
2
 sequestration by the common sea plants such as the red 

algae Gracilaria corticata and G. edulis, brown alga Sargassum polycystum and the 
green alga Ulva lactuca has been quantified in laboratory studies in India by 
Kaladharan et al (2009). The carbon sequestering efficiency was found unaltered even 
in higher levels of dissolved CO

2
. Green algae were found to have better CO

2
 seques-

tering ability than the red and brown algae. It is estimated that the standing crop of sea 
plants in the Indian waters is 260,876 tonnes, comprising 14% agar and carrageenan 
yielding red algae (Rhodophyceae), 16% algin yielding brown algae (Phaeophycea) 
and 70% green algae (Chlorophyceae). Estimates indicate that the standing crop in the 
Indian Seas is capable of utilizing 9,052 tonnes of CO

2
 per day. Mass cultivation of 

these plants will help reducing the CO
2
 concentration from the seawater. Coastal com-

munities along the Palk Bay (southeast coast of India) have taken up commercial 
cultivation of Kappaphycus alvarezii for the last three years.

There are two methods for cultivation of sea plants, one by vegetative propaga-
tion and the other by reproductive method. In the vegetative propagation method, 
the fragments of the plant are inserted in the twist of coir ropes and the fragments 
tied to nylon twine are allowed to grow in the coir mat, which are fixed off bottom 
in the coastal waters or in floating raft/cages (Kaliaperumal 2005). In 60 days, 
G. edulis shows upto 30-times increase in yield. Similar technique is being followed 
for commercial cultivation of another carrageenan and high yielding plant, 
Kappaphycus alvarezii (Eswaran et al. 2005). The bays, creeks and lagoons in the 
open shore in the South Asian region are suitable for cultivation of sea plants.

There is increasing international demand for products from sea plants. These plants 
can be used as human food, cattle food, fertilizer, and are rich source of agar and algin, 
which form the basis of confectionary and pharmaceutical industries. Mass cultivation 
will effectively sequester carbon, augment supply of raw materials to the food and 
pharmaceutical industries and provide employment to the coastal population.

21.6.4  Cultivation of Halophytes

In coastal areas and mudflats near the sea, where the salinity does not allow farming 
of the usual food crops, plants that grow and flourish those conditions are advo-
cated. One such plant is the sea asparagus, Salicornia. It is a succulent, bushy plant 
found in the salty terrains along the east coast of India, Bangladesh and Sri Lanka. 
The variety, SOS-10, grows well in desert sands irrigated with seawater. The tender 
stems and tips of the plant are edible by humans. The seeds yield edible oil (rich in 
polyunsaturates), which is similar to safflower oil in fatty acid composition and is 
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usable as biodiesel. The plant grows well with maximum yields in hot climates if 
the seeds are sown in cool season so as to reach maturity during the hot months 
(www.hindu.com/seta/2003/09/05.htm).

Salicornia is a better photosynthesizer than several food grains. It uses C-4 path-
way, converting the captured CO

2
 first into compound containing four carbons (oxalo-

acetate) using the enzyme PEPCase. Thus Salicornia sequesters CO
2
 better, grows in 

saline water, and gives edible oil and biodiesel. With the rising seas  inundating the 
low-lying coastal areas, growing Salicornia that is available in South Asia may be an 
opportunity. A 2,000 ha farm would yield biomass of 30,000 and 2,500 t of seeds. It 
suits small, labor-intensive farms as well as highly mechanized farms. The Seawater 
Foundation, Arizona is advocating diversion of flow of inundating seawater inland 
through ocean canals in the northern Mexican State of Sonora and nourish commercial 
fish and shrimp aquaculture operations, mangrove forests and crops such as Salicornia 
that produce food and fuel (www. seawater foundation.org).

21.6.5  Artificial Reefs for Coast Protection

With the rising sea level, erosion of coastal areas is a cause for major concern along 
the South Asian coasts. Coastal areas along Gujarat and Kerala (west coast of 
India), Tamil Nadu and Orissa (east coast of India), Sunderban (West Bengal in 
northeast coast of India), and Bangladesh are facing serious threats of sea erosion, 
risking the lives and properties of millions of people. Along the 600-km coastline 
of Kerala (southwest coast of India), about 200 fishing villages are within 100 m 
from the high-tide line (CMFRI 2008). The government has constructed coast 
 protection structures (sea walls, boulders, groynes) for 350 km. However, the 
 construction appears to be a temporary solution as the sea erodes at the two ends of 
the construction and the coastal villages get inundated.

One of the structures advocated as an opportunity for multipurpose use  including 
coast protection is the Artificial Surfing Reef, which are constructed in the coastal 
waters. The reefs are constructed using sand-filled geotextile bags or  containers, or 
rocks (granite). The structures have slopes, which increase the reef’s volume. The 
back gradient of the reef is as steep as possible (for example, 1:1) whereas the face 
gradient is gentle (for example, 1:20). The opportunities of the Artificial Surfing 
Reef are projected as follows:

 i. The upper part of the slope of the reef affects wave break. The coast protection 
function is largely derived from the widening of the beach in the lee of the reef 
due to sheltering and wave rotation caused by the reef. Although the shoreline 
oscillates back and forth due to storms and swell conditions, the shoreline remains 
further seaward than adjacent coast unprotected by the reef (Black 2000).

 ii. The reef provides habitat for colonization and occupation by many marine fauna 
that would otherwise be unlikely to persist at that location due to high-energy 
hydrodynamic conditions and sand-dominated substrate. It has the potential to 
increase local biodiversity and may contribute to biological productivity and 
fisheries at a regional scale (Edwards 2004).

www.hindu.com/seta/ 2003/09/05.htm
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iii. The reef can be used for promoting surfing, which is not popular in South Asia. 
The reefs can deliver tourism and amenity facilities with a range of socio- 
economic benefits (Arup 2001).

Some sites of Artificial Surfing Reefs construction are at Boscombe (Bournemouth), 
Borth (Ceredigion), Newquay (Cornwall) and Opunake (New Zealand).

21.6.6  Biofuel from Algae

Biodiesel is a clean burning alternative fuel for diesel engines. It is produced from 
renewable resources, biodegradable, non-toxic, and as a blended product, can be 
used in most diesel engines without modifications. Biofuels come from agricultural 
crops such as soy, jatropha and jajoba. Considering the current debate about agri-
cultural land being used to produce biofuels, algae may be a potential alternative 
fuel source. Algae can be grown easily in ponds or tanks constructed in poor quality 
land. The first stage should be identification and development of suitable algal 
strains to achieve stable, continuous and high yield production. The process will 
also produce byproduct for animal feed stock. Products from Spirulina can be used 
for human consumption.

Algae require large volumes of CO
2
 to grow, which means less CO

2
 is released 

into the atmosphere. It may be a good option to locate the farms near major indus-
tries and power stations. Companies that produce CO

2
 will eventually be able to 

claim carbon credits as the CO
2
 can be stored or captured and released into algae 

farms (www.greencarcongress.com). The production of biodiesel complements 
ethanol as an alternative renewable fuel.

21.7  Strategies for Evolving Adaptive Mechanisms

In the context of climate change, the primary challenge to the fisheries and aqua-
culture sector will be to ensure food supply, enhance nutritional security, improve 
livelihood and economic output, and ensure ecosystem safety. These objectives call 
for identifying and addressing the concerns arising out of climate change; evolve 
adaptive mechanisms and implement action across all stakeholders at national, 
regional and international levels (Table 21.4). In response to shifting fish popula-
tion and species, the fishing sector may have to respond with the right types of craft 
and gear combinations, on-board processing equipments etc. Governments should 
consider establishing Weather Watch Groups and decision support systems on a 
regional basis. Allocating research funds to analyze the impacts and establishing 
institutional mechanisms to enable the sector are also important. The relevance of 
active regional and international participation and collaboration to exchange infor-
mation and ideas is being felt now as never before.

For the fisheries and aquaculture sector, climate change notwithstanding, there 
are several issues to be addressed. Strategies to promote sustainability and improve 
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Table 21.4 Options for coping with climate change in fisheries and aquaculture (Modified after 
Allison et al. 2004; Handisyde et al. 2005; FAO 2008)

Concerns Adaptive mechanisms

Uncertainties 
in fish 
availability 
and supply

i. Adapt code of conduct for responsible fisheries;
ii. Develop knowledge-base for climate change impact on fisheries and 

aquaculture;
iii. Predict medium and long term probabilistic production;
iv. Predict specific fisheries and aquaculture systems;
v. Assess the adaptation capacity, resilience and vulnerability of marine and 

freshwater production systems;
vi. Adjust fishing fleet and infrastructure capacity;
vii. Consider the synergistic interactions between climate change and other 

factors such as fishing, water availability, energy and agriculture;

New challenges  
for risk 
assessment

i. Consider increasing frequency of extreme weather events;
ii. Consider past management practices to evolve robust adaptation systems;
iii.  Identify and address the vulnerability of specific communities; consider 

gender and equity issues

Complexities  
of climate 
change 
interactions  
into governance 
of frameworks  
to meet  
food security 
objectives

i. Recognition of climate-related processes, and their interaction with 
others;

ii. Action plans at national level based on (a) code of conduct for 
responsible fisheries; (b) Integrated ecosystem-based fisheries and 
aquaculture management plans, (c) framework for expansion of 
aquaculture; (d) linkage among cross-sectoral policy frameworks such as 
insurance, agriculture, rural development and trade;

iii. Action plans at regional level by (a) strengthening regional organizations 
and place climate change agenda as a priority; (b) addressing 
transboundary recourse use; (c) evolving common platforms and sharing 
the best practices;

iv. Action plan at international level by (a) linking with mitigation activities; 
(b) enhancing co-operation and partnerships; (c) applying international 
fishery agreements

Fisheries and 
aquaculture 
may be more 
vulnerable in 
conflicts with 
other sectors

i. Action plans should involve not only fisheries institutions/ departments, 
but also those for national development planning and finance;

ii. Sharing and exchange of information with other sectors;
iii. Existing management plans for fisheries and aquaculture need to be 

reviewed by considering climate change.

Financing climate 
change 
adaptation 
and mitigation 
measures

i. Fishermen, fish farmers, processors, traders and exporters should 
increase self protection through financial mechanisms;

ii. Improving equity and economic access such as microcredit should be 
linked to adaptation responses;

iii. Investment on infrastructure, such as construction of fishing harbor, 
should consider climate change;

iv. Financial allocation in national budget for risk reduction and prevention 
practices such as early warning systems and disaster recovery 
programmes and for relocation of villages from low lying areas;

v. Fiscal insensitive for reducing the sector’s carbon footprint and other 
mitigation and adaptation options;

vi. Full potential of existing financial mechanisms has to adapt and mitigate 
the issue of climate change.
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the supplies should be in place before the threat of climate change assumes greater 
proportion. While the fisheries sector cannot do much to mitigate climate change, it 
could contribute to reduce the impact by following effective adaptation measures.
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Abstract Global warming caused by a concentration of carbon dioxide in the 
atmosphere will be a major issue in world food markets over the next century. 
Agricultural production will be affected by climatic changes, such as rising 
 temperature or droughts, mainly through changes in crop yields. When  considering 
the relationships between food producers and consumers through trade, it is likely 
that climate change, such as global warming, may cause significant changes 
in  agricultural markets even in the mid-term. Studies focusing on the impact 
of  climatic change on agricultural product markets are very few. This research 
 examines  possible results of climatic change focusing on global warming and its 
impacts on world agricultural product markets, by using the JIRCAS (IFPSIM) 
world food model which considers aspects of climate changes. Yield functions of 
crops including temperature and rainfall as independent variables are estimated, and 
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replaced the original functions in the IFPSIM model. The basic world food model 
is extended to a stochastic model considering correlations among  countries for 
temperature and rainfall. The term of the outlook is 25 years, which is  considered 
a mid-term projection. The Hadley Centre provides grid data of the A2  scenario 
from IPCC (HadCM3-A2) for expectations of future climate  behavior. The simu-
lation results of temperature and rainfall are used for estimating the baseline of 
food  supply and demand 2005–2030. Simulation results show that crop production 
in some countries or regions will be affected greatly by rising temperatures with 
increased fluctuation. Crop production by the U.S., the European Union and South 
Asian countries could suffer severe damage from global warming. The results 
of simulation using the world food model show that the changes in  production 
 resulting from variations of temperatures are quite different for each crop in each 
country or region. However, world total production for most crops other than 
 soybeans is not severely affected.

Keywords World food model • Stochastic model • HadCM3 Scenario A2 • Global 
warming

Abbreviations

DDC Data Distribution Center
GHCN Global Historical Climatology Network
HadCM3 Hadley Center Unified Model 3
IFPSIM International Food and Agric. Policy Simulation Model
JIRCAS Japan International Research Center for Agricultural Science
MT Metric ton
PPP Purchasing power parity

22.1  Introduction

Global warming caused by concentration of carbon dioxide in the atmosphere will be 
a major issue in world food markets over the next century. Agricultural production 
will be affected by climatic changes, such as rising temperature or droughts, mainly 
through changes in crop yields. The Intergovernmental Panel on Climatic Change 
(IPCC) claimed that most studies indicate projected warming will negatively affect 
crop yields in the long term. Considering relationships between food producers and 
consumers through trade, it is likely that climate change, such as global warming, 
may cause significant changes in agricultural markets even in the mid-term.

Twenty percent of the world population is concentrated in the South Asia region 
where the rate of poverty is very high. The shares of person whose Purchasing Power 
Parity (PPP) is below $2 in India and Bangladesh were 75.6 and 80.3  respectively in 
2005. Food security for the people in the region is quite important and stable 
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 agricultural production is necessary factor in addressing this issue. The production 
share of all crops in the region relative to world production was 11.1% in 1960s and 
it increased to 14.1% in 2000s. The share of rice is highest for all crops, and the pro-
duction share of rice in the region has been stable at about 30% over the last 50 years. 
This stability in cropping patterns in this region could be threatened by increasing 
variation in temperature and rainfall. The coefficient of variation (CV) of rainfall in 
the flowering season in the wheat cropping region in India increased from 27.4% in 
1960s to 35.5 in 1990s. Furthermore, the CV of temperature in the flowering season 
in the rice cropping region in India increased from 0.45% in 1960s to 1.12% in 1990s. 
The data suggests climate conditions have become more variable in the region.

This paper examines possible impacts of climatic change focusing on global 
warming and its impacts on world agricultural product markets, by using a 
 stochastic version of the world food model developed by JIRCAS. The basic world 
food model is developed by Oga and Yanagishima (1996) and it has been extended 
to a stochastic model which considers variation and correlations among countries 
for temperature and rainfall. The term of the outlook is 25 years, which is  considered 
a mid-term projection in this context.

22.2  Model

22.2.1  World Food Model

The JIRCAS world food model, which is named the International Food and 
Agricultural Policy Simulation Model (IFPSIM), consists of yield, area, demand, 
export, import, stock and price linkage functions from fourteen commodities across 
thirty two countries or regions. Among the commodities, wheat, maize, other 
coarse grains, rice and soybeans are the crops covered, with other coarse grains the 
aggregate of barley, rye, oats, millet and sorghum. Furuya and Koyama (2005) 
estimated yield functions of crops including temperature and rainfall as variables, 
and replaced the original yield functions with the newly estimated functions in the 
IFPSIM model. The estimated yield function is as follows:

 1 2 3ln ln lnt t tYH a b T b TMP b PRC= + + +  (22.1)

where YH is yield, T is time trend; TMP and PRC are temperature and rainfall in 
the flowering or silking season. If the climate data are non-stationary, the  following 
difference function is estimated:

 2 3dln dln dlnt t tYH a b TMP b PRC= + +  (22.2)

where dlnYH
t
 = lnYH

t
 – lnYH

t−1
, dlnTMP

t
 = lnTMP

t
 – lnTMP

t−1
, dlnPRC

t
 = lnPRC

t
 – 

lnPRC
t−1

. In this case, the parameter a in the function (22.2) is equivalent to the 
parameter b

1
 in the function (22.1).
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Figure 22.1 shows the flowchart of a leader country for a commodity in the crop 
sector of the world food model. In this model, yield, area, production, imports, 
exports, stock and demand are endogenous variables. Population, gross domestic 
products (GDP), temperature and rainfall are exogenous variables.

22.2.2  Partial Stochastic Model

The temperature and rainfall variables entering into the yield functions are 
 exogenous to the supply and demand model. To evaluate the effect of changes in 
temperature and rainfall during flowering or silking seasons on the world food 
market, these climate variables must be endogenized in a model which will then 
recursively feed the supply and demand model. The following simple linear tem-
perature and rainfall models are estimated:

 T T
ijtTMP a b T= +  (22.3)

 P P
ijtPRC a b T= +  (22.4)

where i is the country number and j is the crop number.
Equation errors are retained when comparing the estimates to the actual data. 

The distribution of the empirical errors and correlation of those errors among coun-
tries for the two climate variables are retained and employed to construct a set of 
random temperature and rainfall variables consistent with history. With the use of 
the historical error correlation matrix for countries and random draws on a normal 
distribution, correlated uniform deviates for each country are created through the 
standard normal cumulative distribution. These random numbers are transformed 
into draws on the empirical error distributions which maintain the variables histori-
cal correlated relationship and distributions. This process creates 150 sets of error 
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ted
area

Produc
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Supply
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World
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ature
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sum=0

1 year later

Harvested area, demand
of other countries

Fig 22.1 Flowchart of a leader country of crop sector in the world food model
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draws, with behavior consistent with history, which are then inserted into the 
 temperature and rainfall forecasting model with the same functional forms as func-
tion (22.3) and (22.4). Data sets are forecasted based on the A2 scenario and used 
to create 150 simulated future temperature and rainfall paths. The procedure for 
 creating correlated random climate variables is based on the program of Richardson 
et al. (2000). Furuya and Meyer (2008) applied this multi-variate stochastic simula-
tion system to evaluate of impacts of water cycle changes on the supply and demand 
of rice in Cambodia. The system is shown in Fig. 22.2 below.

22.3  Data

The temperature and rainfall data for estimating functions (22.1) or (22.2) are the 
monthly average numbers reported by the Global Historical Climatology Network 
(GHCN). The climatic variables selected are monthly data for the flowering or silk-
ing season of each crop, as indicated in the cropping calendar of the United States 
Department of Agriculture (USDA) (1994). Temperature and rainfall in large coun-
tries, such as the U.S., vary greatly across regions. Large countries are divided into 
regions based on the cropping map of the (USDA 1994). The yield function for the 
“other Africa” region is not estimated due to insufficient climate data. The basic 
estimation period is from 1961 to 2000.

The temperature and rainfall data for estimating functions (22.3) and (22.4) are 
the average number reported by the Data Distribution Centre (DDC) of the IPCC. 
The data is based on that of the GHCN and modified to 0.5° grid data. The results 
of simulation by the Hadley Centre are reported by the grid data, then, the 
DDC data is used for estimating these functions. Table 22.1 shows the results of a 
 correlation matrix of percentage errors for major wheat producing countries.  

Actual
TMP, PRC

Estimated
TMP, PRC

(DDC)

Errors

Sorted
Errors

Empirical
CDF

Country
Corr. Matrix

of Error
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Random no.

Std. Norm.
Random no.
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Uniform

Random no.
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Empirical
Dist. Error

Std. Norm.
CDF

Sample of
TMP, PRC

Estimated
TMP, PRC
(Had-A2)

Fig. 22.2 Flowchart for creating random climatic data
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The Cholesky decompositions of these matrices are used for creating correlated 
standard normal random numbers.

The Hadley Centre provides grid data for the A2 scenario from IPCC 
(HadCM3-A2). The A2 scenario assumes that each country holds its own culture 
and trade, labor movement, and that technology transfer is restricted. Therefore, per 
capita GDP grows slowly and the annual average per capita income is $7,200 in 
2050, while the world population reaches 15 billion people. One of the simulation 
results is used for estimating the baseline of temperature and rainfall from 2001 to 
2050 using functions (22.3) and (22.4). The correlated random errors are added to 
the baseline and 150 sets of climate data following the A2 scenario are obtained. 
Figure 22.3 shows the temperature of the flowering season in India for actual his-
torical data of DDC and forecasted data of the HadCM3-A2 scenario.

22.4  Simulation of the World Food Model

The estimated parameters of rainfall and temperature by Furuya and Koyama 
(2005) are used in the stochastic version of the IFPSIM. The model is written in the 
FORTRAN programming language and functions are included in the program for 
ease of development, while these functions are separate files in the original model. 
Parameters and data for rainfall and temperature are added to the database model 
and yield functions are modified as discussed later. If the estimated parameters are 
not significant at the 10% level, these parameters are set equal to zero. The model 

Fig. 22.3 Temperature of flowering season in India (Source: 1961–2000: IPCC Data Distribution 
Center [DDC], 2001–2050: Hadley Center HadCM3 A2 scenario output)
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covers 14 commodities, including livestock products. The base year of the  simulation 
is 1998 and the projection period is from the base year to 2030.

The assumptions for the simulation are as follows; (1) the cropping calendar is 
fixed, (2) the cropping region is fixed, (3) the climatic variables directly affect 
yields, (4) the temperature is measured in degrees Celsius for all countries and 
regions follows the data of HadCM3-A2, and (5) all parameters are fixed.

The yield functions of the simulation model for the U.S. and the European 
Union for wheat, maize and other coarse grains, rice, and soybeans for all countries, 
is specified as follows:

 ( )1 2 1 2 3ln 0.1ln / ln lnt t tYH a PI PI b T b TMP b PRC− −= + + + +  (22.5)

where a is the calibrated intercept of these functions, PI is the subsidized producer 
price, b

1
 is the parameter of the time trend, i.e., the annual increase in yield, b

2
 is the 

parameter of temperature, and b
3
 is the parameter of rainfall. The yield function of the 

simulation model of other countries for these crops is specified as function (22.1).
To investigate impacts of a higher probability of extreme weather on food mar-

kets, a scenario which simulates the case of increasing the temperature and rainfall 
error band by 10% is conducted.

22.5  Results

First, simulation results of crop production in South Asian countries, mainly India are 
investigated. Figure 22.4 through 22.9 show production of major crops in India and 
wheat in Pakistan. Averages, 90th and 10th percentiles of the variable distributions 
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for each year are shown for the baseline, in which temperatures and rainfalls are 
numbers are taken from the A2 Scenario of HadCM3, as well as the case of i ncreasing 
temperatures and rainfalls error bands by 10% are shown in these  figures. Figure 22.4 
shows that the average production of wheat in India will increase about 48 million 
metric tons (MT) between 2010 and 2030 due to increased yields and a expansion of 
planted area. The differences between 90th and 10th percentiles are 10.9 million MT 
in 2010 and 16.7 million MT in 2030, which is equivalent to about 14% of domestic 
production and about 4% of world production. If the random error of climate vari-
ables expands by 10%, the difference between the two percentiles will increase to 
12.0 million MT in 2010 and 18.3 million MT in 2030. The distribution of the impact 
is negatively skewed, i.e., the lower band is thicker. This suggests that if there is an 
extreme weather event such as a heat wave, the probability of decreasing production 
of wheat will rise in India.

Figure 22.5 shows that the average production of wheat in Pakistan will increase 
about 15 million MT during the 20 years. Differences in the two percentiles bounds 
are 2.5 million MT for baseline and 2.9 million MT for 10% expanding random error 
case. The distribution of the impact is positively skewed, i.e., the upper band is thicker, 
and the direction of the impact is opposite of the Indian case. The elasticity of yield for 
rainfall in Pakistan is −0.0413, while that in India is 0.0504 in our model, thus, rainfall 
which is well above normal will decrease production of wheat in Pakistan. Higher 
temperature leads to less rainfall in many countries as shown in Table 22.1, then, 
expanding random errors for climate variables will increase the probability of substan-
tially above normal production of wheat in Pakistan in a given year.
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Figure 22.6 shows that the average production of maize in India will increase six 
million MT during the 20 year projection period. The widths between two  percentile 
bounds are 1.3 million MT in 2010 and 3.0 million MT in 2030 and those are almost 
same in the case of 10% expanding variances of climate variables. Production of 
maize in India is not as affected by extreme weathers.

Figure 22.7 shows production of other coarse grains which is primarily millet 
and sorghum will decrease first and then increase after 2010. The widths between 
two percentiles are 5.3 million MT in 2010 and 8.5 million MT in 2030. These are 
about 35% of productions and greater than the world average, i.e., 16%. Production 
of millet and sorghum are highly responsive to climate changes.

Figure 22.8 shows fluctuation of production of rice in India. The production will 
increase from 109 million MT in 2010 to 167 million MT in 2030. The widths 
between 90th and 10th percentiles are 20 million MT in 2010 and 28 million MT 
in 2030. These are about 17% of production and greater than the world average, 
which is 5%. Rice production in India is also responsive to climate change.

Figure 22.9 shows fluctuations of production of soybeans in India. The 
 production will increase 12.8 million MT during the twenty years. The widths 
between two percentiles are 1.1 million MT in 2010 and 6.3 million MT in 2030. 
The band of fluctuation of production will increase because the fluctuation in the 
world price of soybeans will increase.

Second, simulation results of production at the world aggregate are investigated. 
Figures 22.10 through 22.13 show fluctuations of production of major crops. 
Figure 22.10 shows that average production of wheat will increase from 701 
 million MT in 2010 to 983 million MT in 2030. On the other hand, the differences 
of 90th and 10th percentiles are 29.3 million MT in 2010 and 46.0 million MT in 
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2030. The variance of production that is attributable to included climate change 
variables is smaller than other crops.

Figure 22.11 shows that the average production of maize will increase 294  million 
MT during the twenty years. Maize is one of the main inputs for bio-ethanol production, 
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and the outlook will be depend on petroleum price, however, the model, IFPSIM, 
does not currently follow changes in the fuel market. Model development consider 
the bio-fuel market is planned. The widths between two percentiles are 54.6 million 
MT in 2010 and 103.8 million MT in 2030. The band of fluctuations is wider than 
that of wheat.

Figure 22.12 shows that the average world production of rice will increase from 
459 million MT in 2010 to 622 million MT in 2030. The widths between two  percentiles 
are 20.7 million MT in 2030 and 27.7 million MT in 2030. The band of fluctuations 
of production is narrower than other crops. If temperature increases, yield of rice in 
East Asian countries will increase due to decreasing probability damage from cool 
temperatures. Climate change will not affect to total production, however, as produc-
tion in some countries, such as India, will take damage by higher temperatures.

Figure 22.13 shows that the average production of soybeans will increase from 
185 million MT in 2010 to 307 million MT in 2030. The widths between 90th and 
10th percentiles will also increase from 29 million MT in 2010 to 121 million MT 
in 2030. Such a rapid increase of variance of production of soybeans is due to the 
strong negative value of the parameter of temperature in the yield function in the 
U.S.A. which is the world price leader in the model. Furthermore, these yield func-
tions respond to price in the model. It indicates that the world production of soy-
beans is the crop most at risk from climactic change.

Third, variations in farm price of five crops in the U.S.A. i.e., the world price, 
are investigated. Table 22.2 shows the average (AVE), standard deviation (SD), 
coefficient of variation (CV), which is SD over AVE, for the baseline and those for 
the case that the random error of the simulation increases 10% in 2010, 2020, and 
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2030. Variation of farm prices will increase for all crops for all countries. Soybeans, 
in particular, will increase from 16.76% in 2010 to 40.75% in 2030, while those of 
other crops increase 1–3%. The evolutional plant breeding of soybeans in the last 
two decades might lead the higher production response to price changes in the 
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simulation. If price variations for wheat and other coarse grains are smaller than 
those of other crops, then risks related to climate changes of farmers cultivating 
these crops may be relatively small.

The CV’s of rice production are smaller than those of other crops except in 
India. The ratio of exports to production of rice in the world is only 6.7% in the 
base year, i.e., 1998, while those of wheat and soybeans are over 20%. Even though 
the variation of production of rice is smaller than those of other crops, farmers 
cultivating rice may face latent price risks of climate changes due to the relatively 
small world trade market.

If the variance of temperature and rainfall increase, the CV of production for all 
crops will increase with the exception of rice. As mentioned above, some parame-
ters of yield functions of rice of temperature are positive, then, the impacts of 
extreme weather is ambiguous for the world total.

Finally, variations of farm price of five crops in India are investigated (Table 22.3). 
The characteristics of the variance of farm prices in India are almost same as those 
in the world total. However, the impacts of an increase in variance of climate vari-
ables for other coarse grains are much greater than that of the world total. This 
suggests that farmers who produce millet and sorghum face higher risk to climate 
change in India.

22.6  Conclusions

Simulation results show that crop production in some countries or regions will be 
affected greatly by rising temperatures with increased fluctuation. Crop production 
by the U.S., the European Union and South Asian countries could suffer severe dam-
age from global warming. The results of simulation using the world food model 
show that the changes in production resulting from variations of temperatures are 
quite different for each crop in each country or region. However, world total produc-
tion for most crops other than soybeans is not severely affected. The production of 
soybeans will be affected because yields are highly responsive to prices in the U.S.

These results are based on the mid-term simulation where available cropping 
regions, and the parameters of the supply and demand model, are fixed. To obtain 
more accurate simulation results, it is very likely that a different long-term supply 
and demand model is required. Using forecasting climate data from the A2 scenario 
by the Hadley Centre, the drastic variations in crop production for some countries 
is remarkable. The countries which suffer higher price risk by temperature varia-
tions may need to consider changes in cropping patterns and practices.

Acknowledgement I would like to thank Dr. M. Nishimori of National Institute for Agro-
Environmental Sciences for providing climate forecasting data for the A2 Scenario of HadCM3 
and actual data of DDC. He calculated the average of these climate variables in each country and 
regions for flowering and silking seasons based on the cropping map of USDA (1994). This 
research is conducted by the project S4 of the Global Environment Research Fund of the Ministry 
of the Environment of Japan.
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Abstract The accelerated population growth of Bangladesh has triggered the 
need for increased food production. To meet the demand of food for increasing 
population Bangladesh has no other alternative to increase its crop production 
per unit area, which is a great challenge. Bangladesh has acute shortage of food 
legumes. The major food legumes generally called pulses are grown during win-
ter months out of which lentil and chickpea are most important. But these crops 
suffer from disease causing remarkable yield reduction. In the epidemiological 
outbreak of the disease the climatic factors like temperature, relative humidity 
rainfall etc. have direct  contribution. The best instance of which are the occur-
rence of stemphylium blight diseases of lentil and Botrytis Gray Mold of chickpea. 
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However there are some other diseases also occurring on the winter pulses, which 
was not present in the crop even before twenty years. There is a gradual change 
in climatic factors on global basis particularly the trend of increasing ambient 
temperature seems to have contributed in wide spread out break of the damaging 
diseases due to which some minor disease is becoming factor of major damages. 
Rainfall is another important factor responsible for causations crop diseases. 
Increase or decrease and erratic distributions of rainfall seem to have influenced 
the severity and occurrence of chickpea and lentil diseases. Change in relative 
humidity is also responsible for increasing disease severity resulting higher mag-
nitude of crop loss. The relative humidity is again the function of other climatic 
factors like temperature and rainfall. On careful analysis of the long ranges and 
gradual change of climatic factors like temperature, relative humidity, rainfall 
seems to influence the occurrence and severity of crop diseases particularly of 
winter pulses like lentil and chickpea. To mitigate the damaging affect of winter 
pulses appropriate variety should be developed having potential for withstanding 
long range of climatic variations and weather factors.

Keywords Food legumes • Pulses • Epidemiology • Plant diseases • Yellow 
mosaic • Crop losses

Abbreviations

BGM Botrytis Gray Mould
STB Stemphylium blight

23.1  Introduction

Food legumes generally called pulses are cultivated in cool season as well as in 
summer in Bangladesh. Winter pulses are called rabi pulses and summer pulses are 
called Kharif pulses. Lentil (Lens culinaris), Chickpea (Cicer arietinum), Grasspea 
(Lathyrus sativus) and field pea (Pisum sativum) are grow during rabi season while 
Mungbean (Vigna radiata), Blackgram (Vigna mungo) and Felon (Vigna ungueculata) 
are grown during kharif season. Among the winter pulses lentil and chickpea are 
most important ones upon which lot of research works have been done. Although 
both the crops are originated in temperate regions but they have been adapted to 
center regions of sub-tropics and tropics (deCandolle A 1883; Vavilov 1926). But 
it cannot tolerate extreme cold or hot climate and are vulnerable to  terminal heat 
stress and other biotic and abiotic stresses. The gradual changes in climatic factors 
on global basis, particularly the trend of increasing ambient  temperature mediated 
through the greenhouse effect seem to have contributed in wide spread outbreak of 
the damaging diseases due to which minor disease is becoming factor of major 
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damages. Rainfall and relative humidity are other important factors responsible for 
causation of crop diseases particularly of winter pulses like lentil and chickpea. In 
this paper the long-range effect of climatic factors on occurrence and severity of 
major diseases of chickpea and lentil and magnitude of yield loss in relations to 
change of climatic factors are discussed.

23.2  Occurrence of Diseases on Lentil and Chickpea

Record of crop diseases in Bangladesh was published by Jalaluddin Talukder in 
1974 for the first time (Talukder 1974) in which he mentioned two diseases of lentil 
and three diseases of chickpea. A second list of diseases of four pulses, namely 
chickpea, lentil, Blackgram and Khesari diseases, was reported in 1977 (Anonymous 
1977). Later on, a complete checklist of eight pulses disease was published in 1994 
(Bakr 1994). He reported 16 diseases of lentil and 13 diseases of chickpea. The 
updated version of the list of pulse diseases was however published during 2007 
(Bakr and Rashid 2007). Botrytis gray mold is a new disease of lentil reported by 
Rashid et al. 2008. Among the listed diseases, 17 were on lentil and 17 were on 
chickpea; however, good number of diseases of lentils and chickpea presented in 
Table 23.1 did not occur during the 1970s. Some occurred even later. Among the 
diseases listed in Tables 23.1 and 23.2, some occurred as a minor disease which in 
later decades became causes of major crop damage, some occurred as more damaging 
which later on became a disease of minor importance. Some of the diseases 
although initially occurred as cause of less damage of the crop which over time 
turned into a disease of major concern but during next decade severity came down 
making it cause of minor damage to the crop. These ups and downs in manifestation 
of crop diseases sometimes have been attributed in response to the effects of 
environmental changes.

In the published list of lentil and chickpea diseases, there are few which could 
not be recorded in early observations. The reasons for this may be that due to favorable 
climatic conditions the new diseases have occurred, while there may have probability 
of escaping the exploration due to which it was not recorded earlier. However, the 
severity of some diseases has increased many folds than it was recorded 15–20 
years back. Botrytis Gray Mold (Botrytis cineria) of chickpea and Stemphylium 
blight of lentil are two such diseases, severity as well as incidence of which have 
increased remarkably. It has been reported that yield can be reduced to 44% by foot 
rot, 34% by rust, 25–95% by wilt and 88% by stemphylium blight and their distri-
bution is almost uniform throughout the country. This was considered to be due to 
changes in climatic factors.

Among the recorded diseases of lentil Stemphylium blight has caused a havoc on 
the lentil growers as well as lentil researchers in the country. The disease was first 
reported in 1985 by Bakr and Zahid (1986). The disease starts appearing from first 
week of January at a cooler temperature of maximum 25.4°C and minimum of 
11.0°C. The disease manifested with first appearance as small pin-headed white 



Table 23.1 Status of different diseases of lentil and chickpea in Bangladesh

Crop/disease Status during different decades

1970s 1980s 1990s 2000s Present

Lentil
Foot rot Not recorded Recorded  

major
Major Major Major

 Sclerotium rolfsii
 Fusarium lentis
Wilt Not recorded Recorded  

major
Major Major Minor

 Fusarium lentis
Botrytis gray mold Not recorded Not  

recorded
Not  

recorded
Not  

recorded
Minor

 Botrytis ceneria
Bushy stunt Not recorded Recorded  

major
Major Minor Minor

 Mycoplasma
Cercospora leaf spot Not recorded Recorded  

Minor
Minor Minor Not seen

 Cercospora cruenta
Downy mildew Recorded  

minor
Minor Minor Not seen Not seen

 Peronospora sp.
Leaf roll Recorded Minor Minor Minor Minor
 PLRV
Leaf rot Recorded Minor Minor Minor Not seen
 Choanephora sp.
Leaf spot Recorded Major Major Minor Minor
 Alternaria sp.
Powdery mildew Recorded  

minor
Minor Minor Minor Not seen

 Oidium sp.
Rust Recorded Major Major Major Major
 Uromyces fabae
Stemphylium blight Not recorded Recorded  

minor
Major Major Major

 S.sauiniformis
Chickpea
Aschochyta blight Recorded  

major
Minor Not seen Not seen Not seen

 A. rabiei
Botrytis grey mold Not recorded Recorded  

minor
Major Major Major

 Botrytis ceneria
Chickpea stunt Not recorded Recorded  

minor
Major Minor Minor

 PLRV
Collar rot Not recorded Recorded  

minor
Major Major Major

 S. rolfsii
Dry rot Not recorded Recorded  

minor
Major Major Major

 Rizoctonia bataticola
Foot rot Recorded  

major
Major Major Major Major

 Fusarium oxysporum
Leaf spot/blight Recorded  

major
Major Minor Minor Minor

 Alternaria sp.
Powdery mildew Recorded  

minor
Major Minor Minor Minor

 Oidium sp.
Rust Recorded  

minor
Major Minor Minor Minor

 Uromyces fabae
Stem rot Not recorded Recorded  

minor
Minor Minor Minor

 Sclerotinia sclerotiorum
Wilt Recorded  

major
Major Major Major Major

 F. oxysporum
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spots on leaf-lets which enlarged rapidly covering the entire leaf surface within a 
few days. The foliage and twigs gradually turned dull yellow color giving a blighted 
appearance of the affected crop. The infected leaves shed severely leaving only the 
terminal leaves on the twigs, the twig bended down dry up and gradually turned 
ashy white in color. These are the common stages of development of disease symp-
toms in stemphylium blight of lentil.

Study on epidemiology of stemphylium blight revealed that the disease generally 
initiate during first week to second week of January. There were, however, slight differ-
ences depending on the genotype while maximum infection period was recorded 2–26 
January. The pathogen infected entire leaflet surface within 36 h with day 22–30°C and 
night temperature range of 4–6°C and the relative humidity (RH) inside canopy 
90–96%, maximum to 40–48% minimum. 7.7 h or less of daily sunshine, cloudy or 
foggy weather is suitable for disease development (Bakr and Ahmed 1993).

Out of the total of 17 diseases recorded in chickpea, only four diseases, namely 
Botrytis gray mold (Botrytis cinerea Pers. ex. Fr.), wilt (Fusarium oxysporum f. sp. 
ciceri, foot rot (Fusarium oxysporum & Sclerotium rolfsii) and collar rot (Sclerotium 
rolfsi), have been considered to be of major importance. BGM, collar rot, blight and 
wilt may cause up to 100, 84, 47 and 62% yield losses, respectively. All the diseases 
are wide-spread over the chickpea growing zones, except that BGM infestation is 
less in the Barind tract due to dry weather.

Botrytis Gray Mold (BGM) was first reported in 1981 (Ahmed et al. 1981) but 
its recurrence after 1985 drastically reduced the chickpea production in Bangladesh. 
Eight varieties have been released by BARI but they were not able to enhance 
chickpea production in the country because of BGM problem. The disease becomes 
serious following frequent winter rains that result in excessive vegetative growth 
and high humidity (95% or above), which favor its infection, epidemic and severity. 
Day temperature of 25°C and dense canopy favor BGM development. The disease 
is seed, soil and air borne. In recent years, this disease has become a great threat to 
chickpea cultivation in Bangladesh.

Table 23.2 Factors influencing progress of stemphylium blight

Genotypes

Factors L-81124 L-5 L-84143

Temperature inside canopy (°C)
Maximum 20–21 21–22 21–22
Minimum 5.0–6.0 4.0–6.0 4.0–6.0
RH inside canopy (%)
Maximum 92–96 90–95 90–96
Minimum 42–46 40–48 40–44
Period of maximum infection 

(January)
2–26 7–2 9–22

Time required to infect entire 
leaflet area (h)

36 36 36

Leaflet infection (%) 73–84 30–38 37–46
Twig infection (%) 65–82 22–33 26–37
Date of initiation of disease 

(January)
2–9 7–13 7–13
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23.3  Effect of Climatic Factors on Occurrence of Lentil  
and Chickpea Diseases

The initial flower dropping has been attributed to infection of botrytis gray mold. 
Lentil and chickpea require a cold climate. It is sown as a winter season crop. It 
requires cold temperature during its vegetative growth and warm temperature at the 
time of maturity. The optimum temperature for growth is 18–30°C. High humidity 
and excessive rainfall during the season encourages vegetative growth, which 
 prevents good yield and can reduce seed quality. Excessive drought and/or high 
temperatures during the flowering and pod-fill period also reduce yields. Thus, 
lentil often experiences considerable drought stress during reproductive development, 
which affects yield.

The weather parameters viz. maximum and minimum temperature, relative 
humidity, rainfall and sunshine hours have significant effect on disease develop-
ment. The rainfall (mm) and sunshine have shown marked influences on disease 
severity and crop yield. Higher relative humidity, the rainy days and foggy (zero 
sunshine hours or less sunshine) weather had also significant effect on disease 
development. Low winter temperatures encountered during December to February 
particularly in the northern and western districts of Bangladesh can minimize 
vegetative growth, abort flowers, and thus delay pod setting and filling in chickpea 
and lentil. This leads to extension of the growing season into March and April, 
when terminal heat stress is a serious constraint for realizing the yield potential in 
these legumes. Bakr et al. (2004) reported that widespread and severe infection of 
BGM usually resulted from frequent and heavy rainfall.

23.4  Impact of Change of Temperature Rainfall and Humidity 
on Production of Lentil and Chickpea

Systematic research on this aspect has not yet been done in Bangladesh. So enough 
data has not yet been generated by the researchers in this field. But the observation 
during the working period in this field as well as the reported data on incidence and 
severity of major diseases of winter pulses have been simulated to explain the effect 
of climatic factors on causation of the diseases.

Most plant and plant pathogens grow best within a temperature range 15–30°C. 
Plants are generally infected faster and to a greater extent when the temperature 
becomes higher and lower than the maximum and minimum limits for growth. 
Duration of winter greatly influences the growth of crops and pathogens. A simple 
explanation of weather factor influencing development of Stemphylium blight can 
be made from the data presented in Table 23.2.

During the three seasons (1988–1989, 1989–1990 & 1990–1991), the disease 
initiated during 2–13 January on the three genotypes having some difference among 
the genotypes, while leaflet infection ranges from 30 to 84 among the genotypes. 
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The maximum leaflet infection period was 2–26 January in L-81124 and 7–22 in 
other genotypes. The pathogen infected entire leaflet surface within 36 h. During the 
period of infection peak, the maximum temperature inside the canopy ranged from 
20°C to 22°C and the minimum was 4°C to 6°C. Maximum RH inside canopy was 
recorded to range from 90% to 96% and minimum 40% to 48%.

23.4.1  Effect of Temperature on Development  
of Winter Pulse Diseases

It is clear from the recorded data that the genotype L-81124 was more prone to 
infection of stemphylum blight. The infection started at least 5 days earlier and 
infection period was also more (24 days) as compared to 15 and 13 days in L-5 
(BARI Masur-1) and L-84143 respectively. The leaflet and twigs infections were 
appreciably higher in L-81124. Progress of infection was also rapid. So, it may be 
perceived that the genotype L-81124 was more vulnerable to the disease infectors 
than other two genotypes used in the study.

Considering the weather factor and disease development relationship, we 
can analyze the long-range effect of climatic factors on development of diseases 
and their impact on crop yields. Analysis of long-term data showed that 
Stemphylium blight disease incidence of lentil was gradually increased 60–100% 
with the increase of maximum and minimum temperature of 22.2°C in 1985 
and 24.3°C in 2005 (Table 23.3). Similarly Stemphylium blight disease severity 
was gradually increased 3.0–4.5 scoring scale with the increase of maximum 
temperature at 22.2°C and 24.3°C and minimum at 9.2°C–11.8°C in 1985 and 
2005, respectively. Extent of damage due to stemphylium blight was 40% in 
1985, while the highest was 88% in 1995. The concern is that global warming 
may have adverse effects on plants, and may affect crop production. Through 
making observation of the climatic factors during a long period, some inferences 
can be made on development of crop diseases and their subsequent effect on 
crop damages reducing the yield.

We can see from the Table 23.2 that during a period 20 years there is an increase 
of 2.1°C and 2.6°C in the maximum and minimum temperatures have subsequently 

Table 23.3 Temperature rage in January and its effect on incidence and severity of stem-
phylium blight disease of lentil

Year
Maximum 
temp. (°C)

Minimum 
temp. (°C)

Disease 
incidence (%)

Disease  
severity (0–5)

Extent of crop 
damage (%)

1985 22.2 9.2 60 3.0 40
1990 23.0 9.5 80 3.5 60
1995 23.4 9.8 95 4.5 88
2000 24.1 11.4 100 4.0 70
2005 24.3 11.8 100 4.5 65
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increased the incidence of the diseases from 60% to 100% and raising the severity 
from 3.0 to 4.5. The incidence and severity of the diseases have increasingly 
affected crops in the last 20 years.

23.4.2  Effect of Rainfall and Relative Humidity

Moisture is indispensable for the germination of fungal spores and penetration of 
host tissues, and for the activation of bacterial and nematode pathogens before they 
can infect a plant. Rainfall and irrigation is critical for the distribution and spread 
of pathogens from plant to plant, and field to field. Access to abundant moisture 
increases the succulence of host plants and thus increase their susceptibility to 
certain pathogens, which in turn influence the extent and severity of the diseases. 
Bakr et al. (2004) reported that widespread and severe infestation of BGM resulted 
usually from frequent rainfalls. (Table 23.4)

When analyzing the 20 years of data (Table 23.3), it clearly showed that there 
was a gradual increase in the rainfall during maximum growth period of lentil and 
chickpea i.e. January, February and March. Similarly the relative humidity during 
these months were also higher in both maximum and minimum ranges. In maxi-
mum range it was always higher than 90% which was favorable for initiation and 
development of stemphylium blight and botrytis gray mould disease (BGM). There 
was a gradual increase in disease incidence as well as severity except during 2005 
the incidence of BGM was lower than 95%, as compared to earlier years. But the 
extent of damage in chickpea due to BGM was higher than that of recorded in 1985. 
There was a gradual increase of rainfall during last 20 years at least during the crop-
ping months of chickpea and lentil which might have been the cause of maintaining 
humidity above 90% during disease initiation time. This resulted higher incidence 
and severity of the most damaging disease of chickpea botrytis gray mold and lentil 
stemphylium blight. The reason for decrease of crop damage during 2005 onwards 
was that due to greater use of stemphylium blight tolerant variety lentil which is 
Barimasur-4 and Barichhola-5.

Table 23.4 Long range effect of rainfall and relative humidity on development and magnitude of 
damage due stemphylium blight of lentil and Botrytis Gray Mold of chickpea

Year

Rainfall 
during 
January 
(mm)

Relative 
humidity 
(%)

Disease  
incidence (%)

Disease  
severity

Extent of crop  
damage (%)

Lentil Chickpea Lentil Chickpea Lentil Chickpea 
STB BGM STB (0–5) BGM (1–9) STB BGM

1985 2.0 42–96 60 95 3 7 60 65
1990 0.0 48–97 80 98 3.5 8 70 70
1995 8.0 54–95 95 100 4.5 9 80 80
2000 8.0 46–90 100 100 4.0 8 70 90
2005 14.0 45–94 95 95 4.5 8 65 75

STB, stemphylium blight; BGM, botrytis gray mould
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A study on the influence of climatic factors (temperature, relative humidity and 
rainfall) on the incidence of mungbean yellow mosaic virus was also studied 
(Anonymous 2002). The findings suggested that because of the higher atmospheric 
temperature and relative humidity during April to September, the disease incidence 
was higher in this period of the year. It was also observed that the white fly population 
was higher which is directly related to disease spread.

Due to changing climate and gradual warming there has been an increase in the 
average temperature and relative humidity. The amount and pattern of rainfall were 
also changed. In Bangladesh, unusual rainfall and warming towards the end of 
winter season is becoming a regular phenomenon during the recent years which 
created the apprehension that out break of many diseases causing severe crop damage 
might have influenced by the change in climatic factors.

23.5  Future Thinking to Combat Crop Loss Due to Diseases 
Mediated Through Changing Climate

Cultivation of chickpea and lentil in Bangladesh have been threatened by the termi-
nal heat stress which has however been considered to changes of climatic factors. 
Gradual increase of temperature during grain filling stages of the crops has been 
major concern towards reducing crop yield and occurrence and increase of severity 
of diseases. To meet this challenge:

Efforts should be made towards development of heat tolerant and disease resistant •	
varieties of lentil and chickpea.
Efforts should also be made to assess the existing pathotypes and pathogens of •	
major chickpea and lentil diseases.
A package of improved management practices for various pulses need to be •	
developed for different agro-ecological zones.
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Abstract Predictions from different studies reveal that the agricultural sector will 
face the acute challenges due to climate change. Models have shown that due to such 
changes, the rainy season will be wetter due to increased rainfall and dry season will 
be drier due to higher temperatures. This will cause more surface water bodies to dry 
out making less water available for irrigating crops in dry season. Presently, about 75% 
of total irrigated area is based on groundwater resources. Due to drying out of surface 
water bodies, additional pressure will be exerted on groundwater to meet crop water 
demand. High loss in irrigation systems will also invite more groundwater to pump. 
This extended withdrawal will threaten sustainable groundwater use. Reports are 
available on the declining trends of groundwater levels both in urban and some pocket 
rural areas in Dhaka, Joydebpur, Comilla, and Barind tracts of Bangladesh. Excessive 
withdrawal of groundwater is one of the principal reasons for water table declination. 
Though the water loss is much higher in paddy field, it is also quite remarkable in 
non-rice crop fields. Obviously, the system efficiencies are much lower for the crops. 
Therefore, it is important to devise ways and means to reduce water losses in convey-
ance, distribution and application methods. Innovative works are already in progress to 
address these issues. Alternate drying and wetting for rice irrigation, improved earthen 
channel, buried pipe water distribution system and hose pipe irrigation for both rice and 
non-rice crops and low cost simple drip irrigation system for high value horticultural 
crops (like tomato, watermelon, egg plants etc.) are becoming popular day by day. 
Drought is another regular phenomenon that has to be addressed properly because a 
severe drought reduces production of Aman rice grown in monsoon by about 90%. So, 
in the drought prone area, proper irrigation facility should be developed and at the same 
time efforts to be employed to develop drought tolerant crop varieties. In the coastal 
areas, sea level rise will increase salinity intrusion further inland to grasp  non-saline 
agricultural lands. Therefore, suitable crop varieties to withstand soil  salinity need to be 
developed. At the same time, improved method of cultivation to grow high value crops 
in the coastal saline areas of Bangladesh will also be developed.

Keywords Climate change • Disasters • Irrigation • Sustainability

Abbreviations

BMDA Barind Multipurpose Development Authority
MPO Master Plan Organization
SRDI Soil Resources Development Institute
BPS Buried Pipe Water Distribution System

24.1  Introduction

Climate change due to changing temperature from increased greenhouse gases in 
the atmosphere is a global concern. Increasing population, changing land use, 
advancing technology and growing industries are the major drivers of climate change. 
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The phenomenon involves changes in temperature, evaporation, air moisture, rainfall, 
snow melt, glacial melt, soil moisture, overland flow, river flow, sea level, etc. 
These changes, in turn, bring changes in dry season water availability, drought, 
fluvial flooding, river bank erosion and cyclonic storm surges.

Bangladesh will face greater challenges from the climate change. Among 
other sectors, its agriculture will face the deadliest experience from flood, drought, 
tornado, cyclone, tidal surge and soil salinity (Rashid and Islam 2007). The 
“World Watch Institute” published a report on 22 October 2007 realizing that 21 
countries of the world including Bangladesh are under serious risk due to rise of 
sea level from climate change. Besides, climate change is likely to bring changes 
in the timing and strength of the monsoon wind which is the source of wet season 
rainfall in Bangladesh. Monsoon rainfall and river floodplain system play a 
vital role in agriculture, fisheries, forestry, public health, industry, waterway 
communication and sustenance of wetland ecosystems. The monsoon rainfall 
also causes damage to agricultural lands, crop productions, homesteads and infra-
structures destabilizes the socio-economics of the country. These water related 
hazards are of great concern to the sustainable development of the country. These 
significantly disrupt the agro-environmental practices and socio-economic activi-
ties of the country (Ahmed and Roy 2007).

Agricultural activities and most of the environmental issues are related to water. So 
water availability and its proper utilization is a major concern for sustainable develop-
ment of agriculture. Bangladesh is highly vulnerable to climate change as a vast area 
of the country has low altitude, located on the Bay of Bengal in the delta of the Ganges, 
Brahmaputra and Meghna rivers and densely populated. Its national economy depends 
on agriculture and natural resources that are sensitive to climate change and sea level 
rise (Koudstaal et al. 1999). Increased droughts and salinization in the dry season and 
prolonged inundation in the wet season will change the areas suitable for growing rice. 
Since agriculture is the mainstay for the economy, Bangladesh is very sensitive to 
growth of agricultural sector. Availability of irrigation water is the key issue in the 
production of important crops like wheat, maize, tomato, egg plants, potato, water-
melon, cauliflower, cabbage etc. All are susceptible to water stress and produce fewer 
yields than the potentials under water shortage situation. During March through April 
water scarcity limits the cultivation of high yielding varieties of rice that accounts for 
approximately 36% of the total rice production in Bangladesh.

This paper, thus, includes discussions comprising water management scenario, 
effect of climate change on soil, water and crop production, salinity intrusion and 
use of improved techniques for soil and water management and possible effective 
measures for sustainable irrigation management in Bangladesh.

24.2  Water Management Scenario in Bangladesh

As reported by Selvaraju (2006), climate changes have impacts on Bangladesh 
agriculture, especially in the north western district. There are increased evapotrans-
piration resulting in more water demand and exploitation of groundwater, scarcity 



410 M.S. Islam and M. Harun-ur-Rashid

of surface and groundwater resources, increase in winter temperature affecting 
wheat and pulse cultivation, increased spikelet sterility and reduced crop yield, less 
animal comfort and reduction in milk yield and higher infestation of pest and dis-
eases to crops. With the climate change, additional pressure will be exerted on the 
existing irrigation and water management systems.

Present food production of around 30 million tons per year in Bangladesh is 
mostly contributed by irrigated agriculture (56% on cropped area basis). For irriga-
tion, deep tubewell, (DTW), shallow tubewell (STW), low lift pumps (LLP) and 
other indigenous equipment are used in addition to gravity flow methods. A status 
of equipment is given in Table 24.1 (MoA 2005).

Presently about 75% of total irrigated area is based on groundwater. The water 
distribution and application methods of these irrigation systems are mainly unlined 
channels. The water losses are very high in these channels. There are also some 
lined channels but these are not performing well due to improper managements. 
Only a few buried pipe water distribution stems are operating with higher potentials. 
The water loss scenarios of different systems are given in Table 24.2 (Hoque et al. 
1986; Rashid et al. 1991).

Many farmers are using flexible pipes to convey water from pumps to crop 
fields. This method is suitable for those who have lands near the pump or tube well 
but not for those who have lands far from the source of water. This method can save 
95% water loss (Islam 1991; Sarkar et al. 2006).

The overall system efficiency for rice and non-rice crops ranges from 30% to 
35% (Sarkar et al. 2006) and 45–55%, respectively. Out of their ignorance about 
the ultimate effects of water loss on irrigation economy, the farmers are reluctant to 
be careful about maintaining well distribution systems.

Table 24.1 Summary of irrigation equipment for the year 2004–2005

Equipment Number in operation Area coverage (ha)
% of total 
irrigated area

DTW 27,117 6,54,189 13.67
STW 11,28,991 31,59,899 66.00
LLP 99,255 8,38,377 17.51
Gravity flow method – 1,09,381  2.29
Traditional method – 25,500  0.53

Source: Minor irrigation survey report 2004–2005, MoA, Bangladesh

Table 24.2 Water losses in different distribution systems

Distribution system Water loss (l/s/100 m)

Buried pipe (BP) 0.35–0.53
Lined channel system 1.52–2.10
Unlined channel system 4.1–10.32
Flexible (hose) pipe 1.15–1.50
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Withdrawal of regulation from irrigation appliances in 1992, a rapid growth in 
STWs has been observed. Having no restriction on tubewell installation, density 
of installation of shallow tubewells increased, but at the same time, command 
area or capacity utilization has decreased. This has made the tubewells underutil-
itzed. Inferences are there about only 0.5 ha irrigated area by a 14 l/s capacity 
STW.

However, better management is also found in some agency managed irrigated 
systems. Barind Multipurpose Development Authority (BMDA) project is func-
tioning better in Rajshahi and Chapai Nawabgonj districts, the two less rainfed 
areas of the country.

The gravity flow irrigation projects have much less efficiency and cover only 
about 2.3% of irrigated area of the country (MoA 2005).

Apart from appliances, the management and crop selections considering soil 
properties and climatic factors are vital importance for sustainable irrigated agriculture. 
Farmers always have the tendency to cultivate rice on availability of water and 
apply much more water than required. Thus, the efficiency of rice irrigation is 
always less with low water productivity. Wheat and vegetables are mostly grown by 
irrigation with higher water productivity.

24.3  Effect of Climate Change on Soil, Water 
and Crop Production

24.3.1  Effect on Soil Characteristics

The main potential changes in soil forming factors directly resulting from global 
climate change would be in organic matter supply from biomass, soil temperature 
regime and soil hydrology, the latter due to shifts in rainfall zones as well as 
changes in potential evapotranspiration (Brinkman and Sombroek 2007). The probable 
effects of sea level rising due to climate change on soil characteristics of a gradual 
enstatic rise in sea level will vary from place to place depending on a number of local 
and external factors, and interactions between them (Brammer and Brinkman 1990). 
Other changes due to variations in temperature and precipitation are expected to be 
relatively well buffered by the mineral composition, the organic matter content or 
the structural stability of soil.

Besides, salinity intrusion towards inland, grasping more fresh agricultural lands 
into salinity, will stand as a large obstacle to food security. The natural phenomenon 
in the change of soil salinity implies that due to high rainfall in rainy season, the 
soil salinity goes down to below 2.0 dS/m in all the coastal belts of the country 
(SRDI 2000). The salinity starts increasing from November and gets maximum 
intensity in February or March (Mondal 1997; Islam et al. 2007). In many areas of 
Khulna, Satkhira and Noakhali, greater than 16 dS/m salinity restricts growing food 
crops leaving a vast fallow land in dry season.
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24.3.2  Effect on Water Availability

Due to erratic climatic conditions, more area is expected to come under water 
shortages in the near future. Already some areas in Dhaka, Joydebpur and 
Comilla are showing rapid declines in groundwater levels. This leaves a huge 
number of suction mode tubewells inoperable (Bhuyan 1983; MPO 1987; Khan 
and Islam 1999). In most parts of Bangladesh water table shows natural annual 
fluctuation of about 3.6 m but failed to return to its previous year’s level at the 
end of the rainy season (Hyde 1979; Haq and Sattar 1987).

Water use efficiency (WUE) from growers’ perspective, is the crop yield output 
per unit of water applied. This is limited by the amount of water availability. 
Except in a few areas like High Barind tract, no problem has as far been found to 
get higher water use efficiency by applying the optimal water to crops. Water use 
efficiency of crops available in different reports of Irrigation and Water 
Management Division, BARI, and personal contact with the scientists of BRRI, 
are shown in Table 24.3.

With change of climate, the dry season water availability will further deteriorate. 
The result is the scarcity of both drinking and irrigation water creating acute health 
and food problems.

24.3.3  Effect on Crop Production

Shallow rooted plants will suffer most due to rise in temperature. Upper soil layer 
will lose moisture quickly leaving the plant root zone with inadequate moisture. 
With the rise of temperature, plants will require more water for evapotranspiration. 
Since, a major part of water used for irrigation comes from groundwater, addi-
tional pressure will be exerted on sustainable use of this precious resource with 
the climate change.

The impact of climate change on the existing crop cultivars and cropping patterns 
are expected more. Due to temperature and humidity changes, some crops will be 

Table 24.3 Water use efficiency 
of crops based on crop water use 
and irrigation requirement

Crop WUE (kg/ha-mm)

Rice  5–6
Wheat  12–15
Maize  15–18
Potato  35–40
Tomato 100–115
Brinjal  55–65
Onion  25–30
GN.  8–10
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eliminated or produce less yields requiring that either new varieties of the existing 
cultivars are to be developed or the whole cropping patterns should be changed as 
per demand. Increased insect infestation and pest and disease infections of crops 
will appear as a great problem.

24.3.4  Effect on Soil Salinity

Bangladesh has, at present, about 1.0 mha of lands under various levels of salinities 
(Islam et al. 2007). In Bangladesh, soil salinity is only found in the coastal belts. 
Table 24.4 shows the areas under different mapping units and their salinity 
characteristics.

Coastal soils vary widely in nature of salinity, depth and fluctuation of ground-
water and the seasonal variation in salinity of surface water (MPO 1986). The sub-
soil and sub-strata remain saline throughout the year and shallow groundwater also 
remains very harmful in these areas (SRDI 1991). Soil Resources Development 
Institute (SRDI) has developed five mapping units of the entire coastal zone (SRDI 
2000). These are presented in Table 24.4.

Depending on the intensity of salinity, it has been categorized by S
1
 (2.0–4.0 dS/m), 

S
2
 (4.1–8.0 dS/m), S

3
 (8.1–12.0 dS/m), S

4
 (12.1–16.0 dS/m) and S

5
 (>16.0 

dS/m). The total land area under each category of 5 mapping units is given in 
Table 24.5. It is seen from the Table that about 232,240 ha of land are already 

Table 24.4 Mapping units of the coastal regions of Bangladesh

Mapping units
Characteristics of 
mapping units Locations

1 No saline to slightly 
saline

A large part of Satkhira, Khulna, Bagerhat, 
Narail, Jessore, Gopalgonj, Madaripur, 
Pirojpur, Jhalokathi, Barisal, Bhola, 
Patuakhali, Borguna, Laxmipur, Noakhali, 
Feni and Chittagong

2 Slightly saline to low  
saline

Many parts of Satkhira, Khulna, Bagerhat, 
Narail, Jessore, Madaripur, Pirojpur, Bhola, 
Patuakhali, Borguna, Laxmipur, Noakhali, 
Feni, Chittagong and Cox’s Bazar

3 Low saline to medium  
saline

Many parts of Satkhira, Khulna, Bagerhat, 
Narail, Jessore, Madaripur, Pirojpur, Bhola, 
Patuakhali, Borguna, Laxmipur, Noakhali, 
Feni, Chittagong and Cox’s Bazar

4 Medium to high saline Many parts of Satkhira, Khulna, Bagerhat, Bhola, 
Patuakhali, Borguna, Noakhali, Chittagong 
and Cox’s Bazar

5 High saline to very 
high saline

Many parts of Satkhira, Khulna, Bagerhat, Bhola, 
Patuakhali, Borguna, Noakhali, Feni and 
Cox’s Bazar
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under high salinity (S
4
 and S

5
). Thus, the concern is that more agricultural lands 

will be lost to salinity unless appropriate technologies are available for cultivation 
of crops in saline soils.

24.3.5  Effect on Drought

Drought is a very well known natural disaster to the people of Bangladesh. Every 
year, 3–4 million ha of land are affected by droughts of different magnitudes.  
A survey by BARC shows 4.2 million ha of land are prone to droughts of different 
intensities. For drought, average rainfall becomes less during the critical growth 
stages of crops and they suffer from soil moisture deficits. Drought stress caused 
by higher evapotranspiration and reduced rainfall may override any growth benefits 
from the higher CO

2
 levels, unless irrigation can be stepped up to compensate the 

deficit soil moisture (Warwick 2007). Out of 8.3 million hectares of cultivable land, 
60% is used for Aman rice cultivation. But this rice is grown rain fed. During 
drought of different intensities, a heavy loss to Aman production affects the economy 
of the farmers. Table 24.6 gives the intensities of drought, area involved and the 
yield loss of transplanted Aman.

Table 24.6 Intensity of drought, area covered and yield loss of transplanted Aman

Intensity of 
drought

Land area 
(ha) Locations

Average 
yield (t/ha)

Yield loss 
due to 
drought 
(%)

Very severe 342,990 Rajshahi, Nawabgonj (Barind area) 1.7–2.5 70–90
Severe 737,028 Barind area, Gangetic alluvium 2–2.5 50–70
Moderate 3,154,950 Western, central and southern regions; 

Modhupur tracts, Kustia and Jessore
2.5–3.5 30–50

Slight 2,867,895 Teesta, Brahmaputra and Gangetic 
alluvium; alluvium soils of Meghna 
and Surma-Kushiara rivers

3–4 10–30

Table 24.5 Category of soil salinity and saline areas of Bangladesh

Mapping 
unit

Saline area 
(ha)

Category of salinity (dS/m)

S
1

S
2

S
3

S
4

S
5

2–4 4.1–8 8.1–12 12.1–16 >16.0

1  1,15,370  82,260  31,590  1,520 – –
2  3,09,190 170,380 110,390  29,420 – –
3  2,40,220  35,490 113,890  61,240  25,870  2,650
4  1,98,890  1,630  36,060  73,400  55,130 32,750
5  1,57,080 –  15,270  25,900  64,100 51,740
Total 10,20,750 289,760 307,200 191,550 145,100 87,140



41524 Climate Change and Sustainable Irrigation Management in Bangladesh

24.3.6  Effect on Floods

Approximately 25% of the country is flooded to varying degrees each year during 
May through September when over 60% of the cereals are produced. Recurrent 
flooding severely restricts the farmers’ choices of cropping to traditional low yielding 
broadcast varieties of rice that can thrive in deep water.

Climate change will have a tremendous effect on flooding. The higher snowmelt 
will cause greater intensity floods to sweep all over Bangladesh damaging agricul-
tural crops. Flash floods also will be frequent and dangerous for Sunamganj, Cox’s 
Bazar and other areas of Bangladesh. In 2002, flash floods damaged shelters and 
crops of about 31,500 ha in 12 upazillas of Chittagong and Cox’s Bazar districts. 
Floods from tide and ebbs are not so dangerous except in the rainy season when the 
strong southern wind causes swelling of tidal waves that retards the flooded river 
waters to flow to the sea at a normal rate. This results in the inundation of a vast 
coastal land by saline water making additional agricultural lands uncultivable.

Due to climate change, the distribution of rainfall and its intensity will be changed 
resulting in increased flooding. This will threaten economic development and food 
security of Bangladesh. As predicted, flood area will increase by about 6%. This 
increase in flooding might result in crop production loss of about 11% in the Ganges 
basin, 7% in Meghna basin and 2% in Brahmaputra basin. Also about 6,400 km 
embankments may face protection and safety problems (Hassan et al. 2008).

24.3.7  Effect on Cyclones and Tornadoes

Climate change will enhance frequent cyclones and tornadoes of high intensities. 
This will threaten Bangladesh agriculture most. From the experience of SIDR, the 
people of Bangladesh have learnt how cyclones can destroy human and cattle lives 
with huge standing crops.

24.4  Possible Measures for Sustainable Water  
Use in Crop Fields

24.4.1  Optimization of Water Use in Crop Field

Water is so precious and a scarce natural resource in many countries of the world 
that it has already become a burning issue worldwide to optimize the use of this 
natural resource. In Bangladesh the farmers are still in the dark about this informa-
tion. They are using almost double the amount of water needed to grow crops 
especially rice. Already the drying and wetting method of water application has 
been proved to be very useful to save 50% water without any or a little sacrifice of 
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yield (Sattar 2008). Researches have found that irrigation water application may be 
optimal to produce maximum benefit somewhere below the amount needed to 
produce maximum yield (Barret and Skogerboe 1980). On the other hand, farmers 
do not apply adequate water to many of the high value upland crops like, wheat, 
maize, tomato, potato etc. and get fewer yields. Obviously, the returns also become 
less than the optimal. Therefore, optimal or near optimal use of water to these crops 
should be ensured for both better yield and return.

24.4.2  Use of Drip Method for Irrigation

Apart from rice, crops like tomato, brinjal, potato, wheat, watermelon etc. can be 
irrigated under improved soil and water management techniques. For small land 
holdings, drip irrigation with raised bed and mulch can be more effective than 
any other traditional methods. For saline soils, this method can be a good choice 
for the coastal farmers (Islam et al. 2007). Table 24.7 shows a comparative crop 
production scenario in saline soils by drip irrigation in raised bed with mulch and 
traditional practice.

24.4.3  Channel Improvement

Channel improvement by adequate compaction has been shown to increase command 
area of about 10–30% over that of normally constructed channels. It is very costly 
to construct lined channels. These channels also can save water effectively when 
new but gradually suffer from cracking and other damaging processes. Eventually, 
these channels lose efficacy to transport water.

Table 24.7 Crop production in saline soils by improved and traditional methods

Sequence

Location: Noakhali Location: Satkhira

Crop Yield (t/ha)
Salinity
(t/ha) Crop Yield (t/ha)

Salinity
(dS/m)

Drip irrigation 
in raised bed 
with mulch

Tomato 50–70 10–12
(4.5–5.5)

Tomato 48–55 9–10
(4.75–6.15)

Watermelon 40–50 Okra 10–1110–12
(4.5–5.5)

9–10
(4.75–6.15)

Traditional 
method 
(pitcher 
irrigation 
in flat land)

Tomato 18–20 10–12 Tomato 16–19 9–10
Watermelon 15–18 10–12 Okra 5–6 9–10

Figures in parenthesis indicate reduced soil salinity due to improved management practices
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24.4.4  Use of Hose Pipes for Irrigation

Farmers using low capacity pumps or tubewells can use hose pipes for water 
conveyance. This has been proved to be an acceptable means of water delivery to 
crop fields even though farmers experience some difficulties in using these pipes. 
A good quality pipe can save 95% water loss. This practice to convey water should 
be advocated to the farmers extensively.

24.4.5  Use of Buried Pipe Water Distribution System

The most efficient water saving technique for irrigation is the buried pipe water 
distribution system (BPS). This is costly but an ensured water distribution method. 
It can handle the land undulation, land loss of about 1.8% due to construction of 
channels, irrigation cost and water distribution uniformity (Islam 1991). According 
to Michael (1987), the land loss by channels is much higher than this and it ranges 
from 2% to 4%. The land loss during channel construction can be avoided by using 
buried pipe water distribution systems (BPS). So, government should come forward 
to take necessary measures to install BPS by phases all over Bangladesh and get the 
money reimbursed from the irrigators.

24.4.6  Changing Cropping Pattern

In many locations of the country, tubewells are installed in light textured soils to 
irrigate rice crop. Almost every day, water is applied to crop fields and a huge 
amount of water is lost as seepage and percolation. This results in higher pumping 
duration and higher fuel cost thereby swelling up irrigation cost. But, a change in 
cropping pattern with upland non-rice crops can make irrigation much more profitable. 
Growing low water requiring crops like wheat, maize and vegetables, potato and 
horticultural crops in the cropping pattern more area can be brought under irrigated 
agriculture and farmers can be financially more benefited. However, based on soil, 
climate and socio-economics, the pattern wise irrigation practice should be intro-
duced. A comparative water use by different crops based on their respective culti-
vated area during 2007–2008 is shown in Table 24.8.

Some other crops like pulses, oilseeds and spices crops are not usually irrigated 
in Bangladesh and are excluded from the table. In the calculation, the overall system 
efficiency for rice and other crops are taken as 40% and 55%, respectively. From 
Table 24.8, it appears that out of 99,065 Mm3 water used in irrigating crops, the 
maximum amount (88,121 Mm3) is required in Rabi season when the acute shortage 
of water is experienced. The groundwater contribution of the total requirement is 
about 74,299 Mm3. Only 24,766 Mm3 is contributed from surface water and rainfall. 
Rice (Boro, T. Aus and Aman) alone takes the major share, 86,354 Mm3 (87%) of 
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the total irrigation requirement. The T. Aus, Aman, summer maize and summer 
vegetables need only supplemental irrigation. Thus, the rice-rice-fallow pattern can 
be replaced by introducing wheat, potato, horticultural crops, pulses or oilseeds in 
the pattern and the farmers can be more benefited from the new pattern.

24.4.7  Construction of Water Management Infrastructures

Since 1960, various types of hydraulic structures have been used. These structures 
provided flood protection to about 3.5 million ha of land out of about eight million ha 
of flood vulnerable areas in Bangladesh (Hossain and Siddiqui 2006). In the coastal 
areas over 12 million people are receiving the benefits of around 3,600 km embank-
ment and rest 6,400 km embankment are in the non-tidal areas. It has been found that 
the intensity of salinity is much higher outside the embankment than that within the 
embankment in the coastal areas of Noakhali district. So, to retard saline water intrusion, 
necessary and well planned water management infrastructures are essential.

Table 24.8 Annual water requirements of different crops

Name of crop

Area 
cultivated 
(‘000’ ha)

Seasonal 
crop water 
requirement 
(ha-mm)

Approx. Irrig. 
water requirement 
(Mm3)

Rabi season (October–February)
Boro rice 4,675 650 75,969
Wheat 370 300  2,018
Potato 400 280  2,036
Maize (w)a 346 450  2,831
Mustard 547 200  1,990
Groundnut 70 250 318
Vegetables (w)a 448 250  2,034
Onion 158 230 659
Garlic 64 230 266

Sub-total l88,121
Kharif-I season (March–May)
T. Ausb 1,154 240 6,924
Vegetablesb 231 120 504
Maizeb 30 100 55

Sub-total 7,483
Kharif-II season (June–September)
Aman riceb 1,154 120 3,461

Sub-total 3,461
Grand total 99,065

a(w), winter
bSupplemental irrigation
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24.4.8  Maintaining Proper Spacing of Tubewells

A technical sub-committee formed by the Ministry of Agriculture has submitted a 
report on tubewell spacing for the country. This need to be taken into consideration 
and implement immediately to avoid underutilization of pumps/tubewells as well 
as excessive withdrawal of groundwater.

24.4.9  Conjunctive Use of Surface and Ground Waters

Since dry season availability of irrigation water is gradually becoming scarce, 
conjunctive use of both surface and ground waters may be the best option for 
sustainable irrigation management. Government has also emphasized on surface 
water utilization. This will reduce pressure on groundwater and help sustainable use.

24.4.10  Upgrading Farmers’ Knowledge

Most of the farmers of the country are illiterate and do have a little or no idea about 
the consequence of mismanagement of irrigation water. So, they should be made 
aware of the water managements in irrigated agriculture through training, demon-
stration and group discussion. Unless they are aware of the fatal consequences of 
excessive water use to crops, they will be little concerned about the optimal water 
use and benefits.

24.5  Conclusions

From the above discussions, the following conclusions can be drawn in response to 
climate change effects on agriculture in Bangladesh:

Water conveyance systems should be improved.•	
Irrigation of diversified crops should be encouraged.•	
Farmers should be made aware of the bad effects of water losses on their •	
economy.
Conjunctive use of water for irrigation should be encouraged.•	
Drying and wetting method of irrigation for rice to be followed.•	
Government should take necessary measures to install Buried Pipe Water •	
Distribution Systems by phases all over Bangladesh.
Existing rules of tubewell installation should be revived.•	
Mass media should be used to propagate the above messages to general people.•	
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Abstract Achieving higher yield of rice depends on increasing total biomass. Total 
crop biomass is determined mainly by crop photosynthesis and respiration losses, 
both of which are sensitive to temperature. Global mean surface air  temperature is 
increased by about 0.6°C in the twentieth century. Over the twenty-first century 
a range of 1.1–2.9°C warming is predicted in a scenario with low emissions of 
greenhouse gases, and 2.4–6.4°C in a high-emissions scenario. Scientists have 
attempted to assess the effect of increasing temperature and high carbon dioxide 
in the atmosphere on the growth and yield of rice using simulation models. Direct 
studies on the effects of observed climate change on crop growth and yield could 
provide more accurate information for assessing the impact of climate change on 
crop production. When rice crop is exposed to temperatures higher than 35°C and 
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last for more than 1 h, injuries occur according to its growth stages. Especially high 
temperature during flowering can induce floret sterility and can limit grain yield. 
The direct cause of sterility is reduction in number of germinated pollen grains on 
the stigma. In many cases, poor pollination is the main cause of sterility induced 
by high temperature at flowering time. In Bangladesh, the highest monthly mean 
temperature is observed either in March or April or in May. In this time the 
maximum temperature is often more than 35°C in Rajshahi, Barisal and Khulna 
regions. The temperature trend analysis showed that the monthly mean of min-
imum temperature increased by at least 0.5°C during the period from 1986–1995 
to 1996–2005 in these regions of Bangladesh. Spikelet panicle−1 was significantly 
lower when high temperature (38°C) was induced in spikelet differentiation stage 
and reduction  division stage due to spikelet abortion. While the sterility percentage 
was significantly increased when high temperature was induced at heading stage, 
distinct varietal difference in rice was observed when high temperature (38°C) was 
induced at anthesis stage. Sterility percent ranged from 20–78% for susceptible 
variety like BR9, and ranged from 12–22% for moderately tolerant variety like BR1. 
There is genetic variation in both escape (time of flowering) and absolute tolerance 
(spikelet sterility). Besides breeding for high temperature-tolerant rice varieties 
(cool rice), basic understanding of the physiological processes of rice in warmer 
climate and suitable crop management strategies to cope with the high temperature 
problems due to global warming need to be developed immediately.

Keywords Rice production • Global warming • High temperature stress • Floral 
sterility • Temperature tolerant rice varieties

Abbreviation

BRRI Bangladesh Rice Research Institute

25.1  Introduction

Rice (Oryza sativa L.), the food that feeds almost half of the planet, has a special 
significance in Bangladesh, where about 140 million people consume it as a staple 
food. World rice production must increase by almost 1% annually to meet the 
 growing demand for food that will result from population growth and economic 
development. Most of this increase must come from higher yield on existing 
 cropland to avoid environmental degradation, destruction of natural ecosystems, 
and loss of biodiversity (Peng et al. 2004). Achieving greater yields depends on 
increasing total biomass. Total crop biomass is determined mainly by crop 
 photosynthesis and respiration losses, both of which are sensitive to temperature 
(Peng et al. 2004). Extreme temperatures are destructive to plant growth and 
 development. The critically low and high temperatures, normally below 20°C and 
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above 30°C, vary from one growth stage to another. These critical temperatures 
differ according to variety, duration of critical temperature, diurnal changes, and 
physiological status of the plant (Yoshida 1981).

25.2  Materials and Methods

The present paper consists of the basic concept of global warming, its impact on rice, 
research progress of high temperature stress on rice in Bangladesh context and future 
prospect of research on high temperature stress for developing high  temperature 
tolerant rice varieties (cool rice) to cope with the high temperature problems due to 
global warming. The recent available literature was reviewed and duly cited. The 
effect of high temperature on rice was studied under green house condition. Plants 
were grown in pot in normal environment and then transferred to a green house having 
a temperature of 38°C in different growth stages. Normal and high temperature 
treated plants were compared in terms of percent sterility.

25.3  Results and Discussion

25.3.1  Global Warming and Its Impact on Rice

The conclusions of the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change Intergovernmental Panel on Climate Change (IPCC 2007) leave no 
doubt that the global climate is changing in a manner unprecedented in the past 
400,000 years. Global mean surface air temperature is increased by about 0.6°C in 
the twentieth century. Over the twenty-first century a range of 1.1–2.9°C warming 
is predicted in a scenario with low emissions of greenhouse gases, and 2.4–6.4°C in 
a high-emissions scenario. In the past century, daily minimum nighttime temperature 
increased at a faster rate than daily maximum temperature in association with a 
steady increase in atmospheric greenhouse gas concentration (Peng et al. 2004).

Scientists have attempted to assess the effect of increasing temperature and 
high carbon dioxide in the atmosphere on the growth and yield of rice using simu-
lation models (Horie et al. 1996). Direct studies on the effects of observed climate 
change on crop growth and yield could provide more accurate information for 
assessing the impact of climate change on crop production. Peng et al. (2004) 
reported that the annual mean maximum and minimum temperature at IRRI, the 
Philippines have increased by 0.35°C and 1.13°C, respectively, during the period of 
1979–2003 and a close linkage between rice grain yield and mean minimum 
temperature during the dry cropping season (January–April). Grain yield declined 
by 10% for each 1°C increase in growing-season minimum temperature in the dry 
season, whereas the effect of maximum temperature on crop yield was insignifi-
cant. It was suggested by the scientists that adoption of high temperature-tolerant 
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cultivars, popularly known as cool rice, is one of the most effective countermeasures 
to sustain high productivity and stability of rice under anticipated climate change 
(Horie et al. 1996).

25.3.2  High Temperature Stress

When rice crop is exposed to temperatures higher than 35°C and last for more 
than 1 h, injuries occur according to its growth stages (Table 25.1). Especially 
high temperature during flowering can induce floret sterility and can limit grain 
yield (Yoshida 1981; Matsushima et al. 1982). Clear differences exist in the 
tolerance of rice varieties for high temperature induced sterility. At 35°C, N22, 
an upland rice variety from India, has higher than 80% spikelet fertility, whereas 
BKN6624–46–2, a lowland selection from Thailand, has about 10% spikelet 
fertility (Yoshida 1981).

25.3.3  Mechanism of High Temperature Induced Floret Sterility

The mechanism responsible for high temperature induced floret sterility has been 
studied under controlled environment using phytotron and growth chambers. The 
direct cause of sterility was reduction in number of germinated pollen grains on the 
stigma (Matsui et al. 2001). In many cases, poor pollination is the main cause of 
sterility induced by high temperature at flowering time.

The driving force behind anther dehiscence is the rapid swelling of pollen grains 
in side the anther locules in response to the floret opening (Matsui et al. 1999). High 
temperature at flowering inhibits the swelling of pollen grains, and results in inde-
hiscence of the anthers (Matsui et al. 2000) and poor release of pollen grains (Matsui 
et al. 2005). High temperature at flowering also makes the pollen grains sticky. The 
sticky pollen grains choke the basal dehiscence and remain in the anther.

25.3.4  High Temperature Stress – Bangladesh Scenario

In Bangladesh, a high percentage of spikelet sterility usually occurs in Transplanted 
Aus season (March–June) and sometimes in Transplanted Aman season (June–October) 
when the temperature exceeds 35°C at anthesis and lasts for more than 1 h. High  temperature 

Table 25.1 Symptoms of high temperature stress at different growth stages of rice

Growth stage Symptom

Vegetative White leaf tip, chlorotic bands and blotches, reduced tillering, reduced height
Reproductive White spikelets, white panicles, reduced spikelet number
Anthesis Sterility
Ripening Reduced grain filling
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in Boro season (January–May) may also induce spikelet sterility and reduced grain yield. 
This detrimental effect of high temperature becomes more prominent when the relative 
humidity is low. In Bangladesh, the highest monthly mean temperature is observed either 
in March, April, or May. In this time the maximum temperature is often more than 35°C 
in Rajshahi, Barisal and Khulna regions (Tables 25.2 and 25.3). The temperature trend 
analysis showed that the monthly mean of minimum temperature increased by at least 
0.5°C during the period from 1986–1995 to 1996–2005 in these regions of Bangladesh 
(Fig. 25.1). However, the monthly mean of maximum temperature did not show such 

Table 25.2 Year wise 
(1986–2005) maximum 
temperature (°C) in April 
and May at Rajshahi, 
Bangladesh

Year April May Year April May

1986 35.1 33.4 1996 36.6 36.2
1987 35.3 35.8 1997 31.6 36.7
1988 37.1 34.1 1998 33.3 34.5
1989 37.8 34.5 1999 34.1 34.3
1990 34.3 33.2 2000 33.9 33.8
1991 36.2 34.5 2001 35.1 33.4
1992 38.1 35.0 2002 32.8 32.6
1993 34.0 33.4 2003 35.3 35.3
1994 35.5 35.9 2004 35.3 36.8
1995 37.7 37.5 2005 34.9 34.9

Table 25.3 Year wise 
(1986–2005) maximum 
temperature (°C) in April 
and May at Barisal, 
Bangladesh

Year April May Year April May

1986 33.3 34.3 1996 36.1 35.7
1987 34.0 34.9 1997 32.5 33.7
1988 35.4 33.9 1998 34.9 35.3
1989 34.6 34.4 1999 36.1 34.4
1990 33.6 35.0 2000 34.8 34.6
1991 35.6 33.9 2001 36.7 35.0
1992 37.1 35.2 2002 34.2 34.2
1993 35.0 34.0 2003 35.5 35.8
1994 35.0 35.0 2004 35.0 36.9
1995 37.2 35.3 2005 37.0 36.6
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Fig. 25.2 Average maximum temperature in two decades at Rajshahi, Bangladesh

increase (Fig 25.2). During these two decades there were certain years when the mean 
maximum temperature of these months reached more than 35°C.

25.3.5  Research Progress on High Temperature Stress

It was observed that the spikelet panicle−1 was significantly lower when high tempera-
ture (38°C) was induced in spikelet differentiation stage (PI to 16 days before heading) 
and reduction division stage (7 days before heading to heading) due to spikelet abor-
tion (BRRI (Bangladesh Rice Research Institute) 1980). While the sterility percentage 
was significantly increased when high temperature was induced at heading stage 
(Table 25.4). Distinct varietal difference in rice was observed when high temperature 
(38°C) was induced at anthesis stage. Sterility percent ranged from 20% to 78% for a 
susceptible variety like BR9, but it ranged from 12% to 22% for a moderately tolerant 
variety like BR1 (Table 25.5). Recent varieties and advanced line developed by BRRI 
also showed differences in tolerance with high temperature stress (Table 25.6).

25.3.6  Approaches and Prospects to Cope with the High 
Temperature Stress

There are two main approaches for breeding rice varieties adapted to warmer 
 climates. The first is to breed for heat tolerance, i.e. rice with high fertility despite 
exposure to temperatures exceeding 35°C during the most sensitive growth stage of 
the rice plant, i.e., at anthesis or dehiscence of the anther. The second approach is 
to change the time of flowering, i.e., from usual between 10 am and noon (Yoshida 
1981) to earlier in the morning when the temperature is lower. Both conventional 
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breeding and molecular breeding/genetic engineering methodologies may be 
employed for using these approaches (Redona et al. 2007).

Genetic variability for high temperature tolerance has been reported in rice as early 
as the late 1970s. Jennings et al. (1979) found varieties, such as Hoveyzeh from southern 
Iran, which remained fertile at temperatures higher than 45°C, when the other varieties 

Table 25.4 Effect of high temperature on spikelet no. panicle−1, grain size and percentage 
of sterility of BR1 at BRRI, Gazipur, Bangladesh during 1980

Treatment (stage) Spikelet no. panicle−1 100 grain weight (g) Sterility (%)

Spikelet differentiation 149.7 2.02 18.02
Reduction division 151.4 2.16 23.03
Heading 172.6 2.07 46.54
control 174.6 2.13 19.31

Table 25.5 Effect of high temperature on BR1 and BR9 at BRRI, Gazipur, Bangladesh during 1980

Treatment (stage)

Spikelet no. panicle−1 100 grain weight (g) Sterility (%)

BR1 BR9 BR1 BR9 BR1 BR9

Spikelet differentiation 103.3 196.2 1.91 2.13 13.2 22.8
Reduction division 105.0 197.8 2.00 2.34 22.0 24.0
Heading 114.6 230.6 1.95 2.20 15.2 77.8
control 115.2 234.0 1.94 2.33 12.0 26.6

Table 25.6 Effect of high temperature on percent sterility of some advanced lines during 2004–2005 
at BRRI, Gazipur

Variety/line

Sterility (%)

Control Heat at RD stage Heat at heading stage

BR6888-93-3-1 25.0 54.2 49.8
BR6895-22-4-7 41.9 60.0 30.9
BR6985-15-3-3 51.5 47.9 28.6
BR6985-50-1-2 50.6 58.5 27.7
BR6985-80-1-1 35.9 27.3 52.2
BR6988-20-2 51.8 47.1 52.5
BR7055-7-1 25.6 28.1 38.0
BR7056-6-1 21.6 31.4 52.3
BR7057-8-1 49.3 59.1 55.3
M2-13-26-UL 31.4 42.1 28.4
GUI-4XUAN 35.3 31.6 36.8
QI GUI ZHAN 23.9 18.3 21.5
BM9820 20.9 15.8 27.9
BR6028-34-3-2-1-HR1 29.6 32.5 43.9
BR1 (Check) 52.0 42.3 40.3
BR26 (Check) 41.1 46.5 12.7
BRRI Dhan28 (Check) 44.9 42.2 34.6
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were already completely sterile. Yoshida (1981) found IET4658, IR2006-P12-12-2-2, 
IET2684, Agbede, Carreon, Dular, N22, OS4, PI215936, IR1561 and Sintiane Diofor 
to be high temperature tolerant, with their respective fertilities ranging from 84–90% 
at 35°C. There are fewer reports on genetic variation for time of flowering. Yoshida 
(1981) noted that Oryza glaberrima flowers early in the morning and suggested that 
this trait can be incorporated into O. sativa through breeding.

25.4  Conclusion

Global mean surface air temperature has increased by about 0.6°C in the twentieth 
century. Over the twenty-first century a range of 1.1–2.9°C warming is predicted in 
a scenario with low emissions of greenhouse gases, and 2.4–6.4°C in a high-emissions 
scenario. The current research thrust of Bangladesh Rice Research Institute (BRRI) 
to cope with high temperature due to global warming is limited only with the 
screening of breeding materials. There is genetic variation in both escape (time of 
flowering) and absolute tolerance (spikelet sterility). These should be understood 
and used for breeding programs. More genotypes from home and abroad should 
bring in the screening program. Besides breeding for high temperature-tolerant rice 
varieties (cool rice), basic understanding of the physiological processes of rice in a 
warmer climate and suitable crop management strategies like high temperature and 
nutrients and water management to cope with the high temperature problems due 
to global warming need to be developed immediately.
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Abstract Rubber plantations on degraded forest lands are expanding world-
wide due to economic, social and environmental perspectives. The study was 
conducted to evaluate the temporal effects of rubber plantations on soil carbon 
(C) sequestration in the north-eastern Indian state of Tripura. Composite soil 
samples were randomly collected at 0–15 (surface) and 15–30 cm (sub-surface) 
depths from 0 (control), 5, 10, and 20 years old rubber plantations, 2-mm sieved, 
air-dried, and analyzed for oxidizable (CO

x
), non-oxidizable (CNO

x
), and total C 

(CT) concentration, bulk density (rb), and selected properties. Results showed 
that soil C concentration, stock and sequestration varied significantly by rub-
ber plantations’ age. Averaged across soil depth, the CO

x
 concentration was 

increased by 32–105% with increasing rubber plantations’ age. Likewise, the 
CT concentration increased by 14–62% over time. The increase in CO

x
 and CT 

concentration was more pronounced at surface soil. The proportion of CO
x
 in 

CT was increased (13%) with an associated decrease in CNO
x
 content. Averaged 
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across soil depth, the CO
x
, CNO

x
, and CT stocks increased quadratically over 

time. Soil profile-wise CT stock was increased by 14–57% which accounted for 
an accumulation of 34 Mg C ha−1 over a 20 year period. The CT sequestration 
increased quadratically, which accounted for 956, 919 and 852 kg C ha−1 year−1 
under 5, 10 and 20 years old rubber plantations, respectively. Results suggest 
that, if managed properly, rubber plantation on degraded tropical forest lands can 
be a C sink over time.

Keywords Bulk density • Degraded forests • Stock • Temporal • Tropical climate

Abbreviations

CT Soil organic total carbon
CNO

x
 Non-oxidizable carbon

CO
x
 Oxidizable carbon

26.1  Introduction

Terrestrial ecosystem is an important component of the global C cycle. However, a 
substantial amount of C is emitted from the terrestrial reservoirs as CO

2
 to the tro-

posphere by human activities (Lal 2004; Richter et al. 2007; Bonan 2008). 
Currently, world-wide fossil fuel consumption and deforestation, biomass burning 
and soil cultivation are accounted for 8 and 1.6 billion Mg of annual C emissions, 
respectively (Koonin 2008). In India, widespread degradation and deforestation of 
forests are ongoing processes which accounted for an estimated annual C emission 
of 45 million Mg (Tg) (Ravindranath et al. 1997). In particular, the tropical forests 
in the north-eastern Indian state of Tripura are deforested annually at the rate of 
1.12% (Ravindranath et al. 1997; Rao 1997). Deforestation not only transfers soil-
plant ecosystems’ C stock directly to the troposphere by combustion and decompo-
sition, but it also destroys a valuable mechanism to control tropospheric CO

2
 

accumulation (Ravindranath et al. 1997; Rao 1997). The rate at which forests are 
being degraded is becoming an environmental concern in India.

Terrestrial vegetation and soil currently absorb about 40% of global CO
2
 emis-

sions from human activities (Adam 2001). Simulated models have predicted that 
the terrestrial biosphere acts as an overall C sink until 2050, but turns into a net 
source thereafter (Van Kessel et al. 2000). In response to accelerated deforestation, 
tropospheric CO

2
 accumulation and the resulting adverse changes in the global 

climate, there is an urgent need to find ways for efficient management of biosphere 
as a net C sink in the future (Seneviratne 2002). Increasing flow of plant biomass 
through reforestation or plantation is considered one of the important mitigation 
options to enhance C sequestration and rejuvenate degraded forest lands.
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Planting rubber is one of the management practices in north-east India to 
replace shifting cultivation and control land degradation, produce natural rubber 
and generate income, and improve site quality. The state of Tripura has been under 
rubber plantation on denuded forest lands since 1975. Consequently, a large por-
tion of the degraded tropical rain forests is under managed rubber plantations, even 
though the climate and other conditions are not always favorable. Rubber planta-
tion is basically a special type of secondary forest. Previously, research efforts 
were mainly focused on increasing rubber yield world-wide (Priyadarshan 2003). 
So far, few studies have been conducted to investigate the environmental and/or 
ecological aspects of managed rubber plantations on degraded forest soils under 
humid tropical climate (Osman et al. 1988; Dey et al. 1996; Sharma and Rai 2007). 
Specifically, the impact of more subtle land-use changes like rubber plantations on 
soil C sequestration is relatively unknown (Zhang et al. 2007). Since soils are not 
able to sequester C indefinitely, information on temporal C sequestration capacity 
of soil under rubber plantations may help us to develop suitable strategies for 
managing degraded tropical forests. The objectives of the study were to measure 
the concentration and stock of C pools and calculate the soil C sequestration 
capacity under different age groups of rubber plantations in north-eastern state of 
Tripura, India.

26.2  Materials and Methods

26.2.1  Description of the Site

The study was conducted on 0 (control), 5, 10 and 20 year old rubber plantations in 
Agartala, Tripura, India. The standard management practices including land clear-
ing and plowing, fertilization, liming, and pest/weed control were performed before 
planting rubber seedlings. The climate of the region is subtropical with a hot and 
humid monsoon summer. The average maximum temperature is 33°C and the mini-
mum temperature is 10°C. Relative humidity ranges between 67% and 85% with 
160–200 cm annual rainfall. Maximum rainfall occurs during May to September. 
Average sunshine is slightly more than 8 h day−1.

Soils at the study sites are Ultisols which developed on tertiary hill sediments of 
unconsolidated beds of sedimentary rocks. They are sandy clay loam/clay loam in 
texture, and moderately rich in Kaolinite and Illite with a high K fixation capacity. 
Accelerated erosion accounted for a substantial loss of silt, clay and organic matter 
from upland areas, which, in turn, were deposited in the valleys. Induced leaching 
and surface runoff of basic cation have caused the soils to become strongly acidic 
over time. Soil basic properties were pH 4.2–4.7, E

C
 85–168 mS cm−1, CEC 

5.7–9.5 meq 100 g−1, base saturation 47–57%, available N 26–29 mg kg−1, available 
P 0.21–0.7 mg kg−1, and extractable K 6.2–8.8 mg kg−1, porosity 39–43%, sand 
36–58%, silt 20–35, and clay 18–42%.
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26.2.2  Soil Collection, Processing and Analysis

Soil core samples were randomly collected at 0–30 cm depth from replicated 
plots within each age group of the rubber plantation. Soil cores were seg-
mented into 0–15 and 15–30 cm depth, 2-mm sieved, oven-dried at 105 ± 5°C 
for 24 h, and ground prior to analysis. Soil organic matter was determined by 
using the loss-on ignition method. Total organic C (CT) was calculated by 
dividing the soil organic matter content bye the factor of 1.724. Soil oxidiz-
able carbon (CO

x
) was determined by the modified Walkley–Black’s wet 

oxidation method (Nelson and Sommers 1982) without multiplying by a fac-
tor of 1.9. Non-oxidizable C (CNO

x
) was calculated by subtracting the CO

x
 

from the CT. The stock of various C fractions was calculated by multiplying 
the C concentration with concurrently determined soil bulk density (rb) as 
follows:

( )
− − −= ρ1 1 3Mg ha MgmCarbon stock ( ) C concentration (g kg )* b( )*

soil depth m *10

The rb values that were used to convert the C concentration into stock were deter-
mined from mass and volume relationship of the soil as follows:

π −−ρ = 2 13b (g cm ) ( r * L * n)w

where r is the internal radius of the soil core sampler (0.9 cm), L is the length of 
soil cores (15 cm), n is the number of soil cores, and w is the total dry weight (g) 
of soil. Selected soil properties such as pH, cation exchange capacity, base satura-
tion, available N, available P, extractable K, total porosity, sand, silt, and clay con-
tent were determined by following standard methods of analysis.

26.2.3  Statistical Analysis

Data were analyzed by using Analysis of Variance procedure of the SAS Institute 
(2008). The effects of rubber plantations’ age on CO

x
, CNO

x
, and CT concentra-

tion, stock and sequestration were analyzed by following a completely randomized 
design in 4 (plantation age) × 2 (soil depth) factorial combination. Simple and 
interactive effects of rubber plantation and soil depth on dependent variables were 
separated and evaluated at p £ 0.05 by the least significant different test, unless 
otherwise mentioned. Linear and non-linear regression models were used to calculate 
soil C sequestration rates.
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26.3  Results and Discussion

26.3.1  Soil Organic Carbon and Bulk Density

Soil C concentration was significantly influenced by rubber plantations’ age and soil 
depth without an interaction (Table 26.1). The concentration of soil oxidizable C 
(CO

x
) has increased by 32–105% over time. A maximum increase in CO

x
 

 concentration was found at 5–10 years growth interval of rubber plantations. The 
increase in CO

x
 concentration was more pronounced at surface soil (0–15 cm depth). 

Likewise, the total C (CT) concentration increased (14–62%) over time. In contrast, 
the non-oxidizable C (CNO

x
) concentration did not increase consistently (2–22%). 

The CO
x
:CNO

x
, CO

x
:CT, and CNO

x
:CT were significantly varied by  rubber planta-

tions age and soil depth (Table 26.1). The CO
x
:CNO

x
 increased by 39–73% over 

time, and the highest increase (84%) was found at the soil surface. The CO
x
:CT was 

increased by 13%, with an associated decrease in CNO
x
 concentration.

Inclusion of soil bulk density (rb) to calculate stock has shown significant tem-
poral effects of rubber plantations on C content (Table 26.2). The rb was signifi-
cantly reduced (0.0034 g cm−3 per year) with increasing soil C content, and the 
effect was more pronounced at surface soil (0.03 g cm−3 per year) than at subsurface 
soil (0.01 g cm−3 per year). Soil CO

x
, CNO

x
 and CT stocks have increased asymp-

totically over time (Table 26.2 and Figs. 26.1–26.3). The CO
x
 stock has increased 

by 33–100%, CNO
x
 by 0–17%, and CT by 14–57% over a 20 year period. Summing 

Table 26.1 Soil carbon concentration under different age groups of rubber plantations

Plantation Depth of CO
x

CNO
x

CT Co
x
:CNO

x
−1 CO

x
C

T
−1 CNO

x
C

T
−1

age (Year) soil (cm) (g kg−1) (g 100 g−1)

0 0–15 7 5.9 12.9 0.63 54.4 45.6
15–30 4.7 6.9 11.6 0.36 40.4 59.6

5
5.9D 6.4B 12.3B 0.49C 47.4C 52.6A

0–15 9.7 5.7 15.4 0.9 63.2 36.8
15–30 9.3 6.8 16.1 0.72 57.9 42.1

10
7.8C 6.2B 14B 0.8B 54.8B 45.2B

0–15 11.2 6.2 17.4 0.95 64.3 35.7
15–30 9.3 6.8 16.1 0.72 57.9 42.1

20
10.3B 6.5B 16.8A 0.84A 61.1A 38.9C

0–15 14.7 6.9 21.7 1.12 68.1 31.9
15–30 9.5 8.7 18.2 0.58 52.2 47.8

Soil depth 
effects

12.1A 7.8A 19.9A 0.85A 60.2A 39.8C
0.15 cm 10.7a 6.2b 16.8a 0.9a 62.5a 37.5b
15–30 cm 7.3b 7.3a 14.6b 0.53b 49.3b 50.7a

Co
x
, soil oxidizable carbon; CNO

x
, soil non-oxidizable carbon; CT, soil organic total carbon.

Mean values separated by same upper or lower case letters within a column did not vary signifi-
cantly at p < 0.05
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Table 26.2 Soil carbon stock under different age groups of rubber 
plantations

Plantation 
age (year)

Depth of 
soil (cm)

rb CO
x

CNO
x

C
T

(Mg ha−1)

0 0–15 1.61 16.9 14.1 31
15–30 1.62 11.4 16.9 28.3

5

1.62A 14.1D 15.5B 29.7D
0–15 1.60 23.4 13.7 37.1
15–30 1.62 14.2 16.3 30.6

10

1.62A 18.8C 15B 33.8C

0–15 1.55 26 14.4 40.4

15–30 1.57 22.5 20.5 42.9

20

1.56B 23.9B 15.2B 39.1B

0–15 1.54 34.1 16 50.1

15–30 1.57 22.5 20.5 42.9

Soil depth 
effects

1.55B 28.3A 18.2A 46.5A
0–15 cm 1.57a 25.1a 14.6b 39.7a

15–30 cm 1.60a 17.5b 17.4a 34.9b

CO
x
, soil oxidizable C; CNO

x
, soil non-oxidizable C; CT, soil total C. 

Mean values separated by same upper or lower case letters within a 
 column did not vary significantly at p < 0.05

y = 17.2 + 36.4(1−e(−0.031X))

y = 10.8 + 14.5(1−e(−0.095X))

r2 = 0.99(0−15 cm depth)

r2 = 0.89(15−30 cm depth)
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Fig. 26.1 Soil oxidizable carbon stock under different age groups of rubber plantations. Bars 
indicate standard error of mean (±)
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Fig. 26.2 Soil non-oxidizable carbon stock under different age groups of rubber plantations. Bars 
indicate standard error of mean (±)
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the C stock over soil depth, the profile-wise accumulation of CO
x
 and CT (except 

CNO
x
) increased in a quadratic manner (Table 26.3 and Fig. 26.4). The profile-wise 

CO
x
 stock increased by 33–100% which accounted for an accumulation of 

28 Mg C ha−1 within 20 years of rubber plantation. Similarly, the CT stock has 
increased by 14–57%, which accounted for an accumulation of 34 Mg C ha−1 over 
time. In contrast, the CNO

x
 did not increase consistently.

Significantly higher concentrations of C in soil under different age groups of 
rubber plantations is most likely caused by the balance between organic matter input 
and decomposition over time. It is reported that during the mature phase, an amount 

Table 26.3 Soil profile-wise C stock under different age groups 
of rubber plantations

Plantation age 
(year)

CO
x

CNO
x

C
T

(Mg ha−1)

0 28.3D 31.1B 59.4D
5 37.7C 30.0B 67.7C
10 47.96B 30.3B 78.2B
20 65.6A 36.5A 93.1A

CO
x
, soil oxidizable C; CNO

x
, soil non-oxidizable C; CT, soil 

total organic C. Mean values separated by same upper or lower 
case letters within a column did not vary significantly at p < 0.05
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cox = 27.9 + 40.5*(1−e(−0.0627*X)), r2 = 0.99***

cNOx =31−1−0−4*X + 0.033*X2, r2 = 0.998 ***

CT = 60 + 124.2*(1−e(−0.0161*X)), r2=0.998***

Fig. 26.4 Soil profile-wise oxidizable, non-oxidizable and total organic carbon stocks under 
 different age groups of rubber plantations. Bars indicate standard error of mean (±)
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of 5–7 Mg ha−1 of plant residues is added annually to the soil floor which on 
subsequent decomposition accumulated a considerable amount of C (Hutchinson 
et al. 2007). In general, the loss or accumulation of C depends on the standing 
C stocks in vegetation, litter-falls, and native soil organic matter (Sharma and Rai 
2007). A greater soil C concentration with progressive increases in the age of rubber 
plantations is most probably related to a lack of disturbance and efficient recycling 
of plant residues (Osman et al. 1988, Sharma and Rai 2007). A reduced contact 
between plant litter-falls and partially anaerobic undisturbed soil surface under 
rubber plantations is most probably facilitated by a dominance of fungal food webs. 
Because of their filamentous growth, greater surface area, and inherent nature of 
slow decomposition of high C:N plant residues, fungi are the most predominant in 
the forest ecosystems for efficient metabolism of organic substrates (Fransson et al. 
2004). Moreover, the fungal hyphae contribute to protect C in macroaggregation 
through physical enmeshing of microaggregates or soil primary particles, or 
releasing extracellular polysaccharides as binding agents (Chenu 1989). It is reported 
by Dey et al. (1996) that average soil C that could be sequestrated by rubber 
plantation in the northeastern region of India is about 99.7 Mg C ha−1.

A higher content of organic matter (C) suggests a better soil environment 
developed under rubber plantations, which could be seen by a significant decrease in 
soil compaction (rb). The low values of rb suggest higher porosity under rubber 
plantations. It is expected that a continuous deposition of low density leafy biomass 
on soils under rubber plantations as sources of organic matter may have impacted to 
reduce rb. Several studies have reported that due to its low bulk density and the ability 
to enhance soil aggregation, organic matter accounted for lower rb, higher porosity, 
increasing water holding capacity, minimizing erosion, and subsequently improved 
soil physical quality (Ekwue 1992; Ohu et al. 1994). However, greater reduction in rb 
at surface soil is most probably related to stratification of organic matter.

26.3.2  Soil Carbon Sequestration

Soil C sequestration under different age groups of rubber plantations varied  significantly 
over time (Table 26.4 and Figs. 26.1–26.3). The rate of CO

x
 sequestration increased 

quadratically which accounted for 1,071 kg ha−1 year−1 under the 5 year old plantation, 
930 kg ha−1 year−1 under the 10 year old plantation, and 729 kg ha−1 year−1 under the 
20 year old plantation (Fig. 26.1). Likewise, the CT sequestration was 956, 919 and 
852 kg ha−1 year−1 for 5, 10 and 20 years old plantations, respectively (Fig. 26.3). 
However, the rate of CNO

x
 sequestration increased exponentially which accounted for 

only 139 kg ha−1 year−1 in the 20 year old plantation (Fig. 26.2). There was hardly any 
CNO

x
 sequestration within the first 10 years of the plantations. The CO

x
 (952 vs. 

867 kg ha−1 year−1) CNO
x
 (36 vs. −42 kg ha−1 year−1), and CT (964 vs. 854 kg ha−1 

year−1) sequestration rates were higher at 0–15 cm soil depth than at 15–30 cm 
depth. Soil profile-wise, C sequestration was  influenced significantly by rubber 
plantations age (Table 26.4 and Fig. 26.4). The CO

x
  sequestration increased  
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quadratically, which accounted for 2,180, 1,886 and 1,447 kg ha−1 year−1 for 5, 10 and 
20 year old rubber plantations, respectively. However, the CNO

x
 sequestration did not 

increase consistently.
Results suggested that degraded soils under managed rubber plantations have 

considerable potential for C sequestration. Lal et al. (1995) estimated that with resil-
ient land management practices, degraded soils can sequester 100–1,000 kg C ha−1 
year−1. In a recent study, (Cheng et al. 2007) reported that degraded soils under rub-
ber plantations have more C sequestration potential than by primary and  secondary 
rain forests. However, soil C sequestration eventually achieves an equilibrium point 
and the ability of the soil to sequester C decreases over time as previously depleted 
stocks are replenished and the soil returns to an equilibrium condition. However, the 
time it takes for soils to return to equilibrium is highly variable. Similar results were 
found in the present study where soils under rubber plantations or protected forests 
had significantly higher C sequestration as  compared to soils under fallow and 
degraded forests (Brown and Lugo 1982; Osman et al. 1988; Raghubanshi 1991; 
Homann and Grigal 1996; Islam et al. 2001).

26.4  Conclusions

After converting degraded tropical forest lands into well managed rubber plantations, 
there was a significant increase in soil C concentration and stock over time. The CT 
sequestration increased non-linearly which accounted for 956 kg ha−1 year−1 under the 
5 year old plantation, 919 kg ha−1 year−1 under the 10 year old plantation, and 852 kg 
ha−1 year−1 under the 20 year old plantation, respectively. Results suggested that, if 

Table 26.4 Soil carbon sequestration under different age groups of rubber plantations

Plantation age (year)
Depth of soil 
(cm)

CO
x

CNO
x

C
T

(kg ha−1 year−1)

5 15 1,045.3 −17.5 990.4
30 1,096.5 −215.0 921.3

10

1,070.8A −116.3C 955.9A
15 970.3 22.5 970.0
30 889.2 −85.0 867.6

20

929.8B −31.3B 918.8AB
15 840.9 102.5 931.0
30 616.6 175.0 772.3

Soil depth effects

728.8C 138.8A 851.7B
0–15 cm 952.2a 35.8a 963.8a
15–30 cm 867.4b −41.7b 853.7b

CO
x
, soil oxidizable C; CNO

x
, soil non-oxidizable C; CT, soil total organic C. Mean values sepa-

rated by same upper or lower case letters within a column did not vary significantly at p < 0.05
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managed properly, rubber plantations can act as one of the important terrestrial C 
sinks to minimize the adverse effects of CO

2
-driven global warming over time.
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Abstract Climatic factors especially temperature and relative humidity are the 
key factors influencing development of any insect pest and disease of rice. CO

2
 

is the key factor for global climate change, resulting increase in temperature. The 
intergovernmental panel on climate change predicted that with the current emission 
scenario, global mean temperature would rise between 0.9°C and 3.5°C by the year 
2100. Under such condition frequency of precipitation, intensity of drought and 
UV-B radiation is predicted to increase, which might affect the structure of rice 
plant and intensity of insect pests and diseases. Climate change may change the 
pest–plant relationship resulting in positive or negative impact on incidence and 
severity of different diseases and insect pests. Sheath blight (Rhizoctonia solani), 
a minor disease in early 1970s, is now a most destructive disease of rice. Similar 
change has also been observed on the incidence and severity of some other diseases 
and insect pests. Ear-cutting caterpillar (Mythimna separata), a major pest of rice in 
Bangladesh in 1960s had only a few occurrences in the last few decades. Besides, 
leaf roller (Cnaphalocrocis medinalis, Marasmia exigua) that had lower ranks in the 
list of major pests has been coming at the top of the list since 1980s. In Bangladesh 
many interventions such as change in crop diversity, variety, cropping intensity, 
irrigation, fertilization, etc. along with climate change in the rice production system 
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affected incidence and severity of insect pests and diseases. However, exact and 
individual contribution of such factors or interventions has not been worked out 
in Bangladesh or elsewhere. Probable change in the years to come on the status of 
insect pests, pathogens and natural enemies along with change in the host plants 
due to global climate change is discussed in this paper.

Keywords Insects and pests • Climate change • Disease and pest problems  
• Integrated nutrient management • Cropping systems

Abbreviations

BCA Biocontrol agents
RH Relative humidity
UV Ultraviolet

27.1  Introduction

Massive industrialization causes extensive emission of CO
2
 is the key factor for 

global climate change. According to the intergovernmental panel on climate change 
(IPCC) the predicted changes include more frequent extreme high temperatures and 
less frequent extreme low temperatures. Similarly, intensity of precipitation events 
is increased. While water vapor, evaporation and precipitation are predicted to 
increase on average, predictions about increased or decreased precipitation are 
region specific. In southern and eastern Asia, precipitation is predicted to increase 
in summer. IPCC also predicted that with the current emission scenario, global 
mean temperature would rise between 0.9°C and 3.5°C by the year 2100 (IPCC 
2001). Although the IPCC did not find any evidence of any change of tropical and 
extratropical storms, more recent analysis concluded that there have been changes 
in storm patterns in recent years (Emanuel 2005; Webster et al. 2005), which could 
influence the global movement of pathogens (Brown and Hovmoller 2002).

Incidence and severity of pests, especially insect pests and diseases are influenced 
by the environmental factors. Prevailing environmental conditions is a decisive factor 
especially for the occurrence and severity of diseases. In Bangladesh so far, 32 
diseases and 175 insect pests have been reported to occur on rice. Among them, 10 
diseases and 20 insect pests have the potentiality to cause economic damage to the 
crop and thus considered as major. However, status of pests is dynamic. Due to several 
factors, namely change in environmental conditions, change in varieties, change in 
cropping pattern and intensity, change in the pathogen and introduction of a new 
pathotype, etc. Climatic change would certainly bring change in cropping patterns 
and also cropping intensity. To cope up with changed climatic factors new varieties 
may also be released, which might have either positive or negative impact on severity 
of a particular disease or insect pest thus change its status. Climatic changes might 
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also have a negative effect on delicate natural enemies such as hymenopteran 
parasitoides and small predators. This can also cause increase in population of certain 
pests. Evidence on the change already occurred on the incidence of some diseases 
and insect pests and predictions on the future change in insect and disease status 
under changing climatic conditions are discussed in this article.

27.2  Status of Diseases and Insect Pests Over the Year

Surveys on insect pest and disease incidence were made in different agro-ecological 
zones of Bangladesh since 1980. In addition, observations on the incidence were 
made from time to time field visits at different locations of the country. Changes 
observed on the pests status from such surveys and field visits are discussed below.

Talukder (1968) reported that sheath blight (Rhizoctonia solani) disease of rice has 
occurred in Bangladesh from a long time as a minor disease. However, over the 
course of time the status of this disease has been changed to a major one (Miah 
et al. 1985). High temperature and high relative humidity (RH) are very much condu-
cive for rapid proliferation of this pathogen and spread of the disease. Replacement 
of indigenous rice varieties with modern varieties having thick canopy and responsive 
to higher dose of fertilizers especially nitrogenous fertilizers changed the microcli-
mate of rice field in favor of sheath blight disease development. These factors along 
with climate change probably influenced the disease and changed its status from 
minor to a major disease. Presently, sheath blight disease is wide spread in the country 
especially in rainfed ecosystem and the severity has also increased further (Fig. 27.1). 
In some locations where Boro crop is sown late is vulnerable to this disease.

Blast disease was recorded for the first time in the Indian sub-continent in 1913 
(Padmanabhan 1965). In late sixties and early seventies blast (Pyricularia grisea) was 
considered as a relatively unimportant disease with low incidence in limited areas 
(Anonymous 1977). But during 1980 and 1990 outbreak of blast on Boro rice was 
observed in different regions of Bangladesh. (Miah et al. 1980; Shahjahan et al. 1991). 
Cultivation of a susceptible rice variety Pajam in all the three consecutive seasons was 
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considered to be the main factor for blast outbreak in 1980. However, the probable reason 
of epidemic outbreak of this disease in 1990 was assumed to be due to higher level of 
both maximum and minimum RH, lower variation between maximum and minimum 
temperatures, higher number of rainy days and minimum temperature in the month of 
January to March. The northern parts of the country were free from this disease since the 
beginning but recently neck blast has been found to occur in T. Aman and Boro crops in 
Rajshahi, Joypurhat, Sirajgonj and Bogra districts. This disease is now widely spread in 
the country with medium to high incidences in Boro and T. Aman seasons.

Bakanae (Fusarium moniliforme) disease of rice used to occur mostly in Aus 
season and was of very little importance in Boro crop. However, since the year 
2000 it has become a big concern for Boro rice especially in areas with single Boro 
rice. The reason of such shifting of the disease in a different season is not yet clear. 
The trend of daily minimum temperature from 1981 to 2005 showed a considerable 
variation. An increasing trend of decadal mean of daily minimum temperature was 
observed at Comilla from 1981 to 2005 (Fig. 27.2), which is a positive indication 
of global warming. Such rise in minimum temperature during winter might have 
increased the incidence of blast and increased appearance of bakanae in Boro season. 
Changes in status of some major diseases over time are shown in Table 27.1.
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Fig. 27.2 Average of daily minimum temperature (°C) during three periods at Comilla

Table 27.1 Change in status of some major diseases of rice over time

Status of different diseases during

Disease Before 1970 1971–1980 1981–1990 1991–2000 2001–2006

Tungro High High High High High
Sheath blight Low Low High High High
Blast Low Low High High High
Bakanae Low Low Moderate Moderate High
Brown spot High High Moderate Low Low
BLB High High High High High

The status was assigned based on the Damage Index (incidence and severity) of the disease as
follows: Low = <30%; Moderate = 31–50%; High = >50%
Source: Survey reports of Plant Pathology Division, BRRI and Anonymous (1977)
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In undivided Bengal, ufra disease (Ditylenchus angustus) was reported for the 
first time in deep-water ecosystem. Gradually this disease has spread in 18 districts 
of Bangladesh, both in rainfed and irrigated ecosystems. However, from the year 
2000, the area under this disease has been shrinking remarkably.

Recently bacterial leaf streak (X. campestris pv oryzicola) emerged as an  alarming 
proportion especially in south and southwest parts of the country. The incidence of 
the disease might be due to rice varieties and environmental factors especially rain 
and storm.

Moreover, incidence of five major insect pests of rice was monitored everyday 
at BRRI farm Gazipur. The pests were brown plant hopper, leaf roller, caseworm, 
green leaf hopper and stem borer. A Pennsylvanian light trap placed in a corner of 
the BRRI farm was operated dusk to dawn every day from January 1981 to 
December 2006. Total number of individual pest trapped in a year was considered 
as the severity of that pest in that particular year.

Data on the number of pests suggested that brown planthopper and green leaf-
hopper increased whereas, leaf roller, caseworm and stem borer population 
decreased over the years at BRRI farm (Figs. 27.3–27.7).

Weather records collected from BRRI weather station at Gazipur indicated that 
maximum and minimum temperatures increased to a little extent during the 
observation period. Although it could not be related to the incidence trend with the 
temperature change, it seems that temperature might be one of the factors responsible 
for the change in pest incidence pattern.
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Caseworm
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Monthly incidence pattern of the above five insect pests for the last 10 years 
(1998–2007) were compared with those of the previous decade (Figs. 27.8 and 27.9). 
It was observed that the monthly incidence pattern of green leafhopper did not change in 
the last decade. Peak incidence was observed in April–May and October–November 
which was similar to the pattern reported earlier (Bangladesh Rice Research Institute 2008). 
For leaf roller, three peaks in March, May and September–October were reported 
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in the earlier reports. But in the present  observation period, two peaks, one in April 
and another in October–November, were observed. Brown plant hopper was earlier 
reported to have two peaks in May–June and October–November. In 1998–2007, the 
first peak was found to occur a bit  earlier (April–May). A sharp change in the inci-
dence pattern of the yellow stem borer was observed during the reported period. In 
the earlier report, three peaks in April, June and October were reported for this pest. 
But in the period of 1998–2007, only two peaks, one in April-June and another in 
October–November, were found to occur. A major change also occurred in the inci-
dence pattern of caseworm. Instead of one peak in August–September, three peaks 
(March–May, August and October) occurred during the observation period. The 
infestation in the field was observed from August to November (Haq et al. 2006). Fei 
et al. (1995) found that climatic factors like RH, total rainy days and temperature 
were responsible for greater caseworm incidence.

Besides light trap records, visual surveys from insect pest incidence were made 
in different agro-ecological zones of Bangladesh in 1980 and 1990. Survey records 
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suggested changes in incidence trend of some insect pests of rice. Notable changes 
occurred in the case of ear-cutting caterpillar, rice leaf roller, gall midge and rice 
hispa. No severe incidence of ear-cutting caterpillar was found during this period 
although it had been considered as a notorious pest of rice in the 1960s. An 
 increasing trend of rice leaf roller incidence was observed in the south-western 
districts of Bangladesh, although light trap records reported a decreasing trend at 
Gazipur. Upsurgence of gall midge has been observed in the North-Western 
Bangladesh, although earlier it had been considered as a pest of rain prone low land 
areas. Moreover, endemic range of rice hispa is increasing in Bangladesh. Although, 
the south-western districts of Bangladesh had been considered as the endemic area 
of rice hispa, new areas particularly in the north-western districts has become hispa-
prone since 1990s (Bangladesh Rice Research 2005).

27.3  Consequences of Predicted Climate Change

Elevated CO
2
 levels tend to result in changed plant structure viz., increased leaf 

area, increased leaf thickness, higher number of leaves, and higher total leaf area 
per plant with greater diameter (Pritchard et al. 1999). Changes in plant architecture 
may affect microclimate and thus risks of infection (Burdon 1987). Under such 
condition of plants, the microclimate of the rice field will be changed significantly 
especially RH and temperature would be increased, which predispose the plants to 
certain pathogens viz. Rhizoctonia solani and Sclerotium oryzae. Presently, sheath 
blight disease mostly occurs in rainfed upland and lowland rice ecosystems and 
rarely under irrigated ecosystem, except where the later is planted late due to 
 cultivation of three rice crops or a third crop in between. Under expected changing 
 climatic conditions, the winter temperature is likely to be increased that would be 
congenial for development of sheath blight in irrigated rice and may cause addi-
tional concern to the growers. Under elevated temperature there is a possibility of 
shorten the life span of rice varieties and thereby increased susceptibility to sheath 
blight as varieties with short duration is more susceptible to sheath blight disease 
(Sharma et al. 1995). Therefore, the risk of increased severity of sheath blight 
 disease is most likely in the future.

In general, increased plant density will tend to increase leaf surface wetness and 
leaf surface wetness duration, and so encourage infections by foliar pathogens more 
likely (Harvell et al. 2002), especially by Pyricularia grisea, causing blast disease 
of rice. Climate change would increase the temperature in winter months and thus 
the chances of aggravating blast disease are more likely. However, further increase 
in temperature during T. Aman season may have a negative impact on blast disease 
development.

Abiotic stresses such as heat and drought may contribute to plant susceptibility to 
pathogens or it may increase resistance. Drought conditions often predispose plants to 
Bipolaris oryzae, causing brown spot disease of rice. Drought prevailed during T. Aman 
season in 1993 and 2004 at Rajshahi and Chuadanga, respectively was  associated with 
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very high incidence of brown spot disease (Personal observation). Therefore, incidence 
of these diseases likely to be increased under changed climatic conditions.

In the years to come, increases in UV-B radiation is likely due to depletion of 
ozone layer. Small decreases in the ozone layer may cause significant increases in 
UV-B can significantly increase the susceptibility of rice to blast disease (Olszyk and 
Ingram 1993). UV-B can alter plant morphology through reduction in plant height 
and leaf area and overall plant geometry may be changed (Barnes et al. 1988). Such 
conditions may also increased production of secondary plant metabolites that might 
change the pest–host relationship and also the status of individual pest (Renger et al. 
1989; Cladwell et al. 1989). Elevated ozone concentrations can change the structure 
of leaf surface, altering the physical topography as well as the chemical composition 
of surfaces, including the structure of epicuticular wax. These changes in leaf 
 structure may alter leaf surface properties such as leaf wettability and the ability of 
leaves to retain solutes, all influencing the ability of pathogens to attach to leaf 
 surface and infect (Karnosky et al. 2002). Ozone exposure has been proposed to 
enhance attacks on plants by necrotrophic fungi (Sandermann 2000).

The changes in insect incidence pattern in rice might happen due to many  factors. 
Change in temperature is one of the reasons to influence disease in rice plants. 
Temperature may affect the population trend and incidence pattern of insect pests in 
direct or indirect ways. Reproductive biology of an insect pest may be affected both 
positively and negatively which ultimately affect its population build-up (Chapman 
and Reiss 1995). Delicate natural enemies specially the small parasitoids possess 
very narrow temperature threshold range and an increase in temperature may be 
detrimental to such parasitoids and may affect natural  enemy-pest relationship. 
Brown planthopper is at least 17 times more tolerant of 40°C than its predator 
Cyrtorrhynus lividipennis. In contrast, the wolf spider pardosa  pseudoannulata was 
more tolerant to 40°C than brown plant hopper. This implies that global warming 
might result in a disruption of this predator prey relationship and may cause a change 
in the population build-up of the pest (Heong and Domingo 1992). A change in 
temperature may interact with the cropping pattern affecting arthropod diversity in 
a region. Moreover, rise in temperature in winter may help to continue the life cycle 
of some pests without disruption in Boro season.

27.4  Approaches to Mitigate the Predicted Problems

The predicted disease and pest problems under changed climate may be addressed 
through multi-dimensional approaches. The probable approaches are as follows:

27.4.1  Development of Resistant Varieties

As the change will not be sudden, therefore, the approaches should be continuous. 
The most economic and environment friendly approach is the development and 
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deployment of crop varieties resistant to major diseases and insect pests. For the 
development of crop varieties resistant to major diseases, the pathogen population 
should be characterized to monitor if there are any changes in the pathogen 
 population over time. However, varieties, breeding lines and germplasms needs to 
be screened against the mixed population to identify entry(ies) with partial resis-
tance that should be durable. Searching for resistant source (s), development of 
partial resistant varieties and replacement of more susceptible varieties should be a 
continuous process. Similar activities should also be done for major insect pests.

27.4.2  Survey and Monitoring of Diseases and Insect Pests

Regular monitoring of diseases and insect pests should be done to create a database 
and monitor if there is any change on the occurrence of any pests and diseases.

27.4.3  Use of Bio-control Agents (BCA)

Although success of controlling rice insect pests and diseases using BCA is not 
much encouraging in Bangladesh or elsewhere due to shorter field duration of rice 
crop. Extensive search for thermophilic BCA should be taken up. Collecting 
antagonists/ parasitoids/ predator during hot summer from the areas where the pre-
vailing temperature is high enough, preserved or rearing these and also efficacy 
study would be done at higher temperature. Use of already developed management 
practices until these remain effective.

27.5  Conclusions

Adaptation to climate change through choice of management practices is an  important 
strategy to minimize the incidence of pests and pathogens. Important among 
 management practices are complex cropping systems (e.g., sequential cropping of 
cereals with legumes, mixed cropping, relay cropping, agroforestry systems,  integrating 
animals with crops and trees), new cultivars relatively tolerant to biotic and  abiotic 
stresses, and innovative systems of soil and water management. Adopting strategies of 
integrated pest management (IPM) is a cost-effective and environment-friendly option. 
Growing crops with conservation tillage involving minimal soil  disturbance and the 
liberal use of crop residue mulch, incorporation of leguminous cover crops within the 
rotation cycle, use of integrated nutrient management (INM) options based on biofer-
tilizers including manures and compost integrated with  mycorrhizae and rhizobium 
inoculation, and creating disease-suppressive soils through enhancement of soil biodi-
versity. The overall strategy is to enhance use  efficiency of inputs by minimizing 
losses, recycling biosolids, and conserving natural resources.
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Abstract As a consequence of future climate change, agriculture is likely to be 
affected, which would also lead to risk of hunger and water resource scarcity with 
enhanced climate variability. Currently, the estimated population of Bangladesh 
stands at over 143.4 million and is likely to be 214.6 million in 2050. To keep pace 
with population growth and shrinking land resource base, the food production needs 
to be doubled by the year 2020. Cereal production more than doubled in the last 
25 years and the production gains were achieved mainly due to yield increases.

A simulation study was conducted to assess the climate change related  vulnerability 
of food grain production in Bangladesh. Four climate change scenarios (baseline, 
GFDL−TR = Geophysical Fluid Dynamics Laboratory Transient; HadCM2 = Hadley 
Centre Unified Model2 Transient ensemble and UKTR = UK Met. Office/Hadley 
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Centre Transient) were used. Simulation runs were made for high yield varieties of 
rice for Aus (March−August), Aman (August−November), and Boro (February−July), 
the traditional growing seasons, using the CERES-Rice model. Simulation was 
 carried out for wheat, which is grown from November through March, using the 
CERES-Wheat model. The detrimental effect of temperature rise was observed even 
with elevated CO

2
 levels. Considerable spatial and temporal variations were also 

noted. Impact of these changes on food security was also assessed.

Keywords Agriculture • Bangladesh • Climate change • Food security • Rice  
• Wheat • CERES-Rice • CERES-Wheat • Simulation

Abbreviations

GDP Gross Domestic Product
MoA Ministry of Agriculture
GCM Global Circulation Model
GFDL−TR Geophysical Fluid Dynamics Laboratory 

Transient
HadCM2 Hadley Center Unified Model 2
UKTR UK Met. Office/Hadley Center Transient
HYV high yielding varieties
DSSAT decision support system for agrotechnology 

transfer
CERES Clouds and the earth’s radiant energy system
BRRI Bangladesh Rice Research Institute
BARI Bangladesh Agricultural Research Institute
BARC Bangladesh Agricultural Research Council
ICASA International Consortium for Agricultural 

System Analysis
MAGICC  Model for the Assessment of the Greenhouse 

Gas Induced Climate Change
SCENGEN SCENerio GENerator
HADC  
(HadCM2 HADC50, HADC70)

28.1  Introduction

As a consequence of future climate change agriculture is likely to be affected, 
which would also lead to risk of hunger and water resource scarcity with enhanced 
climate variability and more rapid melting of glaciers (Cruz et al. 2007). The Fourth 
Assessment Report of the IPCC considers agriculture as one of the most vulnerable 
systems to be affected by climate change in the south Asian region. Bangladesh 

 Hadley Centre Unified Model 2  
Transient Ensemble GCM Scenario
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being one of the countries of the region, it is very likely that the climate change 
vulnerability would increase. Currently the share of agriculture to the total GDP is 
about 21.77% and the overall GDP growth rate is around 4.49%. The share of this 
sector is 4.9% to the total export earnings. While the share of crop sector in GDP 
is 12.19% (2005–2006 Fiscal Year), the contribution of fisheries has increased from 
4.5% to 4.86% during the same period. Although the contribution of agriculture is 
not very lucrative, it employs about 63% of the labor force. Farming in the country 
is mainly of subsistence in nature. Therefore, livelihood of the majority of the popu-
lation is directly or indirectly dependent on agriculture.

Rice is the staple of Bangladeshi people. The country produces about 6.89% of 
the world’s paddy from 11.20 M ha of land. In the year 2006, Bangladesh produced 
43.73 M t of rice paddy equivalent to 30.61 M t of clean rice. About 0.13% of the 
global total of wheat is also produced in the country. During 2006 the production 
of wheat was 0.77 M t from 0.48 M ha (FAO 2008).

The climate of Bangladesh is generally sub-tropical in the north to hot humid in 
the south. Southwest monsoon influences the climate during June to October, and 
during the winter the climate is controlled by the northeast monsoon from November 
to March. The summer is hot and humid and the winter is mild. The country is 
 vulnerable to many environmental hazards, including frequent floods, droughts, 
cyclones, and storm surges that damage life, property, and agricultural production.

Bangladesh, a developing country in South Asia, is primarily a deltaic floodplain, 
and elevations in most of the country do not exceed 10 m. The country has a humid 
tropical climate. Rains start in March−April and end in October, and average 1,500 mm 
year−1 in drier regions to 5,000 mm year−1 in wetter regions. Winter in Bangladesh  
is from November to February, when the average minimum and maximum daily 
 temperatures are about 9.7°C and 26.6°C, respectively. Summer is the hottest period 
of the year, with temperatures generally above 35.4°C but rarely exceeding 40.0°C. 
Maximum solar radiation occurs during March, April, and May and ranges from 16 to 
22 MJ m−2 day−1; minimum solar radiation occurs during December and ranges from 
12 to 14 MJ m−2 day−1. Bangladesh is highly vulnerable to severe weather events − 
floods and droughts are frequent and damaging. The crop most affected by floods and 
droughts is rice, which contributes 95.48% of the total cereal production in the country, 
followed by wheat (2.65%) and other cereals (1.88%) (computed from MoA 2007).

Mirza and Dixit (1997), Khan et al. (2000), and Mirza (2002) reported that during 
the period from 1985 to 1998 an increasing trend of about 1°C in May and 0.5°C in 
November has already occurred. Decadal rain anomalies above long term averages 
since the 1960s were also reported. In many countries of Asia, production of major 
cereals like rice, maize and wheat during the past few decades has declined due  
to increasing water stress arising partly from increasing temperature, increasing 
 frequency of El Niño and reduction in the number of rainy days (Wijeratne 1996; 
Aggarwal et al. 2000; Fischer et al. 2002; Tao et al. 2003; Tao et al. 2004). Peng et al. 
(2004) reported in a study at the International Rice Research Institute that rice yield 
decreased by 10% for every 1°C increase in growing-season minimum  temperature. 
Climate change could make it more difficult than it is already to  accelerate the agri-
cultural production to meet the growing demands in developing countries in Asia.
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This study considers the possible impacts of climate change on the production of rice 
and wheat. It looks at the effects of three GCMs scenarios (GFDL−TR = Geophysical 
Fluid Dynamics Laboratory Transient; HadCM2 = Hadley Centre Unified Model2 
Transient ensemble and UKTR = UK Met. Office/Hadley Centre Transient) and base-
line, in six locations for rice, and in three locations for wheat. These locations represent 
the major rice and wheat growing regions of the country. Effort was also made to assess 
the impact of climate change on food security in Bangladesh.

28.2  Materials and Methods

28.2.1  Study Locations and Crops

Six sites of the country that represent the drier (Dinajpur and Jessore), wetter (Sylhet 
and Mymensingh), and coastal regions (Chittagong and Barisal) were chosen for the 
rice study, and three sites (Jessore, Mymenshing, and Dinajpur) were selected for 
the wheat study (Fig. 28.1). A simulation study was conducted for three high yield 
variety (HYV) rice crops, grown during three seasons: Aus (pre-monsoon-season 
paddy, March−August,), Aman (monsoon-season paddy, July−November), and Boro 
(dry-season paddy, December−May). Three widely grown varieties BR3, BR11, and 
BRRI Dhan29 were selected for Aus, Aman, and Boro, respectively. In the simula-
tion experiments, Aus rice was planted on 01 April, Arnan rice on 15 July, and Boro 
rice on 01 February. Shourav was the selected wheat variety which was planted on 
10 November in Dinajpur, Jessore, and Mymensingh.

28.2.2  Crop Models

The simulation runs for rice and wheat were made by using CERES-Rice and 
CERES-Wheat crop models of Decision Support System for Agrotechnology 
Transfer (DSSAT) version 4.0 (Hoogenboom et al. 2003). Eighteen experiments 
(three crops at six locations) for rice and three experiments for wheat (one crop at 
three locations) were conducted. Each experiment was composed of seven treat-
ments. Several inputs are required by these crop models. In this section, how these 
inputs were generated have been described.

Genetic Coefficients Both CERES models use as inputs coefficients that account 
for differences in growth and development among cultivars. These coefficients are 
referred to as genetic coefficients. Genetic coefficients allow the model to simulate 
performance of different varieties under diverse weather and management conditions. 
Therefore, to obtain reasonable outputs from the crop simulation models, it is neces-
sary to have the appropriate genetic coefficients for the selected varieties. Since the 
genetic coefficients for the varieties considered in this study were not available, those 
were estimated following the method as described by Ritchie et al. (1998).
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Soils Soil information is contained in a soil data file. The file contains  information 
collected for the soil profile at a specified site along with supplemental infor-
mation extracted from soil survey reports for a soil with similar taxonomic clas-
sification. Soil profiles in DSSAT v4.0 input file format were created from 
information  compiled from various sources (Department of Soil Survey 1975) and 
were added to the SOILSOL file of DSSAT v4.0.

Crop Data The required crop data on development and growth characteristics and 
cultural practices for the selected varieties were collected from publications of 

Fig. 28.1 Selected weather stations for this study
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BRRI (2007) for rice, and BARI (1999) for wheat. The development and growth 
characteristics information was used to estimate genetic coefficients of the selected 
varieties. The cultural practices information was used for creating different simula-
tion experiments.

Weather Data Twenty years of (1986–2005) daily weather data for the six sites 
(Fig. 28.1) was obtained from the Bangladesh Meteorological Department, which 
is stored at the BARC (Bangladesh Agricultural Research Council) Computer 
Center as ASCII files. This data set included maximum and minimum temperature 
(°C), rainfall (mm), and bright sunshine hour (hour) or cloud cover (Octas). Since 
the model requires solar radiation data (MJ m−2 day−1), these were calculated based 
on the method described by Allen et al. (1998). All the weather data were then 
formatted as per model requirement into ICASA (International Consortium for 
Agricultural System Analysis) format.

28.2.3  Climate Change Scenarios

Seven scenarios were used: one baseline, and three climate change scenarios each 
for two intervals. The extent of change in climatic parameters or the ‘delta values’ 
of mean temperature and precipitation were generated by using MAGICC 2.4 
(Model for the Assessment of Greenhouse-gas Induced Climate Change) and 
SCENGEN 2.4 meaning SCENario GENerator (CRU, 2000). The following model 
parameters for Emission Scenario IS92a (IPCC Third Assessment Report 2007) 
were used: According to the best guess of IPCC emission scenario IS92a, the 
 concentrations of CO

2
 for 2050 and 2070 are 515 ppmv and 575 ppmv respectively. 

These values were used for the simulation of crop yields. Delta values for mean 
temperature and precipitation were generated for the GCMs − GFDL−TR = 
Geophysical Fluid Dynamics Laboratory Transient, HadCM2 = Hadley Centre dur-
ing 1995 and 1996 using the Second Version of the United Kingdom Meteorology 
Office’s Unified Model UKTR = UK Met. Office/Hadley Centre Transient with 
respect to the base year of 1990. Default MAGGIC model parameters and high 
climate sensitivity were used for two time intervals, 2050 and 2070.

The range of change in mean temperature with respect to the base year (1990) 
was different for the three GCMs. GFDL−TR predicted delta values ranging from 
1.1°C to 1.7°C for 2050, while it varied from 1.5°C to 2.3°C for 2070. Whereas, 
UKTR generated mean temperature increase was 1.5–2.1°C in 2050 and 1.2–2.7°C 
in 2070. According to HadCM2 generated delta value s, temperature would increase 
1.3–2.9°C in 2050 and 1.7–4.0°C in 2070.

From Table 28.1 it can be seen that different GCMs predict different sets of 
values for rainfall increase (or decrease). Among the three GCMs, GFDL-TR pre-
dicted milder changes while HadCM2 suggested severe changes and the values 
increased with time. In case of rainfall, GFDL-TR and UKTR both predicted a 
decreasing tendency in the future during winter season (DJF). But, HadCM2 
 suggested that there would be higher precipitation (35.6% increase in 2050 and 
48.9% increase in 2070) during the winter season (DJF).



46528 Assessing Impacts of Climate Change on Cereal Production and Food Security

Ta
bl

e 
28

.1
 

D
el

ta
 v

al
ue

s 
fo

r 
m

ea
n 

te
m

pe
ra

tu
re

 a
nd

 r
ai

nf
al

l 
ge

ne
ra

te
d 

fo
r 

va
ri

ou
s 

G
lo

ba
l 

C
ir

cu
la

tio
n 

M
od

el
s 

fo
r 

20
50

 a
nd

 2
07

0 
us

in
g 

M
A

G
IC

C
 4

.2
/ 

SC
E

N
G

E
N

 4
.2

Se
as

on
s

G
lo

ba
l c

ir
cu

la
tio

n 
m

od
el

s

G
FD

L
−

T
R

H
ad

C
M

2
U

K
T

R

M
ea

n 
te

m
pe

ra
tu

re
 

(°
C

)
R

ai
nf

al
l (

%
)

M
ea

n 
te

m
pe

ra
tu

re
 

(°
C

)
R

ai
nf

al
l (

%
)

M
ea

n 
te

m
pe

ra
tu

re
 

(°
C

)
R

ai
nf

al
l (

%
)

20
50

20
70

20
50

20
70

20
50

20
70

20
50

20
70

20
50

20
70

20
50

20
70

D
JF

1.
5

2.
1

−
1.

4
−

1.
9

1.
9

2.
6

35
.6

48
.9

2.
0

2.
2

−
5.

2
−

7.
2

M
A

M
1.

4
1.

9
7.

6
10

.4
1.

8
2.

5
−

1.
8

−
2.

4
1.

7
2.

1
6.

8
9.

3
JJ

A
1.

3
1.

8
18

.5
25

.5
1.

9
2.

7
−

0.
2

−
2.

2
1.

7
1.

7
24

.0
33

.0
SO

N
1.

3
1.

8
7.

4
10

.3
2.

1
2.

9
−

8.
1

−
5.

7
1.

7
1.

9
−

0.
3

−
0.

4

G
FD

L
−

T
R

, 
G

eo
ph

ys
ic

al
 F

lu
id

 D
yn

am
ic

s 
L

ab
or

at
or

y 
T

ra
ns

ie
nt

; 
H

ad
C

M
2,

 H
ad

le
y 

C
en

tr
e 

du
ri

ng
 1

99
5 

an
d 

19
96

 u
si

ng
 t

he
 S

ec
on

d 
V

er
si

on
 o

f 
th

e 
U

ni
te

d 
K

in
gd

om
 M

et
eo

ro
lo

gy
 O

ff
ic

e’
s U

ni
fi

ed
 M

od
el

; U
K

T
R

, U
K

 M
et

. O
ff

ic
e/

H
ad

le
y 

C
en

tr
e T

ra
ns

ie
nt

; D
JF

, D
ec

em
be

r−
Ja

nu
ar

y−
Fe

br
ua

ry
; M

A
M

, M
ar

ch
−

A
pr

il−
M

ay
; 

JJ
A

, J
un

e−
Ju

ly
−

A
ug

us
t; 

SO
N

, S
ep

te
m

be
r−

O
ct

ob
er

−
N

ov
em

be
r



466 S.G. Hussain

28.2.4  Demography and Land Use

28.2.4.1  Population

During the period from 1961 (50.84 million) to 2001 (124.36 million) five 
 population censuses were conducted in Bangladesh (BBS 2007)According to these 
census results, the population has almost doubled in less than 30 years since 1961 
and is likely to be 214.6 million in 2050. Currently, the estimated population stands 
at over 153 million. The projections made by the World Bank (2008) show that the 
population would be about 205.9 million and 252.3 million under Medium Fertility 
Scenario and Standard Mortality Scenario in 2025 and 2050 (Table 28.2). The input 
data used for the projections include a base year (mid-2005) population estimate by 
age and sex, and base period (2005–2010) estimates of mortality, fertility, and 
migration (The World Bank HNPStats-Population Projection Tables by Country 
and Group.htm). To keep pace with the population growth and shrinking land 
resource base, the food production needs to be doubled by the year 2020. Sustainable 
growth and development of the agricultural sector is the important issue to the 
 government for meeting the future challenge of increased production.

28.2.5  Land Use Under Major Cereals

28.2.5.1  Food Grain Production

Cereal production almost doubled in the last 25 years and the production gains were 
achieved mainly due to yield increases. Total production of food grains increased from 
15.025 M t (million metric tons) in 1980–1981 to 27.805 M t in 2005–2006. Rice 
production increased by 91.10% in 2005–2006 from that of 1980–1981 (13.883 M t). 
On the other hand, wheat production decreased from 1.092 M t in 1980–1981 to 0.735 

Table 28.2 Projected popu-
lation from 1995 to 2050

Year Populationa (million)

1995 120.611
2000 131.155
2005 153.281
2010 166.574
2015 179.995
2020 193.129
2025 205.689
2030 217.429
2035 228.098
2040 237.575
2045 245.697
2050 252.306
aThe World Bank HNPStats − Population 
Projection Tables by Country and Group.
htm, URL: http://go.worldbank.org/ 
072F5QBOC0)

http://go.worldbank.org/072F5QBOC0
http://go.worldbank.org/072F5QBOC0
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M t in 2005–2006 (Table 28.3). However, there was no significant change in the 
 cultivated area. Area increased by only 2.15% for rice, while the area under wheat was 
reduced by about 19%. Notable increase in the area as well as the production of maize 
was made during the period from 1980–1981 to 2005–2006.

28.2.5.2  Food Grain Requirement

The availability of food grain in Bangladesh showed substantial improvement 
 during the past three to 4 years. The consumption of rice, wheat, spices, edible oil, 
fruits, potato and fish has increased considerably, but other food items like vegeta-
bles, meat and milk consumption is still very low. The requirement of most of the 
energy comes from 454 g day−1 head−1 of rice and wheat. The population was 
120.61 million in 1995 and 153.28 million in 2005 then the food grain requirements 
were 19.99 M t and 28.342 M t, respectively (Table 28.4).

28.3  Results and Discussion

28.3.1  Impact of Climate Change on Crop Yields

28.3.1.1  Rice

Under the Baseline scenario, Aus rice yields varied from a minimum of 3.08 t ha−1 in 
Jessore to a maximum of 5.08 t ha−1 in Dinajpur. Similarly, minimum (4.82 t ha−1) and 

Table 28.3 Area and production of major cereals in Bangladesh

Crops

2004–2005 2005–2006

Area Production Area Production

(M ha) (M t) (M ha) (M t)

Local  0.574  0.638  0.517  0.664
HYV  0.451  0.862  0.517  1.081

Total Aus  1.025  1.5  1.034  1.745
Local  1.88  2.668  1.73  2.714
HYV  2.906  6.693  3.193  7.505

Total Aman  4.786  9.361  4.923 10.219
B. Aman  0.494  0.458  0.505  0.591

Total Aman  5.28  9.819  5.428 10.81
Local  0.188  0.391  0.174  0.347
HYV  3.876 13.446  3.892 13.628

Total Boro  4.064 13.837  4.066 13.975
Total rice 10.369 25.156 10.528 26.53

Wheat  0.558  0.976  0.479  0.735
Maize  0.067  0.356  0.098  0.523

Other cereals  0.038  0.018  0.027  0.017
Total cereals 11.032 26.506 11.132 27.805

Source: Bangladesh Bureau of Statistics (BBS) quoted from the Handbook of Agricultural 
Statistics, Ministry of Agriculture (MoA 2007) Government of Bangladesh
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maximum (6.01 t ha−1) of Aman rice yields were obtained for Barisal and Dinajpur. 
Maximum (6.58 t ha−1) and minimum (4.66 t ha−1) Boro rice yields were recorded in 
Sylhet and Jessore, respectively. The percentages of yield difference as compared to 
baseline are presented for Aus, Aman, and Boro rice at the six study sites in Table 28.5.

Aus Rice With different climate change scenarios it was evident that in the case of Aus 
rice under GFDL50 scenario compared to Baseline 3.8% and 15.7% yield increases were 
noted in Jessore and Barisal, respectively. Under GFDL70 scenario yield increases 
were recorded for all six locations, which varied from 3.2% in Dinajpur to 14.8% in 
Jessore. It is evident from Table 28.5 that Aus rice under HADC50 and HADC70 sce-
narios yield reduction occurred in all locations and the percentages varied from 13.5 in 
Jessore to 43.6 in Dinajpur. In most cases the yield reductions were around 25%. For 
Aus grown under UKTR50 scenario, the yield differences compared to baseline varied 
between +3.4% in Jessore and −15.4% in Mymensingh and Chittagong.

Aman Rice For Aman rice under GFDL50 scenario, the percent change in yields 
over Baseline varied between −4.9 and 1.4 in Dinajpur and Barisal, respectively. 
Similarly, under GFDL70 scenario the percent change in yields over Baseline varied 
between −5.2 and 0.1 in Dinajpur and Barisal, respectively. In the case of HADC50 
and HADC70 scenarios, yield reductions were more for the latter scenario than the 
former. For HADC50 scenario the yield differences were between −13.5% and 
+1.9% in Jessore and Barisal, respectively. Yield reductions were observed in all 
locations under HADC50 scenario, maximum for Dinajpur (−7.7%) and minimum 
(−1.4%) in Jessore. The effect of UKTR50 and UKTR70 on Aman rice yields was 
negative in all six locations. The effect of the latter scenario was harsher than the 
former. Yield reductions ranged from 3.2% in Jessore to 14.2% in Dinajpur.

Table 28.4 Food grain and production requirements from 1995 to 2050

Year
Food grain requirementa Production requirementb

(M t) (M t)

1995 19.986 22.301
2000 21.734 24.250
2005 25.400 28.342
2010 27.603 30.799
2015 29.827 33.281
2020 32.003 35.709
2025 34.085 38.032
2030 36.030 40.202
2035 37.798 42.175
2040 39.369 43.927
2045 40.714 45.429
2050 41.810 46.651
aFood grain requirement is calculated @ 454 g day−1 head−1

bProduction requirement is calculated by adding 11.58% for seed, 
feed and wastage with food grain requirement as per the study on ‘Seed, 
Feed and Post Harvest losses’ Ministry of Food (MOF), Government of 
Bangladesh
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Boro Rice In general, it was noted from Table 28.5 that there is a beneficial effect 
of climate change in the case of Boro rice. Significant yield increase of Boro were 
noted for GFDL70 scenario, irrespective of locations. Under this scenario, highest 
yield increase was recorded in Mymensingh (15.5%), followed by Sylhet (10.7%). 
However, only in a few cases was a negative effect seen; −5.7% in Dinajpur for 
HADC50 scenario, in Chittagong −3.6 % for UKTR50, −1.7% for UKTR70 and 
−0.9% HADC50; and −0.6% for UKTR50 in Jessore and Barisal.

Wheat Under the Baseline scenario wheat yields varied from a minimum of 2.67 t 
ha−1 in Mymensingh to a maximum of 3.01 t ha−1 in Dinajpur. Simulation results in 
Table 28.6 show that all the scenarios for 2050 had a positive effect on wheat yield. 
Highest relative yield increases were around 29.0% in Jessore and Mymensingh and 
20.4% in Dinajpur. Conversely, all the scenarios for 2070 had a negative effect on 
wheat yield. Highest relative yield decreases were 25.6% in Jessore and 23.0% in 
Dinajpur and Mymensingh. The reductions ranged from 15.8% to 25.6%.

28.3.2  Effect of Climate Change on Aggregated Rice  
and Wheat Production

Production of rice and wheat for the entire country was aggregated by crop and by 
season (Table 28.7). The observations are discussed in the following sections.

Aus Rice The average aggregated production of Aus rice in Bangladesh was 1.72 
M t during 2005–2006. Productions were reduced by 1.5–25.8% under  different 
climatic scenarios. Only with GFDL70 scenario was a 7.8% increase in production 
was recorded.

Aman Rice The aggregated production of Aman rice for 2005–2006 was 10.81 
M t. Simulation results show that under all scenarios, production was lowered from 
0.4% for GFDL50 scenario to 10.0% for UKTR70.

Boro Rice The baseline production of Boro rice for 2005–2006 was 13.98 M t. 
Under all climate change scenarios, production increased in the range of 1.2% for 
HADC50 and 9.5% for GFDL70 scenarios.

Table 28.6 Wheat yields 
under different climate 
change scenarios

Simulation Dinajpur Mymensingh Jessore

Baseline (t ha−1) 3.01 2.67 2.72

Percent change over baseline
GFDL50 20.4 28.6 29.0
GFDL70 −18.4 −15.8 −17.3
HADC50 11.2 23.8 23.0
HADC70 −23.1 −23.7 −25.6
UKTR50 17.0 24.8 24.0
UKTR70 −22.8 −21.5 −24.0
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Wheat The aggregated production of wheat for 2005–2006 was 0.735 M t. It is 
interesting to note that with all the scenarios for 2050, the wheat production increased 
in the tune of 19.35–25.98%. While, under scenarios for 2070 the  production decrease 
ranged from 17.19% for GFDL70 to 24.14% for HADC70 scenarios.

28.3.3  Effect of Climate Change on Crop Growing Season

The growing period for Aus, Aman, and Boro rice and wheat under Baseline condi-
tions were 130, 145, and 165 and 110 days, respectively. In general, all the climate 
change scenarios enhanced the crop growing season by 2–10 days compared to 
baseline. Under all scenarios for 2070, the growing season was reduced by 8–10 
days and for 2050 the reduction was 5–7 days.

Yield reductions of rice and wheat are attributed to the effect of high tempera-
ture during Aus and Aman seasons and dry spells. During Boro season the 
 temperature increase under all scenarios varied between 1.5°C for GFDL50 
 scenario and 2.6°C for HADC70. These temperature increases did not exceed the 
threshold value of 35.0°C for rice. Wheat is sensitive to high temperature, but 
increase of wheat yields was observed. This may be attributed to the fact that when 
the temperature regime is not detrimental and wheat being a C3 crop, it is likely 
that at atmospheric CO

2
 concentrations of 515 and 575 ppmv CO

2
 fertilization 

might have occurred.
The existing literature suggests similar findings: Reilly et al. (1996) reported 

that in Asia, including Bangladesh, under different GCM scenarios and sites, the 
yields of cereals varied with CO

2
 effect. The range of variations for rice, maize, and 

wheat were −22 to +28, −65 to −10, and −61 to +67, respectively. Squire and 
Unsworth (1988) indicated that determinate crops with discrete elements to their 
life cycle develop faster in higher temperatures, and so the stage of seed filling is 
shortened, limiting the benefits of elevated CO

2
. When CO

2
 concentration doubled, 

but daily weather data from a typical year were used, the potential wheat yield was 
27% larger than in a control run at 340 m mol/mol CO

2
 (11.5 and 9.0 t ha−1, respec-

tively). The date of maturity was unchanged. When daily temperatures were 
increased by 3°C and CO

2
 was doubled, more rapid development of the crop short-

ened the growing season, and the potential grain yield (10.4 t ha−1) was only 15% 
larger than in the control, but maturity occurred 30 days earlier.

Simulation studies conducted by Karim et al. (1996, 1999) showed that rice and 
wheat production in Bangladesh decreased due to rise in temperature. Wheat was 
more susceptible than rice. It was found that a 4°C increase in temperature had severe 
impact on food grain production, especially on wheat production. On the other hand, 
CO

2
 fertilization would facilitate the food grain production. A rise in temperature will 

cause significant decrease in production, some 28% and 68% for rice and wheat, 
respectively. The apparent increase in yield of Boro and other crops might be con-
strained by moisture stress. A 60% moisture stress on top of other effects might cause 
as high as 32% decline in Boro yield instead of having an overall 20% net increase.
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28.3.4  Food Security

Bangladesh is highly vulnerable to floods and droughts. Droughts of different 
intensities occur, especially in the dried regions of the country, due to uneven 
distribution of rainfall and a higher evapotranspiration rate accelerated by 
increased temperature, low humidity, and high wind speed. Wet season drought 
severely affects transplanted Aman rice, reducing the annual production by about 
1.5 M t of rice. On the other hand, dry season drought affects the production 
of wheat, potato and Aus paddy (Karim et al. 1990). Drought related  vulnerability 
can be minimized by supplemental irrigation. Attempts should be made to 
develop drought resistant varieties of crops for drought prone areas of the 
country.

One of the obvious effects of climate change may be changes in pests and weeds 
in agriculture. This is because this change will likely affect the pest−weed−host 
relationship in one (or more) of three ways: by affecting the pest−weed population; 
by affecting the host population; and by affecting the pest−weed−host interaction. 
These would make food security more vulnerable.

If the production of major cereals is hampered due to climate change then food 
security would be in jeopardy, as out of a recommended 2122 calories day−1 
 person−1, the most part is met from intake of 454 g of food grains (rice and wheat). 
Most of the estimates show that a huge amount of additional food grain will be 
required to feed the growing population of the country. Hossain and Shahabuddin, 
(1999) estimated that at a 4.5% national income growth per annum, cereal require-
ment will be 30.57 and 35.39 M t in 2010 and 2020, respectively. At a 6.5% 
national income growth per annum cereal requirement in 2010 and 2020 would be 
32.82 and 35.14 M t, respectively.

World Bank’s estimate based on the assumption that NRR (net reproductive rate) 
would be lower from present level of about 1.2 to unity by 2025–2030, indicates a 
population of 131 million, 167 million and 217 million during 2000, 2010 and 2030 
respectively.

Currently, the estimated population stands at over 153 million and by the year 
2030 and 2050 it is projected to be 217 and 252 million, respectively (World Bank 
2008 To feed this huge population, the food grain requirement of the country would 
be 36.03 M t in the year 2030 and 41.81 M t in the year 2050.

Therefore, to become self-sufficient in food grain production in the years 
2030 and 2050, compared to the production of 2005–2006 (27.805 M t), an 
additional 8.22 and 14.00 M t respectively would be required. Besides, as per 
estimation by the Ministry of Food of Bangladesh about 11.58% additional food 
grain would be required for seed, feed and wastage. Therefore, the production 
requirement would be 40.2 M t in 2030 and 46.65 M t in 2050. Although food 
grain production is an important part of food security, it is not the only strategy. 
With the income growth the preference for food is shifted from carbohydates to 
more protein, vegetables and fruits. This will moreover reduce the pressure on 
cereals in the future.
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28.4  Conclusion

Under the business as usual scenario, with the available technologies Bangladesh 
has the potential to meet demand for cereals up to 2025 and even beyond. However, 
it is difficult to predict the consequences of climate change on agriculture as a 
whole. Cereal demand will be difficult to meet as the population is very likely to be 
more than 252 million by the year 2050. However, under changed scenarios, new 
technologies need to be developed to combat climate change and sea level rise, 
coupled with the great pressure of population increase.

To predict the consequences of climate change on agriculture, limited efforts 
have been made to generate climate change scenarios using various Global Climate 
Models (GCMs) and DSSAT (Decision Support System for Agrotechnology 
Transfer) based Crop Simulation models of International Consortium for Agri-
cultural Systems Applications (ICASA). Due to unavailability of high resolution 
GCMs for Bangladesh as well as for the South Asia region, reliable scenarios can-
not be generated. On the other hand, for running different crop models, various 
required  minimum datasets for crops, management, and climatic parameters are not 
 collected adequately or are incomplete. Another aspect of these efforts is validation 
of the output from these models, which is very important. To make reliable predic-
tions the model outputs need to be thoroughly substantiated with evidence. National 
facility should be developed to conduct phytotron (plant growth chamber) experi-
ments under simulated climate change scenarios.

Since climate change and sea level rise will have adverse effect on the ecosys-
tems, many important germplasms are likely to be lost. Research should be initiated 
to preserve the vulnerable species of crop, livestock, etc. Genetic tolerance to 
adverse environment/improvement must be achieved in order to have sustainable 
food security and development. Research should be undertaken for screening of 
genotypes for withstanding adverse edaphic, environmental, and climatic condi-
tions. As a consequence of climate change, drier regions would become more arid 
in the winter and the possibility of growing rainfed crops would be diminished. 
Therefore, low moisture consuming crops/cropping patterns need to be developed 
and disseminated for wider adoption by the farmers.
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Abstract Geographically, Bangladesh is highly vulnerable to climate change. In 
particular, impacts of climate variability on agriculture and consequences on other 
sectors are already evident in the drought prone High Barind Tract and coastal 
regions. The agriculture and fisheries sectors in the High Barind Tract (HBT) and 
southern coastal region are very likely to face significant yield reduction in the 
future due to climate change. Global circulation model results revealed that higher 
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temperature and water stress due to heat results an in decline in vegetation and 
agricultural production, especially in the drought affected HBT. While the coastal 
region would suffer from increased degradation of land,  salinity intrusion, river 
bank erosion, siltation, water logging, tidal surge and floods. Drought delays the 
timely planting of T.Aman rice, the main crop of HBT, while drought in September 
and October drastically reduces the yield of said crop, and the chance of sowing/
planting of different rainfed rabi crops markedly decreases. Nationwide rice pro-
duction losses due to drought in 1982 were about 50% more than losses due to 
flood in the same year, particularly in the HBT, >80% T.Aman rice production was 
lost. Moreover, the ground water table of HBT is continuously going down in the 
dry season due to over exploitation by deep-tube well. The 1997 drought caused 
a reduction of around1 million tons of food grain, of which about 0.6 million tons 
was T.Aman rice, entailing a loss of around $ 500 million. A cyclone in 1970 
resulted in 300,000 deaths, and another in 1991 led to the loss of 138,000 lives. 
These effects are likely to be exacerbated by climate change as peak intensity of 
cyclones is projected to increase by 5–10%, and precipitation rates may increase 
by 20–30%. The strength of SIDR and economic losses was caused by the major 
hurricane in 2007 fit into this trend. Even before the new impacts of SIDR, about 
1.2 million hectares of arable land were already affected by varying degrees of 
soil salinity, tidal flooding during wet season, direct inundation by saline water 
and upward and lateral movement of saline ground water during the dry  season. 
Inundation of brackish water for shrimp farming is a key cause for secondary 
salinization of coastal lands. The severity of salinity problem has increased over 
the years and is expected to increase in the future due to rise of sea level. Even in 
non-cyclonic situations, higher mean sea-levels are going to increase the problem 
of coastal flooding and salinization, causing significant pressure on livelihood 
activities. Thus, climate change effect has a large negative impact on the farming 
systems and livelihoods of rural people of HBT and coastal area and on the overall 
economy of Bangladesh.

Keywords Salinity • Coastal belt • Cropping patterns • Drought mitigation • Adaptation 
measures • Livelihood

Abbreviations

B.Aus Broadcasted Aus
BARI Bangladesh Agricultural Research Institute
BMDA Barind Multipurpose Development Authority
D.Aus Dibbling Aus
DAE Department of Agricultural Extension
GO Government organization
HBT High barind tract
HL Highland
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HYV High yielding variety
ICM Integrated Crop Management
IPM Integrated Pest Management
IPNS Integrated Plant Nutrient System
MHL Medium highland
NGO Non-government organization
OFRD On-Farm Research Division
SRDI Soil Resources Development Institute
T.Aman Rice Transplanted Aman Rice
T.Aus rice Transplanted Aus rice

29.1  Introduction

Climatic variations have a profound effect on agriculture and livelihoods of rural 
communities in Bangladesh. The effect of climatic variation is more pronounced in 
the drought prone High Barind Tract (HBT) and coastal areas of Bangladesh. 
Among the drought affected areas, HBT is one of the largest areas (Brammer 1999). 
In Bangladesh, the HBT of north-west Rajshahi division is different from other 
parts of the country due to its undulating topography having compact and low 
 fertile soils. The region experiences high temperatures with limited soil moisture 
storage along with low and erratic rainfall (1,075 ± 325 mm) (BMDA 2006). 
Moreover, no river/large water bodies are present within the HBT. Also, vegetation 
is scanty compared to other parts of the country. Moisture holding capacity of  
HBT soil is poor due to low organic matter content and low infiltration of water  
(Ali 2000; Ali et al. 2007a). These situations make the area drought-prone, along 
with poor crop productivity. Moreover, recent reports suggest that ground water 
level of Chapai Nawabganj district (within HBT) is rapidly falling due to over 
exploitation through deep-tube well (Selvaraju et al. 2006). About 55% area of 
HBT is rainfed (Ali 1998), and the deep-tube wells have far less command area 
than expected. Also, irrigation cost is higher than that of other areas. T.Aman rice 
is the major crop which suffered regularly due to early or late drought and planting 
of post-rainy crop. Thus, the areas, livelihood is often vulnerable to climate change, 
particularly to drought (Ali et al. 2007b). The 1997 drought caused a reduction of 
around 1 million tons of food grain, of which about 0.6 million tons was T.Aman 
rice, entailing a loss of around $ 500 million. A cyclone in 1970 resulted in 300,000 
deaths, and another in 1991 led to loss of 138,000 lives. These effects are likely to 
be exacerbated by climate change as the peak intensity of cyclones is projected to 
increase by 5–10%, and precipitation rates may increase by 20–30%. The strength 
of SIDR and economic losses caused by the major hurricane in 2007 fits into this 
trend. Even before the new impacts of SIDR, about 1.2 million ha of arable land 
were already affected by varying degrees of soil salinity, tidal flooding during wet 
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season, direct inundation by saline water and upward, and lateral movement of 
saline ground water during dry season.

Salinity causes unfavorable environment and hydrological situation, restricting 
the normal crop production throughout the year (Amin et al. 2008), and few crops/
cultivars can survive in severe saline soils. In Bangladesh, more than 30% of net 
cultivable area is in the coastal belt, of which about 833,000 ha consist of saline 
soils (Karim and Iqbal 2001), and have already increased up to 1.2 million ha. 
Salinity gradually increased from south-eastern coastal belt to south-western 
coastal belt, mainly due to very low flow of upstream water during November to 
May because of commissioning of the disastrous Farraka Barrage on the Ganges 
river in the West Bengal of India since 1974. The coastal area of Bangladesh has 
less cropping intensity due to rise of salinity during dry season and other constraints 
such as river erosion, flood, poor drainage condition, heavy clay basin, scarcity of 
fresh water, low soil fertility, exposure to cyclones, and risk of early and late rain-
fall. In Khulna region (secondary salinity), crop lands are converted to shrimp 
production (gher), thus rendering the non-saline crop lands to saline soils. As a 
result, lands are becoming unsuitable for rice or other crop production. In general, 
non-saline lands are becoming saline due to flooding by saline water during storm-
surge or by breaking of a coastal embankment, drought in the pre-monsoon and 
post-monsoon season, and saline water used for irrigating crops (Brammer 1999). 
With the intrusion of highly saline water, the production of crops and fruit trees are 
seriously affected, and as a result the livelihood and economy of the farmers of 
those areas are seriously hampered. Moreover, Global Circulation Model results 
predicted that due to rise of temperature, drought, salinity, cyclones and storm surge 
in Bangladesh could increase at an alarming rate in the near future. In this context, 
trials were conducted by OFRD, BARI at coastal and drought areas to overcome 
the adverse effects of climate change. Some findings of three vulnerable areas in 
Bangladesh are furnished in the report, along with some primary data and informa-
tion on climatic effect on agriculture and livelihoods.

29.2  Methodology

Crops and cropping pattern with in drought prone (HBT) and coastal areas 
(Noakhali, Patuakhali and Khulna) were selected for data collection. A survey was 
conducted at HBT, Godagari, Rajshahi and for coastal belt of six locations viz. 
Bagerhat, Dacope of Khulna, Noakhali sadar, Subarnochar, Noakhali, Dumki and 
Kalapara of Patuakhali to evaluate the effect of climatic variations on the farming 
systems and livelihoods of the people during May–July 2008. Primary information 
was collected from elderly farmers of above 50 years of age who could compare 
between the present and past agricultural systems, livelihoods and climatic change 
through a pre-designed and pre-tested questionnaire. Collected data were verified 
though Focal Group Discussion and discussion with key informants. A total of 200 
samples were randomly collected from seven Upazilas. Among them for the drought 
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prone HBT, 50 samples were collected from eight villages of Godagari Upazila of 
Rajshahi district. For coastal and saline areas, 150 samples were  collected from six 
Upazilas viz. Bagerhat, Dacope of Khulna, Noakhali sadar, Subarnochar, Noakhali, 
Dumki and Kalapara of Patuakhali. For each above mentioned Upazilas, 25 samples 
were collected at random. Meteorological information from Bangladesh Meteoro-
logical Department, Dhaka, data also are presented in graphical forms. Necessary 
secondary information was also collected from DAE, BARI, SRDI & BMDA 
reports and through literature review.

29.3  Results and Discussion

29.3.1  High Barind Tract (HBT), Rajshahi

In High Barind Tract, the predominant cropping patterns were Fallow-Fallow- 
T.Aman rice, B.Aus rice-T.Aman rice & Wheat-T.Aman rice for highland and 
Fallow-Fallow-T.Aman rice, Chickpea-T.Aman rice, Chickpea + Linseed-T.Aman 
rice, Mustard/Linseed-T.Aman rice for medium highland under rainfed condition in 
the 1980s. During that time, the local T.Aman rice varieties, namely Raghusail, 
Dadkhani, Magurshail, Batraj, Chengul, Chita, etc, and high yielding varieties of 
T.Aman rice, namely BR10, BR11 and BR4, were cultivated under rainfed condi-
tion. In 1985, most of the crops produced the lower yield with local varieties. Due 
to erratic rainfall, poor management practices, lack of irrigation facilities and use 
of low yield crop varieties. But in 2007, most of the crops produced higher yield 
due to use of high yielding varieties, development of irrigation system and use of 
improved management practices. In 1985, cropping intensity of HBT was 117% 
and 166% in 1992–1993, whereas present cropping intensity of this area is 216% 
(BMDA 2006).

Experimental results showed that persistent drought prevailed during the flower-
ing stage of T.Aman rice. As a result, an 11–34% yield loss occurred for local 
T.Aman rice and a 43–50% loss for recent varieties. Supplemental irrigation by 
collection run off in a mini pond having an area of 300 m3 (10 × 10 × 3 m) can save 
the yield loss for an area of one hectare of land (Annonymous 1991). In recent 
years, the irrigation facilities have further expanded, which creates the opportunity 
to cultivate high yielding varieties of crops with modern methods of cultivation, 
which resulted in an increase in yields. Under the changing circumstances, different 
rabi crops like wheat, boro rice, tomato, potato, mustard, hybrid maize, etc, have 
been also cultivated under irrigated condition.

Drought is the major climatic hazard in the HBT. About 82% farmers responded 
crop failure (particularly T.Aman rice) due to low rainfall and acute scarcity of 
water. However, they have not identified that intensity of drought has increased or 
decreased. Eighty-two percent of the farmers reported that water was held in peren-
nial ponds year round in the 1980s. However, 66% responded that it has reduced 
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due to drought, low/inadequate rainfall, siltation and increased use of pond water 
for crop production (Appendixes 29.1–29.3). Seventy-two percent of the farmers 
had the opinion that more ponds should be excavated, and 16% of them felt the 
need of pond re-excavation (Appendix 29.4). Moreover, cropping pattern has 
changed mainly due to development of irrigation facility along with availability 
of high yielding varieties and modern technologies (Appendixes 29.5 and 29.6). 
Livelihood of the farmers has improved through the intervention of modern 

Appendix 29.3 Utilization of pond water in the HBT, Godagari, Rajshahi

Type of utilization No. of respondent %

 i. Domestic purpose 41 82
 ii. Irrigation in crop field and home garden 39 78
iii. Fish culture 28 56
 iv. Use for livestock and poultry rearing 15 30

Appendix 29.4 Farmers’ perception on necessity of more ponds in the 
HBT, Godagari, Rajshahi

Farmers perception No. of respondent %

More needed 30 72
No need 11 28
Management/ re-excavation of existing pond  9 16

Appendix 29.2 Causes of decreasing pond water in the HBT, Godagari, 
Rajshahi

Causes No. of respondent %

 i. Drought 41 82
 ii. Irrigation 29 58
iii. Decreasing pond depth due to siltation 27 54
 iv. Inadequate/low rainfall  9 18
 iv. Leaching loss  3  6

Appendix 29.1 Present and past water holding duration of pond in the 
High Barind Tract, Godagari, Rajshahi

Present duration of  
water holding

% farmer  
responded

Past (10 years before) 
duration of water  
holding

% farmer  
responded

July–November  8 July–November 14
July–January 10 July–January 20
Round the year 66 Round the year 82
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agricultural technologies, along with the development of better communication 
(Appendix 29.7). However, long term effect of increased ground water lifting 
should be monitored carefully. Maximum and minimum mean temperature have 
increased slightly (Fig. 29.1). Rainfall was erratic around 800–2,200 mm, but at the 
latter it was exceptionally high for HBT (Fig. 29.2).

Appendix 29.5 Cropping patterns of present day (2007) and mid eighties in the HBT, Godagari, 
Rajshahi

Land type Present cropping pattern
% farmer 
practiced Land type

Past cropping 
pattern

% farmers 
practiced

HL Fallow-Fallow-T.Aman rice 42 HL Fallow-Fallow- 
T.Aman rice

62
Boro-T.Aman rice 31
Mustard-T.Aman rice 18
Wheat-T.Aman rice 16
Tomato-T.Aman rice 24

MHL Chickpea-T.Aman rice 26 MHL Fallow-Fallow- 
T.Aman rice

80
Boro-T.Aman rice 40

Chickpea/linseed- 
T.Aman rice

15Wheat-T.Aman rice 16
Potato-T.Aman rice 10
Mustard-T.Aman rice 14
Mustard-Boro-T.Aman rice  6
Linseed-T.Aman rice  6

Appendix 29.6 Causes of changing cropping pattern/fish culture/livestock’s 
rearing/plantation, HBT, Godagari, Rajshahi

Causes No. of respondent %

 i. Development of modern technologies  
in agriculture like new crop varieties

46 82

 ii. Increase irrigation facilities 23 46
iii. Increase their demands 14 28
 iv. Availability of treatment facilities  

for livestock’s
13 26

  v. Increase awareness on crops and cropping  
and tree plantation

 9 18

Appendix 29.7 Livelihood change of changing of cropping  
pattern/Fish culture/livestock’s rearing/plantation in HBT

Changing indicators No. of respondent %

   i.  Introduce modern crop 
varieties, i.e. increased yield

41 82

 ii. Increase irrigation facilities 23 46
  iii. Increase fish culture 14 28
  iv. Increase livestock’s rearing 13 26
  v. Increase food security 10 20
 vi. Create employment opportunity  9 18
vii. Increase percent literacy  9 18
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29.3.2  Noakhali

In Noakhali, the predominant cropping patterns in the 1980s were Fallow-
Fallow-T.Aman rice & relay Khesari – T.Aman rice for medium lowland and 
Groundnut-T.Aman rice, Sweet potato-T.Aman rice, Cowpea-T.Aman rice & 
Chilli – B.Aus/D.Aus rice – T.Aman rice for medium highland. Cropping intensity, 
as well as yields of different crops, increased due to use of improved varieties, 
quality of seeds and use of recommended production practices. In the 1980s, 
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the major crops were T.Aman rice, khesari, groundnut and cowpea. These crops 
 produced lower yields due to higher salinity and lack of irrigation. But in 2007, 
major crops had higher yields due to introduction of modern varieties and use of 
improved management practices.

Salinity of Noakhali decreased over time by different natural ways such as 
leaching by rain water and further control of intrusion of saline water 
(Appendix 29.8). Crop diversification markedly increased along with adoption of 
high yielding varieties and technologies for ensuring food security to growing 
population which resulted in increased food production (Appendix 29.10). 
However, fodder production was reduced (Appendix 29.11) due to bringing of 
 fallow land under cultivation and adoption of modern rice cultivars, which gave a 
reduced amount of straw. Also, production of vegetables, fruits, timber tree and 
poultry birds increased for meeting the demand and higher earning. However, 
cattle/buffalo/goat population was reduced due to fodder/feed crisis and for lack of 
grazing land. Due to climatic effect and intensive cropping, cost of cultivation was 
increased, higher incidence of insect, pest and diseases, and decrease of soil fertil-
ity of the area was observed (Appendix 29.9). Open water fish availability was also 
reduced. Overall livelihoods of the farmers improved, ensuring enhanced food 
security and improvement of other social indicators. Maximum and minimum 

Appendix 29.8 Reasons for decrease of salinity in Noakhali and 
Patuakhali

Reasons

Farmers’ responded (%)

Noakhali Patuakhali

1. Wash out by rain water 92  88
2. Infiltration/run off etc 54 –
3. Crop removal 36 –
4. Further no entrance of saline water 78  76
5. Establish of embankment – 100

Appendix 29.9 Effect of climatic change on the human livelihoods in Bagerhat, Dacope 
(Khulna), Noakhali and Patuakhali

Reasons

% Farmers responded

Bagerhat Dacope Noakhali Patuakhali

1. Timely sowing of rabi crops 
hampered due to cyclone,  
tornado, SIDR etc.

 40 72  56  80

2. Increase the disease/insect 
incidence

100 36  72  74

3. Cost of cultivation  
increased

 72 28 100 100

4. Soil fertility decreased  20 – 100 100
5. Number of trees decreased  12 – – –
6. Uncertain human death – 32 – –
7. Fish availability decreased – – 100 100
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 temperature (Fig. 29.3) increased slightly and rainfall variation was 2,000–4,800 mm  
(Fig. 29.4).

29.3.3  Bagerhat and Khulna

The cropping patterns which were practiced by the farmers of Dacope, Khulna in 
the 1980s were Fallow-Fallow-T.Aman rice, Lentil-T.Aman rice & Sesame-T.Aman 
rice in medium highland and Fallow-Fallow-T.Aman rice in medium  lowland.  

Appendix 29.10 Reasons for livelihood change in Bagerhat and Dacope (Khulna), Noakhali 
and Patuakhali

Reasons

% Farmers responded

Bagerhat Dacope Noakhali Patuakhali

 1. Farmers income increased due to shrimp 
cum rice culture

100 – – –

 2. Farmers income increased due to adoption 
of modern technologies

– – 100 100

 3. Increase of cropping intensity and also 
gradual reduction of salinity

– –  66  72

 4. Food security increased – –  70  70
 5. Knowledge and education increased – –  78  82
 6. Off-Farm income increased – –  54  44
 7. Semi pacca housing constructed to avoid 

water logged
 72 – – –

 8. Fuel shortage increased due to decreased 
the number of trees

 72  72 – –

 9. The cost of cultivation increased due to 
crop, fisheries, livestock system change

–  56 – –

10. Semi pacca housing constructed due to 
crop, fisheries, livestock system change

–  40 – –

11. Improved sanitation system due to crop, 
fisheries, livestock system change

–  16 – –

Appendix 29.11 Reasons for lower fodder production in Bagerhat and Dacope (Khulna), Noakhali 
and Patuakhali

Reasons

% Farmers responded

Bagerhat Dacope Noakhali Patuakhali

1. Due to increased of salinity 100  64 – –
2. Lack of fallowland for fodder production  88  56 100 100
3. Increase of cropping intensity caused no 

seasonal fallowland
– –  72  88

4. Less straw production due to cultivation of 
HYV T.Aman rice rice

 88  68  66  80

5. Due to unavailability of pure drinking water  12 – – –
6. Lack of highland – 100 – –
7. Due to change of cropping pattern – 100 – –
8. Incidence of cyclone/SIDR/sea water 

damage the rice straw
– –  48  54
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The cropping patterns have been changed due to use of salt tolerant  modern rice 
varieties and to making Gher for shrimp culture. In the 1980s, major crops pro-
duced lower yields due to high salinity and lack of irrigation. But in 2007, major 
crops yielded higher due to introduction of modern varieties and use of improved 
management practices. The yields of local T.Aman rice and sesame have been 
decreased due to an increase in the salinity level in recent years (Table 29.1).

Salinity of Bagerhat and Khulna (Ganges Tidal floodplain) is mainly related 
to decreased water flow from the upward of the Ganges and its tributaries due 
to Farraka barrage, resulting in increased intrusion of saline water from the Bay. 
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However, secondary salinity (for making shrimp Gher) is also another cause of 
increasing soil and water salinity. Shrimp culture has become a major cause of 
increased salinity in Bagerhat. Eighty-four percent of the farmers at Dacope 
reported that intrusion of saline water within the embankment (by breaking) is 
the major reason of increasing salinity along with shrimp culture (20% of 
 farmers) (Appendix 29.12). In Bagerhat, crop diversification has reduced due to 
culture of shrimp. Whereas at Dacope, crop diversification has markedly 
increased through the intervention of modern technology, as shrimp cultivation 
is still in a small area. In Bagerhat, 12% of farmers reported that tree population 
has decreased due to increase of salinity and year round inundation of land for 
making shrimp gher (Appendix 29.13). While at Dacope, a change of the agri-
cultural systems is mainly due to intrusion of saline water through embankment 
breakage (like through SIDR), and lack of fresh water for irrigation in dry 
 season (Appendix 29.13). In both locations, the yield of T.Aman rice has been 
reduced due to increased salinity and late planting, though yield of modern 
variety was more than local variety (Appendix 29.14). Increased salinity has a 
profound negative effect on the livestock health due to decrease of fodder pro-
duction because of salinity, from shrimp Gher and long inundation, modern rice 
cultivation and polluted water. Increased salinity and climatic hazards like SIDR 
have ill effect on the health of human, along with increased disease incidence 
and sudden death (Appendix 29.9). Through shrimp Ghers, farmers of Bagerhat 
increased their income and improved their livelihood. However,  people of 
Dacope failed to improve their livelihood through increased crop  diversification 

Appendix 29.12 Reasons for increasing salinity in Bagerhat and Dacope, Khulna

Reasons

% Farmers responded

Bagerhat Dacope, Khulna

1. Entrance of saline water within the gher area 100 84
2. Rice cum fish culture  40 –
3. Due to shrimp culture – 20

Appendix 29.13 Reasons for changing crop, fisheries, trees and livestock system 
in Bagerhat and Dacope, Khulna

Reasons

% Farmers responded

Bagerhat Dacope

1. Salinity level increased over time 100 100
2. Due to shrimp culture 100 –
3. Stagnation of water  96 –
4. Stagnation of water due to constriction of embankment  76  64
5. Lack of irrigation  20  80
6. Number of trees decreased due to increased of salinity  12 –
7. Lack of repair and maintenance of sluice gate –  24
8. Weather and climatic change –  24
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because of escalation of production cost, and frequent natural hazards, as it is 
closer to the Bay. Mean monthly maximum and minimum  temperature increased 
slightly (Fig. 29.5), while rainfall ranges from 1,100–2,600 mm (Fig. 29.6).

29.3.4  Patuakhali

In the 1980s, major cropping patterns in Patuakhali were Fallow-Fallow-T.Aman 
rice, Chilli-T.Aman rice under medium highland situation and Sweet potato- 
T.Aman rice, Groundnut-T.Aman rice, Sesame-T.Aman rice, T.Aus rice-T.Aman 
rice, Relay Khesari-T.Aman rice & Mungbean/Sesame-T.Aman rice under medium 
lowland condition. Utilization of fallow land, use of modern crop varieties, and 
appropriate production technologies have helped in changing the cropping systems 
and simultaneously increased the crop yields. Traditionally, Patuakhali was less 
saline affected. Further salinity was reduced through construction of embankments, 
wash out by rain water and no further intrusion of saline water (Appendix 29.8). 
Cropping intensity was increased through introduction of new crops along with 
modern varieties and technologies, which resulted in increased crop production and 
food security (Appendix 29.10). However, fodder production was reduced due to 
absence of fallow land and cultivation of modern rice varieties (Appendix 29.11). 

Appendix 29.14 Reasons for changing productivity in Bagerhat and Dacope (Khulna), Noakhali 
and Patuakhali

Reasons

% Farmers responded

Bagerhat Dacope Noakhali Patuakhali

 1. Decreased the yield of T.Aman rice  
in gher area

72 – – –

 2. Rice cum shrimp culture increased  
the income

72 – – –

 3. Increased the yield of HYV Boro 60 – – –
 4. Yield of local T.Aman rice decreased  

due to late planting
– 84 – –

 5. Increased the yield of HYV T.Aman rice  
modern variety

– 64 100 100

 6. Yield of local T.Aman rice increased  
due to improve management

– –  72  68

 7. Increased the yield of vegetable –  4  78  82
 8. Decreased the number of trees – 88  86 –
 9. Increased the number of trees/fruit trees – – –  88
10. Decreased the number of poultry – 12 – –
11. Increased the number of poultry – –  60  78
12. Cattle/buffalos/goat decreased – – 100 100
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Due to climatic effect and intense cropping, cost of cultivation was increased, along 
with a higher incidence of insect, pest and diseases, and decrease in soil fertility 
(Appendix 29.9). Open water fish availability was also reduced. Overall livelihood 
of the farmers improved through adoption of modern agricultural technologies along 
with improvement of other social indicators (Appendix 29.10). Maximum tempera-
ture increased slightly while minimum temperature showed a bit of a reduction 
(Fig. 29.7). Year to year rainfall variation (1,800–4,300 mm) was large (Fig. 29.8).

Soil salinity status between 1973 and 2000 in Noakhali, Satkhira, Bagerhat, 
Khulna and Patuakhali are presented in Table 29.1. It was observed that the salin-
ity level of different locations increased in the year 2000, except in Patuakhali. 
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In the Khulna area, 82% farmers responded that they had sown their rabi crops 
timely, but in 2007, only 18% responded (Table 29.2). The incidence of disease 
and pest was decreased in the 1980s by 92%, where in 2007, only 8% responded. 
The crop  production affected only 2% in 1980, but it affects 98% in 2007. In the 
1980s, 70% farmers opined that they had sown their rabi crops timely but in 
2007, only 30% responded in Noakhali areas (Table 29.2). About 98% of farmers 
responded that incidence of disease and pests decreased in the 1980s, where in 
2007, only 2% responded. Only 70% of farmers responded that salinity affected 
crop production in the 1980s, but in 2007, only 30% responded. In the 1980s, the 
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livelihood of the local farmers was increased 15%, but 85% of farmers reported 
in 2007. In Patuakhali, rabi crops were sown timely by 75% in the 1980s, 
whereas only 25% responded in 2007 (Table 29.2). The incidence of disease and 
pest decreased in the 1980s, whereas in 2007 only 13% responded. The salinity 
affected crop production by 55%, but in 2007, 45% responded. The livelihood 
pattern of the farmers was increased by 13%, whereas in 2007 it increased up to 
87%. Bangladesh Agricultural Research Institute has already carried out some 
study to adapt the drought situation of High Barind Tract and screening of crops/
variety for saline areas.

29.3.5  Technologies to Adapt Drought Situation of HBT

On-farm experimental results revealed that in many years drought prevailed dur-•	
ing flowering and grain filling stage of T.Aman rice. As a result, an 11–34% 
yield loss occurred for local and 43–50% for modern T.man rice varieties. To 
adapt the situation, supplemental irrigation by harvesting run off water in a mini 
pond (10 × 10 × 3 m) can save the yield loss of one hectare of land (Annual 
Progress Report, OFRD, BARI 1991) (Photo 29.1).
Through on-farm trials, seed priming of chickpea increased the seed yield of •	
20–25% over non-priming under moisture stress situation of HBT.

Table 29.2 Effect of climate change on the livelihoods in Dacope (Khulna), Noakhali 
and Patuakhali

Factors/reasons

% Farmers responded

Dacope (Khulna) Noakhali Patuakhali

1980 2007 1980 2007 1980 2007

Sowing rabi crops timely  82 18 70 30 75 25
Incidence of disease and pest increase  17 83 14 86 10 90
Incidence of disease and pest decrease  92 8 98 2 87 13
Cost of crop production increase  0 100 0 100 0 100
Cost of crop production decrease 100 0 100 0 100 0
Soil fertility increase  98 2 100 0 95 5
Soil fertility decrease  3 97 0 100 3 97
No. of trees increase  73 27 8 92 16 84
No. of trees decrease  22 78 90 10 87 13
Water availability increase  86 14 28 72 85 15
Water availability decrease  12 88 70 30 14 86
Farmers’ livelihood increase  20 80 15 85 13 87
Farmers’ livelihood decrease  85 15 80 20 90 10
Cropping pattern increase  30 70 6 94 8 92
Cropping pattern decrease  68 32 95 5 90 10
Salinity increase  0 100 100 0 74 26
Salinity decrease  98 2 0 100 30 70
Salinity affects crop production  2 98 70 30 55 45
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Chickpea, barley, sesame, linseed, kangkong, stem amaranth, coriander and •	
mungbean were found promising for moisture stress/drought situation.
Besides these, improved crop management practices viz., mulching and •	
 minimum tillage were also found to mitigate the challenges of moisture stress/
drought of HBT.

29.3.6  Screening of Crops/ Variety for Saline Areas

Tolerance of rabi field crops to salinity is approximately as follows:•	

Sweet potato > cowpea > groundnut > millets > soybean > triticale > mung-•	
bean > sesame > barley > wheat > mustard.

For vegetables, spices and fruits the ranking would look like this:•	

Batishak > chilli > kangkong > garlic > Indian spinach > okra > water melon  •	
> red amaranth.

Photo 29.1 On-farm experimental results revealed that in many years drought prevailed during 
flowering and grain filling stage of T.Aman rice. As a result, an 11–34% yield loss occurred for 
local and 43–50% for modern T.Aman rice varieties. To adapt the situation, supplemental irriga-
tion by harvesting run off water in a mini pond (10 × 10 × 3 m) can save the yield loss of one 
hectare of land (Annual Progress Report, OFRD, BARI 1991)
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Besides these, improved crop management practices viz., raised bed with mulch, •	
mulching, minimum tillage, sorjan method, etc were also found to mitigate the 
challenges of salinity and rise of temperature.

In summary the following points may be considered for impact assessment on 
the basis of climate change scenarios.

29.3.7  Climate Influence

Crop production•	
Population distribution•	
Vegetation•	
Soil, water and animal resources•	
Temperature, rainfall and natural hazards like cyclone, flooding, drought, salinity •	
changes and erosion
Human health•	
Industry, energy, infrastructure and communication•	
Urbanization•	
Food demand and supply•	

29.3.8  Impact on Agriculture

Agricultural crops are highly vulnerable to climate events.•	
Occurrence of unprecedented floods.•	
Occurrence of flash floods.•	
Occurrence of droughts (kharif I and later part of kharif II and rabi).•	
Emissions of nitrous oxide, carbon monoxide and nitrogen oxides from agril. •	
residues.
Excessive emission of methane gas has been contributing to the global •	
warming.
The residual effects of climate changes have been destroying the content of •	
organic matter in the soil and also the protein sources.

On the above fact, the following adaptation measures may be taken:

29.3.9  Adaptation Measures

Improved irrigation efficiency•	
Crop diversification (introduction of salt and drought tolerant variety for coastal •	
and Barind area)
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Conjunctive use of surface and ground water irrigation•	
Change in fertilization techniques (deep placement of fertilizer, hole system etc.)•	
Coastal green belt forestry through GO–NGOs collaboration•	
Agro-forestry development•	
Homestead vegetable and agroforestry development•	
Community forest development through GO–NGOs partnership•	

29.3.10  Institutional Adaptation

Improved of agricultural extension services and proper linkage with farmers for •	
adoption of new technology for those area
Enhance training program and dissemination activities•	
Research and development of salinity and drought tolerant crops and high yield-•	
ing varieties
Re-excavation of ponds/cannel in Barind area•	
Change practices (cultural and other management practices such as tillage, •	
 sorjan, relay, ICM/IPM/IPNS concept)
Expanded access to incentive for conservation agriculture•	
Guidelines to incorporate climate change in future planning•	
Development of reserved/protected areas in different agro-ecological zones •	
(coastal areas)
Co-operative social forestry support services with the involvement of vulnerable •	
women and men
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Abstract The abundance of major sugarcane insect pests like top shoot borer, stem 
borer and rootstock borer were investigated for the last 28 years from 1980 to 2007 
at Ishurdi, Pabna. The incidence of these major insect pests occurs in the months 
of March to October. The abundance of top shoot borer, Scirpophaga excerptalis 
Walker, was positively correlated with rainfall (r = 0.448*) in the month of June, 
where temperature and humidity did not affect significantly on their incidence. 
Stem borer, Chilo tumidicostalis Hampson, was found positively correlated with 
average maximum temperature in July (r = 0.399*), and negatively correlated 
with average minimum temperature in October (r = −0.379*) where humidity and 
rainfall did not affect significantly on their incidence. The abundance of rootstock 
borer, Emmalocera depressella Swinhoe, was positively correlated with average 
maximum temperature (r = 0.525**), and negatively correlated with rainfall in the 
month of May (r = −0.563**) and September (r = −0.380*). Top shoot borer and 
rootstock borer infestation were increased by 2.09 and 1.43%, respectively, during 
the last 28 years. Maximum and minimum temperature was increased by 0.18% and 
0.22%, respectively, in the month of May during the last 28 years.

Keywords Climatic changes • Abundance • Insect pests • Sugarcane

Md. Abdullah and Md.A. Mannan (*) 
Bangladesh Sugarcane Research Institute, Ishurdi 6620, Pabna, Bangladesh 
e-mail: bsri@bsri.gov.bd

Chapter 30
Influence of Climatic Changes  
on the Abundance of Major Insect  
Pests of Sugarcane

Md. Abdullah and Md. Abdul Mannan 

Contents

30.1  Introduction ...................................................................................................................  500
30.2  Materials and Methods ..................................................................................................  506
30.3  Results and Discussion .................................................................................................  506
References ................................................................................................................................  513



500 Md. Abdullah and Md.A. Mannan

Abbreviation

BSRI Bangladesh Sugarcane Research Institute

30.1  Introduction

Agriculture is strongly interrelated with climatic factors. Temperature, which is one 
of the main factors of climate, is closely associated with agricultural production. 
Global warming is the increase in the average temperature of the Earth’s atmo-
sphere and oceans that has been observed in recent decades. The scientific opinion 
on climate change is that much of the recent change may be attributed to human 
activities. Carbon dioxide and other greenhouse gases released by the burning of 
fossil fuels, land clearing, agriculture, among other human activities, are the 
 primary sources of the human-induced component of warming. Observational 
 sensitivity studies and climate models referenced by the IPCC (Intergovernmental 
Panel on Climate Change) predict that global temperatures may increase by 1.4°C 
to 5.8°C between 1990 and 2100. An increase in global temperatures can in turn 
cause other changes, including rises in sea level and changes in the amount and 
pattern of precipitation. These changes may increase the frequency and intensity of 
extreme weather events, such as tropical cyclones or floods.

The tropical and subtropical countries are more vulnerable to the potential 
impact of global warming through the effects on crops, soils, insects, weeds, and 
diseases. Bangladesh is in the subtropical region. Therefore, the agriculture of this 
country may be affected. The effects of climate change are already evident in the 
agro-ecosystem of the country. Climate change may act as a factor for sea level rise 
in the coastal regions of Bangladesh. This may cause an increase in salinity in water 
and soil of the coastal regions. Growth of standing crops (like rice, jute, sugarcane, 
etc.) may be affected due to soil salinity, and this may limit overall crop production 
in the coastal regions as well as make the soil unsuitable for many potential crops. 
Climate change may lead to an increase in world hunger unless population growth 
rates in developing nations are much smaller than currently projected, and farmers 
obtain adequate assistance.

It is expected that due to climate change, humidity, wind flow, and temperature 
in Bangladesh may be changed. These three climatic mechanisms, in changing 
conditions, cause an increase in insects, pests, diseases and microorganisms in 
agriculture, and accordingly, crop production may be decreased.

Increase in range of a species is considered to be limited by two broad catego-
ries of physical environment, namely geographic barriers and climatic restrictions. 
In agriculture, geography is rapidly losing importance because of the activities of 
man. Because of this, the bioclimatic aspect of insect distribution and abundance 
has drawn considerable attention in recent years (Messenger 1959). Temperature 
has been considered as the most dominant factor of environment, influencing the 
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development, survival, feeding, fecundity, dispersal, distribution and abundance of 
insects. Insects generally grow rapidly in warmer conditions. Within the zone of 
effective temperature, the rate of development bears a linear relationship with 
 temperature. Optimum humidity varies not only for each of the insect species but 
also for every stage in its life cycle. These two physical factors show high level of 
interaction when affecting insect activity, development and survival simultane-
ously, as it happens in nature. O’Malley (2005) reported that global warming of 
only 1°C is likely to slash wheat yields by 10% and to encourage wheat, cotton, 
and  sugarcane pests (Collected from internet: articles from News Limited’s 
Australian papers). It seems obvious that any significant change in climate on a 
global scale should impact local agriculture, and therefore, affect the world’s food 
supply.

So far about 70 species of insect pests have been identified and reported to feed 
on sugarcane in Bangladesh, (Anonymous 1973–1978, 1992) (Table 30. 1). Among 
various factors, insect pests inflict considerable losses, which are estimated to be 
around 20% in cane yield and 15% in sugar recovery (Avasthy 1983). It is reported 
that the most damaging pests are top shoot borer, stem borer and root stock borer. 
Losses in yield incurred due to borer attack were estimated to be 21–48% by top 
shoot borer (Karim and Islam 1977), 8.2–12.6% by stem borer (Khanna et al. 
1957), 8.55% (Miah et al. 1986) and up to 10% (Gupta and Avasthy 1952) by root-
stock borer. Alam et al. (2006) reported that 10% infestation by top shoot borer 
caused 12.29% yield loss and 80% infestation caused 35.01% yield loss. He 
reported that 10% infestation by stem borer caused 12.01% yield loss and 80% 
infestation caused 27.81% yield loss. He also reported that 10% infestation by 
rootstock borer caused 10.44% yield loss and 60% infestation caused 27.76% yield 
loss. Abdullah et al. (2006) reported that stem borer caused 28.73% yield loss and 
15.93% recovery loss.

Much work has been done on the influence of various climatic factors on top 
borer activity and incidence in India (Gupta 1956). Low maximum temperature is 
generally considered favourable for its build-up. Gupta (1959) has deduced it to be 
below 37.8°C. The optimum relative humidity for borer activity varies 60–80% 
(Singh et al. 1957; Gupta 1959). High rainfall is also regarded as a contributory 
factor for profuse multiplication of the borer (Gupta, 1959). Rainfall appears to 
favour stem borer multiplication. However, under drought conditions, profuse egg 
laying take place in July. High atmospheric humidity during August also favours 
rapid build-up of the borer (Gupta and Avasthy 1952). The incidence of the pest is 
significantly high in heavy soils and under water logged and flooded conditions 
(Khanna et al. 1957). The root borer has been observed to be active at high tem-
peratures and moderate humidity levels, and appears to be tolerant to rain to an 
extent of 45 cm, after which its population declines (Gupta 1953). Root borer 
incidence and population are generally high in unirrigated fields and in sand or 
sandy loam soils (Gupta and Avasthy 1952). Therefore, investigation was made to 
observe the effect of climatic factors on the abundance of major insect pests in 
sugarcane.



502 Md. Abdullah and Md.A. Mannan

Table 30.1 List of sugarcane insects, mites and nematode pests (Anonymous 1973–1978, 1991)

Si. 
no. Common and scientific name

Sugar mills areas 
where recorded Status

 1. Top shoot borer Scirpophaga excerptalis All sugar mills Major
(Lep., Pyralidae)

 2. Internode borer Chilo tumidicostalis  
Hampson

All sugar mills Major

(Lep., Pyralidae)
Proceras indicus Kapur MKSM & SRI Minor
(Lep., Pyralidae)
Chilo auricilius Dudgeon JSM, PSM & 

KCSM
Major

(Lep., Pyralidae)
 3. Rootstock borer Emmalocera depressella  

Swinhoe
All sugar mills Major

(Lep., Pyralidae)
 4. Shoot borer Chilo infuscatellus Snellen All sugar mills Major

(Lep., Pyralidae)
Sesamia inferens Walk. All sugar mills Major
(Lep., Noctuidae)
Baris sp. TSM, SRI Minor
(Coleop., Curculionidae)

 5. Leaf eating caterpillar Psalis pennatula F. All sugar mills Minor
(Lep., Lymantridae)
Mythimna separata Walk TSM, PSM, JSM, 

SRI
Minor

(Lep., Noctuidae)
Spodoptera pecten Gn. SRI Minor
(Lep., Noctuidae)
Ramesa testa Walk SRI Minor
(Lep., Noctuidae)
Phalera combusta Walk SRI Minor
(Lep., Noctuidae)

 6. Leaf cutting weevil Tanymecus hispidus Mshl. All sugar mills Minor
(Celeop., Curculionidae)
Myllocerus discolour var. SRI, KSM, RSM Minor
Variegatus
Bohem (Coleop., 

Curculionidae)
Tanymecus sciurus (Oliv.) All sugar mills Minor
(Coleop., Curculionidae)
Lepropus chrysochlorus  

(Wied.)
STSM Minor

(Coleop., Curculionidae)
Xanthochelus faunus (Oliv.) NBSM Minor
(Coleop., Curculionidae)

 7. Pyrilla hopper Pyrilla perpusilla pusana  
Dist.

All sugar mills Major

(Hemip., Lophopidae)
 8. Spittle bug Clovia sp. All sugar mills Major

(Hemip., Aphrophoridae)
Aprophora sp.
(Cercopidae, Homoptera)

(continued)
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Si. 
no. Common and scientific name

Sugar mills areas 
where recorded Status

 9. Hispa Dorcathispa cusp/data Maulik SRI, TSM, KCSM, 
PSM, JSM

Major
(Coleop., Chrysomelidae)
Dactylispa atkinsoni Gst. PSM Minor
(Coleop., Chrysomelidae)

10. Click bettle Heteroderes lenis Candeze All sugar mills Major
(Coleop., Elateridae)

11. White fly Neomaskellia sp. SRI, TSM Minor
(Homop., Aleurodidae)
Aleurolobus barodensis 

(Mask.)
SRI Minor

(Homop., Aleurodidae)
12. Termites Odontotermes probably 

lokanardi
Carew & Co. Major

(Isop., Termitidae)
Microtermes sp. SRI Major
(Isop., Termitidae)
Odontotermes sp. KCSM Major
(Isop., Termitidae)
Microtermes obesi Holm SHSM Major
(Isop., Termitidae)
Odontetermes parvidens 

Holm & Holm
13. Leaf minor Downesia tarsata Baly SRI, NBSM Minor

(Colep., Chrysomelidae)
14. Proutista leaf hopper Proutista moesta Westw. SRI, most of the 

sugar mills
Minor

(Hemip., Derbidae)
15. Leaf roller Marasmia suspicalis Walk Carew & Co. & 

most of the sugar 
mills.

Minor
(Lepidop., Pyralidae)

16. Dynastid beetle Pentodon bengalens Arrow SRI, all sugar mills Minor
(Coleop., Scarabaeidae)

17. Whitegrubs Holotrichia sp. STSM Locally 
major(Coleop., Scarabaeidae, 

Melolonthinae)
Anomala siliguha Arrow STSM Minor
(Coleop., Scarabaeidae, 

Rutelinae)
Holotrichia seticollis Moser STSM Minor
(Coleop., Scarabaeidae, 

Melolonthinae)
(Coleop., Scarabaeidae, 

Rutelinae)
STSM Minor

Holotrichia serrate (F) Pabna Minor
(Coleop., Scarabaeidae)
Brahmina sp. STSM Locally 

major(Coleop., Scarabaeidae, 
Melolontfinae)

Table 30.1 (continued)

(continued)
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Si. 
no. Common and scientific name

Sugar mills areas 
where recorded Status

Maladera sp. STSM Minor
(Coleoptera; Scarabaeidae, 

Melolonthinae)
Lepidiota sp. sticticotera STSM Minor
Blanchard
(Coleoptera; Scarabaeidae, 

Melolonthinae)
Anomala polita Branch. STSM Minor
(Coleoptera; Scarabaeidae, 

Rutelinae)
Adoretus versutus Harold STSM Minor
(Coleoptera; Scarabaeidae, 

Rutelinae)
Anomala bengalensis Blanch. STSM Minor
(Coleoptera; Scarabaeidae, 

Rutelinae)
A. biharenis Arrow STSM Minor
(Colepptera; Scarabaeidae, 

Rutelinae)
A. varicolor (Gyllenhal) STSM Locally 

major(Colepptera; Scarabaeidae, 
Rutelinae)

A. sp. nr. varicolor 
(Gyllenhal)

STSM Locally 
major

(Colepptera; Scarabaeidae, 
Rutelinae)

Mimela sp. nr. anopunctata STSM Minor/
major(Burmeister)

(Colepptera; Scarabaeidae, 
Rutelinae)

Adoretus lasiopygus 
Burmeister

STSM Minor

(Colepptera; Scarabaeidae, 
Rutelinae)

Alissonotum impressicolle 
Arrow

KCSM Minor

(Coleoptera; Scarabaeidae, 
Dynastinae)

Genocephalum sp. STSM Minor
(Coleoptera; Tenebrionidae)

18. Grass hopper Autarches Miliaris L. 
(Orthop., Acrididae)

STSM Locally 
major

19. Shield bug Agonoscelis nubila (Fabr.) 
(Hemip; Pentatomidae)

SRI Minor

20. Thrips Baliothrips serrate (Kabus) 
(Thysanop, Thripidae)

All sugar mills Major

Table 30.1 (continued)

(continued)
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Si. 
no. Common and scientific name

Sugar mills areas 
where recorded Status

21. Mealybug Dysmicoccus sp. (Homop., 
Pseudococcidae)

SRI Minor

Kiritshenkella sacchari 
Gr Minor (Homop., 
Pseudococcidae)

All sugar mills Minor

22. Scale insect Ac/orda sp. takahashi Kuw. 
(Homop., Aclerdidae)

All sugar mills Minor

Me/anasp/s glomerata Green 
(Homop., Diaspididae)

All sugar mills Major

23. Black leaf hopper Eoeurysa flavocap/tata Muir. 
(Homop., Delphacidae)

All sugar mills Major

24. Woolly aphis Ceratovacuna lanigera 
(Zehnt.) (Homop., 
Aphididae)

All sugar mills Major

25. Aphid Longiunguis sacchari (Zehnt.) 
(Homop., Aphididae)

RSM Minor

Rhopalosiphum maidis (Fitch) 
(Homop., Aphididae)

SRI Minor

26. Zebra hopper Ricania Zebra (Dist.) 
(Homop., Ricanidae)

SRI Minor

27. Mite (Red) Oligonychus indicus (Hirst) 
(Acarina, Tetranychidae)

SRI, Careew & Co. Minor

28. Icerya Icerya sp. SRTI Minor
(Margorodidae, Homoptera)

29. Root aphid Geoica lucifuga (Zehntner) 
(Aphididae; Homoptera.)

Careew & Co. Minor
(ground pearl)

30. Mite (white) Schizotetranychus 
andropogoni (Hirst) 
(Tetranychidae; Acarina.)

Dhaka/SRTI Minor

31. Nematodes Helicotylenchus sp. 
(Tylenchida; Tylenchidae)

KSM, TSM, STSM Major

Hop/o/a/mus sp. (Tylenchida; 
Tylenchidae)

KSM, TSM, STSM Major

Tylenchorhynchus sp. 
(Tylenchida; Tylenchidae)

KSM, TSM, STSM, 
SRTI

Major

Pratylenchus sp. (Tylenchida; 
Tylenchidae)

NRS, TSM, KSM

Aphelenchoides sp. 
(Tylenchida; 
Aphelenchoididae)

KSM Minor

Meloidogynae sp. 
(Tylenchida; 
Heteroderidae)

NRS, SRTI, STSM Major

Xiphinema sp. (Dorylaimida, 
Longidoridae)

NRS, STSM, TSM Minor

Hemicriconemoides sp.  
(Tylenchida; 
Criconematidae)

STSM Minor

Table 30.1 (continued)
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30.2  Materials and Methods

The investigation was made at the experimental farm of Bangladesh Sugarcane 
Research Institute (BSRI), Ishurdi, Pabna for the last 28 years from 1980 to 2007. 
An area of 0.5 ha was planted with sugarcane varieties/clones through conventional 
sett placement in the trenches. Fertilizer application, irrigation, weeding, mulching 
and earthing-up were done as per normal cultural practices. Sugarcane varieties/
clones were subjected to natural infestation. No pest control measure was applied.

Data on the incidence of top shoot borer (Scirpophaga excerptalis Walker), stem 
borer (Chilo tumidicostalis Hampson) and rootstock borer (Emmalocera depres-
sella Swinhoe) were taken from March to October. The percentage of infestation 
was calculated by counting the total and infested canes. In case of rootstock borer, 
up-rooted stocks were dissected to observe their infestation. Data on climatic factors 
viz., maximum temperature, minimum temperature, relative humidity (%) and rainfall 
were recorded by the biometry section of the institute. Since these pests are more 
active in the months of March to October, average maximum and minimum 
 temperature, average relative humidity and total rainfall were calculated month-
wise from the 28 years. Correlations of climatic factors with borer infestation were 
calculated. Growth rate of temperature and pest infestation is calculated by using 
Discrete formula:

Growth Rate r: ((A/P)1/t − 1), where P = value of the variable at beginning of 
period, A = value of the variable at end of period, t = number of periods including 
first and last.

Growth rate is also calculated using Microsoft Excel: ((A/P)^(1/t))*100.

30.3  Results and Discussion

Climatic factors like temperature, humidity and rainfall play an important role in 
the abundance of pest population. Investigation conducted at BSRI showed that top 
shoot borer infestation varied from 0.3% to 88.66% (Fig. 30.1), stem borer varied 
from 5.36% to 84.40% (Fig. 30.2) and rootstock borer infestation varied from 
4.12% to 44.57% (Fig. 30.3) during the last 28 years from 1980 to 2007. During 
the study period, year wise (January–December) average maximum temperature 
and average minimum temperature varied from 30.03°C to 32.29°C, average 
 minimum temperature varied from 20.21°C to 21.47°C, average relative humidity 
ranged from 78.81% to 91.25% and total rainfall ranged from 863.48 to 2145.91 mm. 
Since these pests are more active in the months of March to October, therefore, 
year-wise (March–October) average maximum and minimum temperature from 
1980 to 2007 are shown in Figs. 30.4–30.11.

Twenty-eight years of data of individual months showed that average maximum 
temperature varied from 31.84°C to 35.59°C and average minimum temperature 
varied from 18.56°C to 26.41°C, where the month of April had the highest average 
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maximum temperature of 35.59°C and the month of August had the highest average 
minimum temperature of 26.41°C (Fig. 30.12). From growth rate analysis of tem-
perature, it is observed that average maximum and minimum temperature was 
increased by 0.18% and 0.22%, respectively, in the month of May, average maxi-
mum temperature was increased by 0.04% in June and average minimum tempera-
ture was increased by 0.01% in October during the last 28 years. Average relative 
humidity varied from 74.3% to 89.81% from March to October with the highest in 
July (Fig. 30.13). Minimum rainfall occurred in the month of March (928.75 mm) 
followed by April (1,902.25 mm), whereas the highest rainfall occurred in 
September (7,713.05 mm) during the last 28 years (Fig. 30.14).

Correlation of climatic factors with the pest infestation was evaluated (Table 30. 2). 
The abundance of top shoot borer was positively correlated with rainfall (r = 0.448*) 

March

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.4 Average maximum 
and minimum temperature in 
March (28 years)

April

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.5 Average maximum 
and minimum temperature in 
April (28 years)



50930 Influence of Climatic Changes on the Abundance of Major Insect Pests of Sugarcane

May

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.6 Average maximum 
and minimum temperature in 
May (28 years)

June

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.7 Average maximum 
and minimum temperature in 
June (28 years)

July

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.8 Average maximum 
and minimum temperature in 
July (28 years)



510 Md. Abdullah and Md.A. Mannan

August

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.9 Average 
 maximum and minimum  
temperature in August  
(28 years)

September

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(˚

c)

max.

min.

Fig. 30.10 Average 
 maximum and minimum 
temperature in September 
(28 years)

October

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

19
80

19
83

19
86

19
89

19
92

19
95

19
98

20
01

20
04

20
07

year

T
em

p
er

at
u

re
(°

c)

max.

min.

Fig. 30.11 Average maximum 
and minimum temperature in 
October (28 years)



51130 Influence of Climatic Changes on the Abundance of Major Insect Pests of Sugarcane

in the month of June where temperature and humidity did not affect significantly on 
their incidence. Rainfall has a positive influence on the population of S. excerptalis. 
It multiplies profusely during the rainy season from July to September, though its 
activity starts from April and continues upto October (Srivastava and Singh 1957). 
High rainfall is also regarded as a contributory factor for profuse multiplication of 
the borer (Gupta 1959). The role of rainfall during July in influencing the population 
build-up has also been established by Bhardwaj et al. (1981). This result has similar-
ity with the rainfall effect on top shoot borer infestation in the present study. In 
March 1984, the average maximum temperature was 35.19°C (Fig. 30.4) where the 
top shoot borer infestation was 88.66%. In Uttar Pradesh, the climatic conditions 
during the monsoon months, with average maximum temperature ranging from 
32.2°C to 35°C and mean relative humidity from 75% to 85% are conducive for its 
multiplication (Gupta 1954). These results support the effects of temperature on top 
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shoot borer infestation. So, these factors alone cannot have a role in influencing top 
borer activity (Avasthy 1969). In view of this, the role of biotic factors like natural 
enemies, varieties under cultivation and others on top borer activity under various 
agro-climatic conditions have differential incidence of the pest.

Stem borer infestation was observed positively correlated with average maxi-
mum temperature in July (r = 0.399*) and negatively correlated with average mini-
mum temperature in October (r = −0.379*), whereas humidity and rainfall did not 
affect significantly on their occurrence. Increased soil moisture level, waterlogged 
conditions and heavy soils are found to favour the multiplication of C. tumidicos-
talis (Khanna et al. 1957; Singh et al. 1981). The abundance of rootstock borer was 
positively correlated with average maximum temperature (r = 0.525**) and nega-
tively correlated with rainfall in the months of May (r = −0.563**) and September 
(r = −0.380). In 1982, the average maximum temperature was 37.97°C in the month 
of May, for which the infestation of rootstock borer was high (44.57%). At the same 
time, the rainfall was too low (81.28 mm) and the average relative humidity was 
77.57%, favoring the rootstock borer infestation. Gupta (1954, 1959) reported that 
rootstock borer is adversely affected by rains. The root borer has been observed to 
be active at high temperatures (Gupta 1953). The borer flourishes well at high 
 temperatures 31.7–42.1°C and low humidity conditions in north India. Generally, 
borer incidence and population are generally high in unirrigated fields and in sandy 
or sandy loam soils (Gupta and Avasthy 1952). All these reports have similarities 
with the effects of climatic factors on rootstock borer in the present study. Data 
computed for growth rate analysis showed that Top shoot borer and rootstock borer 
infestation were increased by 2.09% and 1.43%, respectively, during the last 28 
years. At the same time, maximum and minimum temperature was increased by 
0.18% and 0.22%, respectively, in the month of May during the last 28 years.
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Abstract The crop production situation in Bangladesh is becoming worse due to 
a range of soil, water and climate related constraints. Global warming and climate 
change phenomena exacerbate this situation. Declining soil fertility, accelerated 
soil erosion and soil salinity are the major soil related constraints to crop produc-
tion. About 0.87 million hectares (Mha) of land is affected by different degrees of 
salinity and about 1.74 Mha is prone to soil erosion. The rise of 3°C atmospheric 
temperature would cause an 11% decrease in soil organic matter (SOM) content. 
Judicious use of chemical fertilizer and increasing use of organic manure with 
legume based cropping pattern can restore soil fertility. Shortage of water in the 
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dry season and abundance of water in the rainy season are the main water-related 
 constraints. Winter (boro) season rice cultivation using a huge amount of ground 
water creates arsenic contamination in soil and water. Less water consumptive crops 
should be selected in the rabi season. Climatic changes results in natural hazards 
like floods, drought and cyclones. Short duration and increasing temperature are 
the recent trends of the winter season in Bangladesh. Therefore, appropriate crop 
variety (heat and salt tolerant), improved crop management, fertilizer use, water 
management and agronomic practices are needed to alleviate these constraints.

Keywords Climate change • Soil fertility decline • Soil erosion • Soil salinity  
• Flood and drought

Abbreviations

As Arsenic
B Boron
BARI Bangladesh Agricultural Research Institute
BR 22 Bangladesh Rice 22
BR 23 Bangladesh Rice 23
CO

2
 Carbon di-oxide

Fe Iron
GHGs Green House Gases
HYVs High Yielding Varieties
IPNS Integrated Plant Nutrient System
Mha  Million hectares
Mt  Metric Ton
Na  Sodium (Natrium)
NCA Net Cultivated Area
OM  Organic Matter
P Phosphorus
S Sulphur
SOM Soil Organic Matter
T.aman Transplanted Aman
T.wet Transplanted wet
WUE  Water Use Efficiency
Zn Zinc

31.1  Introduction

Global climate, an extremely fragile phenomenon, has been kept it in a perfect 
 balance for thousands of years, and has enabled this planet to sustain diverse life 
forms. But recent emissions of green house gases (GHGs) and other environmental 
degradation done by anthropogenic activities are affecting this balance with drastic 



51731 Soil, Water and Climate Related Constraints for Crop Production in Bangladesh

consequences. The concentrations of GHGs in the atmosphere is equivalent to 
around 388 ppm CO

2,
 compared with 280 ppm before the industrial revolution. 

Concentrations have increased mainly because of rapid population increase and 
subsequent pace of high mass consumptive lifestyles of human population. This 
concentration has already caused the world to warm by >0.5°C, and will also 
increase by another 0.5°C over the next few decades because of inertia in the 
 climate systems (Fairbanks 1989). Thus, crop productivity is projected to increase 
slightly at mid to high latitudes for local mean temperature increases of up to 
1–3°C, depending on the crop cultivars, and then decrease beyond that in some 
regions. Adaptations such as altered cultivars and planting times allow low and mid 
to high latitude cereal yields to be maintained at or above baseline yields for modest 
warming. Increases in the frequency of droughts and floods are projected to affect 
local production negatively, especially in subsistence sectors at low latitudes.

However, crop production is a complex function of many factors like crop, soil, envi-
ronment and production management practices. Bangladesh is situated in a climatically 
vulnerable position, and is impacted frequently by natural calamities. Due to recent 
global atmospheric changes, abrupt extreme climatic phenomena are appearing repeat-
edly over the last few years. Adverse climatic conditions severely affect Bangladesh’s 
agriculture. Different catastrophic environmental hazards like uneven rainfall, extreme 
temperatures, flood, drought, hailstorm, storm, tidal-surges, saline water-intrusion, etc., 
impact this country frequently. This review synthesizes the available literature on risks of 
soil degradation by climate change and proposes adaptation strategies.

31.2  Principle Constraints to Crop Production

Review of various reports and publications show the following major constraints to 
crop production: soil fertility decline, soil erosion and land loss, soil salinity, loss 
of water/inefficient use of water, and climatic stresses.

31.2.1  Soil Fertility Decline

In Bangladesh, major food crops remove about 2.98 m tons (Mt) of nutrients annually 
against a total addition of 0.72 Mt. According to an appraisal report on Bangladesh’s 
soil resources, soils on about 6.10 Mha contain low (less than 1%) organic matter 
(OM), 2.15 Mha contain low (1–2%) OM and the remaining 0.90 Mha contain high 
(more than 2%) OM. The state of decline is also reflected in deficiency of N in 
almost all soil types, and widespread deficiency of P, Zn, S, B, etc. As much as 
5 Mha of land suffer from S and 2 Mha from Zn deficiency. Boron deficiency has 
lately been reported to cause sterility in mustard, wheat and chickpea. Boul et al. 
(1990) made a quantitative evaluation of the effect of a temperature increase on the 
soil OM. They predicted that 3°C rise in atmospheric temperature would cause an 
11% decrease in soil OM to 30-cm depth, which will adversely affect plant growth 
(Tables 31.1 and 31.2).
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31.2.2  Soil Erosion and Land Loss

High seasonal rainfall, low OM content in soils, poor soil management and steep 
slopes particularly in hilly areas contribute to accelerated soil erosion. It is reported 
that about 1.74 Mha of land is prone to soil erosion. Land degradation results in part 
from deforestation, both in hills and plains, occurring now at 5–6% annually 
(Table 31.3).

Table 31.2 Different types/areas of land degradation and their extent in Bangladesh (BARC 1999)

Types of land degradation

Areas (in Mha) affected by different  
degrees of degradation Total area  

(Mha)Light Moderate Strong Extreme

 1. Water Erosion 0.1 0.3 1.3 – 1.7
– Bank erosion – 1.7 – – 1.7

 2. Wind Erosion – – – – –
 3. Soil Fertility Decline 3.8 4.2 – – 8.0

– P deficient (for HYV rice) 5.3 3.2 – – 8.5
– P deficient (for  

Upland crops)
3.1 2.5 – – 5.6

– K deficient (for HYV rice) 4.0 3.4 – – 7.4
– K deficient (for  

Upland crops)
2.1 5.4 – – 7.5

– S deficient (for HYV rice) 4.4 3.3 – – 7.7
– S deficient (for  

Upland crops)
4.1 4.6 – – 8.7

Soil Organic Matter depletion 1.94 1.56 4.05 – 7.55
 4. Water logging 0.69 0.008 – – 0.7
 5. Salinization 0.29 0.43 0.12 – 0.84
 6. Pan formation – 2.82 – – 2.82
 7. Acidification – 0.06 – – 0.06
 9. Active floodplain – – – – 1.53
10. Deforestation – 0.3 – – 0.3
11. Barind – – – – 0.773

Months

Soil loss (t ha−1) at different hill slopes

10% 20% 30%

April 0.30 0.46 0.60
May 1.64 2.10 2.56
June 6.02 8.18 10.0
July 4.18 7.06 9.11
August 3.06 5.12 6.33
September 1.28 2.05 2.82
October 0.92 1.36 1.68

Table 31.3 Month wise soil 
loss at different hill slope 
(average of 1998–2000) 
(Khan 2001)
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31.2.3  Soil Salinity

Of the 2.85 Mha of coastal areas (some 30% of the total arable land of the country), 
about 0.87 Mha are affected by different degrees of soil salinity. The problem has 
been exacerbated in recent years, especially in Khulna-Jessore region as a result of 
reduced dry season water flow below the Farakka Barrage in India. The cropping 
intensity in the coastal saline areas range from only 62% in Chittagang region to 
114% in Potuakhali region. The low intensity is mainly due to soil salinity and 
unavailability of a high quality water for irrigation in the dry period. Besides, 
shrimp farming is causing damage to the environment, leading to deforestation and 
salinity. Local transplant of wet season (aman) rice is the principal crop cultivated 
here with an average yield of 1.27 t ha−1. Potential cropping patterns for different 
degrees of salinity against land types are available, which need to be adopted at the 
field level for optimizing agricultural production. Water conductivity of 750 m 
mhos is damaging to human health, while a rating of 2,000 m mhos affects yields 
of irrigated rice and many other crops. Yield decrease of rice and wheat in saline 
irrigation water are illustrated in Table 31.4.

31.2.4  Inefficient Use of Water

Water will become the most limiting factor of all natural resources with crop 
 intensification. Despite this, a considerable amount of water is wasted every year 
that can be attributed mainly to a faulty flood system. The water use efficiency in 
Bangladesh will hardly exceed 30%. The quality of ground water is deteriorating 
due to the accumulation of different types of salts, chloride, Fe, Na and arsenic that 
are affecting not only the operation of irrigation equipment but also the public 
health. The salinity level in both surface and ground water is also rising, especially 
in the dry season.

31.3  Climate Stresses

Climate remains the most important factor in crop productivity, although the impact 
of climate on productivity is often not appreciated. Changes in climate have a 
 profound effect on gram crops. A rise of 1–2°C in combination with lower radiation 

Yield decrease 
(%)

EC on rice 
(mS cm−1)

EC on wheat 
(mS cm−1)

 0 2,000 4,000
10 2,600 4,900
25 3,400 6,400
50 4,800 8,700

Table 31.4 Effect of saline 
water on decrease in grain 
yields of rice and wheat 
(FAP 1993)
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causes sterility in rice spikelets. High temperature reduces yield of HYVs of 
 summer, wet and winter season rice in all study locations and in all especially if the 
ambient temperature exceeds 40°C.

31.3.1  Rainfall

Crop production in Bangladesh is predominantly rainfed. Hence the onset, dura-
tion, amount and the periodic aberrations of rainfall dictate the nature and type of 
crops to be grown and the sequence of farming activities. The annual average 
rainfall of the country ranges from 1,194 to 3,454 mm. The occurrence of rainfall 
before and during summer season helps to cultivate crops normally escaping any 
drought. On the other hand, the occurrence of excessive monsoon rainfall (80% of 
the total rainfall concentrates during July to September) causes unusually early, 
high or late floods, which damage crops. The uneven distribution of monsoon rains 
in space and time over different parts of the country may lead to periodic drought 
and flood situations. Therefore, high variability of rainfall is the single environ-
mental factor which influences the fluctuations of crop yields in different parts of 
the country.

31.3.2  Flood

Flood of different types, namely flash flood, river water flood and rainwater flood 
or combinations of them are occurring in Bangladesh mainly due to the occurrence 
of excessive rainfall. Nearly 1.23 and 5.05 Mha of crop lands are severely and mod-
erately flood prone, respectively. The record floods of 1988 inundated about 2.6 Mha. 
Recently, it has been estimated that about 7.2 Mha, about half of the total land area, 
are flood prone. Floods cause colossal losses of crops, poultry, and  animals. In some 
places, reduction of soil fertility is caused mainly by sand deposit.

Late T. wet season varieties like BR 22 and BR 23 may be cultivated with aged 
seedlings of increased number hill−1. Planting split tillers of rice after flood dam-
age could be a good alternative for getting higher field coverage of T. wet season 
rice at the time of acute seedling shortage and thus higher crop production may 
be ensured. After receding of flood water, pulses, potato and mustard may be 
cultivated without tillage and vegetables can be produced to recover the severe 
crop loss and have alternative food supply within a shorter period. Dapog or float-
ing seedbed for raising seedlings of rice may be practiced in areas where most of 
the land goes under water during rainy season, so that winter (boro) rice can be 
planted in time just after receding of floodwater. Short duration modern winter 
(boro) rice varieties may be developed and cultivated instead of long duration 
varieties in the low lying areas to avoid yield loss due to the early flash flood 
(Table 31.5).
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31.3.3  Drought

Droughts of different intensities occur throughout the country, which severely 
affect annually about 2.3 Mha in the summer season and 1.2 Mha in the dry (winter 
and pre-summer) seasons. During summer season, transplant wet season (aman) 
rice, the principal crop of the country, is mainly affected resulting in the reduction 
of about 1.5 Mt of rice which is about 8% of the total annual production. During 
the dry (winter and pre-summer) season mustard, potato, wheat, pulses, winter and 
broadcast summer rice crops are affected.

Drought resistant modern crop varieties need to be developed and included in 
the existing cropping patterns for efficient drought management. Adjusting planting 
time (early or late) of the crops may be a better way for avoiding drought effects, 
supplemental irrigation during the early stage of summer (Aus) rice or at the later 
stage of wet season (Aman) rice may increase the yield to a significant level. Winter 
(Boro) rice and other (Rabi) crops are to be irrigated for their higher production. 
Much emphasis needs to be given for cultivating Rabi crops, including winter 
 vegetables, pulses and oilseed crops instead of winter (Boro) rice for economic 
water use and higher profit in areas where irrigation facilities are scarce. Moreover, 
addition of OM, use of mulches, practicing cover cropping, judicious intercropping 
etc. help to minimize the adverse effect of drought (Table 31.6).

31.3.4  Temperature

Temperature in the country ranges from 36.7°C to 40.6°C and from 10°C to 27.5°C 
during summer and winter, respectively. The winter temperature sometimes can be 
below 7.2°C. High temperature accompanied by scanty or no rainfall accelerates 
the severity of drought, especially in the later part of the summer (kharif) season, 
which results in crop loss. On the other hand, sterility or failure in grain setting is 
a common feature for wheat and rice (early boro and late aman) due to prevalence 
of high and low temperatures, respectively, at the period of grain setting. Cold tolerant 
modern T.aman and Boro rice varieties need to be developed to mitigate yield loss. 

Table 31.5 Natural hazards and affected area (Mahatab and Karim 2002)

Hazards Area affected (Mha)

Floods (flash, rain water,  
river water and tidal floods)

1.32 of net cultivated area (NCA)  
severely affected

5.05 of NCA moderately affected
Droughts 2.32 of crop affected in summer season

1.20 affected in winter season
Salinity and coastal surges 0.87 is affected
Cyclones and wind 2.80 of coastal area are subjected  

to damaging cyclones
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Late planting of short duration Boro rice and early planting of long duration T.aman 
rice varieties may be grown for avoiding cold injury. Shorter winter period might 
be the effect of global warming, which adversely reduces the wheat yield and this 
necessitated developing and cultivating wheat varieties with the potential to give 
stable yields at a relatively higher temperature.

Global warming will increase the yield potential of rice in colder regions and decrease 
yield in warmer regions where temperature is already above optimum or marginal. Most 
of the present varieties are sensitive to high temperature, with yields decreasing linearly 
with increase in day time temperature above 33°C (Satake and Yoshida 1978). Various 
studies indicate that high temperature reduces the yields of HYVs of Aus, Aman and 
Boro rice during all the seasons throughout Bangladesh (Table 31.7).

31.3.5  Cyclone and Tidal Surges

Cyclone and tidal surges are also common in the coastal area and they cause severe 
loss to the crops and lives. Salinity and tidal submergence tolerant rice varieties and 
appropriate cropping pattern with proven soil reclamation methods need to be 
developed to increase the cropping intensity of the coastal saline area.

Table 31.6 Intensity of winter (Rabi) and Pre-summer (Kharif) droughts and yield reduction of 
crops (Mahatab and Karim 2002)

Drought classes Area (Mha)

Percent of yield reduction of crops

Wheat Potato Mustard B. Aus

Very severe 0.37 60–70 >70 >50 >40
Severe 0.86 50–60 60–70 40–50 30–40
Moderate 3.28 40–50 50–60 30–40 20–30
Less moderate 1.46 30–40 40–50 20–30 10–20
Slight 4.35 <40 30–40 <20 <10

Table 31.7 High temperature effect on key development stage of major 
agricultural crops (Acock and Acock 1993)

Crops Effect References

Wheat Temperature > 30°C for more than 8 h  
can reverse vernalization

Evans et al. (1975)

Rice Temperature > 35°C for more than 1 h  
at anthesis causes high percentage  
spikelets sterility

Yoshida (1981)

Maize Pollen begins to lose viability at  
temperatures > 36°C

Decker et al. (1986)

Potato Temperature > 20°C depress tuber  
initiation and bulking

Prange et al. (1990)

Soybean It has great ability to recover from  
temperature stress

Shibles et al. (1975)
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31.3.6  Hailstorms

Hailstorms are usually associated with violent thunderstorms. In Bangladesh, 
 hailstorms mainly occurs during March to May and cause severe damage to 
standing crops like boro rice, wheat, jute, mungbean, summer vegetables, fruits 
etc. Crops damaged due to hailstorm in April, 1997 were 12667 tons of boro rice, 
185 tons of wheat, 861 tons of jute and 46 tons of mung. In May 1997, 63.31 tons 
of boro rice on 18473 ha of land area were damaged. Resistant varieties with 
desired plant type and capability of quick recovery need to be developed and 
cultivated to reduce the yield loss due to the occurrence of hailstorms, cyclone, 
storm, tidal surges, etc. Research in these themes must be strengthened.

31.4  Opportunities of Adaptation to the Constraints

It is important to face the challenges of the coming years by developing and apply-
ing technologies that can help increase yield to feed the growing population. This 
is to be achieved in ways that are economically viable and environmentally sustain-
able. Some of the yield increases must come from the available technologies and 
the remaining from the new and frontier research, mainly in the area of plant 
 breeding (genetic improvement), and soil and crop management.

31.5  Crop Management

Crop improvement depends not only on genetic improvement, but also on crop 
management. In crop management, increases in productivity can be achieved 
through the efficient use of fertilizers and water resources and by the management 
of pests, diseases and climate.

31.6  Nutrient/Fertilizer Management

Improving N efficiency, which is particularly low in irrigated crops and tropical 
countries, must be a major future intervention to increase productivity and reduce 
production cost. Various methods to improve N efficiency such as split application, 
deep placement of urea, urea super granules and time of application have been 
developed specially for rice and wheat. These kinds of nutrient management tech-
niques should also be initiated or promoted in other crops like oilseeds, pulses, 
vegetables and tubers in the future decades. Research on green manuring must be 
given emphasis on a regular basis to improve OM content of soils.

It is recognized that neither mineral fertilizers nor organic matter alone can 
increase yields on a sustainable basis. Thus, balanced use of fertilizers with OM, 
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that is, integrated plant nutrient system (IPNS), is essential to achieving the twin 
objective of increasing and sustaining crop productivity. Another approach towards 
N efficiency would be utilizing N from the air through non-leguminous crops. 
Methods have to be developed to identify non-leguminous species capable of utilizing 
atmospheric N. Recently, a positive response of B fertilization (better grain formation) 
has been reported in mustard, chickpea and groundnut.

31.6.1  Water Management

Water use efficiency (WUE) with the present flood irrigation system is around 30%. 
Thus, efficient use of water at farm level must be a major goal and studies to this 
end need to be undertaken or strengthened. The minimum/zero tillage technique 
that is now being practiced in wheat, potato, mustard, etc., must be refined and used 
commercially to increase WUE and reduce production cost. Research on the sched-
uling of irrigation based on water requirement and appropriate growth stages of 
crops is also imperative in the next decades. It may be worthwhile to mention that 
one irrigation at the crown root initiation stage in wheat is more efficient than 
applying several irrigations at other growth stages. Harvesting of water and its 
conservation (that is at present practically neglected) must receive priority attention 
in future years for supplementary irrigation to T.aman rice and irrigation to dry 
season crops. Photosynthesis and other physiological processes are affected by 
different degrees of water stress. But research in this area is scanty. Therefore, initia-
tion of studies to understand how water stress affects these physiological processes 
and thereby causes reduction in yields are suggested.

31.6.2  Climate

Another issue of research that must receive adequate attention to meet the challenges 
of future years is the changes in climate (i.e. rise in temperature and CO

2
 and reduction 

of radiation). Detrimental effects of high temperature on grain crops have been docu-
mented by several studies. What is necessary in the future, however, is to study the 
interaction of temperature, CO

2
 and radiation on individual crops or production sys-

tems as a whole. Simultaneously, the effects of temperature, humidity and radiation 
on the incidence of pests and diseases and micro-organisms must be investigated.

31.7  Conclusion

Global warming and climate change have a detrimental impact on soil fertility and 
crop productivity. Soil OM is decreasing due to rise of soil temperature. Extent and 
severity of natural disasters like flood, drought, cyclones and tidal surges will be 
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greater in coming years. Increased drought and salinity, prolonged inundation and 
excessive soil erosion will reduce the crop covering area and field. Appropriate 
crop management practices must be followed in the climate change affected areas. 
Selection of appropriate crop species/variety must be chosen for specific area.
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Abstract Effects of climate change regarding food chain contamination are 
 well-pronounced. Prevalence of environmental contaminants and chemical residues 
in food chain is one of them. To address such climate change effects sustainable 
public and environmental health are the prime concerns. Due to be of flood-plain 
physiography, Bangladesh is more vulnerable to the effects which can be intensi-
fied by regional eco-toxicity phenomena that are getting newer dimensions. Two 
of such dimensions are phenomena of chromium and lead contamination of food 
chain. In Bangladesh, among the routes of chromium eco-toxicity, feeds and fertil-
izer  production from tanned skin-cut wastes (SCW) has been found to be the most 
direct one leading to food chain contamination. To study heavy metal status of 
production of protein-concentrates from SCW as fertilizer and feed input, exten-
sive chromium pollution has been detected. Protein-concentrate production process 
was comprehensively  studied and chromium concentration was found to be as 
high as 2.49%. In this way a huge migration of chromium can happen into poultry 
products, fish and vegetables, and further bio-magnify into food chain. The target 
population of this phenomenon is also huge. Another investigation was to study the 
environmental fate of intense auto-exhaust lead pollution in Bangladesh which is 
only recently been controlled. Regional bioconcentration has been investigated to 
assess the nature and extent of ecotoxicity of these two heavy metals. Single poultry 
egg from the sampling of 96 eggs covering eight districts of central Bangladesh was 
found to contain a mean chromium content of 23.3809 mg, which exceeds adequate 
daily dietary intake of children up to 8 years of age as well as corresponds to major 
part for other age groups. The mean regional bioconcentration of lead was found 
to be 8.1611 ppm which is about 80 times higher than the maximum permissible 
limit. As these are most likely to have become ecotoxicity phenomena, these will 
also involve other living species that constitute the ecosystem and can also exert 
effects on climate change through shaping altered ecological niche. Moreover, 
these  phenomena will intensify the climate change effects on food chain contami-
nation in this region and hence complicate the adaptation.

Keywords Ecotoxicology • Food chain contamination • Climate change  
• Adaptation

Abbreviations

SCW Skin-cut wastes
AAS Atomic Absorption Spectrophotometry
DRIs Dietary reference intakes
UL Upper intake level
RDA Recommended dietary allowance
AI Adequate intakes
APM Airborne Particulate Matter
WHO World Health Organization
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32.1  Introduction

Climate-related extreme events, ocean warming and changes in surface temperature 
and humidity can result in food safety chemical hazards. There are many pathways 
through which global climate change and variability may impact environmental 
contamination and chemical hazards in foods. According to the Third Assessment 
Report of IPCC, South Asia is the most vulnerable region of the world to climate 
change impacts (McCarthy et al. 2001). The international community also recog-
nizes that Bangladesh ranks high in the list of most vulnerable countries on Earth. 
With special regard to climate change effects on food chain contamination, 
Bangladesh’s high vulnerability is due to its geographical location in South Asia, 
the flat deltaic topography with very low elevation, and extreme climate variability 
which is governed by monsoon. In this perspective, any phenomena leading to 
food chain contamination can strongly affect in intensifying climate change effects 
and adaptation in the region. In recent times regional eco-toxicity phenomena are 
getting newer dimensions which are addressed to explore in this work. The chromium 
and lead ecotoxicity are becoming such phenomena. The chromium problem 
 originates from recycling of tanned skin-cut wastes (SCW) into protein-concen-
trates to be used in feeds and fertilizer production for more than a decade. These 
activities are mostly concentrated in Hazaribagh, situated in south-western part of 
Dhaka city. And the lead problem may have its possible origin in intense atmo-
spheric lead pollution from auto-exhaust emission and successive deposition on 
agricultural soils.

32.2  Materials and Methods

32.2.1  Samples

The tanned SCW are sliced cut pieces of hides produced at the end of tanning •	
processes to maintain a definite thickness. The SCW are protein-rich and are 
unscientifically used for the production of poultry and fish feeds, and organic 
fertilizer. A total of 18 samples were collected to study the heavy metal status of 
protein-concentrate production in the Hazaribagh tanning area at various stages 
from the source to the final product, and to compare this with the imported ones. 
These were collected from three spots at Sonatengar of Hazaribagh, feed mill 
producing protein-concentrate in Hazaribagh, and Nimtoli poultry market, 
Kotwali Thana, Dhaka. Samples collected for studying protein-concentrate 
 production process can be identified as:
•	 Class I (sample numbers 1–4) samples were sampled from Sonatengar-I

Sample 1: SCW type I (with wet-blue treatment)•	
Sample 2: SCW type II (without wet-blue treatment)•	
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Sample 3: SCW type I + boiled + dried•	
Sample 4: SCW type II + boiled + dried•	

•	 Class II (sample numbers 5–10) samples were sampled from Sonatengar-II

Sample 5: SCW type I (greenish-blue colored)•	
Sample 6: SCW type I + boiled + dried•	
Sample 7: Boiled animal guts•	
Sample 8: SCW type I + boiled + mixed with boiled animal guts + dried•	
Sample 9: Boiled skin-cuts, ear, and tail-cuts•	
Sample 10: Faded silver colored SCW (probable waste from alum tanning)•	

•	 Class III (sample number 11–14) samples were sampled from Sonatengar-III

Sample 11: SCW type I (greenish-blue colored)•	
Sample 12: SCW type II (faded greenish-blue colored)•	
Sample 13: Mixture of SCW type I and type II + boiled•	
Sample 14: Mixture of SCW type I and type II + boiled + dried•	

The protein-concentrates were collected from

1.  Local protein-concentrate from feed mill at Hazaribagh, Dhaka
2.  Imported protein-concentrate from Nimtoli – 1, Kotwali, Dhaka
3.  Local protein-concentrate from Nimtoli (supplied from Hazaribagh)
4.  Imported protein-concentrate from Nimtoli – 2, Kotwali, Dhaka

The study area is shown in Fig. 32.1, where protein-concentrate production is 
being done from SCW.

To study regional bioconcentration in eggs, the central Bangladesh was selected •	
covering eight districts including capital Dhaka. The other seven districts are 
Narsingdi, Kishoreganj, Mymensingh, Tangail, Gazipur, Narayanganj, and 
Munshigonj. Twelve commercially produced chicken eggs were randomly 
sampled from each district’s egg stock market. From Dhaka, Gazipur, and 
Tangail both brown and white colored eggs were found and six eggs per type 
were sampled. The rest five districts included only brown colored eggs. The 
study area is shown in Fig. 32.2 (gray color).

32.2.2  Sample Pretreatment

For SCW: The wet and moist samples were sun-dried to remove any sensible 
moisture. Then these were oven-dried at 105°C until difference in weights was 
found negligible.

For egg samples: The egg samples were boiled in deionized water and after complete 
boiling albumen and yolk were separately oven-dried at 80°C to remove all moisture. 
Each of oven-died albumen and yolk were treated and analyzed separately.
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32.2.3  Sample Preparation Method

The samples were prepared by using HNO
3
–HClO

4
 digestion (Kebbekus and Mitra 

1998). Since the samples were of organic origin with a very high organic content, 
HNO

3
–HClO

4
 digestion was preferred over the more common HNO

3
 extraction for 

the determination of heavy metals. This strongly oxidizing digestion decomposes 
organics quickly and efficiently.

32.2.4  Sample Analysis

Analysis of all prepared samples was performed through atomic absorption spec-
trophotometry (AAS). During the sample preparation for arsenic determination, 
hydrochloric acid (at least 11.6 ml concentrated HCl for 100 ml total sample) and 

Fig. 32.1 Map of Hazaribagh Thana comprising the study area
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KI (at least 1%) were added. For the other heavy metals no special treatments were 
done. Hydride vapor generation technique was used in the determination of arsenic 
and mercury. Chromium, cadmium, lead, and arsenic determination were done in 
air-acetylene flame whereas mercury determination was done in cold vapor. 
Determination was carried out in SpectrAA 220 Atomic Absorption Spectrometer, 
Varian, Canada, with using BDH standard solutions.

Fig. 32.2 Area selected to study regional bioconcentration of chromium and lead (gray color)
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32.3  Results and Discussion

32.3.1  Heavy Metal Concentrations in Protein-Concentrates

The Hazaribagh tannery area, situated in south-western part of Dhaka city, comprise 
some 90% of tannery industries of Bangladesh on a 25 ha of land. The tanning 
industries of Hazaribagh process some 220 t of hide per day with an associated 
release of 600–1,000 Kg of tanned SCW per ton processed raw hide (Zahid et al. 
2004). Being of protein origin, these wastes are converted to protein-concentrate to 
be used as poultry feed, fish feed, and in production of organic fertilizers with some 
treatment. Large amounts of chrome powder are used during tanning process. After 
absorption into skins under treatment some 47% of the collagen used as well as 
85% of the chemicals enters the waste streams as effluent (UNIDO 2000).

There are many environmental hazards associated with the chemicals used in the 
tanning processes. But the hazards can come out in two ways. One is through the 
waters of canals and rivers after mixing with effluents. Substantial work has been 
done to study on this. But the other way, which is only recently been studied by 
Hossain et al. (2007), is the entrance of harmful chemicals into food chain through 
the use of SCW as feed stuff. This is a recent phenomenon happening at large extent 
for the last several years.

Results indicating chromium content in the three sample classes as well as in the 
protein-concentrate samples in dry weight basis are presented in Fig. 32.3.

Maximum chromium content of SCW is 3.2037% (sample 6). Data analysis 
shows that boiling and drying treatments brought no significant change in chro-
mium levels in samples collected from the three different spots of sampling. In one 
case the concentration becomes higher while in other it is lowered. So it can be 
concluded that the source of SCW for any specific spot was not fixed rather the 
wastes were collected from various tanning units of Hazaribagh. That is why, for 
the chromium level what is at the dumping of solid waste is not the same which is 
being boiled and also which is sun-dried after boiling. As the sampling was done at 
a time from the dumping of solid waste and the waste after boiling and drying treat-
ments, no regular change in chromium level among the treatments could be found. 
Since no extract is eliminated from the boiling of SCW, it can be said that no 
change in chromium level other than change in oxidation state is expected during 
the process of boiling with water.

The local protein concentrates (protein-concentrates 1 and 3) contained as high 
as 2.49% and 1.94% chromium, while the imported protein-concentrates (protein-
concentrates 2 and 4) contained only 0.35–0.48%. Cadmium, lead, arsenic, and 
mercury were detected within the maximum and minimum concentration ranges of 
3.888 and 0.991 ppm for cadmium, 30.114 and 7.577 ppm for lead, 2.212 and 0.099 
ppm for arsenic, and 13.916 and 0.166 ppm for mercury. The comparative abun-
dance of chromium on the other four heavy metals is shown in Fig. 32.4.

The results show that protein-concentrates produced from SCW are found to 
contain chromium at levels as high as 2.49%. This suggests that a huge migration 
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Fig. 32.3 Chromium concentration in the samples. (a) Chromium in class I samples; (b) chromium in 
class II samples; (c) chromium in class III samples; (d) chromium contents of protein-concentrates

Fig. 32.4 Heavy metal concentration in the protein-concentrates. Left: all heavy metals analyzed; 
Right: heavy metals except chromium
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of chromium can take place into poultry products, fish and vegetables through use 
of the protein-concentrates, and further bio-magnify into food chain. Zahid et al. 
(2004) have reported that chromium concentrations in effluents and canal water 
was 4.06 and 0.443 ppm, respectively; whereas suspended materials in effluents 
and canal water contained as high as 2.88% and 2.02%, respectively. These waters 
can also have multiplier indirect effects for chromium toxicity.

32.3.2  Regional Bio-concentration of Chromium  
in Poultry Eggs

Some average physical parameters were estimated from all samples so that the 
regional bio-concentration can be determined in a comparative way (Table 32.1).

Calculation of regional chromium bio-concentration is shown in Table 32.2 
(average dry weight basis).

The average statistics for all egg samples, irrespective of albumen and yolk sepa-
rately counted are presented in Table 32.3.

The comparison between albumen and yolk for their likelihood to contain chro-
mium is shown in Fig. 32.5.

In all sample classes except Gazipur white eggs, the chromium content is higher 
in albumen than in yolk. From these results, it can be suggested that albumen 
is more likely to contain chromium than do yolk for chicken eggs as far as bio-
concentration is concerned.

32.3.3  Dietary Reference Intakes for Chromium

In 1989, the National Academy of Sciences established an “estimated safe and 
adequate daily dietary intake” range for chromium. For adults and adolescents the 
range was 50–200 mcg (NRC 1989). In 2001, DRIs (Dietary Reference Intakes) for 

Table 32.1 Average physical parameters for comparative analysis of regional 
bio-concentration

Physical parameter Average values Standard error

Whole weight of eggs, g 55.5098 0.7590
Shell: albumen: yolk ratio 1:4.8672:1.9775 NA
Albumen raw weight, g 34.4401 –
Albumen moisture content,% 84.0603 0.1512
Albumen dry weight, g  5.4900 –
Yolk raw weight, g 13.9930 –
Yolk moisture content,% 51.3656 0.1616
Yolk dry weight, g  6.8054 –



536 A.M.M.M. Hossain and S.F. Elahi

Ta
bl

e 
32

.2
 

C
al

cu
la

tio
n 

of
 r

eg
io

na
l c

hr
om

iu
m

 b
io

-c
on

ce
nt

ra
tio

n 
in

 e
gg

s

Sa
m

pl
e 

cl
as

s

Sa
m

pl
e 

si
ze

  
an

d 
st

an
da

rd
  

er
ro

r

C
r 

in
 e

gg
  

al
bu

m
en

 (
mg

/g
) 

 
(d

ry
 w

ei
gh

t)
C

r 
in

 to
ta

l e
gg

  
al

bu
m

en
 (
mg

)

C
r 

in
 e

gg
  

yo
lk

 (
mg

/g
) 

 
(d

ry
 w

ei
gh

t)

C
r 

in
 to

ta
l  

eg
g 

yo
lk

  
(m

g)

To
ta

l C
r 

in
  

ea
ch

 e
gg

  
(a

lb
um

en
 +

 y
ol

k)
  

(m
g)

C
on

ce
nt

ra
tio

n 
in

  
to

ta
l e

di
bl

e 
eg

g 
 

(a
lb

um
en

 +
 y

ol
k)

  
(m

g/
g)

B
ro

w
n 

eg
g

(D
ha

ka
)

6
1.

56
21

8.
57

59
1.

13
54

7.
72

69
16

.3
02

8
1.

32
59

St
d.

 E
rr

or
0.

19
50

–
0.

21
49

–
–

–
W

hi
te

 e
gg

 
(D

ha
ka

)
6

2.
08

58
11

.4
51

0
1.

34
10

9.
12

60
20

.5
77

1
1.

67
36

St
d.

 E
rr

or
0.

60
73

–
0.

41
33

–
–

–
B

ro
w

n 
eg

g 
(N

ar
si

ng
di

)
12

1.
06

71
5.

85
84

1.
03

83
7.

06
60

12
.9

24
4

1.
05

12
St

d.
 E

rr
or

0.
20

70
–

0.
25

97
–

–
–

B
ro

w
n 

eg
g 

(K
is

ho
re

ga
nj

)
12

2.
18

27
11

.9
83

0
1.

23
34

8.
39

38
20

.3
76

8
1.

65
73

St
d.

 E
rr

or
0.

33
79

–
0.

19
95

–
–

–
B

ro
w

n 
eg

g 
(M

ym
en

si
ng

h)
12

2.
95

45
16

.2
20

2
1.

93
18

13
.1

46
7

29
.3

66
9

2.
38

84
St

d.
 E

rr
or

0.
36

36
–

0.
37

41
–

–
–

B
ro

w
n 

eg
g 

(T
an

ga
il)

6
1.

91
04

10
.4

88
1

1.
79

97
12

.2
47

7
22

.7
35

8
1.

84
91

St
d.

 E
rr

or
0.

34
01

–
0.

37
97

–
–

–
W

hi
te

 e
gg

 
(T

an
ga

il)
6

1.
72

81
9.

48
73

0.
66

70
4.

53
92

14
.0

26
5

1.
14

08
St

d.
 E

rr
or

0.
25

92
–

0.
24

76
–

–
–

B
ro

w
n 

eg
g 

(G
az

ip
ur

)
6

2.
39

30
13

.1
37

6
1.

55
84

10
.6

05
5

23
.7

43
1

1.
93

11
St

d.
 E

rr
or

0.
40

60
–

0.
41

11
–

–
–

W
hi

te
 e

gg
 

(G
az

ip
ur

)
6

1.
46

99
8.

06
98

1.
92

89
13

.1
26

9
21

.1
96

7
1.

72
40

St
d.

 E
rr

or
0.

19
71

–
0.

42
74

–
–

–
B

ro
w

n 
eg

g 
(N

ar
ay

an
ga

nj
)

12
3.

36
85

18
.4

93
1

2.
20

28
14

.9
90

9
33

.4
84

0
2.

72
33

St
d.

 E
rr

or
1.

46
02

–
0.

24
18

–
–

–
B

ro
w

n 
eg

g 
(M

un
sh

ig
on

j)
12

3.
38

78
18

.5
99

0
1.

26
82

8.
63

06
27

.2
29

6
2.

21
46

St
d.

 E
rr

or
1.

50
26

–
0.

25
36

–
–

–



53732 Phenomena Leading to Food Chain Contamination

chromium were established. The research base was insufficient to establish RDAs 
(Recommended Dietary Allowances), so AIs (Adequate Intakes) were developed 
based on average intakes of chromium from food as found in other available studies 
(Institute of Medicine 2001). Chromium AIs are provided in Table 32.4.

Fig. 32.5 Comparative chromium concentration in egg albumen and yolk

Table 32.4 Adequate Intakes (AIs) for chromium (Institute of Medicine 2001)

Age
Infants and children 
(mg/day)

Males
(mg/day)

Females
(mg/day)

Pregnancy
(mg/day)

Lactation
(mg/day)

0–6 months 0.2 – – – –
7–12 months 5.5 – – – –
1–3 years 11 – – – –
4–8 years 15 – – – –
9–13 years – 25 21 – –
14–18 years – 35 24 29 44
19–50 years – 35 25 30 45
>50 years – 30 20 – –

Total sample number 192
Mean concentration (mg/g) 1.9016
Std. Error of Mean 0.1502
Minimum (mg/g) NDa

Maximum (mg/g) 19.8051
Average total content in single egg (mg) 23.3809
aNot detected

Table 32.3 Statistics of all 
egg samples
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32.3.4  Tolerable Upper Intake Level (UL) for Chromium

Due to few serious adverse effects being associated with high intakes of chromium, 
the Institute of Medicine did not established a Tolerable Upper Intake Level (UL) 
for this mineral (Stoecker 2001; Institute of Medicine 2001). A UL is the maximum 
daily intake of a nutrient that is unlikely to cause adverse health effects. It is one of 
the values [together with the RDA (Recommended Dietary Allowance) and AI 
(Adequate Intakes)] that comprise the DRIs for each nutrient.

32.3.5  Essentiality and Toxicity of Chromium

Chromium is a mineral that humans require in trace amounts, although its mecha-
nisms of action in the body and the amounts needed for optimal health are not well 
defined. Chromium as heavy metal has no adverse effect. The trivalent form of 
chromium is considered as essential for normal carbohydrate and lipid metabolism 
(NRC 1980). Chromium is known to enhance the action of insulin (Mertz 1998), a 
hormone critical to the metabolism and storage of carbohydrate, fat, and protein in 
body. Little toxic effect is attributed to trivalent chromium when present in large 
concentrations. However, Cr (III) is ubiquitous in nature, occurring in air, water, 
soil, and biological materials. Cr (VI) has much higher toxicity in comparison to 
Cr (III), and the most important toxic effects, after contact, inhalation, or ingestion 
of hexavalent chromium compounds include dermatitis, allergic and eczematous 
skin reactions, skin and mucous ulcerations, perforation of the nasal septum, allergic 
asthmatic reactions, bronchial carcinomas, gastro-enteritis, hepatocellular defi-
ciency, and renal oligo-anuric deficiency (Baruthio 1992).

32.3.6  In vivo Carcinogenicity of Chromium

Chromium occurs most commonly in valance states of +3 (III) and +6 (VI). 
Chromium III is the most stable oxidation state (Greenwood and Earnshaw 1997) and 
presumably is the form in the food supply due to the presence of reducing sub-
stances in foods. A dose of 5 mg chromium VI can be reduced to  chromium III in 
0.5 L of orange juice (Kuykendall et al. 1996), and endogenous reducing agents 
within the upper gastrointestinal tract and the blood also serve to prevent systemic 
uptake of chromium VI (Kerger et al. 1997). But in their in vivo toxicity the 
intermediates of Cr (V) and Cr (IV), or indirectly the reduced Cr (III) can be ulti-
mately responsible.

In the carcinogenic behavior of chromium, chromate (CrO
4

2−) (which is a 
strong oxidizing agent) is reduced intracellularly to Cr5+ inside biological system 
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and reacts with nucleic acids and other cell components to produce mutagenic 
and carcinogenic effects on biological systems (Clark 1994; McLean and 
Beveridge 2001).

But Cohen and Costa (2000) mentioned about derived trivalent form of chro-
mium to be ultimately responsible for the carcinogenic effect. As the authors 
describe, the Cr (VI) ion is readily taken up into eukaryotic cells by anion-carrying 
proteins, after which it is reduced to Cr (III) by a number of cytoplasmic reducing 
agents. The final cellular form of chromium, Cr (III), becomes trapped intracellu-
larly because it has low cell membrane permeability. This shift from Cr (VI) to 
Cr (III) allows a concentration gradient to be established such that a continual 
influx of Cr (VI) ions raises intracellular chromium levels until lethal burdens are 
achieved. While both valence states of chromium are able to interact with DNA, Cr 
(III) ions are responsible for decreasing the fidelity of DNA replication. In addition, 
both Cr (III) and Cr (VI) exhibit clastogenic potency; however, Cr (VI) possesses 
the greater activity and is also a powerful mutagen in many prokaryotic and eukary-
otic cell systems. These properties of Cr (VI) support the claim that hexavalent 
compounds are likely to be active carcinogens, although it is more likely that the 
ultimate species responsible for the carcinogenic/mutagenic effects observed 
in vivo is the intracellularly derived trivalent form.

32.3.7  Assessment of Chromium Ecotoxicity

From the data, it is clearly seen that the mean chromium content of a single egg is 
23.3809 mg, which exceeds adequate daily dietary intake of children up to 8 years 
of age as well as corresponds to major part for other age groups. As the Institute of 
Medicine, USA did not established a UL for chromium due to its adverse health 
effects observed in cases of high intakes, any intake exceeding the adequate daily 
dietary intake level is being considered undesirable. If a single poultry egg can 
contain more than the amount which should be taken from all dietary intakes in one 
day, then along with the chromium present in other food menus consumed in a day 
must turn the total amount exceeding the safety limit, especially for the children. 
The scenario is presented in Fig. 32.6.

32.3.8  The Target Population

The target population of tannery based chromium eco-toxicity is huge. Only in case 
of poultry, some 48% of our farmers use hand-mixed feeds which in most cases 
incorporate the various protein concentrates produced from tannery solid waste as 
protein supplement. In 2005, about 52% of poultry feed had been produced by feed 
mills and the rests by the farmers themselves. In the same year about 90% broiler 
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feeds had been produced by the feed mills, whereas only 18% layer feeds had been 
produced by feed mills (Poultry Business Directory 2007). This means, most of 
layer farmers used hand-mixed feeds which represents more severe health risk from 
eggs. In the same way, the products are supplied and added as primary protein 
supplements in fish culture and as organic fertilizer in vegetable farming.

32.3.9  Release of Lead (Pb) into Bangladesh Environment

The problem of Pb pollution in the capital city, Dhaka, Bangladesh, was identified in 
as early as 1980 (Khan et al. 1980) at the Atomic Energy Centre, Dhaka. In a survey 
of trace elements in whole blood of the adult population of Dhaka, the average Pb 
level was found to be 550 ± 180 mg/L in a selected group of 100 adults. The high level 
of Pb could not be understood as the automobile exhaust was not considered seriously 
at that time. At the same time, in food and drinks no abnormally high levels of lead 
were found (Ali et al. 1985; Khan et al. 1989). The problem remained an enigma until 
1991, when high levels of Pb were found in suspended particles in air.

In 1999, unleaded gasoline was introduced to control auto-exhaust Pb pollution 
in Bangladesh. To assess the impact of the use of unleaded gasoline in Bangladesh, 
Airborne particulate matter (APM) was studied in Dhaka during the periods of 

Fig. 32.6 Dietary exposure scenario of chromium from poultry egg
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1994 and 1997–2000. The yearly average Pb concentration reached a maximum 
value of 370 ng/m3 in the particulate matter with an aerodynamic diameter < 2.5 mm 
fraction in 1998. In 2000, the concentration decreased to approximately one-third 
(106 ng/m3) of the high earlier values after the introduction of unleaded gasoline in 
the year 1999 (Biswas et al. 2003). However, there is a substantial amount of accu-
mulated Pb in dust from earlier depositions. In 1999, some case studies around 
 Dhaka-Aricha highway convincingly proved the migration of Pb to plants through 
deposition. The lead content in soil decreased with distance from highway as well 
as soil depth. Fruits and tree-leaves grown within 100 m of highway contained 
elevated concentration of lead (19.90–35.77 ppm). The average Pb concentrations 
in adjacent  top-soil and sub-soil were 112.26 ppm and 74.65 ppm which was very 
high in comparison with the WHO recommended value (20 ppm). The lead accu-
mulation by fruits in dry season was about two to six times higher than that of wet 
season (Ahmad et al. 2003).

Pb is still being used in an uncontrolled manner in paints and industry. It is, 
therefore, essential to continue the fight for lowering Pb level through removal of 
Pb in paints and control of emissions from suspected industries, especially Pb-based 
battery industries.

32.3.10  Regional Bio-concentration of Lead in Poultry Eggs

Using average physical parameters from Table 32.1, calculation of regional lead bio-
concentration in eggs is shown in Table 32.5 (average dry weight basis).

The average statistics for all egg samples, irrespective of albumen and yolk sepa-
rately counted are presented in Table 32.6.

The maximum permissible Pb concentration in chicken meat and fat is 0.1 mg/g 
(FAO/WHO 2008). So the mean regional bioconcentration of Pb is about 80 times 
higher (Table 32.6) than the maximum permissible limit. The possible reason may 
be the massive use of locally produced plant products by the layer farmers, where 
Pb might have been bioaccumulated through deposition on soil as well as through 
cycling into food chain.

32.3.11  Toxicity of Lead

Lead compounds may have a variety of targets within the nervous system causing 
neurotoxicity (Bondy 1988). Lead has multiple serious health effects. Acute lead 
poisoning in humans causes severe dysfunction in the kidneys, reproductive  system, 
liver, and the brain and central nervous system; causing sickness or death. Lead 
poisoning from environmental exposure is thought to have caused mental  retardation 
in many children. Mild lead poisoning causes anemia. The victims may have head-
aches and sore muscles and may feel generally fatigued and irritable (Manahan 1997). 
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High levels of Pb exposure are known to be fatal. Many people had been reported 
to die having their blood Pb levels elevated to 130 mg/dL (CDC 1991).

32.3.12  Food Safety Implications of Climate Change

There are many pathways through which global climate change and variability may 
impact environmental contamination and chemical hazards in foods. Climate-
related extreme events, ocean warming and changes in surface temperature and 
humidity can result in food safety chemical hazards.

32.3.12.1  Through Contaminating Soils

Soils can be contaminated through remobilization of contaminated river sediments 
subsequently deposited on the flooded areas. Upstream contaminated terrestrial 
areas such as industrial sites, landfills, sewage treatment plants, etc. can 
 contaminate soils through contaminating river waters and subsequent floods on 
the soils. Investigations after the Elbe and Mulde flooding in Central Europe in 
2002 revealed presence of very high levels of polychlorinated dibenzo-p-dioxins 
and dibenzofurans (PCDD/Fs) in periodically flooded riverside pasturelands, and 
a significant transfer of these contaminants into livestock milk grazed on the 
floodplains (Umlauf et al. 2005). Sources of chemical contamination of floodwa-
ter  following Hurricane Katrina included oil spills from refineries and storage 
tanks, pesticides, metals and hazardous waste (Manuel 2006). Several chemicals, 
such as hexavalent chromium, lead, manganese, p-cresol, toluene, phenol, 2,4-D, 
nickel, aluminum, copper, vanadium, zinc, and benzidine were detected in flood 
water while concentrations of most contaminants were within acceptable short-
term levels, except for lead and volatile organic compounds in some areas (Pardue 
et al. 2005).

Arsenic is a well-recognized environmental problem in Bangladesh. Arsenic-
contaminated groundwater is widely used for irrigation in Bangladesh during the dry 
season leading to increased levels of arsenic (As) in soils. On the contrary, monsoon 
flooding may lead to a reduction of topsoil-As contents almost to levels existing 
before irrigation. However, there are indications that As concentration in soils are 

Total sample number 192
Mean concentration (mg/g) 8.1611
Std. Error of Mean 0.5253
Minimum (mg/g) NDa

Maximum (mg/g) 34.5637
aNot detected

Table 32.6 Statistics of all 
egg samples
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increasing over-time because of irrigation with As-contaminated water. Though it 
is still unclear under what specific conditions and over what period of time As is accu-
mulating in the soil, concentration of this contaminant in rice has been reported to 
increase over time because of prolonged input of contaminated irrigation water 
(Islam et al. 2005; Heikens 2006; Dittmar et al. 2007).

32.3.12.2  Through Contaminating Waters and Ocean Warming

Pollutants (pesticides, fertilizers, organic matter, heavy metals, etc.) are predicted 
to be increasingly washed from soils to water bodies in regions where intense rain-
fall is expected to increase (Environment Canada 2004). Higher runoff is expected 
to mobilize fertilizers and pesticides to water bodies in regions where their applica-
tion time and low vegetation growth coincide with an increase in runoff (Soil and 
Water Conservation Society 2003). Because of compaction, heavy rainfall after 
drought can result in more severe runoff and an increased risk of certain types of con-
tamination, thus alternating periods of floods and drought due to climate variability 
and change may aggravate the problem.

The Aral Sea area, which was once the fourth-largest lake in the world has become 
one of the world’s largest environmental disasters. Agricultural mis-management 
(e.g. cotton monoculture, over irrigation, pesticide abuse) along with accelerated 
desertification due to both environmental degradation and climate change, have 
resulted serious contamination of soil, water and local foods with high levels of 
POPs and dioxins, leading to critical health and socio-economic impacts to local 
populations (Muntean et al. 2003).

Ocean warming facilitates methylation of mercury, and subsequent uptake of 
methyl mercury had been found to increase by 3–5% in fish and mammals for each 
1°C rise in water temperature, thus increasing human dietary exposure (Booth and 
Zeller 2005).

32.3.13  Recent Outbreak of Lead Intoxication in Senegal

In explaining a death of 18 children living in the NGagne Diaw neighborhood of 
Thiaroye sur Mer, Dakar, Senegal, investigation by health and environmental 
authorities revealed that the area was contaminated with lead from an informal 
recycling of lead batteries (WHO 2008). In addition, siblings and mothers of the 
deceased children were reported to have extremely high blood lead concentrations, 
in many cases above 1,000 mg/L (in children, a concentration above 100 mg/L may 
impair neurological development, and 700 mg/L is considered to require immediate 
action). A number of children also showed evidence of neurological damage and 
environmental investigations resulted in very high concentrations of lead in soil 
both outside and inside of people’s homes.
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32.3.14  Role of Metal Pollution in Affecting Climate Change 
Through Altering Ecological Niche

The abundance of heavy metals in environment can have significant effects on com-
munity composition, and growth and metabolism of organisms in ecosystems. Some 
experimental studies report that, Pb treatment has a stimulating effect on soil enzy-
matic activities and microbial biomass carbon (C

mic
) at low concentration and an 

inhibitory influence at higher concentration. When Pb treatment was raised to the 
level of 500 mg/kg, ecological risk appeared both to soil microorganisms and plants 
(Zeng et al. 2007). The results also revealed a consistent trend of increased chloro-
phyll contents and rice biomass initially, maximum at a certain Pb treatment, and 
then decreased gradually with the increase in Pb concentration. In a word, soil 
microbial biomass and community structure, therefore, may be sensitive indicators 
reflecting environmental stress of Pb (Zeng et al. 2007).

In experimental studies on response of Saccharomyces cerevisiae to elevated lead 
concentration it was reported that growth of S. cerevisiae shows a lag phase much 
longer than that in the absence of Pb (Chen and Wang 2007). Pb2+ at a concentration 
of 5 mM inhibited the microbial growth by approximately 30% with regard to 
control. The microbial assimilation of ammonium ion was also inhibited by the 
presence of Pb2+ in the medium with some 50% inhibition for Pb2+ concentration of 
10 mM (Chen and Wang 2007). In the same way, higher levels of chromium can also 
have some definite role in altering community composition and metabolism of 
organisms. In addition, evolution can also take place by the introduction of chemical 
elements in new forms and present day change in chemical environment can also 
lead to such evolution (Williams 1997). As the chromium and lead problems are 
most likely to have become ecotoxicity phenomena in Bangladesh, these will also 
involve other living species that constitute the ecosystem and can also exert effects 
on climate change through shaping altered ecological niche. These effects can 
include emergence of new health problems or with factors driving climate change.

32.3.15  Adaptation of Intensified Climate Change Effects  
in Bangladesh Perspective

In Bangladesh, water-related impacts of climate change warrant the highest atten-
tion for adaptation due to the severity of such impacts and their socio-economic 
implications. High intensity flood scenario is of special importance for transport of 
environmental contaminants. If contaminants from high concentration source 
become more and more widespread, the ecotoxicity will tremendously increase 
because of the multiplier effect of cycling of chemicals through food chain. 
Moreover, climate change also has some direct food safety implications with 
 various types of harmful microorganisms and their toxic metabolites. The wide-
spread use of pesticides, especially organophosphate and carbamate compounds 
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with impurities can also affect food safety in a changed climatic scenario in 
Bangladesh. With the other food safety problems such as arsenic, the newer dimen-
sions of chromium and lead will certainly make the scenario worse. The various 
types of organic compounds released to environment in Bangladesh lack in their 
adequate assessment for ecotoxicity. The congregational effects of all of these food 
safety problems can be proven to be severe public health disaster in future, which 
will require special efforts to adapt with.

32.4  Conclusion

The current trajectory for warming and more extreme and unpredictable weather 
events could have catastrophic effects on South Asia region, especially Bangladesh. 
Other than the direct effects that chromium and lead can impose on public health 
through food chain, these can also bring about changes in species composition and 
interactions which can augment the emergence of unexpected changes including 
new health problems. Climate change can turn our living world subject to newly 
emerging diseases, while most of the developing countries are already subject to 
enormous disease burden (FAO 2008). Comprehensive risk assessment programs 
will have to be conducted regarding these new challenges this region is currently 
facing. The remediation options must be considered along with the indirect factors 
such as flood control. All possible entry of these metals beyond safety levels should 
be controlled by formulating comprehensive standards for all pathways towards 
food chain. Therefore any phenomenon allowing heavy metals to enter into food 
chain beyond those limits can readily be regarded as unsafe and will be directed for 
mitigation strategies. Adaptation with the impacts of new climatic conditions 
should also be emphasized.
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Abstract Agriculture is one of the most vulnerable sectors to climate change and 
mainstreaming climate change adaptation considerations at the sectoral level is par-
amount. The current available climate projections are not sufficient to take decisive 
actions on the ground. Hence, a framework is required for mainstreaming adapta-
tion concerns at sectoral level. Stakes in adaptation are high since several countries 
are vulnerable and huge amounts of funds would have to be spent for adaptation. 
Identifying and institutionalizing a set of adaptation metrics helps in tracking the 
progress in adaptation. In this paper, a framework was presented for mainstreaming 
adaptation concerns in agriculture sector, some adaptation metrics and challenges 
and opportunities were identified to operationalize adaptation metrics. It has been 
concluded that operationalization of adaptation metrics require a context such as  
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adaptation benchmarks and targets and main hurdle in identification of  adaptation 
metrics is deciding between a set of qualitative and quantitative metrics using 
multi-criteria analytical approaches.

Keywords Adaptation • Mainstreaming • Effective adaptation options • Bali Action 
Plan • Risk management

Abbreviations

BAP Bali Action Plant
GEF Global Environmental Facility
GHG Greenhouse gas
HDI Human Development Index

Adaptation to climate change is important since the impacts of climate change will 
continue to be felt even if we bring down the greenhouse gas (GHG) emissions to 
the levels suggested by the Intergovernmental Panel on Climate Change (IPCC) in 
the next couple of years. However, to date, the global actions on climate change has 
largely been confined to mitigating the GHG emissions and the global efforts on 
adaptation have largely been slow and confined to few financing options available 
under Global Environmental Facility (GEF) of World Bank or financing by some 
multilateral and bilateral donor agencies.

Adaptation costs are going to be huge in the range of tens and hundreds of  billion 
dollars (UNFCCC 2007a, b). Since stakes involved are high, there is a need to make 
sure that the adaptation actions identified and implemented help in effectively reduc-
ing the climate vulnerability of nations, sectors and communities at risk. This is 
where measuring adaptation comes into picture as an important  component of adap-
tation framework in the climate regime that succeeds the Kyoto Protocol Regime 
after 2012.

33.1  Climate Change Adaptation in Agriculture Sector

Adaptation is important in all the sectors of society. However, it is important to 
recognize that some sectors are more vulnerable to climate change than others and 
hence there is a need for relatively higher emphasis on these vulnerable sectors, sec-
tors those are directly influenced by changes in weather and climate. Agriculture is 
one of the climate vulnerable sectors (Fischer et al. 2002; Salinger et al. 2005; Butt 
et al. 2006). The inherent vulnerability of agriculture sector to climate owes to its 
direct linkage with different climatic and atmospheric variables such as temperature 
(of soil, water, atmosphere etc.), rainfall, humidity (in the micro-climate and macro-
climate), and atmospheric carbon dioxide concentration which are directly impacted 
by the climatic change (IPCC 2007; Adams et al. 1998). Climate change could 
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impact agriculture through droughts, floods, changes in soil  temperature, change in 
seasonal patterns, early cessation or onset of cooling and warming  periods which are 
associated with various stages of crop growth such as  germination,  vegetative 
growth, flowering, grain filling and maturity (Kumar 2006; Morison 1996).

Adaptation of agriculture sector to climate change is important for three reasons. 
Firstly, large proportion of population is dependent on agriculture in Asian region 
(about 47%) with relatively high percentage in Southeast (55.9%) and South Asia 
(55.7%) (FAO 2005). Secondly, large percent of this population live in rural areas 
which have poor access to various resources that would make them resilient to 
 climatic vagaries (e.g. credit facilities, infrastructure such as roads, education and 
medical facilities etc.). Thirdly, the impacts of climate change would not stop with the 
agriculture sector itself but would also have rippling effects on the larger economy 
through multiple pathways and magnification effects (Fig. 33.1). For example, the 
loss of income from agriculture would affect the farmers’ purchasing power and his 
dependence on natural resources such as forests (including natural and community 
forests) leading to destruction of natural environment. Repeated droughts have known 
to degrade the environment in terms of air quality as well as loss of vegetation further 
enhancing the vulnerability of rural population which is dependent on their physical 
as well as ecological services (Laurance and Williamson 2001; Wilhite 1993). Hence, 
the factors that make agriculture to fail would also be responsible behind the failure 
of interlinked sectors. One important aspect to be considered while identifying the 
agriculture vulnerability to climate change is  complex linkages agriculture has with 
the rest of the society and the possible  difficulties in isolating agricultural impacts 
from rest of the world. This also calls for clear definition of what ‘agriculture’ 
 constitutes for the purpose of clear  identification of impacts in the larger world.

33.2  Mainstreaming Adaptation in Agriculture Sector: 
A Framework

Mainstreaming adaptation refers to integrating the adaptation concerns in a sectoral 
or national level policy making. It typically involves broad range of activities and 
decisions ranging from consciously identifying the significance of adapting to 
 climate change to taking up various actions such that the adaptation is realized. 
Figure 33.2 presents the sequence of steps to be taken for mainstreaming climate 
change adaptation in agriculture sector planning (Modified from Prabhakar et al. 
2009). The scheme involves the following steps:

 1. Identification of climate change impacts from regional and national studies
 2. Ranking the impacts in the of their significance
 3. Cross-checking local history with the broad regional trends to see if the location 

under question has tendency to follow the same trend as that of the regional trends
 4. Identification of local strengths and weaknesses
 5. Overlaying the identified possible local impacts over the local strengths and 

weaknesses
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Fig. 33.1 A simplified 
scheme of climate change 
impact pathway on 
 agriculture and its macro-
economic linkages
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 6. See where the region under question falls in a range of categories such as still 
risky, out of risk, uncertain etc.

 7. Design strategies to address the risks based on the identified broad categories 
supported by necessary resource allocation

For agriculture sector, this scheme also means identification of vulnerable crops 
(in addition to vulnerable areas), management practices those make these crops and 
regions vulnerable (e.g. excessive dependency on rainfall and lack of irrigation 
facilities), maladaptation practices, and existing strengths in terms of biophysical 
and socio-economic conditions. This model is scalable from local to national level. 
One simple advantage of this model is that it facilitates in easy mainstreaming climate 
change considerations even while dependable climate projects are lacking. 
However, what it cannot do is to identify suitable options for dealing with the per-
ceived threats and how to monitor the progress in climate change risk reduction.

33.3  Identification of Effective Adaptation Options

So far under international climate regime, only mitigation actions have been 
 measured. The objective of the measurement has been to monitor the progress made 
in climate change mitigation and to plan for future actions. The measurement was 
made through identifying and defining atmospheric greenhouse gasses, assessing 
their global warming potential and measuring their levels through establishing an 
inventory system among various countries. This inventory was established among 
Annex I countries which agreed for mitigation targets in the first commitment 
period of Kyoto Protocol (The Kyoto Protocol stipulates GHG emission reductions 
for a group of developed and industrialized countries referred as Annex I countries in 
the Protocol text). Measurement was necessary not only because of high stakes 
involved in GHG mitigation but also due to huge investments made for mitigation 
actions.

At this point, it is worthwhile to compare what enabled the mitigation actions to 
be measured at the first place. Table 33.1 provides a quick comparison of mitigation 
and adaptation and identifies areas where measurement had significant use.

In addition to the differences listed in the table, adaptation deals with the systems 
that are at different levels of vulnerability and adaptive capacity making it even 
more complex to understand and manage. Similarly, several adaptation options 
 differ in their effectiveness when applied in different socio-economic contexts.

The Bali Action Plan (BAP) agreed during the Conference of Parties 13 in Bali, 
Indonesia in 2007, categorically stated the need for enhanced actions on adaptation 
through various means and especially through prioritization of actions, integration of 
adaptation actions into sectoral and national planning, specific programs and projects. 
The BAP also talks about incentivizing the implementation of adaptation actions and 
other means to foster climate-resilient development and reduce vulnerabilities.

How to prioritize and incentivize adaptation actions is the biggest question that 
would draw attention in discussions and negotiations towards a post 2012 regime. 
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Prioritization is possible by knowing where we want to go (adaptation targets), by 
setting a time frame for actions, and by knowing how much ‘adaptation’ we want 
to achieve at each stage in a series of stages drawn to meet the set target. Such a 
scheme is possible only when adaptation framework at global level is designed such 
a way that it includes the essential elements of adaptation targets and a measure-
ment system that complements the adaptation targets. Measuring adaptation is an 
important means of achieving these multiple objectives of adaptation set by the Bali 
Action Plan. Measuring adaptation is also important for

 1. The reason that adaptation has higher stakes now than ever since rapid climate 
change impacts are expected

 2. The reason that huge amounts of funds would have to be invested in adaptation 
requiring accountability in how they are spent and how risks are mitigated

 3. Prioritizing the adaptation actions according to their potential to reduce climate risks
 4. Measuring the progress against an agreed benchmark (e.g. adaptation bench-

mark or baseline)

In addition, measurement is also necessary to check if adaptation concerns are 
appropriately and sufficiently ‘mainstreamed’ into the sectoral and national plan-
ning processes.

33.4  Measuring Adaptation

33.4.1  Underlying Principles/Pre-requisites  
for Adaptation Metrics

From the previous section, we determined that the climate change has multiple 
impacts on agriculture and that these impacts are not in isolation from the other 
changes happening at the global and local scales. From this perspective, it is 
 important that any adaptation to happen should essentially be broad based. Several 
strategies have been proposed to design a system that is resilient to different changes 
and external stresses. Some of these strategies include facilitating self learning and 

Table 33.1 Adaptation metrics: mitigation vs. adaptation

Mitigation Adaptation

Has a protocol (KP) that governs No ‘protocol’ to govern adaptation
There are GHG reduction targets to meet  

with coordinated efforts
There are no ‘adaptation targets’ to meet

There are ways and means to measure the 
impact of collective actions

No streamlined measurement system for 
adaptation

Global actions and global benefits (more 
organized at global level)

Mostly local actions and local benefits (with 
some undeniable global spillover benefits)

Physical principles that govern mitigation At nascent stages: complex interaction of 
biophysical and socioeconomic elements
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 evolving organizations (TERI and IISD 2006; Pelling and High 2004), and 
 inculcating the attitude of looking at the local level players as innovators rather than 
as implementers (Prabhakar et al. 2009), which would collectively and eventually 
enable systems and societies to overcome the larger uncertainty involved in local 
level impacts of future climate change. Hence, measuring social learning and 
 institutional evolution forms the basis for identifying effective adaptation options.

Adaptive management and transition management are found to be essential for 
dealing with the high levels of risk and uncertainty related to future social, technical, 
environmental and economic possibilities and outcomes (Foxon et al. 2008). While 
these two frameworks were developed independently, cross-framework learning 
was advocated to be essential for an effective adaptation process (van der Brugge and 
van Raak 2007). Both approaches emphasize the system learning and path dependent 
nature of change.

In order to measure adaptation, it is essential that the determinants of adaptation 
are identified. The ability of a system to adapt to external stimuli or forces causing 
it to change depends on a set of factors termed as determinants of adaptation. These 
factors could include economic resources, technology, information and skills, infra-
structure, institutions, and equity. Figure 33.3 shows the relation between these 
determinants and climatic vulnerability.

Figure 33.3 shows that impacts depend on whether or not a system satisfies these 
determinants to the level of criticality. The criticality levels vary depending on the 
severity of climatic impacts and the system in question. This is the reason why 

Fig. 33.3 Schematic diagram showing the relative relationship between determinants of adaptation 
with system vulnerabilities
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the developed countries are known to have higher capacity to withstand climate 
change impacts than their developing country counterparts.

33.4.2  Methodologies for Identification of Adaptation Metrics

Different methodologies were used to assess the adaptation options and adaptive 
capacity of the system under question. Table 33.2 provides an overview of method-
ologies applied in the available literature. While literature on adaptation in agricul-
ture was reviewed, literature from other subject fields such as natural disasters, 
human health and natural resources was also provided.

It appears that the methods could be as sophisticated as using simulation models 
and GIS based integration methods (Swanson et al. 2007) to simple methods such 
as cost-benefit analysis or expert elicitation using empirical (e.g. probit models) or 
non-empirical approaches (e.g. workshops). Multi-criteria evaluation methodolo-
gies also found to be useful as against single criteria approaches such as benefit- 
cost analysis or cost-effectiveness analysis (Dolan et al. 2001). In some of these 
studies, the availability and quality of data has been found as one of the limitations 
in approaching the problem at the local level (Swanson et al. 2007; Lemos 2007; 
Adger and Vincent 2005; Australian Government 2005; Yohe and Tol 2002) which 
is more pronounced in the developing countries where certain data (e.g. economic 
loss) is collected by agencies that are not trained in those subjects (e.g. health and 
humanitarian departments) (Yohe and Tol 2002).

33.4.3  Suggested Adaptation Metrics

Identification of specific impacts of climate change on agriculture would be neces-
sary to identify suitable metrics to assess the adaptation actions since adaptation 
actions are designed to counteract the specific effects. The IPCC Fourth Assessment 
Report has identified some of the possible impacts of climate change on agriculture 
(Easterling et al. 2007). Some of the impacts reported include negative yield 
impacts on major cereals leading to food insecurity (Easterling 2007); complex 
impacts on smallholder and subsistence farmers, pastoralists and artisanal fisher 
folks (Easterling et al. 2007); reduced water flows from droughts and monsoon 
failures (Fischer et al. 2007), and most often these impacts may result in some of 
the countries importing more food than they used to (Easterling et al. 2007; Alcamo 
et al. 2007). Climate change is reported to impact all the four elements of food 
security i.e. availability, stability, utilization and access with a potential to threaten 
the food security of an additional 5–170 million people on the planet by 2080 
(Schmidhuber and Tubiello 2007). Some others have also reported impacts such as 
enhanced soil degradation (ENFO 2004), CO

2
 fertilization effects, incidence of 

pests and diseases, and higher irrigation water requirements (Tubiello et al. 2007).
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The literatures suggests that vulnerability of smallholder and subsistence 
 agriculture farmers in developing Asia is mostly due to their location in tropical 
areas, and due to various socioeconomic, demographic, and policy trends limiting 
their capacity to adapt to change (Morton 2007). These farming systems area also 
difficult to model, which is essential in drawing useful adaptation programs, due to 
the difficulty in defining these farming systems due to wide variation among them, 
intrinsic characteristics of these systems in aspects such as complexity, location 
specificity, and their integration of livelihood and non-livelihood strategies, and their 
vulnerability to a wide range of climate related stressors. Similarly, assessing the 
impacts of climate change on agriculture in the developing Asia and suggesting pos-
sible adaptation measures become complicated due to the wide uncertainty in the 
projected socio-economic conditions in the region (Schmidhuber and Tubiello 
2007). Similarly, there are suggestions that the impact of climate change could be 
much smaller than the impacts of socio-economic development in the region 
(Tubiello and Fischer 2007). This draws us to the fact that any adaptation metrics 
identified should essentially consider the climate change impacts as well as the larger 
global changes including socio-economic changes. Different metrics for measuring 
adaptation in agriculture sector is presented in Table 33.3.

Table 33.3 Adaptation metrics proposed in the available literature

Metric/s Reference
Description on availability and limitations 
(includes authors judgment)

Mean and variability of 
yield and production, 
income, aggregate of 
value added

Tubiello and  
Rosenzweig (2008)

Measured and computed metrics. Available  
at local, national, regional and 
international levels in many countries. 
The aggregate of value added may need 
to be computed at the local level as such 
statistics will not be readily available.

Nutrition index Tubiello and  
Rosenzweig (2008)

Computed metric (sum of local production 
and net imports divided by total food 
demand). Can be computed at national 
and regional level.

Yield estimates (remotely 
sensed), yield 
variability, highest 
relative yield/yield 
percentile

Luers et al. (2003) Estimates could help in filling the gaps in 
the existing yield data, validating the 
measured yield data etc. Accuracy could 
be an issue when resolution of remote 
sensing is low.

Agricultural export,  
farm income, out-
migration from  
farming, emergency 
payments

Venema (2006) Agricultural exports and out-migration of 
farming are mostly applicable at the 
macro-economic level, while data  
on rest of the metrics (emergency 
payments) could be sparingly available.

Sources of income, 
livestock number, 
source of fertilizer

Brooks and Adger 
(2004)

It was not clear on how many sources  
of income is considered as optimal, and 
also the number of cattle. However, it  
is suggested that the higher the sources  
of income, with more diversification  
into non-farm sources, the higher the 
adaptive capacity.
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33.4.4  Link Between Adaptation Metrics and Other Indicators

The metrics we mentioned in the previous section are not independent in them-
selves and they often influence or have correlation with other national and global 
indicators which may not be directly based on the metrics themselves. We checked 
the correlation between yileds of rice crop with the Human Developmnet Index 
(HDI) of United Nations (it should be noted that crop yileds are not considered in 
calculatoin of HDI) (refer to Fig. 33.4). The scatter plot of HDI values against rice 
yileds (t/ha) in some of the countries in Asia Pacific (Australia, Bangladesh, 
Bhutan, Cambodia, Chiina, India, Indonesia, Japan, Republic of Korea, Lao PDR, 
Myanmar, Nepal, Pakistan, Philippines, Sri Lanka, Thailand, and Vietnam) indi-
cated a reasonably strong correlation between both the parameters and high positive 
correlation coefficient (r = 0.83) indicating a direct dependence of one on another.

One important precaution to be taken is to check if all the metrics are applicable 
to all the countries and contexts. For example, in the case of Bangladesh, there is a 
close correlation between weather (as represented by rainfall) and GDP (Fig. 33.5) 
which is quite different from other countries such as India (Fig. 33.6) in the same 
region. Hence, choosing metrics should also be context specific.

Fig. 33.4 Correlation between HDI and national level yields (t/ha) of rice crop across different 
countries (HDI figures from UNDP Human Development Report 2008 and yield figures from FAO 
Food and Agriculture Statistics)
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33.4.5  Measuring Adaptive Capacity of People and Policies

Assessing adaptive capacity is necessary for the purpose of checking the progress 
in adaptation as well as for implementing the adaptation strategies (Brooks and 
Adger 2004). Adaptive capacity would have to be assessed both for the people as 
well as for the policies as policies could undermine the progress made or the ability 
of the people to adapt to long-term stresses. Measuring adaptive capacity cannot be 
done using a blanket approach as the nature of adaptation, adaptation process and 
capacity to be adaptive differs at various scales. Similarly, adaptive capacity is 
context based. For example, the underlying factors determining adaptive capacity 
to floods differ from the adaptive capacity factors for economic changes or environ-
mental changes such as deforestation and loss of related livelihoods.

Adaptive capacity at national level was found to be dependent on health, 
 governance, political rights, and literacy, and economic well-being (Adger and 
Vincent 2005). However, there exists lot of uncertainty in understanding these 
 factors as well as in their quantification which could lead the adaptation in different 

Fig. 33.5 Link between development and weather patterns (Bangladesh) (Source of data: GDP 
data from Bangladesh Bureau of Statistics, Rainfall data from Bangladesh Meteorological 
Department)



564 S.V.R.K. Prabhakar and A. Srinivasan

direction than desired. Hence, it was suggested that the nature of uncertainty be 
understood through a traceable theoretical account since mere presence of adaptive 
capacity doesn’t necessarily mean that the system would take a desirable decision 
which is intern dependent on the process of decision making and that there are no 
Newtonian laws guiding understanding of adaptation processes or elements (Adger 
and Vincent 2005).

Typical measures of adaptive capacity at national level could include nations’ 
wealth, technology, education, information, skills, infrastructure, access to resources, 
and management capabilities (Haddad 2005). However, these are broad indicators 
and don’t necessarily reflect the adaptive capacity of the agriculture sector in spe-
cific or of the people associated with it. Hence, sector specific adaptation metrics 
are necessary. Some work has already been taken up elsewhere on measuring adap-
tation or adaptive capacity in the agriculture sector (Dolan et al. 2001; Rosenzweig 
and Tubiello 2007; TERI and IISD 2006; Swanson et al. 2007; Allison and Hobbs 
2004; Tubiello and Rosenzweig 2008; Rosenzweig and Tubiello 2006; Fischer 
et al. 2007; and Tubiello and Fischer 2007).

Fig. 33.6 Link between development and weather patterns (India) (Source of data: GDP data 
from Ministry of Statistics and Program Implementation, government of India, Rainfall data from 
Indian Meteorological Department)
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33.5  Conclusions and Way Forward

From this paper we discern that there is a possibility to identify a set of adaptation 
metrics those could be applicable at reasonably broader scales enabling operational 
use. However, there is much more that deserves attention in terms of methodological 
and capacity related issues which needs a concerted action from all the stakeholders.

There is an immediate need for adaptation metrics to be operationalized. These 
metrics should be policy-relevant, scalable, transferable, context specific and com-
parable. Methodological challenges needs to be overcome through concerted actions 
at all levels. A mix of qualitative and quantitative metrics is important rather than a 
single type. This is because the reason that all regions in the world, especially devel-
oping countries, may not have data available for reliable estimates on adaptation. It 
is also necessary to look into the cost implications of such data intensive methodolo-
gies. Hence, a mix of qualitative and quantitative methodologies would be most 
appropriate. Metrics in agriculture and water sectors could be complex due to com-
plex interaction of social, economic and environmental factors; metrics should be 
able to not only help measure peoples adaptive capacity but also the adaptive capacity 
of policies and institutions; operationalization of metrics has a capacity angle which 
needs to be considered with priority; and any emphasis on metrics should not lead 
to overemphasis and lead to administrative and bureaucratic hurdles.

Operationalizing adaptation metrics is an important next step after identification 
of metrics. Operationalizing means that the data collection, analysis, and decision 
making are integrated with the existing decision making systems at all levels, from 
ground level to the state and national level policy decisions. This requires seamless 
integration for an effective and efficient outcome. Since adaptation funds most 
come from international sources, efforts should also be made to harmonize these 
procedures across different countries. A certain kind of convergence is highly 
appropriate which can be made possible by establishing proper framework that 
brings various governments and stakeholders together.
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Abstract Climate change has created newer grounds for disaster vulnerability 
in South Asia. Two third of the natural disasters the region experiences are having 
climate origins. In the recent times, their intensity, frequency and unpredictability 
are on the rise. The political leadership of the region has been sensitive to this 
emerging challenge. The South Asian Association for Regional Cooperation 
(SAARC) as a regional platform has made efforts to address the disaster vulnerabil-
ity emanating from climate change collectively. The 29th Session of SAARC 
Council of Ministers, the SAARC Ministerial Meeting on Climate Change on 
July 3, 2008 at Dhaka signals a new beginning by adopting the SAARC Action Plan 
on Climate Change.

SAARC Disaster Management Centre (SDMC), the product of a collective 
vision to harness regional cooperation and enhance the resilience of vulnerable 
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South Asia to the natural disasters, has placed priorities on building regional 
 cooperative mechanism addressing Climate Change Risks, Impacts and Adaptation 
and also developing a conceptual framework integrating Disaster Risk Reduction 
(DRR) strategies into Climate Change Adaptation (CCA).

There are practices in the region which bring in convergence between DRR and 
CCA strategies, while there are also areas identified, especially on institutional and 
programmatic fronts, responsible for the existing divergence. Harnessing the 
advances in Science & Technology and the recent progress made in Early Warning 
Systems as well as networking of the knowledge institutions enable integrating the 
methods, tools & techniques of DRR with the multi-sectoral dimensions of CCA in 
the operational arena. Proof-of-the-concept could be seen if climate related disaster 
risk ‘hotspots’ are targeted for designing risk reduction strategies and integrating 
climate, weather & EWS information in decision makings for the causes and pur-
poses common to both DRR & CCA. Following the participatory approach wherein 
the concerns and voices of all SAARC member countries find expressions, SDMC 
is evolving a road map addressing the growing vulnerability of region due to cli-
mate change to support the SAARC Member States.

Keywords Climate change adaptation • Disaster risk reduction • SAARC disaster 
management centre • Hyogo framework of action • Bali action plan

Abbreviations

AWS Automatic Weather Stations
CCA Climate Change Adaptation
DRR Disaster Risk Reduction
DWR Doppler Weather Radars
GLOF Glacial Lake Outburst Floods
SAARC South Asian Association for Regional Cooperation
SCZMC SAARC Coastal Zone Management Centre
SDMC SAARC Disaster Management Centre
SMRC SAARC Meteorology Research Centre
UNFCC United Nations Framework Convention on Climate Change

34.1  Introduction

South Asia, the home for one fifth of the humanity, has perennially been a disaster-
prone region. Two thirds of the disasters the region experiences are climate related 
and there have been phenomenal increase in their frequency, severity and unpredict-
ability in the recent times. The severest impacts have been visualized in terms of 
sea level rise leading to submergence of low-lying coastal areas and depletion of 
Himalayan glaciers threatening the perennial rivers that sustained food, water, 
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energy and environment security of the region. The climate change is surely creat-
ing grounds for newer and more severe risks of disasters in the region in the coming 
years (Allen and Ingram 2002; Lal et al. 2001a, b; McCarthy et al. 2001; O’Brien 
et al. 2004; Gosain et al. 2006).

Further, layers of vulnerabilities in the region – poverty, illiteracy, mal-nutrition 
and social inequities – are aggravating the risks from stresses on water, agriculture 
and environment and creating recipes of more disasters. With climate sensitive 
agrarian economies, all the countries of the region would be facing serious crisis 
unless the rising temperature of the globe and the region are checked and new tech-
nologies, practices and life styles are developed and adapted according to the 
changing climate scenarios (Richards 2003; Christoplos et al. 2001; Bruce et al. 
1996). Therefore, climate change mitigation and adaptation have emerged as 
important tools for disaster risk reduction for all the countries in the region.

So far climate change and disaster management communities of the region have 
been working in relative isolation, with the former focusing more on long term model-
ing and projections of climate scenarios and their possible impacts and the later 
concentrating on short term preparedness and response to disaster events. The time 
has come when the implications of future climate projections for the current risks 
and vulnerabilities are understood and accordingly these are factored into the poli-
cies and programmes developed for reducing the risks of disasters. Surely there 
should be greater dialogue and interaction between the two communities so that the 
limited efforts for climate change analysis and adaptation and disaster risk reduction 
in the region can be integrated to the extent this possible and new innovative tools 
and methodologies developed for such integration in development projects and prac-
tices. Although, efforts to bring together stakeholders in climate change and disaster 
management have begun to create an opportunity for integration, challenges would 
lie not only in harmonizing diverse institutional structures and distinct sectoral plan-
ning and policies etc. but also in translating the common grounds into projects on 
the grounds (Smit and Pilifosova 2001; Smit et al. 2000).

Increasing trends of natural disasters and their threatening impacts on lives and 
livelihoods have resulted in a paradigm shift in disaster management in all the 
countries of South Asia – from one post disaster relief and rehabilitation to holistic 
management of management of disasters covering all phases of disasters (National 
Disaster Management Act 2005). The focus is clearly on Disaster Risk Reduction 
(DRR) – preparedness, mitigation and prevention. Many of the risk reduction mea-
sures particularly those related to hydro-meteorological disasters, such as drought 
proofing, flood protection, saline embankment and bio-shields, alternative liveli-
hood development etc. have similarities with Climate Change Adaptation (CCA) 
programmes (Lim and Spanger-Siegfried 2005). Therefore synergies between DRR 
and CCA would be necessary not only to avoid duplicities and derive optimal ben-
efits from scarce resources but also to add value to the projects through lessons 
learnt from the respective perspectives (Thomalla et al. 2006).

Factoring climate change issues in disaster risk mitigation projects would enrich 
the projects and make them more relevant to the emerging concerns just as risk 
management tools would assess climate change from the perspectives of risks and 
vulnerabilities over time and the cost-benefit of alternative strategies of adaptation.
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34.2  Global Efforts

At global level, the Hyogo Framework for Action 2005–2015: Building the 
Resilience of Nations and Communities to Disasters adopted at the World 
Conference on Disaster Reduction in Kobe Japan lays emphasis on scaling up the 
use of disaster risk reduction tools viz., vulnerability and risk assessments, early 
warning systems, land-use planning, techno-legal regime for development prac-
tices, besides enhancing the institutional and legal capacities. The focus has also 
been placed on the integration of knowledge on disaster risk reduction and applica-
tion of such knowledge to bridge the gaps in management of disaster risks. Each of 
these action areas can have significant bearings in climate sensitive sectors 
(UNISDR Report 2007 and UNISDR Report 2008a).

The United Nations Framework Convention on Climate Change (UNFCC) rec-
ognized that the climate system is a shared resource whose stability can be affected 
by industrial and other emissions of carbon dioxide and other greenhouse gases. 
The Convention adopted the Kyoto Protocol in the third conference of parties in 
Kyoto Japan in 1997 which commits the developed countries to stabilize green-
house gases and provide a tool for such stabilization through the promotion of 
Clean Development Mechanisms in the developing countries. In the second most 
important initiative after Kyoto Protocol, the Convention adopted the Bali Action 
Plan in December 2007 which calls for enhanced action on adaptation, considering 
in particular risk management and risk reduction strategies, including risk sharing 
and transfer mechanisms such as insurance and other disaster reduction strategies. 
For the first time ever disaster risk reduction was included as a tool for climate 
change adaptation, which will guide the negotiations for a post Kyoto climate 
change agreement from 2012, This has opened up a range of possibilities for inte-
gration of climate change adaptation in disaster risk reduction strategies (UNISDR 
Report 2008b).

34.3  Regional Efforts

The need for regional cooperation addressing the concerns for environmental deg-
radation in South Asia was voiced way back in 1987 during the Third SAARC 
Summit. The trans-boundary linkages of natural disasters with environment in the 
region were recognized for regional cooperation. The SAARC initiated a ‘Regional 
Study on the Causes and Consequences of Natural Disasters and the Protection and 
Preservation of Environment’ in 1991 and another study on ‘Greenhouse Effect and 
its Impact on the Region’ in 1992, which recommended regional measures in shar-
ing experiences, scientific capabilities and information on climate change, sea level 
rise, technology transfer etc. (Regional Studies on Causes and Consequences of 
Natural Disasters, Reproduced by SDMC 2008). As a follow-up to these studies, 
SAARC Plan of Action on Environment was adopted in 1997. The Action Plan 
provided for the establishment of Regional Centers of Excellence. The SAARC 
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Meteorology Research Centre (SMRC) was established in Dhaka in 1995; the 
SAARC Coastal Zone Management Centre (SCZMC) was set up in Male in 2004; 
SAARC Disaster Management Centre (SDMC) came up in New Delhi in 2007 and 
the SAARC Forestry Center has come into the existence in Bhutan recently. All 
these SAARC Regional Centers provide credible institutional support for taking up 
climate change and disaster risk reduction issues in the region.

The Fourteenth SAARC Summit held in New Delhi in 2007 expressed ‘deep 
concern’ over the global climate change and called for pursuing a climate resilient 
development in South Asia. The member countries pledged for immediate collec-
tive action and stronger regional co-operation for the conservation and utilization 
of SAARC shared resources towards addressing the negatives of climate change. 
Further, the SAARC Council of Ministers, at their 29th Session held in New Delhi 
in December 2007, adopted the SAARC Declaration on Climate Change which 
reflects the collective vision of South Asia. On behalf of the SAARC H.E. the 
President of Maldives presented the Declaration in the UNFCC meeting at Bali in 
December 2007.

The SAARC Ministerial Meeting on Climate Change held on July 3, 2008 in 
Dhaka adopted the SAARC Action Plan on Climate Change. The emphasis has 
been laid on intensifying the regional cooperation on climate change adaptation. 
The effort is also placed on moving the SAARC from a declaratory to implementa-
tion phase with the SAARC Regional Centres to play the important role therein. 
The SAARC Meteorological Research Centre, the SAARC Coastal Zone 
Management Centre, SAARC Disaster Management Centre and SAARC Forestry 
Centre are tasked to contribute synergistically with their respective mandates in 
enhancing the SAARC climate change resilience by pursuing SAARC Action Plan 
on Climate Change.

The 15th Summit Meeting of Heads of States or Governments of SAARC coun-
tries held in Colombo on 2–3 August 2008 has endorsed the SAARC Action Plan 
and Declaration on Climate Change adopted by the Environment Ministers at 
Dhaka on 3 July 2008.

The SAARC Action Plan on Climate Climate Change and July 2008 stresses 
that the primary responsibility of implementing the Action Plan, proposed for an 
initial period of 3 years, rests with the National Governments. With regard to the 
regional cooperation, the Action Plan envisages that a mechanism should be agreed 
upon to effectively use the existing institutional arrangements of SAARC by giving 
clear directions and guidance.

SAARC Disaster Management Centre (SDMC) attaches a very high priority on 
implementing the SAARC Action Plan on Climate Change. In fact, SDMC, in its 
strategy to evolve the road maps on various themes, has taken into account the 
integration of disaster risk reduction into climate change adaptation as one of its 
priority areas of action. The SAARC Workshops on Science & Technology 
Applications in Disaster Risk Reduction in January 2008 in New Delhi and Coastal 
and Marine Risks in May 2008 in Goa emphasized on exchange of information and 
research on the linkages between climate change adaptation and disaster risk reduc-
tion in the region (Climate Change and Disasters, SDMC Publication 2008).
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34.4  National Efforts – Emerging Trends

While there are efforts in South Asian countries to directly address climate change 
adaptation issues, through the development of National Adaptation Plans of Action 
(NAPAs), National Action Plan for Climate Change, their integration to disaster risk 
reduction need specific priority. In order to address adaptation concerns as part of 
their national development plans, the explicit focus on disaster risk is seen only in few 
cases (Prabhakar and Shaw 2008). For example, the Safe Island programme of 
Maldives is an integrated effort on addressing vulnerability through strategic plan-
ning for climate change adaptation (Box 34.1). Similarly, coastal zone management 
efforts in India, Pakistan and Sri Lanka are yet another example in this direction.

Except few cases in the arena of coastal zone management (Box 34.2) and also 
in case of integrated watershed development programs (Box 34.3), there is a clear 
disconnect between the institutional and legislative systems developed to address 
disaster risk and those developed to address climate change. The emphasis is to be 
laid on climate-related development outcomes – in areas such as agriculture, water 
resources, food security, health, the environment and livelihoods – that are sensitive 
to both climate variability and change (Smithers and Smit 1997).

 Box 34.1 Safe Islands Programme of Maldives

The December 2004 tsunami exposed the risk Maldives is facing by virtue of 
 having its unique geography and topography. Low elevation above sea level, 
perennial beach erosion, and dispersal of population across very small islands, 
remoteness and inaccessibility of islands, concentration of economic activities 
on tourism, high dependence on imports and high diseconomies of scale have 
added layers of coastal vulnerability in the country. Climate change and associ-
ated risks add to the growing vulnerability further. Maldives has developed the 
Safe Islands Programme, focusing on the development of the larger islands with 
better economic opportunities, high environmental resilience, and incentives for 
voluntary migration to these islands. To mitigate future risk from disasters, land 
use plans of the safer islands have been developed incorporating features of high 
resilience: with a wider environmental protection zone, elevated areas for verti-
cal evacuation in case of floods, establishment of alternative modes of commu-
nication and energy and detailed disaster management plans. Currently five 
islands have been identified for the programme and development plans prepared 
in consultation with people. Challenges for the programme include geographical 
population dispersion, difficulties of access to islands, logistical difficulties, a 
high unit cost of delivery of construction material, inadequate human resource 
to manage projects and above all unpredictable weather and rough seas. But the 
Maldives are working to reduce the underlying risk and vulnerability factors that 
at the moment make them among the most “at risk” countries in the world

[Source: Report on Implementation of The Hyogo Framework for Action 
(HFA): Asia, ISDR/Gp/2007/Inf.5]
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Box 34.2  Coastal Zone Management for risk reduction in India: Highlights 
of Prof MS Swaminathan Report.

A National Coastal Zone Management Action Plan with an objective “to 
protect the coastal zone with people’s participation, the livelihood security of 
the coastal fisher and other communities, and the ecosystem, which sustains 
the productivity of the coastal areas, while promoting sustainable development 
that contributes to nation’s economy and prosperity.” The salient features of 
the Committee’s recommendations are as follows:

The Committee has recommended the reclassification of the coastal zone 
into four Zones i. e.:

1. Coastal Management Zone-I - consists of areas designated as Ecologically 
Sensitive Areas such as Mangroves, Coral reefs, Sand Dunes, Inland tide/
water bodies such as estuaries, lakes, lagoons, creeks & straits, Mudflats, 
Marine parks and sanctuaries, Coastal forests & wildlife, Coastal fresh water 
lakes, Salt Marshes, Turtle nesting grounds, Horse shoe crabs habitats, 
Seagrass beds, Sea weed beds, Nesting grounds of migratory birds.

2. Coastal Management Zone-II - consists of areas identified as Areas of 
Particular Concern such as economically important areas, high population 
areas and culturally/strategically important areas. The administrative 
boundaries of these areas would be boundaries of CMZ-II.

3. Coastal Management Zone-III - consists of all other open areas including 
the coastal seas but excluding those areas classified as CMZ-I, CMZ-II and 
CMZ -IV.

4. Coastal Management Zone-IV - consists of Islands of The Andaman and 
Nicobar and Lakshadweep.

For the purpose of managing the above areas, the Committee has suggested 
Integrated Coastal Zone Management Approach. After taking into account 
the recent Tsunami, the Committee has laid emphasis on demarcation of 
vulnerability line all along the coastal areas and has suggested developmental 
activities to be regulated on the seaward side of the vulnerability line. Since 
the coastal management is a multi-disciplinary subject, the Committee has 
suggested a National Sustainable Coastal Zone Management Institute along 
with organisational structure to address issues relating to policy, law, conflict 
resolution and to creating public awareness. The Committee has laid special 
emphasis on developing bio shields all along the coastal areas by intensive 
plantation of mangroves, casuarina, etc.

[Source: Report of Ministry of Environment and Forest, Govt of India, 2005]

In South Asia where both climate-related hazard and vulnerability levels are 
likely to be drastically affected by climate change, it is necessary, based on the 
regional cooperation among South Asian countries, to establish systematic integra-
tion between the institutional frameworks, policies and strategies to address disaster 
risk with those related to adaptation to climate change.
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A key challenge, in this context, is to strengthen regional capacities to manage 
and reduce risks associated with existing climate variability. To achieve this, closer 
linkages need to be forged between the policy arenas of climate change and disaster 
risk reduction, at national, regional and international levels.

Further, at global level, the implementation of the Hyogo Framework needs to 
be more clearly recognized as a primary tool to achieve the adaptation goals of the 
UN Framework Convention on Climate Change (UNFCCC). The reflection of such 
integration assumes greater importance and urgency in the climate risk hotspot of 
South Asia through regional cooperation under the SAARC Framework of Disaster 
Management.

Box 34.3 Watershed development for CCA and DRR

India lives in villages, particularly where there are large tracts of arid and 
semi-arid areas with poor farmers battling with low productivity and 
sub-standard living conditions. Most of these farmers depend heavily on 
rainfall for agricultural production and sustenance. An innovative program of 
participatory watershed development project (Sujala in Karanataka State in 
Southern part of India) is implemented in five drought prone districts cover-
ing an area of around 0.5 Mha, and benefiting more than 400,000 households. 
Remote sensing & GIS products have been operationally used in Sujala proj-
ect from the early stages of watershed prioritization, database and query 
system development to project action plan generation. The unique feature of 
the project is the way remote sensing, GIS and the Management Information 
System (MIS) are dynamically linked with the impact assessment both in 
terms of development of natural resources as well as socio-economic indicators. 
The approach of integrating these tools and techniques has been participatory 
through community themselves. Climate ‘proofing’ to watershed develop-
ment is factorized in the action plan.

The mid-term assessment on the impact of the Sujala Watershed 
Development Project carried out has indicated very encouraging trends. The 
average crop yields have increased by 24% over the baseline. The average 
ground water level has increased by 3–5 ft. Shift to agro-forestry and horticulture, 
and reduction in non-arable lands has also been observed. Annual household 
income from employment, income generating activities and improvements in 
agricultural productivity has increased by 30% from a baseline. The ‘extra 
mile’ was prototyping a system ensuring greater transparency, social mobilization, 
inclusive growth and capacity building at the grassroots.

[Source: Ranganath et al. 2006]
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Fig. 34.1 Twin processes of Climate Change Adaptation and Disaster Risk Reduction

34.5  Integration of Disaster Risk Reduction in Climate 
Change Adaptation

Climate change adaptation envisages climate proofing to the development pro-
grammes. At community level, there is autonomous adaptation which depends on 
the inherent adaptive capacity. Capacity could be enhanced further by more invest-
ment and absorption of technologies. It’s a basically a planned adaptation and most 
of the interventions at policy and investment levels are made to realize this. Further, 
there are externalities, like Bali Action Plan, which bring priorities on strengthening 
both planned as well as autonomous adaptation (Burton 2004; Ivey et al. 2004; 
Moench and Dixit 2004) (Fig. 34.1).

Disaster risk reduction is similar to climate change adaptation in several ways but 
not the exact. There is autonomous resilience which brings in coping at the community 
level. Preparedness for risk reduction calls for applications of technologies and also 
investments. There are externalities like Hyogo Framework of Action which place 
focus on disaster risk reduction by strengthening autonomous resilience as well as 
preparedness. What is therefore required is the integration of disaster risk reduction to 
climate change adaptation and vice versa (Pearce 2003; Pittock and Jones 2000).

Integration of Disaster Risk Reduction (DRR) into Climate Change Adaptation 
(CCA) would be one of the challenges of risk management in South Asia. The task 
can be addressed by identifying those areas which create divergence between 
DRR and CCA processes, as also those which create convergence between the two. 
The forces that create divergence are the following:
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 (a) Diverse Institutional Structure The institutional arrangements that exist in 
South Asian countries are such that DRR and CCA experts and functionaries 
are usually different, respond to different needs and to the different constituen-
cies and do not have authority to implement policy decisions in the areas other 
than their specific responsibilities. In fact, such structural barriers also exist at 
international and regional levels.

 (b) Disconnected Policies, Planning and Programs DRR and CAA policies, 
planning and programs often take place in isolation without sharing the respec-
tive goals, methodologies and objectives.

 (c) Lack of Relevant Information Information concerned with DRR and CCA 
are inherently complex which cannot be packaged easily for integration into 
respective concerns. DRR related info, for example, often does not describe 
environmental and socio-economic information of underlying risk factors which 
are required in support of pursuing CCA.

 (d) Ad-hoc Short-term Approaches For most of DRR projects, risks to invest-
ments are not considered for the full life-time of the project and thus ignores 
climate change risks, impact and adaptation factors.

The convergence between DRR and CCA processes has been observed in certain 
types of projects which need to be recognized for scaling-up and replications in the 
region, especially through regional cooperation. These are

 (a) Integrated Coastal Zone Management
 (b) Participatory Watershed Development Programme
 (c) Land Use Planning in areas sensitive to climate and disaster risks
 (d) River-basin Floodplain Management
 (e) Integrated Drought Mitigation (Fig. 34.2)

The tools and techniques used for DRR such as early warning systems, hazard, risk 
and vulnerability analysis, risk assessment and monitoring, risk mitigation as well 
as response strategies need to be integrated with CCA strategies in the critical sec-
tors like human health, food, water and environmental security, agriculture, for-
estry, tourism, etc. There are success stories and good practices demonstrating such 
integration, which should be replicated and further scaled up (Govt of India 2006; 
Kerr et al. 2002).

34.5.1  Policy Advisory

There are enabling mechanisms for integrating DRR and CCA through integration 
of appropriate technologies like ICTs, Space, Automatic Weather Stations (AWS), 
Doppler Weather Radars (DWR) etc. Similarly, networking of DRR and CCA insti-
tutions at national, regional and global levels coupled with multi-stakeholder 
 communication and dialogues as well as exchange of information and expertise 
may catalyze such integration. From the ‘conceptual framework’ as outlines above 
to ‘actionable strategies’, the following steps are suggested:
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 Step I: Targeting Climate Related Disaster Risks Most of the Hazard, 
Vulnerability and Risk (HVR) Assessment efforts are based on the 
frequency of occurrence of disasters in spatial and temporal domains. 
Climate risks are not captured well and also the simulated climate change 
scenarios are not factorized to target the climate related disaster risks 
especially in the ‘hotspots’ of South Asian region. While the strategy 
calls for recasting HVR mapping efforts, such efforts enable closer 
integration of DRR and CCA in the operational domain of end-to-end 
project implementation.

 Step II: Designing Risk Reduction Strategies Designing Risk Reduction 
Strategies for hydro-meteorological risks must essentially be based on 
using the knowledge of climate risks. For instance, if it is to develop an 
effective and people’s centred EWS to provide ‘actionable’ information 
about a climate hazard to a vulnerable population, the assessment of 
 climate risk should form the key inputs. Further, the strategies must be 
dynamic and in tune with the changing practices and conditions such as 
depletion of the  ecological foundation of the natural resources such 
as coral reefs and  mangrove forests may aggravate risks; further 
effective insurance and micro-finance initiatives to transfer risks and 
provide additional resources may reduce risks..

DRR-CCA Integration

Disaster Risk Reduction (DRR)
-Early Warning Systems (EWS), HVR Assessment/Monitoring,
Mitigation & Preparedness Strategies, Response Strategies  ..  

• Human Health
• Food, Water &
  Environment Security 
• Energy   

• Agriculture & forestry 
• Trade & tourism 
• Industry, Mining etc
• Land use, settlements

Institutional Networking

Integration of Technologies

• Targeting Climate Related Disaster Risks
• Designing Risk Reduction Strategies
• Integrating Climate, Weather & EWS  
Information in Decision Making..  

Areas of Convergence
-Coastal Zone Management
-Watershed Development
-Land Use Planning
-Settlements, Physical and
Social Infrastructure Planning
-Floodplain Management..

Areas of Divergence 

-Diverse institutional
structure 
-Disconnected  Policies,
Planning and
Programmes
-Lack of inter-sectoral
communication &
dialogues 
-Lack of relevant
information 
-Ad-hoc Short term
Approaches    

Climate Change Adaptation (CCA)

Priority Areas

Fig. 34.2 Converging and diverging factors of climate change adaptation and disaster risk  reduction
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 Step III: Integrating Climate, Weather & EWS Information in Decision Making  
Besides implanting DRR in CCA projects, it is important to utilize 
advanced climate forecast information in managing risks from the exist-
ing climate variability and also utilize results from climate change models 
especially where known climate change impacts lead to a certain direc-
tion viz., glaciers retreat and Glacial Lake Outburst Floods (GLOF) in 
Himalayan region.

As climate hazards are growing in number, more and more people in the region are 
turning vulnerable because of poverty, powerlessness, population growth, and the 
movement of people to marginal areas. Climate change has the potential to derail 
the poverty alleviation efforts in the region, punishing first and most, the very 
people least responsible for greenhouse-gas emissions – and increasing their 
 vulnerability to the natural disasters further. Concerted national efforts are necessary 
in support of climate change adaptation and disaster risk reduction.

Uniquely, with the inherited traditional knowledge, South Asia has got the 
civilizational heritage in terms of indigenous coping and community resilience. 
These heritages need further empowerment in terms of technology and knowledge 
to withstand the potential climatic shocks and their extremes. Further, with the 
growing climate risk, the adaptive capacity in South Asia is to be enhanced  
by providing the necessary financial resources, access to technology and 
knowledge, and by enhancing the institutional capacity. For example, the 
capital-intensive agricultural systems are less sensitive to climate, perhaps 
because they can control so many more inputs. Agriculture, water management, 
land use practices etc. in South Asia are therefore to harmonize with changing 
climate regimes.

34.5.2  Thematic Areas for Road Map

In order to evolve the roadmap, the workshop discussed the following thematic 
areas of the Regional Action Plan on Climate Change (Climate Change and 
Disasters , SDMC Publication 2008) on which SDMC was expected to play its role 
in promoting action for national action and regional cooperation.
Thematic Area One: Adaptation to Climate Change

Adaptation to climate change impacts and risks in vulnerable communities, • 
locations and ecosystems
Adaptation in sectors (e.g. water, agriculture, fisheries, health and biodiversity)• 
Adaptation to extreme climate events (e.g. flood, cyclone, glacial lake outburst, • 
droughts and heat and cold waves)
Adaptation to climate change impact (e.g. sea level rise, salinity intrusion, • 
 glacial melt and coastal and soil erosion)
Adaptation suited to urban settlements, coastal structures and mountain terrain• 
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Thematic Area Six: Management of Impacts and Risks Due To Climate Change

Climate risk modeling and capacity building in the region on impact assessment • 
of climate change.
Sharing of information and capacity building in the management of climate • 
change impacts and risks through cooperation among SAARC member states in 
early forecasting, warning and adaptation measures
Cooperation amongst the SAARC member states in exchange of information on • 
climate and climate change impacts (e.g. sea level rise, glacial melts, droughts, 
floods, etc.)
Cooperation and sharing of good practices in disaster management• 

Priority Action Plan

Exchange of information on disaster preparedness and extreme events• 
Capacity building and exchange of information on climate change impacts  • 
(e.g. sea level rise, glacial melting, biodiversity and forestry)

34.6  Road Map for Implementation of SAARC Action  
Plan on Climate Change by SAARC Disaster 
Management Centre

Towards integrating DRR in CCA, the SDMC has adopted the following strategies 
and road map for the implementation of the Action Plan.

 (i) Adaptation to Climate Change The experiences gained and lessons learnt 
from the existing and past initiatives on Disaster Risk Reduction (DRR) in the 
different countries of the region should be systematically integrated with 
Climate Variability/Climate Change Adaptation (CCA) projects and vice 
versa. The Centre shall formulate appropriate process and programme guide-
lines for integration of DRR in CCA projects and vice versa in respect of four 
natural disasters namely, floods, cyclones including saline intrusion, droughts 
and glacial lake outbursts for the guidance of the Member States.

 (ii) Technology Transfer SDMC shall develop a Concept Paper on technology 
need assessment for integrating adaptation to climate variability and change 
into disaster risk reduction, especially those related to Early Warning Systems 
for drought and flood and submit the same to the National Governments and 
other relevant SAARC Regional Centres for their consideration.

 (iii) Finance and Investment SAARC Disaster Management Centre shall study 
the potential application of Micro-credit, Micro-insurance and Crop Insurance 
for climate change adaptation in selected climate risk hotspots of the region.

 (iv) Education and Awareness SAARC Disaster Management Centre shall 
develop tool kits on Climate Risks and Disasters for education and awareness 
of the people of the region.
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 (v) Management of Impact and Risks Due To Climate Change SDMC in 
collaboration with all relevant institutions shall develop Training Modules 
on Climate Risk Assessment relevant to the contexts of the South Asia 
region and conduct regional training programme for capacity building on 
climate risk assessment.

34.7  Conclusion

While the Hyogo Framework of Action has brought Disaster Risk Reduction to the 
central focus, Bali Action Plan has given impetus to Climate Change Adaptation. 
Both these sectors through share several common boundaries but not integrated 
fully especially in the context of high risk disaster prone areas. Such integration is 
a must for the sustainable development efforts in South Asia, which is emerging as 
risk ‘hotspots’ in the changing climate regime.

The SAARC as a platform provides a framework for regional cooperation in 
integration of Disaster Risk Reduction to Climate Change Adaptation and vice-versa. 
The SAARC Action Plan on Climate Change is a timely initiative in this direction. 
While regional cooperation does provide ‘the extra mile’, the efforts that promote 
such integration are always taken up at national/local levels. Climate ‘proofing’ to 
the development processes and Disaster Risk Reduction strategies does fill the gaps 
and brings in convergence between CCA and DRR. Besides promoting key applica-
tions such as coastal zone management, watershed development etc., SAARC 
Disaster Management Centre envisages bringing out the necessary tools and tech-
niques to integrate DRR and CCA. Mandated to promote DRR and CCA integra-
tion, SAARC Disaster Management Centre has taken up concrete steps in this 
direction on the basis of having a framework for regional cooperation.
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Abstract Ever increasing demand for food and the basic necessities, driven by 
high demographic pressure and rapid economic development, necessitate strength-
ening the scientific knowledge of underpinning processes and creating the data 
bank for development of decision support system which policy makers can use to 
address urgent issues. The goal is to identify and implement strategies of natural 
resources management which adapt to the climate change with specific references 
to alterations in precipitation, temperature, risks of soil degradation, quality and 
quantity of water resources, and increase incidence of pests and pathogens. The adap-
tive management is crucial to addressing the complex issues of climate change, 
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Humans are now carrying out a large scale geophysical  
experiment of a kind that could not have happened in the past 
nor be reproduced in the future.

Roger Revelle
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environmental degradation, and food security. Other researchable topics include: 
(i) the fate of carbon transported by erosional processes, (ii) coupled ocean and 
 climate studies, (iii) glacier dynamics in the Himalayas, (iv) monsoon science, and 
(v) drought management. There is a need for immediate action through a coordinated 
program implemented on a regional basis. Funding for long-term multi- disciplinary 
research must come from regional sources. Global environmental solutions require 
global funding for conducting solution-oriented research.

Keywords • Adaptation • Recommended management practices • Monsoon science 
• Drought management • Multi-disciplinary research

Abbreviations

SA South Asia
LST Land surface temperature
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35.1  Introduction

More than 3 billion people in Asia and 1.62 billion in South Asia (SA) depend on 
monsoon precipitation for water. Any change in the monsoon precipitation in SA 
may have strong impact on agriculture, food security and well being of the people. 
Drought, floods, and famines caused by extreme events have affected the well being 
of the population since the era of Indus Civilization that declined around 1900 BC. 
The problem has been equally severe during the Middle Ages which witnessed a 
drastic decline in the population of the sub-Himalayan region (refer Chapter 1).

The problem is made more severe during the twenty-first century than ever before. 
The SA is a home to ~25% of the world population, which is also increasing especially 
in this region where natural resources are already under great stress, soils are degraded 
and depleted, water is scarce in some parts and highly polluted in others, monsoons are 
highly variable in space and time and also unpredictable, and the climate is undergoing 
a rapid change at a pace to which ecosystems cannot adjust fast enough.

During 2008 and 2009, the SA region again exhibited signs of fragility to sustain 
the growing demand of food, feed, fiber and fuel. Food scarcity and increasing food 
prices, driven paradoxically by a rapid economic growth are affecting ~400 million 
people in the region. The problem of food insecurity is exacerbated by soil and 
environmental degradation driven by climate change and social, economic and 
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political forces. This chapter briefly outlines research and development priorities on 
a regional basis to understand and apply the science to address urgent issues of food 
security and climate change in SA.

35.2  Adaptation to Climate Change

While the atmospheric concentration of CO
2
 and other greenhouse gases must be 

stabilized and reduced through mitigation, the importance of adaptation to climate 
change cannot be over-emphasized especially in the SA region. Therefore, long-
term, multi-disciplinary and inter-institutional studies are now needed throughout 
the SA region on identifying and implementing studies for adaptation to climate 
change. Successful adaptation necessitates enhanced understanding toward sustain-
able management of soil, water, crops/cropping systems and climatic/weather 
conditions (Fig. 35.1). The goal of identifying techniques for sustainable manage-
ment of soil resources is to increase resilience of soils and ecosystems, while 
enhancing agronomic productivity and improving the use-efficiency of inputs.

Fig. 35.1 Adaptation to climate change in South Aida necessitate focus on research and devel-
opment
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The most dramatic impact of climate change in the densely populated SA region 
is likely to be on: (i) soils, (ii) water resources, and (iii) vegetation. These may include 
increasing drought severity (especially in the northwestern regions of SA) because of 
rising temperatures, increasing evaporation, melting glaciers, decreasing soil organic 
C pool, and accentuating soil erosion and the attendant degradation and desertifica-
tion of soil. It is therefore imperative that scientists, policy makers, and land managers 
work together to identify and implement climate change adaptation and response 
strategies. Strengthening and sharing the data on soil properties and water resources 
(hydrologic cycle and components) are needed to make planning decisions regarding 
the worst-case scenarios and identifying alternatives. Comprehensive water-balance 
studies, based on watershed monitoring, are needed for different watersheds and land 
use systems. Long-term observations on well equipped watersheds are needed for 
consumptive water use/evapotranspiration, soil moisture storage, runoff in relation to 
mean and extreme flows, and impact of change in land use especially urbanization.

It is important to develop the decision support systems that managers can use, 
especially those which allow users to comprehend the impact of climate change on 
the hydrologic cycle, soil quality, and agronomic/biomass production. There also 
exists need to redesign water systems and reservoirs, wastewater (grey water) and 
flood control systems to withstand the extreme events.

In this regard, the importance of vegetation management can never be over- emphasized. 
Afforestation and reforestation of denuded landscape, restoration of Sundarban and the 
deltaic/riparian forests is important to protecting the coastal ecosystems.

35.3  Food Security and Climate Change

Food security has four distinct but interrelated components (Fig. 35.2). Food supply is 
determined by strategies of increasing agronomic production and minimizing its losses. 
Food access involves increasing household income, creating ethnic and gender equity, 
and improving infrastructure including market. Food retention is a function of human 
health as affected by water quality (cholera) and other pests and pathogens (malaria). 
Food safety is essential because of the sanitation and hygienic conditions. All these four 
aspects of food security need a coordinated and concentrated effort in SA.

The adaptive management is crucial to addressing the complex issues of climate 
change and food security. Rather than using the static and rather outdated concepts 
(e.g., carrying capacity), it is important to follow the innovative options based on 
adaptive management of soil, water, vegetation and other natural resources. 
Adaptive and integrated water management (Pahl-Wostl et al. 2007) is essential for 
the water-scarce SA region.

Agricultural science must be effectively used as an engine of economic 
 development in low-income SA countries. The current urgent problems of food 
 insecurity, exacerbated by the risks of climate change, can only be addressed through 
a widespread adoption of science-based agriculture. Agriculture must be viewed 
in the context of rural livelihood involving both farm and non-farm  activities 
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(e.g., renewable energy, value addition, food processing) in alleviating poverty. 
Farmers must also be compensated by payments for ecosystem services as another 
income stream. Payments for ecosystem services include those for C sequestration 
in soils and trees, green water credits, and biodiversity enhancement.

35.4  Fate of Carbon Transported by Erosion  
and Sediment Deposition in the Ocean

The high topography of the Himalayas is causing higher rates of physical weathering, 
erosion and sedimentation. It is important to study the fate, residence time, and emis-
sion of greenhouse gases from transformation of C transported by erosional processes. 
In addition to taking core samples from the ocean floor to study historic patterns of 
sediment deposition, seasonal movement of sediment plumes can be studied by using 
ocean color sensors (Nezlin and DiGiacomo 2005; Sridhar and Ali 2008).

35.5  Coupled Ocean and Climate Studies

The Indian Ocean is a highly complex and dynamic system. It is also one of the 
most under sampled and least studied of the world’s oceans (Hood et al. 2008). 
There is a strong need to study the control and fate of primary production, 

Fig. 35.2 Advancing food security in South Asia through research, development and education
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 biogeochemical cycles, impact of anthropogenic perturbations, the energy balance 
as influenced by the Asian Brown Cloud, and monsoonal patterns. It is one of the 
last great frontiers of oceanographic research to determine whether the Bay of 
Bengal is a source or sink of CO

2
 because of increasing temperature (Alory et al. 

2007). There is also a strong need to study the biogeochemistry (Naqvi et al. 2006) 
such as the N cycle (Bange et al. 2005) C cycle (Bates et al. 2006) and ecosystem 
variability in the ocean (Wiggert et al. 2006).

35.6  Monsoon Science

Because of the dependence of a large population on the monsoons, it is important 
to study science of monsoons and natural and anthropogenic factors affecting its 
onset, pattern, and spatial and inter-annual variability. Capacity building in the 
monsoon science in SA is important. Wentz et al. (2007) observed that global mean 
precipitation increased by 7% per °C increase in temperature. However, what is the 
effective increase; because there is also increase in losses by runoff and evapora-
tion. There are several unknown with regards to the precipitation in SA. Important 
among those are: (i) how will the precipitation change with the projected climate 
change? (Wentz et al. 2007; Previdi and Liepert 2008), (ii) How will the future 
change in climate affect the hydrological cycle at water shed, river basin, and 
the sub-continental (SA) scale? (iii) how will the land surface evaporation change 
with the projected climate change? (Brutsaert 2006), (iv) why does global warming 
cause more rain? (v) what is the impact of aerosols and black C on soot? and 
(vi) how is the radiation related to precipitation? There is also a strong need to 
create awareness of the seriousness and urgency of the problem among general 
public and the policymakers throughout the SA region. Enhancing climate science 
education can minimize the confusion and misunderstanding.

35.7  Glacier Dynamics in the Himalayas

Controversy about the fate of some 10,000 glaciers in the Himalayas (Bagla 2009) high-
lights the importance of long-term monitoring. The process has been hindered by 
 political problems (Bagla 2006a, b), poor infrastructure, and weak institutional  capacity. 
The glacial dynamics can be studied by using satellite imagery coupled with direct obser-
vations in the field (Shroder et al. 2008). Institutional and international/SA region coop-
eration is essential. Some key researchable issues in advancing the science and data bank 
of glacier dynamics in SA are (Shroder et al. 2008): (i) generating and sharing data, 
(ii) identifying benchmark glacier for long-term field-based study, (iii) standardizing 
methods used for monitoring and assessing glaciers, to facilitate cross-border  comparison, 
(iv) developing basin-wide hydrologic/water scenarios across the region, and 
(v) studying status and trends of snow and ice resources in the region.
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35.8  Drought Management

Soil moisture deficiency is an important factor affecting agronomic drought. Thus, 
enhancing soil moisture storage by reducing losses (evaporation, runoff) and 
improving the plant-water uptake (green water) is essential. Managing water is like 
hitting a moving target. Similar to soils, adaptive management of water resources is 
also crucial to addressing the complexities of the SA ecological systems. Being a 
regional phenomenon, land surface temperature (LST) is an important indication of 
the drought. The LST can be monitored by remote sensing data in the thermal- 
infrared (TIR)-band (8–14 mm) (Anderson and Kustas 2008). The LST-TIR data I a 
valuable index of biospheric stress resulting from soil moisture deficiencies. There 
is a strong inverse relationship between soil temperature and soil moisture reserve. 
Increase in canopy temperature because of the drought stress can be effectively 
detected by remote sensing techniques. The satellite data has numerous applications 
in: (i) monitoring drought, (ii) assessing consumptive water use, (iii) managing irri-
gation projects, (iv) predicting local and regional water demand, and (v) weather 
forecasting (Anderson et al. 2007). Increasing population in the SA region has 
severely strained the quantity and quality of water resources resulting in rapid draw-
down in water resources in NW India (Kerr 2009; Rodell et al. 2009). The TIR-
based data can be used to assess the ground water withdrawal and determinoptimal 
use for irrigation and other purposes (Bastiaannssen and Harshadepp 2005). The 
satellite data (Rodell et al. 2009) can be used to advise farmers and policy makers to 
shift away from water-intensive crops, and implement more efficient irrigation 
 methods (e.g., furrow irrigation, sprinkler irrigation, drip irrigation). Coping with 
water scarcity in the rice-wheat system may involve switching to other crops and 
growing aerobic rice (Bouman et al. 2006; 2007). The remote sensing techniques 
can also be used to monitor ice mass in the Himalayan glaciers and assess land-
based C sources and sinks (Canadell et al. 2007; Houghten and Goetz 2008).

35.9  Action Beyond the Brainstorming

The time for action is now. No-action or late-action can be dangerous because of the 
large population concentrated in the relatively small SA region. Coordinated action, 
through FAO and ESCAP, is needed for several rural/agricultural projects. Notable 
among those are afforestation, erosion control, restoration of eroded/degraded and 
desertified soils, construction of water reservoirs and good waterways, establishment 
of modern efficient irrigation systems, development of biofuel plantations, purifica-
tion of water in rivers and streams, removing arsenic and other pollutants of water.

The SA region is in a dire need for implementation of community-based and bottom 
up sustainable development strategies. The trilemma of food insecurity, climate change, 
and economic development require a paradigm shift, in favor of multi- disciplinary and 
multi-scale approach. It involves uplift of the farm household within the context of 
national policies and adoption of improved and innovative technologies.
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35.10  Funding for Multi-disciplinary Research

The SA climate is changing due to human activities. All inhabitants of the planet 
Earth are both the cause and the victim of this change, albeit to a varying degree. 
The adoptive multi-disciplinary and multi-institutional research needed for the 
region require commitment towards long-term allocation of resources. The 
 humanity may have already moved the climate to an unstable point which will 
adversely impact the wellbeing of 1.6 billion inhabitants of SA. While the mitiga-
tion is needed, immediate action must be taken towards identification and imple-
mentation of adaptation strategies. Global environmental solutions require global 
funding for conducting solutions-oriented research.

The threats of food-insecurity, climate change, water scarcity and pollution, and 
loss of biodiversity do not respect national borders being debated and fought over 
by the SA countries. Research in these areas requires regional (and global) collabo-
ration, and thus regional funding mechanism. Funding support from this must be 
managed by regional agencies (ESCAP, FAO, UNDP, ADB, etc.). The SA countries 
must create and contribute to a common fund to support the research activities 
outlined in this chapter. A Co-benefit of such a common activity would be creation 
of a peaceful and cooperative atmosphere among the neighboring nations. There is 
a precedent in the existence and functioning of South Asian Association for 
Regional Cooperation (SAARC), the Asia-Pacific Network for Global Change 
Research, and Association of Asia-Pacific Agriculture Resources Institution 
Network (APAARI). Such networks are needed to implement a wide-variety of 
risk-reducing livelihood strategies. Important among those are diversifying income 
sources, switching crops, adopting resilient production systems, developing climate 
forecasting systems. Resource-poor farmers of SA, remaining at the bottom of the 
social and economic ranks, deserve help and support from a coordinated effort 
implemented at regional scale.

35.11  Conclusion

Population of 1.62 billion and increasing is the driving force for several biophysical 
and socio-economic issues affecting the SA region. These issues include food-
insecurity, natural resource degradation, deforestation and loss of natural ground 
cover, water pollution and eutrophication, drought, and poverty. Most of these 
issues are also being exacerbated by the anthropogenic climate change which will 
also create environmental refuges and cross border migration.

These regional issues require regional programs and funded through regional 
mechanisms. Adoption strategies, rather than static concepts of carrying capacity, 
designed to enhance soil/ecosystem/social resilience are needed for implementation 
at community level. Individual resource-poor farmers are not able to take action in 
view of the severe constraints. Adoption of recommended technologies can be 
 promoted through payments for ecosystem services. While improving agriculture 
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as an engine for economic development is given, improving household income 
through agri-business and non-farm activities is also important. Coordinated and 
long-term research is needed to study science of monsoons and factors affecting its 
variability, coupled processes of marine ecosystems and climatic factors, hydro-
logic cycle and impact of land use and climate change, glacial dynamics and water 
supply, soil quality and drought, and agronomic production in an era of warming 
climate and depleting water. This is a time for action.
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