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to understand and research ways to alleviate the effects of climate change, scientists need
access to information that not only provides an overview of and background to the field, but
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Preface

Water used for agriculture is the largest water consumer globally, about 70% of all freshwa-
ter withdrawals. Climate change impacts on water resources — through changes in precipita-
tion, snowfall, soil moisture, river flow and groundwater recharge - translate into impacts
on agricultural production. With current trends in population growth, rising incomes and
changing diets, the demand for food will double over the next 50-80 years. Significant
improvements are necessary in agricultural water management now to reduce the vulnera-
bility of poor people in developing countries to climate-induced changes in precipitation and
water availability.

The objective of this book is to provide experiences from studies on agricultural water
management under climate change as references for agriculture and irrigation planners,
decision makers, researchers and students. Chapters in this book present an overview on
global assessment of climate change impacts and water requirement for future agriculture,
detailed crop water requirements in case studies in developing countries, irrigation manage-
ment under sea-level rise in deltas, and agricultural adaptation options to climate change
such as water-saving techniques and groundwater exploitation, and related policy settings.
Findings and conclusions from the studies presented in this book may help in identifying
subjects for further research and actions in management to filling the information and
knowledge gaps in agricultural water management.

This book was edited by a team of scientists based at the International Water Manage-
ment Institute CTWMI). It is produced as part of the CGIAR Research Program on Climate
Change, Agriculture and Food Security (CCAFS), which is a strategic partnership of CGIAR
and Future Earth. The views expressed in this book cannot be taken to reflect the official
opinions of CGIAR or Future Earth.

The Editors

Xi
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Climate Change and Agricultural
Development: A Challenge for
Water Management

Chu Thai Hoanh,* Robyn Johnston and Viadimir

Smakhtin

International Water Management Institute (IWMlI), Colombo, Sri

Lanka

Abstract

Freshwater-related risks of climate change increase significantly with increasing global temperatures. Globally, the
negative impacts of future climate change on freshwater systems are expected to outweigh the benefits, and agri-
culture and irrigation, as the largest consumers of water globally, are most at risk. This book analyses the potential
impacts of climate change on water for agriculture, and the adaptation strategies in water management to deal with
these impacts, drawing on global assessments and regional studies.

This chapter introduces the book, sets the scene for research on climate change in agricultural water manage-
ment, and synthesizes the issues, methodologies and findings in the chapters to follow. Chapters 2 and 3 provide
an overview of global assessment of climate change impacts and water requirement for future agriculture. Chapters
4-7 provide analyses of crop water requirements in four case studies in developing countries. Chapters 8 and 9 are
studies of irrigation management under sea-level rise in Vietnam’s Mekong Delta. Chapters 10-12 discuss exam-
ples of adaptation alternatives such as water-saving techniques and groundwater exploitation, and related policy
settings. The last chapter links the dominant approach of uncertainty presented in the climate change discourse
with policy discussions on climate adaptation strategies.

1.1 Climate Change and Agricultural
Water Management

Observational records and climate projec-
tions provide abundant evidence that fresh-
water resources will be strongly impacted by
climate change, with wide-ranging conse-
quences for human societies and ecosystems.
Observed global warming over several
decades has been linked to changes in the
large-scale hydrological cycle such as: increas-
ing atmospheric water vapour content;
changing precipitation patterns, intensity
and extremes; reduced snow cover and wide-
spread melting of ice; and changes in soil
moisture and runoff (Bates et al., 2008). Over

* Corresponding author, e-mail: c.t.hoanh @cgiar.org

the 20th century, precipitation changes show
substantial spatial and inter-decadal variabil-
ity. Since the 1970s, increases in precipita-
tion have been observed over land in high
northern latitudes, while decreases have
dominated from 10°S to 30°N. Climate
model simulations for the 21st century are
consistent in projecting trends of increasing
annual average river runoff and water avail-
ability at high latitudes and in some wet trop-
ical areas, and decrease over some dry regions
at mid-latitudes and in the dry tropics (IPCC,
2007b). These trends are reconfirmed in the
Fifth Assessment Report by IPCC (2013).
Freshwater-related risks of climate
change increase significantly with rising

© CAB International 2016. Climate Change and Agricultural Water Management in

Developing Countries (eds C.T. Hoanh et al.)
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2 C.T. Hoanh et al.

temperatures associated with increasing
greenhouse gas (GHG) concentrations.
Globally, the negative impacts of future
climate change on freshwater systems are
expected to outweigh the benefits. By the
2050s, the area of land subject to increasing
water stress due to climate change is pro-
jected to be more than double that with
decreasing water stress (Bates et al., 2008).
In particular, frequency of short hydro-
logical droughts is likely to increase in the
presently dry regions (IPCC, 2014).

Rainfed agriculture is vulnerable to
climate change through the direct impacts
of changed rainfall and temperature condi-
tions; irrigated agriculture bears the addi-
tional risk of changes in availability of
surface and groundwater. Irrigation is the
largest water consumer globally: about 70%
of all freshwater withdrawals go to irrigated
agriculture (UN Water, 2009). Increasing
water scarcity may limit food production in
rainfed systems, putting pressure on food
prices and increasing countries’ dependence
on food imports or investments into irriga-
tion. Shifting from rainfed to irrigated agri-
culture is a front-line adaptation strategy to
hotter, drier conditions, but will in turn
increase demand for water. According to
FAO (Food and Agriculture Organization for
the United Nations) projections, developing
countries, with 75% of the global irrigated
area, will need to expand their irrigated
areas by 0.6% per year until 2030 to meet
food demand (Bruinsma, 2003), although a
smaller expansion of irrigated area is
assumed under all four scenarios of the Mil-
lennium Ecosystem Assessment, with global
growth rates of only 0-0.18% per year until
2050 (Millennium Ecosystem Assessment,
2005).

Regarding crop water requirement, the
physiological effect of CO, is associated with
an increased intrinsic water use efficiency of
plants, which means that less water is trans-
pired per unit of carbon assimilated (IPCC,
2014). For C3 plant species, including most
food crops, the CO,, effect may be relatively
greater for crops that are under moisture
stress compared to well-irrigated crops.
The large-scale implications of CO,-water

printed on 2/13/2023 12:01 PMvia .

interactions (i.e. at canopy, field and regional
level) are highly uncertain. In general, the
positive effects of elevated CO, on plant-
water relations are expected to be offset
by increased evaporative demand under
warmer temperatures (IPCC, 2007b); there-
fore the impact of elevated CO, on water
demand is usually not considered in studies
of agricultural water management under
climate change.

Higher water temperatures and pro-
jected changes in water extremes, including
floods and droughts, are projected to affect
water quality and exacerbate many forms of
water pollution such as sediments, nutrients
and dissolved organic carbon, with possible
negative impacts on agricultural production,
although the extent of these changes is
highly uncertain and depends on rainfall
seasonality, land cover and soil management
practices (IPCC, 2014). Mullan and Barrett-
Lennard (2010) suggested that climate
change is expected to reduce water availabil-
ity in general, making the use of low quality
water resources more cOmmon.

In low-lying coastal areas, sea-level rise
is projected to increase flooding depth,
resulting in shorter duration for crops, and
to extend salinity intrusion into the surface
and groundwater systems in estuaries, caus-
ing a decrease of freshwater availability for
agricultural production. Without adapta-
tion, it is projected that hundreds of mil-
lions of people will be affected by coastal
flooding and displaced due to land loss by
the year 2100; the majority of those affected
are from East, South-east and South Asia.
Protecting against flooding and erosion is
considered economically rational for most
developed coastlines in many countries
under all socio-economic and sea-level rise
scenarios analysed (IPCC, 2014).

Locally, irrigated agriculture may face
new problems linked to the spatial and
temporal distribution of streamflow. For
instance, at low latitudes, especially in
South-east Asia, early snowmelt may cause
spring flooding and lead to a summer irriga-
tion water shortage (IPCC, 2007b). In most
dry subtropical regions, climate change is
projected to reduce renewable surface water

Al use subject to https://ww.ebsco.conterns-of-use
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and groundwater resources significantly.
This will intensify competition for water
among agriculture and other sectors, and
affect regional water supply, energy genera-
tion and food security. In contrast, water
resources are projected to increase at high
latitudes. Proportional changes are typically
one to three times greater for runoff than
for precipitation. The effects on water
resources and irrigation requirements of
changes in vegetation due to increasing
GHG concentrations and climate change
remain uncertain (IPCC, 2014). There is high
confidence that irrigation demand will
increase significantly in many areas (by
more than 40% across Europe, USA and
parts of Asia). Other regions - including
major irrigated areas in India, Pakistan, and
south-eastern China - might experience a
slight decrease in irrigation demand, due for
example to higher precipitation, but only
under some climate change scenarios.

However, region-to-region variations in
different studies were very heterogeneous.
For example, using seven global hydrological
models with a limited set of projections,
Wada et al. (2013) estimated a global
increase in irrigation demand by the 2080s
(ensemble average 7-21% depending on
emissions scenario). By contrast, based on
projections from two general circulation
models (GCMs) and two emissions scenar-
ios, Zhang and Cai (2013) suggested a slight
global decrease in crop water deficits in both
irrigated and rainfed areas by the 2080s,
which can be explained partly by a smaller
difference between daily maximum and min-
imum temperatures.

With the changes in temperature and
precipitation under climate change, shifting
of crops from present locations to new loca-
tions will occur as one option in adaptation
to climate change. In a study assessing the
impact of climate change on agricultural
land for 16 crops by comparing the global
spread of farmland between the ‘current’
period (1981-2010) and a future period
(2071-2100), Zabel et al. (2014) calculate a
potential global net increase in land climati-
cally suitable for crops of 4.7 million km?,
from 54.2 million km? to 58.9 million km?.

printed on 2/13/2023 12:01 PMvia .

These figures include land that is both rain-
fed and irrigated, and exclude protected
areas and dense forest because of the
importance of conserving these to protect
ecosystem services, such as carbon storage.
However, the authors emphasize a down-
ward shift in land quality: 3.9 million km? is
projected to be ‘highly suitable’ for crops,
compared with 4.6 million km? for the cur-
rent period. In turn, more land will be classi-
fied as ‘marginally suitable’ or ‘moderately
suitable’, with increases of 3.8 million km?
and 1.6 million km?, respectively, under
these categories. In this study, irrigation
areas are assumed not to change, but in
practice, it is likely that irrigation systems
will be expanded to the areas highly suitable
for crops in terms of soil, terrain and
climate.

IPCC (2007a, 2014) warn that increased
demand for irrigation, from both surface
and groundwater sources, will result both
from changed climatic conditions and from
increased demand for food by a growing
population. Globally, the impacts of climate
change on increasing irrigation water
requirements could be nearly as large as the
changes projected from socio-economic
development in this century (Turral et al.,
2011). Agricultural production systems and
water resources will be critically shaped in
the coming decades by the interaction of cli-
mate with non-climatic drivers: demo-
graphic, socio-economic, technological and
lifestyle changes.

IPCC (2013) stress that current water
management practices may not be robust
enough to cope with the impacts of climate
change on agriculture and other water use
sectors. Adaptive water management tech-
niques, from field-scale water-saving tech-
niques, to basin-level scenario planning,
learning-based approaches, and flexible and
low-regret management solutions, can help
create resilience to uncertain hydrological
changes and impacts due to climate change.
Much of the adaptation cost in water man-
agement will be needed in developing coun-
tries, which face barriers including lack of
human and institutional capacity, financial
resources, awareness and communication.

Al use subject to https://ww.ebsco.conterns-of-use
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1.2 Global Assessment on
Agricultural Water Management

Maskey et al. (Chapter 2, this volume) review
the global literature on impacts of climate
change on agriculture and prospects for
adaptation. They find that sensitivity of
agriculture to climate change varies across
the globe, and in general, developing coun-
tries, where more than 800 million people
are already undernourished, will be hardest
hit. There has been considerable progress in
approaches for assessing the impact of cli-
mate change on agriculture and irrigation
and in evaluation of adaptation measures,
but critical challenges and constraints asso-
ciated with climate change impact and adap-
tation remain. Limited understanding of the
interactions between, and relative impor-
tance of, factors like elevated ozone and CO,
levels, extreme weather conditions, weed
variety, socio-economic changes and adapta-
tion responses mean that diverse adaptation
options from farm to policy level are essen-
tial. Most published studies on adaption
focus on modification of existing manage-
ment practices to improve crop yield, using
process-based models, but do not account
for trade-offs between crop production and
resource availability, which influence the
farmer’s decision-making and profitability.
The authors propose that more effort is
required to incorporate social, financial,
institutional and technical constraints and
the limitations of resources and adaptive
capacity into adaptation frameworks and
planning.

Sood (Chapter 3, this volume) warns
that, with world population increasing to
about 9 billion and the per capita GDP ris-
ing, the future demand for water for domes-
tic and industrial sectors will compete with
the agricultural water demand. Results from
a water accounting and global food trade
model, the Water, Agriculture, Technology,
Environmental and Resource Simulation
Model (WATERSIM), indicate that the pro-
portion of consumptive water demand for
agriculture will decrease from around 72%
of the total demand in 2010, to 37% in case
of business-as-usual, 27% in case of an opti-
mistic socio-economic scenario and 50% in
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case of a pessimistic socio-economic sce-
nario. The greatest increase in demand for
consumptive water comes from domestic
and industrial sectors, although to maintain
optimum yields, around 16-19% more irri-
gation water will be required on average due
to higher evaporative demand. Sood con-
cludes that with improved agricultural water
management and liberalized global food
trade, there are enough resources globally
not only to meet the future demand but also
to reduce malnutrition.

1.3 Crop Water Requirements under
Climate Change

Analysing past climate data is one way to
assess potential impacts of climate factors
on crop water requirement. Liu et al. (Chap-
ter 4, this volume) evaluate the effects of
climate in the Huang-Huai-Hai Plain (3H
Plain) in the northern China using observed
climate data for the period 1981-2009
to estimate reference evapotranspiration
(ET,), then analyse the sensitivity of crop
water requirement (ET) of major climatic
variables and regional responses of precipi-
tation deficit in different crop growth stages.
The results show that temperature was the
most sensitive variable in general for the
3H Plain, followed by solar radiation, wind
speed and relativity humidity. Relative
humidity was the factor most closely corre-
lated with precipitation deficit.

Working in the same region in China,
where water is scarce and climate change is
likely to exacerbate water stress, Xia et al.
(Chapter 5, this volume) explore regional
crop responses to climate change, using the
wheat-maize double-cropping system as an
example. Their results indicate that under
likely climate change scenarios, production
of winter wheat will increase (with slightly
intensified evapotranspiration), but in con-
trast, summer maize production will slightly
decline (with a significant increase of evapo-
transpiration). The results also indicate that
wheat is more resilient to climate change
than maize. To mitigate the impacts of cli-
mate change on agricultural water use, they
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propose a range of agricultural water man-
agement measures and policies, including
improving the performance of participatory
irrigation management reform, establishing
awater rights system, reforming agricultural
water price, and promoting the adoption of
agricultural water-saving technology.

Lansigan and Dela Cruz (Chapter 6, this
volume) also report local observational evi-
dence of changing climate based on available
historical weather data sets in the Philip-
pines. The authors select plausible climate
scenarios and downscaled climate projec-
tions, both dynamic and statistical, for ana-
lysing crop yields using a calibrated crop
simulation model for a standard rice variety
(IR-64) and a local maize variety (IPB-911).
Their results indicate a reduction from 8 to
14% in crop yields for every 1°C tempera-
ture increase depending on season and loca-
tion. For adaptation strategies in agricultural
water management, the authors propose
location-specific measures based on best
practices including adjusting the planting
calendar, improving water use efficiency
and irrigation water management, water
impoundment, planting stress-tolerant
varieties, and weather index-based insur-
ance for crop production.

Since the agriculture sector is highly
vulnerable to climate change in many parts
of the world, there is an increasing concern
among farmers, researchers and policy mak-
ers about the potential impacts of climate
change on food security and livelihoods.
Kakumanu et al. (Chapter 7, this volume)
review the current state of understanding of
climate change impacts on irrigation water
in South Asia and specifically on the crop
yield and relevant adaptation measures in
three major river basins, the Godavari,
Krishna and Cauvery in India. An optimiza-
tion model was used to evaluate the differ-
ent adaptation practices and their potential
to maximize rice production and income,
and minimize water use for the mid- and
end-century climate change scenarios. The
authors conclude that adaptation practices
at farm level, such as system of rice intensi-
fication, machine transplantation, alternate
wetting and drying and direct seeding, could
reduce the water and labour use by 10-15%
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and stabilize rice production in the long
term. They suggest that to adapt to the
impacts of climate change on agricultural
water management, technology upscaling is
an alternative but should be backed up with
well-planned capacity-building programmes
for farmers.

1.4 Agricultural Water Management
under Sea-level Rise

The Mekong River Delta is one of the regions
most seriously impacted by sea-level rise
(World Bank, 2007), which will aggravate
inundation and salinity intrusion and hence
strongly influence agricultural production.
Phong et al. (Chapter 8, this volume) focus
on the impacts of sea-level rise in Bac Lieu
province, a low-lying coastal province in the
Mekong River Delta of Vietnam. The prov-
ince receives fresh water from the Mekong
mainstream on the east side, and dyke and
sluices for protection from salinity intrusion
were built at the south-west. The authors
use a hydraulic and salinity model for simu-
lating water level, flow and salinity in the
canal network for years of low, average and
high water volume from upstream, and dif-
ferent levels of projected sea-level rise from
12 to 75 cm. Their results indicate that flood-
ing depth increases directly with sea-level
rise but that for sea-level rise less than
30cm, salinity slightly decreases, due to
increasing freshwater inflows from the
mainstream. This contradicts many previous
studies, which generally conclude that the
area of salinity intrusion is always larger
under sea-level rise. However, when sea-
level rise is higher than 30 cm, saline water
intrudes into the mainstream and fresh-
water intake canals, and additional struc-
tures (dykes and sluices) will be needed for
salinity control.

Most of the Mekong Delta’s aquaculture
production occurs in the floodplains and
coastal areas that are highly exposed and
vulnerable to climate change impacts and
sea-level rise. Adaptation in water manage-
ment for cropping systems, such as upgrad-
ing dykes to reduce flooding and salinity
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intrusion, will benefit other production sys-
tems, particularly aquaculture. Kam et al.
(Chapter 9, this volume) present an example
of economic evaluation of autonomous
adaptation by shrimp and catfish farms in
the Mekong Delta of Vietnam. The study
shows that planned adaptation measures
can help defray catfish farmers’ escalating
costs of raising pond dykes in response to
increased flooding in the delta, if govern-
ment policy and public investment in adap-
tation to climate change, particularly for
water management, take account of socio-
economic development targets of the aqua-
culture industry. Because of the high level of
uncertainty surrounding commodity prices
and changes in production technologies, a
‘no-regrets’ strategy of reducing the high
dependence on shrimp and catfish culture
and diversifying into more ecologically ori-
ented production systems is recommended,
to hedge the aquaculture industry against
the increasing risks and uncertainties
brought about by climate change.

1.5 Adaptive Agricultural Water
Management

Groundwater resources have been exploited
in many regions to respond to the increase
in water demand for agriculture under cli-
mate variability and climate change. Vill-
holth (Chapter 10, this volume) considers
groundwater resources in transboundary
aquifers as significant water reserves for
sustainable agricultural and socio-economic
development in the context of Africa, Asia,
the Middle East and Latin America. The
author highlights that integrated surface
and groundwater measures are important
for local, smaller-scale, no-regrets adapta-
tion, as well as for larger-scale, strategic
adaptation. Socio-economic and institu-
tional aspects, encompassing international
law and specific adapted international agree-
ments as well as bottom-up participatory
processes, are critical for attaining success
on the ground.

Although climate change challenges
the traditional assumption that past
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hydrological experience provides a good
guide to future conditions (IPCC, 2007b),
adaptation to climate change is still based
on past experiences. An approach in adapta-
tion is to compare future water demand with
lessons from similar conditions in the past,
to select possible alternatives. In an example
of this approach, Savoskul and Shevnina
(Chapter 11, this volume) model the future
inflow to the irrigation scheme of the Syr
Darya Basin in Central Asia under two cli-
mate scenarios based on IPCC core models.
Simulating water allocation in the basin in
2070-2099 shows that 14-21% of water
demands in the agriculture sector in a nor-
mal hydrological year and 28-51% in a dry
year are likely to be unmet. The challenges
expected from future climate change can be
paralleled to those resulting from the politi-
cal change due to the collapse of the USSR,
which left 18% (normal year) and 46% (dry
year) of agricultural water demands unmet
in 1992-2001. Therefore the authors sug-
gest that the adaptation measures employed
in the post-Soviet transitional period can
serve as a basis for future climate change
adaptation strategies.

Water-saving techniques in agriculture
are considered as potential measures to
adapt to climate change impacts. These tech-
niques do not only improve water use effi-
ciency but can also contribute to mitigation
of long-term climate change. The effects of
mitigation on irrigation water requirements
could be significant in the coming decades,
with large overall water savings, both glob-
ally and regionally, although Turral et al.
(2011) suggest that production in some
regions could initially be negatively affected
by mitigation actions. Flooded rice fields are
a large anthropogenic source of the green-
house gas (GHG) methane (CH,). Aeration
of the paddy field can reduce methane
emissions and at the same time save water.
Sander et al. (Chapter 12, this volume)
analyse the effects of different water-saving
techniques such as alternate wetting and
drying (AWD) on revenues of rice farmers
and climate-change mitigation in the Philip-
pines. Results from field experiments show
that methane emissions can be reduced by
an average of 37% with a single drainage and
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by 43% with multiple aerations; nitrous
oxide emissions increase but not sufficiently
to offset the reduction in CH, emissions. To
improve uptake, the authors propose initial
promotion of a simple, single midseason
drainage that only requires water control
during approximately 1 week. Uptake is
highly dependent on provision of incentives
for farmers, which could be coordinated
through the Clean Development Mecha-
nism. Other indirect benefits from AWD,
such as less crop lodging, reduced pest dam-
age and better soil conditions, need to be
scientifically validated.

Policy settings for adaptation to climate
change have to deal with the uncertainty
inherent in projections. Prosinger et al.
(Chapter 13, this volume) link the dominant
approach of uncertainty presented in the
climate-change discourse with policy discus-
sions on climate adaptation strategies in Lao
PDR as a case study. While the different
perceptions and interpretations of climate-
change uncertainty by different policy mak-
ers might lead to multiple problem framings,
they also reflect structural impediments and
institutional barriers in the overall formula-
tion process of climate-change policy and
adaptation strategies. The authors empha-
size that understanding of these different
notions of uncertainty is crucial to increase
the actual significance of climate change pol-
icy, in particular for sectors that are strongly
affected by climate change such as agricul-
ture and water management, and that policy
and governance responses to climate change
need to be formulated based on a more
nuanced, sophisticated understanding of
how various policy actors and stakeholders
perceive and experience uncertainty.

1.6 Uncertainty and Knowledge Gaps

Despite significant efforts in quantifying
future changes in hydrological variables
and their impacts on agricultural water
management, responses to climate change
are limited by uncertainty at all stages
of the assessment process. Uncertainty
derives from the range of socio-economic
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development scenarios, the range of climate
model projections for a given scenario, the
downscaling of climate effects to local/
regional scales, impact assessments, and
feedbacks from adaptation and mitigation
activities (Bates et al., 2008). Approaches
and tools are needed to facilitate the
appraisal of adaptation and mitigation
options across multiple water-dependent
sectors (IPCC, 2007b).

A number of key gaps in information
and knowledge for agricultural water man-
agement, particular in developing countries,
is indicated in the studies in this book and
other reports (IPCC, 2007b, 2014; Bates
etal., 2008):

e Records of climate parameters such as
solar radiation, relative humidity and
wind speed, and of hydrological param-
eters such as flow and water quality,
including sediment, in river and irriga-
tion systems are often very short, and
available for only a few regions.

e Knowledge is lacking on plant evapo-
transpiration responses to the com-
bined effects of rising atmospheric CO,,
rising temperature and rising atmo-
spheric water vapour concentration, as
well as soil moisture changes due to
reduction in surface water availability.

e  Uncertainty in modelling climate vari-
ability, in particular precipitation,
remains high. Projections vary widely
between models, in particular when
downscaling from large-scale climatic
models to catchment. The approaches of
ensemble of climate projections using
climate models and observational con-
straints (Stott and Forest, 2007) or
probabilistic approaches (Frieler et al.,
2012) do not assure removal of
uncertainty.

e Feedbacks between land use and cli-
mate change (including vegetation
change and anthropogenic activity such
as irrigation and reservoir construc-
tion) have not been analysed exten-
sively, in particular if impacts on local
climate are considered.

e Information on groundwater is lacking
in many regions.
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e  (Climate-change impacts on water qual-
ity are still poorly understood; so far
only salinity impacts have been studied
in any detail.

1.7 Building Resilience Through
Agricultural Water Management

Nicol and Kaur (2009) emphasize that adap-
tation options designed to ensure water sup-
ply require integrated demand-side as well
as supply-side strategies. Demand manage-
ment, which aims to regulate withdrawals at
sustainable levels through such measures as
the promotion of sustainable use, pricing
mechanisms and water-saving techniques,
will become increasingly important in areas
where relative scarcity and competition
between water-dependent sectors is increas-
ing. Supply management, through increased
storage capacity, abstraction from water
course, rainwater harvesting and recharge
activities and/or introducing incentives for
water conservation, will become a priority
where inter-annual resource availability is
likely to change significantly. One novel and
promising alternative to deal with extreme
events under climate change is the harvest-
ing of floods for later use in agriculture by
underground taming of floods (Pavelic et al.,
2012; Smakhtin et al., 2014).

Over the last decade, the International
Water Management Institute has formu-
lated strategies to help communities in
developing countries to reduce risks and
build resilience through better water man-
agement (see, for example Comprehensive
Assessment of Water Management in
Agriculture, 2007; Johnston et al., 2010;
Giordano et al., 2012; McCornick et al.,
2013):

e Think more creatively about water
storage to overcome short and long-
term dry spells, employing a range of
approaches along the storage contin-
uum, from small ponds to large reser-
voirs, groundwater recharge, water
harvesting and soil-water conservation.

e  Tailor water management strategies to
meet changing local needs, as climate
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change drives new cropping and land-
use patterns, ensuring that water
resources are developed and managed
fairly so that vulnerable groups are not
disproportionately burdened by the
impacts of variability.

e Increase water productivity through
higher yields, crop diversification, and
integrating livestock and fisheries. At
the global scale, improved productivity
helps reduce GHG emissions by curbing
the need to convert land for agricultural
purposes.

e Improve basin water management and
allocation to deal with increased vari-
ability in flows, by engaging social and
institutional governance mechanisms,
as well as technical approaches.

e A shift from ‘drought response’ to
‘drought risk mitigation’, with new
approaches to early warning and insur-
ance to prepare farmers for climate
variability.

e Use our understanding of existing cli-
mate variability as the basis for dealing
with future change, and improve under-
standing of the impacts of climate
change on variability.

e Improve the understanding of the role
of natural ecosystems in buffering
variability.

Adapting water management to climatic
variability cannot be done in isolation, but is
best addressed in the context of sustainable
development. Improving water manage-
ment to deal with climate variability can
help vulnerable rural communities to build
resilience, diversify their livelihoods and
reduce risk. Building resilience now will
bring benefits regardless of how and when
climate change plays out on the ground
(McCornick et al., 2013).
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Abstract

This chapter reviews the global literature on impacts of climate change on agriculture and prospects for adaptation.
Sensitivity of agriculture to climate change varies across the globe. Developing countries, where more than 800
million people are already undernourished, will be hardest hit. We review approaches for assessing the impact of
climate change on agriculture and irrigation water requirements, and present recent progress in the assessment of
adaptation measures. The challenges and constraints associated with climate change impact and adaptation
research are critically discussed.

The review leads to the conclusion that warmer temperatures will tend to reduce the crop yields in many
regions, mainly due to reduction of crop duration associated with water stress during the critical stages of crop
development. Although efforts have been made to understand better the climate-crop relationships, there is still
limited understanding of the interactions between and relative importance of factors such as elevated ozone and
CO, levels, extreme weather conditions, weed variety, socio-economic changes and adaptation responses.

Evaluation of diverse adaptation options from farm to policy level, and covering a range of scales and issues,
including availability of resources, constraints and associated uncertainties, are essential to address adequately the
impacts of climate and other changes on agriculture. Most of the published studies on adaption focus on modifica-
tion of existing management practices to improve crop yield, using process-based models. Trade-offs between crop
production and resource availability, which influence the farmer’s decision making and profitability, have not
received substantial attention. More effort is required to incorporate constraints (such as social, financial, institu-
tional, technical and resources) and adaptive responses into the model frameworks that most studies used.

2.1 Introduction crops are likely to experience yield reduc-

tions under various climate change scenar-

Global climate change is expected to have ios, and the estimated reductions are
direct impacts on agricultural and food sys-  generally larger in the developing countries
tems (Brown and Funk, 2008). Most staple =~ (Nelson et al., 2009). Increasing population
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and high rates of natural resource degrada-
tion will further increase the rates of poverty
and food insecurity for Asia, sub-Saharan
Africa and Latin America (Fischer et al.,
2002). As a consequence, the large popula-
tion dependent on agriculture and living in
the developing world, where more than 800
million people are already undernourished
(UN Millennium Project, 2005), will live
under increased food insecurity.

Agricultural systems have constituted
one of the main subjects of analysis under-
taken to understand the impact of both cli-
mate variability and climate change, as crop
performance is strongly linked to the meteo-
rological conditions of the growing season
(Meza and Silva, 2009). Moreover, climatic
conditions at critical stages of crop develop-
ment, such as flowering and yield formation
stages, have a pronounced impact on yield
(Porter and Semenov, 2005). However, it is
only partly understood to what extent the
changed climate and variability will impact
on agriculture.

This chapter reviews the current litera-
ture on impacts of climate change on crop
production and possible adaptation mea-
sures to cope with the changing climate.
There exist recent reviews on climate-crop
modelling (e.g. Hansen et al, 2006),
ecosystem-hydrology-climate interaction
(Betts et al., 2006), agricultural contaminant
fate (Boxall et al., 2009), and impact of
future hydrological changes on agricultural
mitigation and adaptation options (Fallon
and Betts, 2010). In this chapter, we particu-
larly focus on the impacts of climate and
socio-economic changes on agriculture and
irrigation water requirement and the assess-
ment of adaptation options, considering the
limitations as well as challenges. Section 2.2
of this chapter presents some of the key
issues related to the impact of variation in
temperature, precipitation and CO, concen-
tration on crop production. This section also
presents the impact of climate and socio-
economic developments on irrigation water
requirements. In Section 2.3, we summarize
some of the possible adaptation measures in
agriculture and agricultural water manage-
ments that are deemed to be essential to off-
set the adverse impact of climate change. In
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Section 2.4, we present model-based evalua-
tions of a range of adaptation measures
across various geographical regions. In Sec-
tion 2.5, some of the foremost challenges
and constraints associated with the research
on climate change impacts and adaptation
are discussed, followed by some specific con-
clusions of the review in Section 2.6. While
our review focuses on the developing coun-
tries, we make reference to other regions
where appropriate.

2.2 Impact of Climate Change on
Agriculture and Irrigation Water
Requirement

2.2.1 Effects of elevated carbon dioxide

Plant development and crop production
respond to rising atmospheric CO, con-
centration (one of the key indicators of
human-induced global warming), higher
temperature, altered precipitation regimes,
increased frequency of extreme temperature
and precipitation events (IPCC, 2007) as
well as local factors, such as changes in water
availability, agricultural practices and meth-
ods. However, the relative importance of
these factors is a major topic for research.

A wide range of studies conducted in the
last few decades have established that an
increase in CO, concentration level enhances
water-use efficiency and this tends to
increase the plant biomass and yield for
most agricultural plants (Tubiello et al,
2007). Many experiments in controlled envi-
ronments illustrate that the crop growth and
biomass production increase up to 33+6%
for C3 crops (such as rice, wheat, soybean)
under doubled CO, condition (e.g. Kimball,
1983; Porter, 1992; Ewert et al., 1999; Hsiao
and Jackson, 1999; Amthor, 2001), while for
C4 (such as maize, sugarcane) crops the
increase is in the range of 0-10% (e.g. Long
et al., 2004; Ainsworth and Long, 2005).
Similarly, free air CO, enrichment (FACE)
experiments in well-managed fields have
confirmed these results (Kimball et al.,
2002). Overall, the sensitivity to atmos-
pheric CO, and surface ozone is relatively
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higher for C3 crops, such as rice, wheat, soy-
bean, than C4 crops, such as maize and sug-
arcane (e.g. Brown and Rosenberg, 1999;
Gifford, 2004; Long et al., 2004; Ainsworth
and Long, 2005; Slingo et al., 2005).
However, it is still uncertain whether
effects of CO,, fertilization observed in con-
trolled and FACE environments will be seen
in the farmers’ fields in the future (e.g. Tubi-
ello and Ewert, 2002). On the other hand,
the estimated benefits of elevated CO, may
not be fully achieved due to many limiting
factors such as increase in surface ozone
level (Long et al., 2005), water and nitrogen
(Erdaetal., 2005), pests, weeds and air qual-
ity (Ainsworth and Long, 2005; Tubiello
et al., 2007), which are neither well under-
stood nor well represented in the simulation
models. Similarly, otherwise positive CO,
effects on yield may be lowered by high tem-
perature during the critical period of a crop
(Caldwell et al., 2005) and increased temper-
ature during the growing season (e.g. Xiao

10

(6]
1

et al., 2005). Moreover, crop management
practices such as irrigation and fertilization
significantly influence the crop production
under climate change (Tubiello et al., 2002).
For instance, water limitation enhances the
positive benefits of CO,, fertilization (Tubi-
ello and Ewert, 2002). Further studies are
required to understand the net effects of
these interactions on crop production. Fur-
thermore, as illustrated in Fig. 2.1, the pos-
sibility of more severe climate and saturated
effect of CO, on plants after 2050 is likely to
decrease significantly the yield and conse-
quently the agricultural GDP (with reference
to 1990 prices) in developing countries. This
discrepancy between developed and devel-
oping countries is because of the dominancy
of agriculture in the economy of the devel-
oping countries where a large fraction of
population is employed on the farm. For
example, in 2000 the GDP share of agricul-
ture in developed countries was only 2.1%
compared to 16% in the developing countries

Change in agricultural GDP (billion US$)
I
>

—-15
—20 -
—25
30
2000 2010 2020 2030 2040 2050 2060 2070 2080
Year
—-o— Moderately developed countries -8~ Less developed countries
Fig. 2.1. Projected variation in agricultural GDP (billion US$, reference to 1990 price) due to climate

change under A2r Hadley climate scenario. A2r is a revised Special Report on Emissions Scenarios
(SRES), A2 scenario, with a revised population projection (see Riahi et al., 2006) (from Tubiello and
Fischer, 2007).
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(Tubiello and Fischer, 2007). Additionally,
lack of capital and technology for adapta-
tion, warmer baseline climate, higher expo-
sure to extreme events (Parry et al., 2001)
and reliance on weather-dependent natural
resources make the developing countries
more vulnerable to climate change than the
developed countries.

2.2.2 Impact of temperature and
precipitation

Temperature and precipitation are the major
climatic variables in determining the crop
yield. For instance, Kutcher et al (2010)
found that the number of days with maxi-
mum temperature (greater than 30°C)
showed the strongest correlation with canola
yield followed by the growing season total
precipitation for Canada. Precipitation influ-
ences plant growth through altering soil
moisture, humidity levels and general cloudi-
ness (altering evaporation and surface level
photosynthetically active radiation). The
impact of warming on crop yield depends on
the region and type of crops. In temperate
regions, crop yields are expected to benefit
slightly from moderate to medium increases
in mean temperature (1-3°C) considering
the effect of CO, fertilization and changing
rainfall patterns (IPCC, 2007); yet large
uncertainties remain (Easterling et al., 2007).
On the other hand, in semi-arid and tropical
regions, this would decrease crop yield. Mod-
elling studies have indicated that in low
latitude regions a moderate temperature
increase (1-2°C) is likely to have negative
yield impacts for major cereals. Hence, for
main cereal crops, climate change is expected
to have negative impacts on crop productiv-
ity and yields in the tropics, while there may
be some beneficial effects at high latitudes.
This pattern is expected to be more pro-
nounced as time progresses. However, the
projected warming for the end of the 21st
century is likely to have a negative impact on
crop yield in all the regions (Tubiello et al.,
2007). Furthermore, increased evapotrans-
piration due to change in temperature could
intensify drought stress (Tao et al., 2003).
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Existing literature also indicates the dis-
parity in the climate-change-driven impacts
on crop yield between the developed and
developing countries, with mostly positive
impacts in developed countries and negative
impacts in developing countries. This dis-
crepancy is estimated to be more pro-
nounced for Al and A2 Special Report on
Emission Scenarios (SRES), based on the
Basic Linked System (BLS) simulation for
wheat, rice, maize and soybean, considering
the beneficial effect of CO, fertilization (Fig.
2.2). The CO, level considered is maximum
(810ppm) for the scenario A1F1 (IPCC,
2000) and minimum (498 ppm) for the sce-
nario S550 (see Arnell et al., 2002). As crops
are subjected to multiple stresses, the analy-
sis of climate change alone provides only a
partial view of the likely future yields. For
a more vigorous assessment of impacts of
climate change on agriculture, a range of
drivers needs to be considered. However, if
the climate-change effects dominate, crop
yields are likely to be more negatively
affected. Thus, we need to be prepared for
the range of possible agriculture futures and
search for ways to adapt to a more uncertain
world in the coming decades (Parry et al.,
2004).

2.2.3 Impact of climate change on
irrigation water requirement

Climate change also impacts agriculture and
irrigation water requirements through the
changes in local hydrology. Warmer temper-
ature and change in precipitation (pattern
and event characteristics) can cause signifi-
cant changes in hydrological responses, e.g.
evaporation, surface runoff, soil moisture,
infiltration, percolation, base flow and
groundwater recharge/discharge (Uhlen-
brook, 2009). Existing studies have indi-
cated an increase in irrigation water
requirements both on global and regional
scales, irrespective of the beneficial impact
of increased CO, on crop water use effi-
ciency. Considering the direct effect (with-
out considering CO, effects) of climate
change on crop evaporative demand, Déll
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Change in crop yield (%)
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Fig.2.2. Projected changes in crop yield (%) from baseline (1990) for various emission scenarios (Spe-
cial Report on Emissions Scenarios) from HadCM3 and HadCM2 models in developed and developing

countries (from Parry et al., 2004).

(2002) estimated an increase of net crop
irrigation requirements by 3-5% until the
2020s and by 5-8% until the 2070s, with a
large regional variation, e.g. +70% in South-
east Asia by the 2070s (Fig. 2.3). The increase
in crop water requirement can be attributed
to both direct (changes in temperature and
precipitation) and indirect (changes in crop-
ping pattern and growing season) impacts of
climate change. D¢l (2002) applied a raster-
based Global Irrigation Model (Déll and
Siebert, 2002) with a spatial resolution of
0.5° to explore the impact of climate change
on net crop irrigation requirements for the
areas across the globe that were equipped
with irrigation until 1995. Recently, Fischer
et al. (2007) projected an increase in global
net irrigation requirements of 20% by the
2080s, considering positive effects of
increased CO, on crop water use efficiency.
About 65% of this increase in the net
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irrigation requirement was considered as a
consequence of higher crop water demand
and the remaining 35% was contributed
by the extended crop calendar. They also
reported about 40% reduction in the agricul-
tural water requirement in the case of the
climate scenario with and without mitiga-
tion for climate change. On the other hand,
water stress (the ratio of irrigation with-
drawal to renewable water resources) is pro-
jected to amplify in the Middle East and
South-east Asia (Arnell, 2004; Fischer et al.,
2007). In the developing countries of Asia,
water use is projected to increase by 40% in
the next two decades to feed the growing
population (see Sivakumar, 2006).

The influence of socio-economic devel-
opments (development paths as specified
by IPCC SRES), with special reference to
emission of greenhouse gases (GHGs) into
the atmosphere on the irrigation water
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Change in net irrigation requirement (%)
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Fig.2.3. Change in net irrigation water requirement (IRnet) for the 2020s (2020-2029) and the 2070s
(2070-2079) of the world regions equipped with irrigation in 1995 (change in IRnet projected from
ECHAM4 and HadCM3 climate change scenarios were averaged; data from Déll, 2002).

requirement, may vary significantly across
the region and much remains to be done in
predicting the irrigation demand resulting
from the interaction of socio-economic and
climate change scenarios. For developing
countries, the increase in net irrigation
water requirement from socio-economic
developments (A2r scenario, i.e. SRES A2
scenario with revised population projection)
is higher than the increase from climate
change (HadCM3). However, the reverse is
the case for developed countries (Fig. 2.4).
Fischer et al. (2007) assumed that the BLS
projected an increase in irrigation water
requirement from socio-economic develop-
ments (A2r scenario), which is proportional
to the estimated additional irrigated land.
Hence, the large proportion of the projected
additional irrigated area from the develop-
ing countries (112 million ha (Mha) out of
122 Mha for 2080) will result in a significant
increase in the irrigation water demand
under socio-economic development.
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2.3 Adaptation Options in Agriculture
and Agricultural Water Management

Adapting agriculture and agricultural prac-
tices (including agricultural water manage-
ment) to climate change is a complex,
multi-dimensional and multi-scale process
(Bryant et al., 2000). Climate change is
expected to increase the variability in cli-
mate by shifting and intensifying extreme
weather events and introducing higher
uncertainty in the quality and quantity of
water supply. Thus, adaptation strategies
should incorporate both traditional and new
technologies to cope with climate change
and variability as well as the changes in
agronomic practices. Moreover, water
resources management options imple-
mented to cope with current climate vari-
ability will also assist to better prepare for
increased variability expected in the future.
Furthermore, the social and technological
aspects of vulnerability, such as obtainable
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Fig.2.4. Agro-ecological zone (AEZ) projected an additional net irrigation water requirement (with
reference to irrigation water requirement in 2000) from socio-economic development (SED) and climate
change (CC) (Hadley) for MDC and LDC under the A2r scenario (from Fischer et al., 2007).

adaptive capacity in a region and the com-
plexity of adaptation for specific crops,
should be incorporated while developing
adaptation strategies (Lobell et al., 2008).
More importantly, such adaptation options
must be easily available to the farmers.
There exists a large array of possible
adaptation options in response to diversity
of agricultural practices depending on the
range of climate, cultural, economic and
environmental variables (Howden et al.,
2007). However, the response of a particular
cropping system to a specific adaptation
strategy can vary significantly depending on
the location and climate scenario. Changing
crop varieties, efficient water use, and alter-
ing the timing or location of cropping activi-
ties are some of the widely suggested
adaptation strategies. The full list of the
options suggested in the literature is large.
For ease in discussion, we classified them
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into a number of groups that range from
water and crop management options to
technology developments and government
programmes. These adaptation options
together with their pros and cons are listed
in Table 2.1. Although fully implemented
simple adaptation options like shifting
planting date and switching to existing culti-
vars can reduce the negative impacts (Men-
delsohn and Dinar, 1999), the pronounced
benefit will likely result from more costly
measures such as developing new crop vari-
eties and expanding irrigation (Rosenzweig
and Parry, 1994). The fact is that, whether
we like it or not, most of the widely effective
measures require substantial investment
from the farmers, development organiza-
tions, governments and scientists. Such
strategies are also time-consuming (devel-
oping new varieties may take up to decades)
and may be constrained by other sectors
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Table 2.1. Adaptation options in agriculture and agricultural water management (from LEISA, 2000; Desjardins et al., 2002; Kurukulasuriya and Rosenthal,

2003; Verchot et al., 2007).

Adaptation options

Examples

Pros (P) and cons (C)

1. Water management

Water access (increasing
water supply and
ecosystem services)

Water demand (decreasing
water demand and
increasing use efficiency)

2. Information systems

Weather and climate
information systems and
knowledge management

3. Socio-economic

Agricultural subsidy and
support

Insurance

4. Farm production practices
Land use

Land topography

5. Diversifying production
system

6. Traditional knowledge and
indigenous practices

Water transfer schemes

Storage reservoirs

Rainwater harvesting

Groundwater extraction (wells)

Reuse of wastewater

Remove invasive non-native vegetation

Use of drought-resistant crops

Maintenance of irrigation infrastructure

Change in irrigation techniques

Crop management (change in cropping
pattern and timing of farm operations)

Implement systems to use daily and

seasonal weather forecasts

Subsidy/support programmes to influence
farm-level production

P: Addresses the uncertainty associated with natural precipitation regime and
assists to cope with increased climate variability.

C: High implementation cost and is applicable only in regions without physical
scarcity.

P: Efficient use of available water resources, which is relatively cheaper than supply
management.

P: Increases the tolerance and suitability of plants to temperature, moisture and
other relevant climatic conditions.

C: May not have pronounced benéefits in all conditions.

P: Improves efficiency of agricultural management by providing information early
enough to adjust the critical decision.

C: The information may not be always achieved in time and scale relevant to farmers.

P: Reduces the risk of climate-related income loss and can motivate for positive
change in farm-level management.
C: Limited by the government subsidy and support programme.

Insurance schemes to address crop damage P: Reduces vulnerability at the farm level.

from climate-related events, e.g. drought

Change in location of crop production

Change from rainfed to irrigated agriculture
Use of alternate fallow and tillage practices

Change land topography (land contouring
and terracing)
Agroforestry

Traditional water-harvesting technologies,
grass-mulching, etc.

C: Limited by the government subsidy and support programme.

P: Conserve moisture and nutrients.

C: Cost of the support system and infrastructure will be high for change in location
and shift to irrigated agriculture.

P: Reduces erosion, improves the retention of moisture and nutrient and improves
water uptake.

P: Maintains production during both wetter and drier years and acts as a buffer
against income risks associated with climate variability.

C: Government help is required to smallholder farmers mainly during the initial years.

P: More likely to be accepted by the community and feasible to be adopted without
external help.
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(e.g. the inter-sectoral competition for
resources may constrain expansion of
irrigation).

2.4 Modelling-based Assessment of
Adaptation Options

A continuous assessment of the impacts,
particularly concerning the impact of higher
temperature, change in precipitation
patterns (Watanabe and Kume, 2009) and
climate variability including short-term
extreme events constitute the basis for devel-
oping a sound adaptation strategy for sus-
tainable crop production. The nature of the
stimuli and allied vulnerability establish the
relevancy of adaptation options (Pittock and
Jones, 2000). It is imperative to recognize
the climate variables to which a particular
adaptation option is the most suitable and to
take into account the role of non-climatic
factors that influence the sensitivity of agri-
culture to climate change. Typically, adapta-
tion options are evaluated using a crop
growth simulation model, with or without a
coupled hydrological model, forced with cli-
mate projections from one or more global
climate models. The use of a hydrological
model to couple with the crop growth models
is not very common. Only a few studies
reported the coupling with the Variable Infil-
tration Capacity (VIC) hydrological model.
When a hydrological model is integrated
with a crop model for the impact analysis on
crop yield, the crop model benefits from the
dynamic input of available water on the tem-
poral scale to which the hydrological model
works, typically daily. On the other hand,
changes in crop characteristics may also
modify the hydrological impacts of climate
change such as the risk of drought and flood-
ing (Betts, 2005) on a much smaller scale
than the climate models allow. Table 2.2
summarizes the recent literature on model-
based evaluation of various adaption mea-
sures indicating the study region, types of
crops analysed, models used for climate pro-
jections and crop growth simulations, types
of adaptation options evaluated and cli-
matic variables considered for assessing the
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adaptation measures. Key results and conclu-
sions reported in the literature are also sum-
marized. The literature covers a wide
geographic range and crop types. CERES
(Ritchie et al., 1998), DSSAT (Jones et al.,
1998) and CropSys (Stockle et al., 2003) are
the most commonly used crop growth mod-
els or modelling systems in these studies. The
commonly assessed adaptation options
reported in these studies are the following:

sowing dates;
crop varieties (hybrids, slow maturing,
etc.);
level of fertilizer application;
crop density, different crop rotations
and double-cropping;

e expansion of irrigation and soil mois-
ture conservation;

e improvement in agricultural technol-
ogy; and

e land use and water allocation policies,
etc.

The adaptation responses are commonly
evaluated with respect to the improvement
in the crop yields alone. In practice, some of
these adaptation options may not be always
feasible either due to the constraints from
other sectors (e.g. competition for resources,
socio-economic, institutional, technical con-
straints) or due to high underlying cost.
These modelling-based methods constitute
what is commonly known as the ‘impact
approach’. Although less commonly reported
in the literature, adaptation options for agri-
culture are also evaluated using the ‘capacity
approach’ in which the existing capacities
and vulnerabilities of socio-economic groups
are the basis for developing politically and
economically feasible adaptation options
given the plausible future climate projec-
tions (Vermeulen et al., 2013). To bridge the
gap between science and policy and plan-
ning long-term adaptation, integration of
impact and capacity approaches is essential.
Although the uncertainty due to climate sce-
narios and selection of General Circulation
Models (GCMs) are normally considered in
most of the climate-change adaptation stud-
ies, the uncertainty (input data, model
structure and parameters) of the impact
(crop and hydrological) model and
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Table 2.2. Development and evaluation of adaption options.

Adaptation options evaluated

Study region, crops and and climatic variables
source Climate model and scenarios considered Key results and conclusion
South-eastern USA CMS: Geophysical Fluid Dynamics Changing sowing dates, Increased temperature projected a shorter vegetative and
Maize, wheat, soybean Laboratory (GFDL-R15), Canadian hybrids and cultivar and reproductive growing season for maize for 2020.
and groundnut Centre for Climate Modelling and fertilization. Assuming the direct benefits of elevated CO, level,
Alexandrov and Analysis (CGCM1), Max-Planck Institute Temperature, precipitation, simulations indicated an increase in soybean and
Hoogenboom (2000) for Meteorology (ECHAM4), UK Hadley solar radiation and CO, groundnut yield under all GCM climate change scenarios
Center for Climate Prediction and levels. for 2020.

Research (HadCM2) and Australian
Commonwealth Scientific and Industrial
Research Organization (CSIRO-Mk2b)
(Mitchell et al., 1995; Hirst et al., 1996;
Haywood et al., 1997; Johns et al., 1997;
Bacher et al., 1998; Flato et al., 1999).
CGM: CERES (Ritchie et al., 1998) and
CROPGROW (Boote et al., 1998).

Northern Thailand CMS: ECMWEF atmospheric general Changing sowing dates,

Rice circulation model coupled with the nitrogen application, tillage

Babel et al. (2011) University of Hamburg’s ocean practices and cultivars.
circulation model (ECHAM4) A2 Temperature and CO, levels.

(Roeckner et al., 1996), providing
regional climates for impact studies
(PRECIS).

CGM: CERES (Ritchie et al., 1998).
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Alteration of sowing dates, cultivars and fertilization could
minimize the negative impact of future warming.

Under future climate, duration between anthesis and
maturity was reduced resulting in reduced yield.

Delayed sowing avoids high temperature during the
grain-filling phase. However, the alteration of sowing date
is limited by water availability.

Modification of fertilizer application schedule and use of
cultivars having longer maturity duration, lower
photoperiod sensitivity and higher temperature tolerance
has a positive impact on yield under future climatic
condition.
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Romania

Winter wheat and
rain-fed maize

Cuculeanu et al. (1999)

Keith, South Australia
Wheat
Luo et al. (2009)

Asia
Rice
Matthews et al. (1997)

CMS: Canadian Climate Centre model Changing crop varieties,
(CCCM) (McFarlane et al., 1992) and sowing dates, crop density,
Goddard Institute for Space Studies and level of fertilization.
(GISS) (Hansen et al., 1988). Temperature, precipitation

CGM: CERES (Godwin et al., 1989; and CO, levels.

Ritchie et al., 1998).

CMS: CSIRO-conformal cubic Early sowing, changing
atmospheric model (C-CAM) for 2080 fertilizer application rate and
(Sadourny, 1972). use of different cultivars.

CGM: Agricultural Production Systems sI  Mean rainfall, temperature,
Mulator (APSIM)-Wheat (Keating et al., solar radiation, wet spells,

20083). dry spells and temperature
variability.
CMS: GFDL, GISS and United Modification of sowing/
Kingdom Meteorological Office (UKMO) planting dates, use of
(Wilson and Mitchell, 1987). varieties with a higher
CGM: ORYZA1 (Kropff et al., 1994) and tolerance of spikelet fertility
SIMRIW (Horie, 1987). to temperature.

Temperature and CO, levels.

Chile CMS: HadCM3 for A1F1 and B2B Changing sowing dates,
Maize (irrigated) scenario. nitrogen fertilizer doses,
Meza et al. (2008); Meza CGM: Decision Support System for plant densities and
and Silva (2009) Agrotechnology Transfer (DSSAT) double-cropping.
(Jones et al., 2003). Temperature and precipitation.
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Winter wheat and rain-fed maize benefit from the climate
change but irrigated maize shows negative response to
climate change.

The negative impact on maize was reduced by the use of
longer-maturing hybrids, change in sowing date and
plant density and increasing fertilization level.

The effect of doubling CO, on photosynthesis and water
use varies according to the plant species, which is still an
important research question.

Early sowing is effective in dealing with the adverse effect
of climate change. In drier conditions, the early sowing
needs to be supplemented by other adaptation options
such as irrigation.

Changing N application rate and wheat cultivars is not
adequate to fully offset the negative impact of climate
change.

The average production in the region will decline but the
magnitude of the impact varies with climate scenarios,
regions and crop simulation models.

At high altitudes where warmer temperature allowed a
longer-growing season, modification of sowing date may
permit double-cropping.

Similarly, in case of a longer growing season, shifting of
planting date will avoid high temperature at the critical
stage of development.

Showed yield reduction from 10 to 30%, depending on
change scenarios and hybrid used.

Early sowing and N management can minimize the
adverse impact of climate change.

In case of a longer growing season, double-cropping
outperformed other adaptation options, such as new
cultivars.

Continued
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Table 2.2. Continued.

Study region, crops and
source

Climate model and scenarios

Adaptation options evaluated
and climatic variables
considered

Key results and conclusion

India
Sorghum
Srivastava et al. (2010)

North China Plain
Maize
Tao and Zhang (2010)

Switzerland (alpine
region)

Maize, wheat, canola

Torriani et al. (2007)

Czech Republic
Barley
Trnka et al. (2004)
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CMS: HadCM3 for A2a scenarios.
CGM: InfoCrop-SORGHUM (Aggarwal
et al., 2006a, b).

CMS: SuperEPPS using ten climate
scenarios from 5 GCMs (HadCM3,
PCM, CGCM2, CSIRO2 and ECHAM4)
and two emission scenarios (A1F1, B1).

CGM: Model to Capture the Crop—
Weather relationship over a Large Area
(MCWLA) (Tao et al., 2009).

CMS: HIRHAM4 (Christensen et al., 1998)
driven by HadAM3H (SRES A2
scenario).

CGM: Cropping Systems Simulation
Model (CropSyst) (Stockle et al., 2003).

CMS: ECHAM4, HadCM2, NCAR-DOE
and scenario averaged over 7 GCMs.
CGM: CERES-Barley (Otter-Nacke et al.,

1991).
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Changing crop varieties,
planting dates and a
combination of both.

Temperature, precipitation,
CO, levels.

Early planting, late planting,
fixing crop-growing duration
and use of different
varieties.

Temperature and precipitation.

Slow maturing variety, shifting
planting date and expansion
of irrigation.

Temperature, precipitation,
solar radiation, relative
humidity and CO, levels.

Early sowing, change of
cultivars, change in
N-fertilizer and soil moisture
conservation.

Temperature, precipitation
and CO, levels.

More impacts were observed on winter crops in the central
and south-central zone, and on monsoonal crops in the
south-western zone.

Simple strategies such as shifting sowing time and
changing varieties can reduce vulnerability.

Although better management strategies can reduce
vulnerability, low-cost adaptation options must be
explored for benefit in resource-constrainted situations.

Without adaptation the maize yield could reduce by
13—-19% during the 2050s.

Different adaptation options (changing planting dates and
fixing growing duration) showed marginal (<5%) to
significant (>30%) increase in yield.

The benefits are sensitive to the crop varieties. The highest
benefit was obtained from the high-temperature-tolerant
variety.

Shifting the sowing date resulted in positive yield on maize
and negative yield on wheat and canola.

Slow-maturing cultivars showed a positive impact on
average yield on all three crops.

Adaptation responses are crop specific and difficult to
generalize.

Simulations showed generally positive impacts on yield,
considering the effect of doubled CO, concentration.

Early planting and use of cultivars with longer growing
season will further increase the yield under doubled CO,
concentration.

Soil water conservation is important for sustainable
production mainly in the low rainfall areas.

[44
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Modena and Foggia CMS: GISS (Hansen et al., 1988) and Early planting, use of

(Italy) Geophysical Fluid Dynamics Laboratory  slow-maturing variety and
Maize, wheat, soybean, (GFDL) (Manabe and Weatherland, expansion of irrigation.
barley, sorghum, 1987). Temperature and precipitation.
sunflower (in rotations) CGM: Cropping Systems Simulation
Tubiello et al. (2000) Model CropSyst (Stockle et al., 2003).
USA CMS: CCGS and HCGS (CC: Canadian ~ Changing planting dates and
Wheat, potato, maize, Centre Model; HC: Hadley Centre cultivars.
citrus Model; GS: greenhouse gases with Temperature, precipitation
Tubiello et al. (2002) sulfate aerosols). and CO, levels.
CGM: DSSAT.
China CMS: PRECIS (Jones et al., 2004 ) based Improvement in agricultural
Rice, maize, wheat on SRES A2 and B2. technology, land-use
Wei et al. (2009) CGM: CERES (Ritchie et al., 1989). change policy and water
HM: Variable Infiltration Capacity VIC allocation policy.
(Liang et al., 1994, 1996). Temperature, precipitation,

solar radiation, CO, levels.

Warmer temperature showed crop yield reduction by
10-40%.

Combination of early planting for spring—summer crops
and slower-maturing winter cereal cultivars is able to
maintain yield.

High temperature increases evaporative demand and
reduces irrigation water use efficiency. For irrigated
crops, 60—90% more irrigation water was required to
maintain yield.

Yield response to climate change varied significantly in
magnitude and even direction for the climate change
scenarios considered, due to difference in projected
precipitation.

For all the crops simulated, precipitation and elevated CO,
each contributed about half of the yield increase.

The absolute effects of climate change are relatively
modest, but climate scenarios combined with socio-
economic developments lead to a decrease in total
production.

Policy options related to land, water and agricultural
technology can offset the negative impact and the
combination of these policy options presents a better
result.

CMS, Climate Model and Scenario; CGM, Crop Growth Model; HM, Hydrological Model.
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socio-economic uncertainty (price fluctua-
tion, international trade) is mostly
neglected. Therefore, a more comprehensive
study should prioritize the adaptation strat-
egies giving due attention to the availability
of resources, financial and social constraints,
responses of stakeholders and farmers and
associated uncertainties under the changed
environment. Moreover, such adaptation
measures should be cost effective and easily
available to the farmers.

Adaptation success is closely linked
with the alternatives available to the farm-
ers. Integration of two or more feasible
adaptation measures is generally expected
to give higher benefits (e.g. Srivastava et al.,
2010). The impact on crop yield may also
come from secondary factors such as higher
weed and pest infestations (e.g. Hossain
et al., 2003), which are more likely under
higher exposure to warm temperatures
(Tubiello et al., 2000). Such indirect conse-
quences of climate change are normally not
considered in most models used in adapta-
tion studies. Thus, it is likely that the esti-
mated benefits of some of these adaptation
measures may not be achieved in the farm-
ers’ fields. Moreover, adaptation assessment
studies should not just consider the level of
crop yield but need to evaluate the trade-offs
between crop production and resources
availability that considerably influence
farmers’ decision making and profitability.

The existing simulation studies signify
the progress in our understanding of how
adaptation measures can be useful to curtail
the likely effect of future climate on crop
yields in different geographic and climatic
regions. However, it is still poorly under-
stood how variation in crop production and
water availability, as a consequence of
climate change, will interact with other
socio-economic pressures. Moreover, the
estimated impact of climate change on crop
production and significance of adaptation
can depend largely on the crop model used,
particularly the approach used for simulat-
ing the impact of extreme events (Tao and
Zhang, 2010). Thus, evaluation of adapta-
tion responses using two or more crop mod-
els might help to minimize the uncertainty
due to the crop model structure.
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2.5 Challenges in Climate Change
Impact and Adaptation Research

The impacts of climate change on crops (veg-
etation), catchment hydrology and water
management systems underline the need for
integrative studies. However, the issue of
scale and uncertainty is a challenge for such
integration (Betts, 2005). The difference in
temporal as well as spatial scales between
climate and crop models is one of the major
difficulties of integration, which is also
discussed by Osborne et al. (2006).The inte-
grated climate-crop models if used appropri-
ately can play an important role to identify
potential adaptation strategies. However,
their role may be limited to support agricul-
tural climate risk management (Hansen,
2005). Although parameterization of some
components of hydrological models can be
uncertain due to inadequate data, the rela-
tionship between climate, human activities
and water resources can be investigated with
the hydrological models (Jothityangkoon
et al., 2001) forced with the climate model
results (predictions), normally with down-
scaling of the climatic variables.

The climate scenarios used can alter the
magnitude and even the direction of the
impact on crop yield irrespective of the loca-
tion and type of crops studied (e.g. see Reilly
et al.,, 2003) due to the variation of the
projected change in climatic variables, espe-
cially precipitation. A large part of this ambi-
guity in precipitation is due to the coarse
resolution of the GCM, as it does not suffi-
ciently represent specific regional land fea-
tures (such as mountains and lakes). Such
regional or local features can significantly
influence the local climates (Hu et al., 2013a,
b). A widely recognized approach to address
the uncertainty related to the choice of
GCMs is to employ an ensemble of a range of
models, but obviously it adds complexity in
modelling and analysis. Managing the pres-
ent risk and building capacity to deal with
unpredictable future events is key for the
adaptation to climate change. Moreover, the
relative importance of the uncertainty
associated with climate change may vary
spatially and temporally. Vermeulen et al.
(2013) presented a framework for
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prioritizing adaptation approaches with
particular reference to uncertainty linked to
the time frames considered. They illustrated
the importance of timescale in applying a
suitable approach: impact approach or
capacity approach or a combination of the
two.

Scale and geography are also important
for determining the crop yield. The balance
between the generality and specificity in
region and scale is yet another challenge to
predict the response of crops to climate
change (Challinor et al., 2009). Variation
in commodity prices, trade agreements,
resources use rights and government subsi-
dies and support programmes may obscure
the adaptation process (Smit et al., 1996).
Generally, social and technical constraints in
developing countries may restrict sustain-
able production in the long run (Parry et al.,
1999). In certain circumstances, such socio-
economic complexity may even outweigh
the climatic uncertainty in evaluating the
feasible adaptation measures (Eakin, 2005;
Vincent, 2007). On the other hand, the
adaptation capability is low in developing
countries due to limited access to market for
crop inputs or outputs and lack of appropri-
ate infrastructure (Reilly and Hohmann,
1993). In order to address these challenges,
an adaptation framework needs to equitably
involve farmers, agribusiness and policy
makers (Howden et al., 2007) and cover a
range of scales and issues which should
be integrated with a comprehensive and
dynamic policy approach.

2.6 Conclusions and
Recommendations

Sensitivity of agriculture to climate change
varies across the globe. Warmer tempera-
tures tend to reduce the crop yields in many
regions, mainly due to reduction of crop
duration associated with water stress during
the critical stages of crop development.
Developing countries, where more than 800
million people are already undernourished,
will be hardest hit. Hence, adaptation in the
agriculture sector is essential in order to
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feed the world’s growing population. Even
without climate change, inherent climate
variability and socio-economic development
mean that transformation of agricultural
systems is inevitable, but the urgency of
timely adaptation has been amplified due to
climate change.

Crop growth and production and water
resources distribution will be affected by the
interaction between increasing atmospheric
CO, concentration, higher temperature,
varying patterns of precipitation, altered
frequency and severity of extreme events,
land-use change and regional socio-
economic development. Although efforts
have been made to understand better the
climate—crop relationship, the interactions
that are still not fully described include: (i)
field response of crop to higher CO, concen-
tration; (ii) response to increased extreme
events under climate change; (iii) influences
of local/regional socio-economic drivers on
the climate crop relationship; (iv) economics
of adaptation at the regional/local scale; and
(v) significance of the uncertainty of the
impact model.

To fully understand the resulting
impacts of these interactions requires an
integrated approach that incorporates the
physics of climate change with the biology
of crop development and socio-economic
dimension of the region. Furthermore, the
resulting impacts are highly dependent on
regional variability of biophysical conditions
(Tan and Shibasaki, 2003). Limited knowl-
edge of this variability constrains our capa-
city to determine optimal responses for
adaptation. Therefore, future adaptation
studies should consider, among other things,
the influence of extreme temperature at the
critical stages of crop development, regional
socio-economic development and signifi-
cance of the uncertainty of the impact
model. Similarly, there is a need to expand
the number of field experiments to under-
stand the influence of increased CO, concen-
tration on a range of crops.

Integrated technical and policy adapta-
tion measures including no-regret options
based on both traditional and new technolo-
gies are deemed to be favourable to cope
with climate and other global changes. Any
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adaptation options proposed must be easily
available and economically acceptable to the
farmers. Thus, there is a need to expand the
number of studies that focus on the accept-
ability of adaptation options in terms of
factors important to all stakeholders. Fur-
thermore, the social and technological
aspects of vulnerability, such as obtainable
adaptive capacity in a region and the com-
plexity of adaptation for specific crops,
should be incorporated while developing
adaptation strategies (Lobell et al., 2008).

Most of the adaptation studies reported
in the literature have focused on the modifi-
cation of existing practices (such as shifting
planting dates, using existing cultivars,
application of irrigation, etc.) to improve
crop yield. Such studies should be extended
to evaluate and prioritize a range of other
possible management and policy options,
taking into account social, technical, finan-
cial, institutional and resource constraints
in the modelling framework. Trade-offs
between crop production and resource avail-
ability, which influence the farmers’ decision
making and profitability, have not received
substantial attention so far. To adequately
address the impacts of climate and other
changes on agriculture, evaluation of diverse
adaptation options is needed, covering a
range of scales from farm to policy level and
with consideration of the availability of
resources, constraints and associated uncer-
tainties. Interaction with the farmers and
stakeholders is also essential to evaluate the
employability of any adaptation options and
to understand the dynamics of traditional
practices to cope with the changing
environment.
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Abstract

Currently, agriculture is the biggest consumer of water globally. About 60% of global consumptive water demand is
from the agriculture sector. With the world population increasing to about 9 billion, and the per capita GDP rising,
the demand for domestic and industrial water will increase in future and compete with the agriculture water
demand. Changing climate will exert additional pressure on the agriculture sector. For this study, WATERSIM, a
water accounting and global food trade model, was run for three socio-economic scenarios and two climate change
scenarios to analyse the water demand of the agriculture sector till 2050. The changes in the agriculture sector’s
consumptive water demand due to changing population and GDP is examined in relation to other sectors (domes-
tic, industrial and livestock). The increase in water requirement of the agriculture sector under different climate

change scenarios is also analysed at regional and global scales.

3.1 Back on the Food Agenda

During the last half of the 20th century,
global agriculture grew at roughly 2.1-2.3%
annually in terms of value (Lundgvist,
2010). Global yields also showed upward
trends, on average, although there isa gap in
the actual yield between developed and
developing countries. Cultivated land (food-
crop and non-food-crop land) has also
increased by about 12% from 1961 to 2000
(INRA and CIRAD, 2009). The gains in food
productivity, which was higher than the
growth rate of the human population, led to
a fall in prices of most food commodities.
With growing per capita income of the popu-
lation and falling food prices, the food
became more accessible, the average per cap-
ita food availability in developing countries
rose from 2110 kcal per person day™’ to
about 2650 kcal per person day ! from 1976
to 2006 (FAO, 2006). The increase in food

* Corresponding author, e-mail: a.sood @cgiar.org

production can be mainly attributed to
improvement in technology (for example:
Green Revolution) and investment in agri-
cultural infrastructure. As policy makers
became more complacent, their focus shifted
to other issues. The waning interest in agri-
culture led to falling investment in the sec-
tor in general. The World Bank figures on
investment in irrigation shows the drastic
reduction since the early 1990s (Fig. 3.1).
Encouraged by the positive trends in
falling world hunger, the global community
at the 1996 World Summit on Food Security
agreed to set a goal to halve the number of
people who suffer from hunger by 2015
(from 1990). In 2000, at the Millennium
Summit of the United Nations, the member
states agreed to halve the proportion of peo-
ple who suffer from hunger by 2015. One
difference in the goals is that while the
World Summit talked about halving the
absolute number of people, the Millennium
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Challenge, Issue Paper 4, 2003).

Summit talked about halving the proportion
of people suffering from hunger. For the
first few years the trends were heading in
the right direction: the under-nourished
population decreased from 20% in 1990-
1992 to 16% in 2005-2007. Although food
reached more people than before, the actual
number of people who were undernourished
went up from 817 million in 1990-1992 to
830 million in 2005-2007 (UN, 2010). The
numbers of under-nourished were going
down till 2000-2002 and then the progress
stopped, and culminated in the 2007-2008
food crises. In a span of just a few months
the prices of cereals almost doubled. There
were riots in as many as 30 countries. Along
with the reduced interest and investment in
agriculture, the other reasons that led to
this crisis were drastic increases in global
fuel prices, higher demand for biofuels and
the precautionary trade restrictions put in
place by some countries (Nelson et al., 2010).
Cereal prices did fall after the crisis but
started to rise again in 2009. The 2007-2008
crisis was a wakeup call to the policy makers
from around the globe not to lose focus on
agriculture. Food security issues are back on
the agenda of the global community.
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World Bank lending for irrigation (from FAO Corporate Document Repository: The Irrigation

Over the last decade there has been
impetus in looking at the future trends in
agriculture production, food commodities
prices and the impact of food availability on
human wellbeing. This chapter reviews the
recent studies carried out on projecting
future food demand. It then introduces a
model developed by the International
Water Management Institute (IWMI), the
Water, Agriculture, Technology, Environ-
mental and Resource Simulation Model
(WATERSIM), to show how modelling can
be used to analyse complex issues of food
security and water security in the future.
The model links river basin hydrology with
food trade between the economic regions
of the world. It is used to analyse three
socio-economic scenarios, developed based
on population growth and GDP growth,
and focuses on water demands till 2050.
The analysis looks at the competition for
water between agriculture, industry and
domestic demand. It looks at the consump-
tive use of water in the three sectors for all
the three scenarios. Finally, it calculates
the change in consumptive water demand
for the agriculture sector due to climate
change.
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3.2 Looking Into the Future

There have been multiple studies that have
looked at food security issues. Due to the
complexity of the issue, these studies have
focused on scenario analysis. Scenario ana-
lysis is a process in which different possible
outcomes are analysed by changing possible
variables that can impact the future world. It
is especially helpful where the future out-
come is dependent on many complex sys-
tems. Due to the uncertainties within such
systems and complexity of their interactions
with each other, it is difficult to predict the
future direction. In such cases, scenario
analysis helps in developing stories that
define the boundary conditions for a likely
future state of affairs, based on some ratio-
nal assumptions. By considering the most
pessimistic and the most optimistic scenar-
ios, we can obtain a range of possible out-
comes for the future. Conditions under
different scenarios are forecast using models
that rely on historic data for calibration and
validation and then run for future timelines.
Recent high profile examples of such sce-
nario developments are: (i) Intergovern-
mental Panel on Climate Change (IPCC)
Special Report on Emission Scenarios
(SRES) that created four storylines — A1, A2,
B1 and B2 - by combining economic growth,
environmental values, increased globaliza-
tion and increased regionalization; and (ii)
global scenarios created for the Millennium
Ecosystem Assessment — Global Orchestra-
tion (GO), Order from Strength, Techno gar-
den and Adapting Mosaic - by combining
globalization, regionalization, reactivity and
proactivity to ecosystem problems. The goal
of such scenario development is to provide
basic  guidelines for interdisciplinary
research. It also provides a uniform frame-
work so that it is easy to interpret and com-
pare outputs from different research work.
Making a storyline helps policy makers to
understand the situation better.

For agriculture, Agrimonde developed
scenarios to analyse the future for feeding
the world by 2050 (INRA and CIRAD, 2009).
The panel for the Agrimonde study created a
scenario called Agrimonde GO (AGO), which
is a modified version of the MA GO scenario
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(depicting the pathway of liberalized global
trade with major technological development
leading to large reductions in poverty and
malnutrition but reactive approach to the
increasing risk to the ecosystem). They then
developed another scenario, called Agri-
monde 1 (AG1), which shows the future
pathway of a world system that uses tech-
nology to advance agriculture production
especially in those countries that lack the
capital required to invest in such production
systems, while also being proactive in terms
of protecting the ecosystem. According to
the analysis, the food consumption by 2050
will reach between 3000 kcal per capita day™*
(AG1 scenario) and 3590 kcal per capita
day™! (AGO scenario). The increase in the
food demand is met by increasing the culti-
vated land (39%, AG1 scenario to 23%, AGO
scenario) area and improvement in the crop
yields.

The International Food Policy Research
Institute (IFPRI) has also developed scenar-
ios and conducted analysis to look at the
possible future resource limitations and pol-
icy options. In a study conducted in 2002
(Rosegrant et al., 2002), IFPRI in collabora-
tion with IWMI looked at the linkage
between food security and water security till
2025. Three scenarios were explored in this
analysis: (i) the Business-As-Usual scenario
(BAU); (ii) the Water-Crisis scenario (CRI);
and (iii) the Sustainable Water Use scenario
(SUS). BAU assumes similar agriculture poli-
cies and investments in future as prevalent
in 2002, with falling interest in the agri-
culture sector, lack of high technological
innovations, and limited institutional and
management reforms, and a greater pres-
sure from the environment to meet its
demand. For CRI, it is presumed that due to
a failing economy, the budget cuts will hit
investments in water and the agriculture
sector and the irrigation systems would be
turned over to the farmers without proper
capacity building. Due to an increase in
deforestation and lack of proper watershed
management plans, the land quality will
deteriorate further. Lack of proper research
would lead to very little increase in food pro-
ductivity. For SUS, it is assumed that there is
greater protection for the environment and
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greater social equity. It considers more
investment in R&D, technology develop-
ment and adequate water pricing to improve
agricultural productivity and to conserve
water. These scenarios were analysed using a
global modelling framework, which was
made up of a combination of two models:
the International Model for Policy Analysis
of Agriculture Commodities and Trade
(IMPACT) and Water Simulation Model
(WSM). Their analysis showed that the com-
petition between agriculture and other sec-
tors will increase in future due to a rapid
increase in industrial and domestic water
demand, which would affect developing
countries more. For the BAU scenario, the
future food production will increase due to
increase in crop yields and improvement in
water productivity. The higher demand for
water will also put pressure on the water
needed for the ecosystem services. For the
CRI scenario, water scarcity would increase,
thus not only endangering ecosystem ser-
vices but also constraining food production.
This will lead to a large jump in food com-
modity prices, thus negatively impacting the
drive against malnutrition.

In a later study conducted by IFPRI
(Nelson et al., 2010), the focus was once
more on food security but it also looked at
climate change till 2050. In this global study,
the scenarios created were based on changes
in population, gross domestic product (GDP)
and climate change. For the population and
GDP, three scenarios were considered: (i)
pessimistic, i.e. low GDP growth rate with
high population increase; (ii) baseline, i.e.
average GDP growth rate (based on World
Bank EACC study) with medium population
growth; and (iii) optimistic, i.e. high GDP
growth rate with low population growth
rates. For the climate change, the study con-
sidered four scenarios, i.e. CSIRO! A1B and
CSIRO B1 (depicting a dry and relatively
cool future), MIROC? A1B and MIROC B1
(depicting a wet and relatively warm future).
Their findings suggest imbalance in supply
and demand of food commodities till 2050
leading to an increase in food prices. The
buying capacity of people will increase, in
general, but due to the negative impact of
climate change and changing diets of the
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increasing population, the demand will out-
pace supply, leading to an increase in prices
(calculated as 31.2% for rice to 100.7% for
maize). In this scenario, this imbalance can
be reduced by proper R&D and improved
global trade. There will be little scope to
increase the agriculture area in future (with-
out impacting the environment) but there is
still scope to improve crop yields (for e.g. 2%
per year for maize, wheat and cassava). Even
in the best case scenario, prices still increase
by 18.4% for rice to 34.1% for maize. Overall
the malnutrition among children under 5
years of age will decrease till 2050 but the
percentage of reduction varies from 45% in
the optimistic scenario to only 2% in the
pessimistic scenario. Climate change will
cause an increase of 8.5-10.3% of malnutri-
tion among the same group compared to
their ‘perfect mitigation’ case. The study
suggests a more severe impact of climate
change after 2050, when the population will
stabilize but the impact of climate change
can be substantial.

Another major study by the Food and
Agriculture Organization of the United
Nations (FAO) in 2003 looked at world agri-
culture at 2015/2030 (FAO, 2003), and has
been updated twice, first in 2006 to extend
the time period to 2030/2050 (FAO, 2006)
and second, in 2012, for the same time
period but with more recent data (FAO,
2012). In this study, only one scenario was
considered, where, at global scale, the growth
in future agriculture will slow down because
of the stabilization in future food demand as
the population stabilizes and the diets con-
verge towards 3000 plus kcal/capita day ™.
The growth in the agriculture sector will be
about 60% from 2005/7 to 2050 for its base-
line scenario. But the global numbers hide
regional variations. Although the global
population stabilizes, there will be growth
in developing countries, which are already
undernourished, that will be counter-
balanced with decline in the population of
developed nations. This will turn many
developing countries from net exporter to
net importer. Similar to the IFPRI study,
their analysis shows that most of the future
increase in food production will come from
improved crop yields. There would be some
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addition to agriculture land, which would
come at the expense of the pasture land, and
is expected to increase by about 70 million
ha by 2050. The analysis does not see any
persistent threat to agriculture due to cli-
mate change at least till 2030 (FAO, 2003).
There may be local/regional variation that
can be mitigated by agricultural manage-
ment. Overall, in the short term, the agricul-
ture sector might have a positive impact on
climate change due to carbon sequestration.

A similar global study was conducted by
IWMI in 2007 to answer the question of
whether there is enough water to produce
food to meet the demands of the growing
population till 2050 (IWMI, 2007). In short,
the outcome of the work suggested that
there is enough fresh water to meet the
demand of growing agriculture, but only
with proper water management and
improvement in yield, especially in rainfed
agriculture. More than 75% of the increase
in food demand can possibly be met by
improvement in yields rather than increase
in agricultural area, which will also help
safeguard ecosystems from further damage.
Currently 70% of the global freshwater
withdrawal is for irrigation, but the propor-
tion of water withdrawal for domestic and
industrial uses will increase in future. If
water productivity is not considered, the
amount of water consumed (evapotranspi-
ration) by agriculture will increase by
70-90% by 2050 (i.e. from 7130km3 to
12,000-13,500km3). The IWMI analysis
considered four scenarios: (i) rainfed sce-
nario, by investing to increase rainfed
agriculture production by increasing pro-
ductivity, improving land management and
increasing rainfed agriculture area; (ii) irri-
gation scenario, by investing in irrigation to
provide more irrigated water and improving
irrigation efficiency; (iii) trade scenario, by
having more liberal trade policies between
countries; and (iv) comprehensive assess-
ment scenario, by incorporating features
from all the above scenarios to suit each
region. In the rainfed scenario, a 1% increase
in agriculture yield per year can help in
meeting the future food demand with
only a 7% increase in agriculture area. A
40% increase in irrigation withdrawal in the
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irrigation scenario could help irrigated agri-
culture cater to 55% of total food demand in
2050. On the other hand, trade could help
bridge gaps in the regions where supplies
cannot meet the demands of a growing pop-
ulation. A combination of all these scenarios
can lead to the most sustainable path to
meet future food demand with the least
damage to the ecosystem. But even in such a
scenario, the water withdrawals for irriga-
tion would increase by 13% and cropped
area would increase by 9%.

As seen in the 2007/2008 crises, bio-
fuels can play a critical role in the future
agriculture scene. Analysis done by the
International Institute for Applied System
Analysis (IIASSA) shows that based on the
current biofuel targets, biofuels will provide
12% of transportation fuel in developed
countries and 8% in developing countries by
2030. Due to the increase in demand for
biofuels, food prices would rise by 30% by
2020, creating a risk of under-nourishment
of 140-150 million additional people (OFID,
2009). The increased demand for biofuels
will also put pressure on agriculture land. To
meet the future biofuel demand till 2030, an
additional 37 million ha of land would be
required. As discussed before, global agri-
culture trade and improvement in water
productivity, crop yields and water efficiency
can help reduce pressure on natural
resources while also meeting demands in the
future.

Except for the INMI study, most of the
above studies have focused on food but not
so much on the resources behind it per se.
Water is one of the most critical resources
for food production. Water security is closely
linked to food security. How would an
increase in future food demand impact the
water sector and vice versa? A recent study
done by the Organization for Economic Co-
operation and Development (OECD) to look
at environmental issues till 2050 predicts
that if no action is taken, then by 2050,
about 40% of the world population will be
living in the river basins that are under
severe water stress (OECD, 2012). The water
demand in 2050 will increase by 55%, most
of which will be coming from the industrial
and domestic sector. The higher temperature
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due to climate change could exacerbate the
water scarcity problem even more.

3.3 Developing Scenarios

To develop scenarios, the variables that
impact the situation need to be identified.
There are multiple variables or drivers that
impact food security. They are also common
to water security. The next section looks at
these drivers of change.

3.4 Defining Drivers of Change

Drivers of change are the entities that can
impact and modify the path of the future
course of action, thus causing a change in
the future outcomes. Such drivers may fall
into one of the following categories: social or
cultural, political, technological, natural and
economic. Hazell and Wood (2008) classify
drivers of change in agriculture at three
scales, global, country and local. The global
scale drivers include trade, energy prices and
agriculture policies. Country scale drivers
include per capita income, urbanization and
changing market chains. The local scale driv-
ers are poverty, population pressure, health,
technology, property rights, infrastructure
and market access, and non-farm opportuni-
ties. Some of the examples of major drivers
of change in the agriculture sector are popu-
lation, GDP and climate change, which are
also considered here. The global population
is expected to reach 9 billion by 2050 and
then stabilize. Although there will not be a
net increase in the global population, there
will be spatial variation in future population
growth. Most of the future population
growth will take place in the developing
countries, which will be countered by the
negative growth in the developed countries.
Most of the future urbanization will also
take place in developing countries. These
changing dynamics of the global population
will have consequences on the future global
players in the food trade, which will also
have an impact on natural resources in the
developing world. In these regions the water
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demand for domestic consumption and food
demand will increase substantially. The
increasing GDP could lead to more buying
power for the people, thus changing their
dietary habits. Existing data show that in
general, diets shift from cereal based to more
meat based as the economic conditions of
people improve. This could also have serious
implications on water resources, as a meat-
based diet requires more water than a cereal-
based diet. Finally, climate change would
have a direct impact on agriculture. The
changing rainfall pattern and the increasing
temperature will impact the water require-
ment and crop yields of the crops.

Three socio-economic scenarios were
considered. The socio-economic scenarios
were created from the GDP and population
data provided by IFPRI and used in their
study (Nelson et al., 2010). The BAU sce-
nario considers regular growth in GDP and
population (i.e. 2008 UN population fore-
cast, medium variant). The optimistic sce-
nario (OPT) considers higher GDP growth
(i.e. the highest of the GDP scenarios in the
Millennium Ecosystem Assessment GDP
scenarios including BAU scenario) and lower
population growth (i.e. 2008 UN population
forecast, low variant), whereas the pessimis-
tic scenario (PES) considers lower GDP
growth (i.e. the lowest of the GDP scenarios
in the Millennium Ecosystem Assessment
GDP scenarios including the BAU scenario)
with higher population growth (i.e. 2008 UN
population forecast, high variant) (Nelson
et al., 2010). Globally, for the BAU scenario,
the GDP is predicted to grow by 9.14% annu-
ally and population by 1.2% by 2050, which
would lead to annual per capita GDP growth
of 6.3%. For OPT, by the year 2050 the global
GDP will increase by 11.1% and population
by 0.77% annually, leading to an annual per
capita GDP growth of 9.93%. For PES, the
annual growth is projected to be 4.11%,
1.78% and 1.86%, respectively.

Two climate change scenarios, SRESA2
and SRESB1, were also considered. SRESA2
describes a situation in which the world is
made up of heterogeneous regional econo-
mies that are growing at a slower pace but
the global population is increasing. SRESB1
describes a more globalized world, where
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global population will peak in the mid-
century and then decline, and the global
economy will move towards less resource-
intensive but clean technologies. For each
climate change scenario, the hydrological
model was run using climate data from four
global circulation models (GCMs). These are
MPI-ECHAMS, MIROC3.2, CSIRO Mk 3.0
and CNRM-CM3.2 The output from the
GCM runs were averaged to obtain a single
output for each of the two climate change
scenarios.

In the WATERSIM model, global trade,
through prices, controls the food demand
and to some extent the supply (as there is
positive shift in yields and increase in area
due to rising prices). For the current project,
the year 2000 was considered the base year
and the model was run till 2050. The hydro-
logical data of the model were acquired from
the Lund-Potsdam-Jena managed Land
(LPJmL) global hydrological model devel-
oped by Potsdam Institute for Climate
Impact Research (PIK), Germany. The base-
line hydrological data were considered as
30-year average monthly values. The average

values from 1970 to 2000 were used in this
case.

3.5 Water-accounting and Economic
Model — WATERSIM

WATERSIM is an integrated water account-
ing and food trade balance model, developed
by IWMI to answer questions related to
future availability of water and food security
issues at regional and global scales. Thus the
model consists of two modules: (i) water
supply and demand module, which is based
on IWMIs water accounting framework
(Molden, 1997); and (ii) food demand and
supply module, which is adapted from
IFPRI's IMPACT model (Fig. 3.2).

For the ‘water supply and demand’
module, the world is divided into 125 promi-
nent river basins. Monthly ‘water supply’
information is supplied to the model as an
input. The water supply consists of precipi-
tation, surface runoff and groundwater
recharge. These inputs are acquired from a

Crop yield (Non-crop yield)
Harvested area (Livestock no.)

<=

—

1

WATER SUPPLY AND DEMAND
MODULE

FOOD SUPPLY AND DEMAND
MODULE

e Water accounting
* Water allocation

e Calculate demand/supply
* Global food trade

Spatial unit: River basins
Temporal unit: month

Spatial unit: Economic zones (countries)
Temporal unit: year

U

Crop yield

—)

Harvested area

—

Fig. 3.2. WATERSIM framework.
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third-party global hydrological model. The
precipitation information is used to calcu-
late the effective precipitation (i.e. the
precipitation that is converted to crop
evapotranspiration; ET) for the crops. Effec-
tive precipitation is calculated by the SCS
method (USDA-SCS, 1967). Each basin is
defined with a surface storage capacity and
groundwater pumping capacity, i.e. the max-
imum amount of water that can be stored in
surface storage structures and pumped out
of aquifers, respectively. The surface runoff
is used to see how much water is available at
monthly time steps to fill the available sur-
face storage capacity. The model conducts
surface water balance, wherein the surface
runoff is used to fill up available storage
capacity and the remaining flows out of the
basin as an ‘overflow’ and is unavailable to
meet the water demands for that basin. The
‘groundwater recharge potential’ (i.e. pro-
portion of water withdrawal that is met by
groundwater) for each region is used to cal-
culate the potential water available in the
form of groundwater. In the model, the
water actually consumed in each sector is
controlled by the depletion factor. Depletion
factor is defined as a ratio between water
that is consumed to water that is supplied.
During the optimization process, the deple-
tion factor is allowed to vary between 0.4
and 0.75. Water not depleted is returned
to the flow going out of the basin. Some of
the irrigation water helps in recharging the
groundwater and is accounted for in the
model. The ‘water demand’ in the module is
divided into four sectors: domestic, indus-
trial, livestock and irrigation water demand.
Domestic and industrial water demands are
a function of population and per capita
income. The relationships between domestic
and industrial water demands and popula-
tion and per capita income were developed
by IFPRI by regression analysis of historic
data. Base-year data are used to calculate the
intercepts. The livestock water demand is
dependent upon the number of livestock
multiplied by the water demand per live-
stock. The agriculture water demand is irri-
gation water demand, which is calculated as
the difference between the crop potential
evapotranspiration and the effective rainfall
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in the irrigated harvested area. Some of the
constraints such as environmental flow
requirements and flow committed due to
treaties are also considered.

Once the supply and consumptive
demand of water is calculated at a river basin
for each month, an optimization routine is
run to maximize the ratio of depletive sup-
ply (i.e. the available water that is used to
meet the consumptive demand) over con-
sumptive water demand. The range of this
ratio is from O to 1; 0 implies that no demand
is met and 1 implies that all the demand is
met. The routine is based on a reservoir
operation model, in which the goal is to
maximize the reservoir yield while also try-
ing to maximize the storage. The optimiza-
tion routine also attempts to maximize
surface storage while meeting the environ-
mental flow and any committed flow con-
straints. If for some month the water
available is less than the total water demand,
the depletive supply is partitioned between
different sectors either proportional to each
sector’s demand or on priority basis (i.e.
highest priority to domestic, then indus-
trial, then livestock and finally to agri-
culture). Within the agriculture sector, the
scarce water is further allocated to crops
based on the profitability, sensitivity to
water stress and net irrigation demand of
the crop. The reduction in available water for
crops leads to reduction in crop area and also
reduction in yields.

The modified crop area and yields from
the water supply and demand module pro-
vides the total supply of crop commodities
for a year. The supply of commodities is
effectively harvested area of crops multi-
plied by the yields of the crop. In the case of
livestock, it is the number of livestock multi-
plied by the yields per livestock. The area
and yields of each commodity that is calcu-
lated in the ‘water demand and supply’
module is fed into the ‘food demand and
supply’ module of WATERSIM.

For the ‘food demand and supply’, the
globe is divided into 115 economic regions.
The model is based on the concept of partial
equilibrium and connects the regions
through trade. The equilibrium in trade is
reached at annual basis. Demand is a
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function of price, income and population
and the supply is influenced by prices and
income. The difference between supply and
demand generates excess supply or demand,
which is aggregated at global level. This helps
determine the world market clearing price,
i.e. the equilibrium world price at which the
total amount of imports is equal to the total
amount of exports. This module also deter-
mines the new yields and harvested areas as
influenced by price and income, which feed
back into the water supply and demand
module.

Multiple iterations are done between
the ‘water supply and demand’ module and
the ‘food supply and demand’ module for
each year till equilibrium is developed. After
the model has reached the equilibrium, the
final supply and demand of commodities is
considered. The working unit of WATERSIM
is called a Food Producing Unit (FPU), which
is the intersection of the 125 river basins
and 115 economic zones. There are 281
FPUs in WATERSIM.

3.6 What the Future Holds
3.6.1 Water resource implications

WATERSIM calculates the consumptive
water demand for each of the sectors. Con-
sumptive water demand is the demand of
actual water required for consumption, i.e.
water that is lost by evaporation and/or
transpiration or degraded in quality as to
not be useful without substantial treatment.
In the agricultural sector, the consumptive
water can be classified in two groups, blue
water and green water. Blue water is the
water that is extracted from surface or
groundwater storage whereas green water is
the water that is retained in the soil (as soil
moisture) due to precipitation. Thus blue
water refers to water supplied by irrigation.
Figure 3.3a shows consumptive water
demand for the three scenarios, for different
regions of the world, considering consistent
climatic conditions. Figure 3.3b shows the
same demand but divided by the sectors.
As per the model, the consumptive water
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demand at global scale will increase from
about 2400km? in 2010 to about 5250km?
in 2050 for the BAU scenario. For the OPT
socio-economic scenario, the total consump-
tive water demand increases to 7230 km3 by
2050 whereas for the PES scenario, it is as
little as 3820km3. In the year 2010, the per-
centage of consumptive water demand for
agriculture is about 72% of the total demand.
Due to increase in population and GDB, this
demands goes down to 37% in BAU, 27% in
OPT socio-economic condition and 50% in
the case of PES socio-economic condition.
Thus the greatest increase in demand for
consumptive water comes from the domes-
tic and industrial sectors. Even among the
two sectors, the demand for the industrial
sector outpaces the demand from the other
sectors. IWMI’s Comprehensive Assessment
Report (IWMI, 2007) had predicted that
the non-agriculture withdrawal of water is
expected to increase by a factor of 2.2 from
2000 to 2050. At this stage, the model does
not consider increase in water use efficiency
in the domestic and industrial sectors. In
reality, as the economics of the countries
improve, there would be a much greater
improvement in their water use efficiency.

In this model run, the increase in agri-
culture area was not based on historic
trends. Instead, the change in the agri-
culture area is because of the changes in the
prices of crops in the ‘food supply and
demand’ module. In this case the model
assumes perfect trade conditions and does
not consider any trade barriers. The har-
vested area of the crops changes from 1050
million ha to 1220 million ha, which is an
increase of about 16%. It is to be noted that
this is an increase in harvested area and not
an increase in agriculture area (which should
be less than this). Consequently, the green
water demand also goes up from 2010 to
2050. The green water usage (i.e. effective
rainfall used in rainfed and irrigated crops)
for 2010 is about 4580km? and it increases
to 5450km? by 2050. This increase in green
water usage is due to the increase in the
harvested area for the time period.

Figure 3.4 shows the sectorial water
demand for the BAU scenario. There is a
big variation in regions. While in OECD
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countries the agriculture water demand
drops from less than 40% to less than 20%, in
MNA countries it still constitutes close to
90% of total water demand till 2050. In South
Asia, the agriculture water demand reduces

all these regions, the trend is towards higher
water demand for the industrial and domes-
tic sectors, which would lead to higher com-
petition with agriculture demand.

The environmental demand for the

from 90% to about 70% by the year 2050. For ~ regions is calculated based on the
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Fig. 3.3. WATERSIM outputs for baseline climate scenarios for three socio-economic conditions: busi-

ness as usual (BAU), optimistic (OPT) and pessimistic (PES) scenarios. (a) Consumptive water demand

by regions; (b) consumptive water demand by sectors; (c) harvested area; and (d) green water. m ROW,

rest of world; m afr, sub-Saharan Africa; mmna, Middle East and North Africa; meca, Eastern Europe

and Central Asia; m sas, South Asia;  eap, East Asia and Pacific; = lac, Latin America and Caribbean;
OECD, Organisation for Economic Co-operation and Development; m DomDmd, domestic demand;

m IndDMD, industry demand;  LvstkDmd, livestock demand; m IrriDmd, irrigation demand.
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Fig. 3.4. Sectorial breakdown of consumptive water demand for the BAU scenario till 2050 (for abbre-
viations, see Fig. 3.3).

environmental flow requirement as per the ‘Rest of the World’ to about 33% for ECA
Smakhtin et al. (2004). Figure 3.5 shows region. The highest environment demand of
environmental demand for different regions  about 3500km? is for the LAC region and
in the world. It varies from about 20% for theleast (about 40km?) for the MNA region.
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Fig.3.5. Environmental demand at regional level (in absolute values and in percentage of the total surface
runoff (EnvDmd, environmental demand; SurfWtr, surface water; for other abbreviations, see Fig. 3.3).

3.6.2 Climate change scenarios

WATERSIM was then run for SRESA2 (A2)
and SRESB1 (B1) climate change scenarios.
Figure 3.6 shows total rainfall, potential
evapotranspiration (PET) and effective pre-
cipitation (i.e. rainfall that is converted to
ET by the crops), and difference between
PET and effective precipitation at the global
scale for A2 and B1 scenarios (using average
of four GCMs as discussed above) as com-
pared to the baseline.

The analysis shows that at the global
scale, there is no clear trend in the total
rainfall. On the other hand, PET, which is
dependent upon the temperature,
increases, with a much sharper increase
after 2040. This leads to higher effective
precipitation (i.e. increased water con-
sumption by crops, which depends both on
increased precipitation and higher temper-
ature). But if the difference between PET
and effective precipitation (which repre-
sents the shortfall in water requirement for
agriculture, both rainfed and irrigated) is
considered, it is much higher during the A2
and B1 climate scenarios as compared to
the baseline. Also A2 climate change sce-
nario has a greater shortfall than the Bl
climate change scenario. At the regional
level (shown in Fig. 3.7), Africa, East Asia
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and Pacific, Eastern Europe and Central
Asia show lower rainfall till 2020 and then
increase till the mid-2040s before decreas-
ing again. The Middle East and North Africa
receive lower rainfall whereas there are no
discernible trends for OECD and South
Asia. The difference between PET and effec-
tive precipitation is above the baseline in
most of the regions, which indicates a
greater demand for irrigation water in
future scenarios.

Based on the analysis done using
WATERSIM, for the year 2050, for the irri-
gated area, the gap between PET and effec-
tive rainfall will be about 19% higher than
the baseline for the A2 climate change sce-
nario, whereas it will be about 16% higher
for B1 climate change scenario. This will put
extra stress on demand for irrigation water.
The changes in the cropping pattern or
changes in the length of cropping season
have not been considered in this study as
that may impact the actual requirement for
irrigated water. At regional level, the gap
between PET and effective rainfall due to cli-
mate change (on average, from 2010 to
2050) is shown in Table 3.1.

The climate change will have a larger
impact on water demand for agriculture in
Africa and the OECD regions and lesser
impact in Eastern Europe and Central Asia.
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Fig. 3.6. Changes in (a) rainfall, (b) PET, (c) effective precipitation, and (d) difference between PET and
effective precipitation at global scale.
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3.7 Conclusions

After the first green revo

lution in the 1960s,

the world became complacent with the

progress in the agricultu

re sector. They were

encouraged by the falling food commodity
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prices and improving food consumption of
the global population. However, since the
beginning of the 21st century, the trends in
food prices have reversed. Since then, many
studies have been conducted by renowned
organizations from around the world to look
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Fig. 3.7. Continued.

Table 3.1. Percentage change (from baseline) in
the gap between PET and effective rainfall in 2050.

A2 (% B1 (%
Regions increase) increase)
Sub-Saharan Africa 25.07 21.64
East Asia and Pacific 26.58 19.34
Eastern Europe and Central  26.03 25.72

Asia

Latin America and Caribbean 11.04 10.70
Middle East and North Africa 7.52 6.89
OECD 25.30 23.33
South Asia 10.58 7.72

at future food and natural resources scenar-
ios. The common message that comes out of
all these studies is that with proper manage-
ment of food cycles, technical innovation
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and the wise use of natural resources, the
future demand for the population can be
met, which includes reducing malnourish-
ment. There is a large scope for improving
yields in rainfed agriculture and in reducing
waste within the food cycle. The globaliza-
tion of food trade will also help to mitigate
some of the shortfalls in regions with
increasing populations.

Water is a critical resource that will be
impacted by the increasing population, GDP
and climate change. The water demand for
the industrial and domestic sector will
increase (without considering the efficiency)
due to increase in population and per capita
income. This would lead to higher competi-
tion with the agriculture sector from the
other sectors. The results emphasize the
growing demand that will come from
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industrial and domestic users, particularly
under an ‘optimistic’ scenario of limited pop-
ulation growth but significantly increasing
GDP per capita. Climate change scenarios
suggest that if we are to maintain optimum
yields, between 16% and 19% more irriga-
tion water will be required on average due to
higher evaporative demand. This estimate is
more conservative as the growing seasons of
the crops may shorten, which has not been
considered in this research. The impact of
climate change may become much more
dominant after 2050, although most of the
current studies have only focused till 2050.
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Abstract

Climate change will have important implications in the agriculture of water-short regions, such as Huang-Huai-Hai
Plain (3H Plain), where expected warmer and drier conditions might augment crop water requirement (ETC). To
evaluate the effect of climate change, a data set consisting of observed daily values of air temperature, relative
humidity, sunshine duration and wind speed from five selected weather stations in the 3H Plain and covering the
period 1981-2009 was used for estimating reference evapotranspiration (ET,). ET, was calculated using FAO-56
Penman-Monteith equation; then sensitivity coefficient of ET_ of major climatic variables and regional responses
of precipitation deficit to climate change were conducted in the 3H Plain. The results showed that a clear drop in
solar radiation (SR) was detected and temperatures increased, especially the minimum temperature. Wind speed
(WS) decreased significantly in most of the stations, especially from seeding to jointing stages for wheat. No signifi-
cant change was detected for relative humidity (RH) in 1981-2009. Temperature was the most sensitive variable in
general for the plain, followed by SR, WS and RH. The decrease of sensitivity coefficient of solar radiation (Sg)
mainly occurred in seeding to jointing stages and heading to maturity stages of winter wheat. Sensitivity coefficient
of temperatures (S;) increased in Beijing, Xinxiang, Xuzhou and Yanzhou stations, which means that an increase in
temperatures may lead to a larger increase of ET, in these four stations. However, S, decreased in the Shijiazhuang
station. With the decrease of WS, ET_ will decrease due to the positive coefficient in Beijing and Xinxiang stations.
Trends of Sy, showed no significant changes in the time series analysis. A positive relationship was detected
between precipitation deficit and relative humidity, and the latter was considered the most correlative factor for
precipitation deficit.

4.1 Introduction

Climate change with the characteristic of
global warming has become a hotspot of
research in the field of water resources, agri-
culture, ecology and other disciplines.
According to the IPCC report, in the recent
100 year period (1906-2005) the global

temperature has risen by 0.74°C (IPCC,
2007). Climate model projections summa-
rized in the 2007 IPCC report indicate that
the global surface temperature is likely to
rise further by 1.1-6.4°C during the 21st
century.

Agriculture is directly affected by cli-
matic conditions and changes. Changes in

* Corresponding author, e-mail: yanchangrong@caas.cn
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climatic elements such as temperature, pre-
cipitation, radiation, humidity and WS could
have profound implications on hydrologic
processes in agriculture (McKenney and
Rosenberg, 1993). Therefore it is essential to
understand the impact of climate change on
agricultural water resources for sustainable
agriculture and to study methods to mini-
mize the negative effects caused by such
changes. It is also necessary to evaluate
effects of climate changes in terms of tem-
perature rise, amounts of SR, WS and RH
changes. Xiong et al. (2010) reported that
there would be insufficient water for agricul-
ture in China in the coming decades, due pri-
marily to increases in water demand for
non-agricultural uses, which would have sig-
nificant implications for adaptation strate-
gies and policies for agricultural production
and water management.

Crop water requirement is decided from
reference evapotranspiration (ETO) estima-
tion methods suggested, usually, by Food
and Agriculture Organization of the United
Nations (FAO). In 1977, FAO presented
guidelines for predicting crop water require-
ments. The guidelines suggested methods to
derive crop water requirements and dis-
cussed the application of data on crop water
requirements in irrigation project planning,
design and operation. ET|, refers to the crop
evapotranspiration in the open short grass-
land where the soil moisture is adequate,
the ground is completely covered, and grass
grows normally at a similar height (grass
height is about 8-15cm). ET, is an inte-
grated climate parameter that gives a mea-
sure of the evaporation demand of the
air and is essentially dependent on four
meteorological variables: air temperature,
SR, RH and WS (Allen et al., 1998). One or
more of these four meteorological variables
can be taken into account, depending on
the ET, calculation method selected. The
main advantage of the Penman-Monteith
approach is that it takes into account the
most significant variables, so that the
influence of each of them to ET, can also be
analysed (Blaney and Criddle, 1952; Harg-
reaves and Samani, 1982) on physically
based equations requiring daily data for
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temperature and RH of the air, SR and WS
(Allen et al., 1998). Several studies have
carried out sensitivity analyses of ET, to
determine meteorological data in different
climates (Rana and Katerji, 1998; Goyal,
2004; Irmak et al., 2006), but they were
restricted to a single station. Furthermore,
what has been reported to be the most effec-
tive variable detected is WS (Todisco and
Vergni, 2008), SR (Gao et al., 2006; Wang
et al., 2007) and RH (Gong et al., 2006) in
other papers; however, these studies were
almost restricted to monthly, seasonal or
annual ET,,. Liu, Y. et al. (2010) reported
that annual ET,, and its constituents (ET,,
and ET, ) had significantly declined, while
the spring ET, = value was the highest
across the North China Plain (NCP). Song
etal. (2009) also reported that for the whole
NCP, annual ET, showed a statistically sig-
nificant decrease of 11.92mm per decade
over the 46 years of data collection and that
the decreasing net radiation and WS had
a bigger impact on ET, rates than the
increases observed by the maximum and
minimum temperatures. However, studies
about sensitivity analyses of ET, then ET,
during the typical crop growing season and
its trend in variation are rarely seen in the
3H Plain.

The objectives of this chapter are: (i) to
investigate the trends for ET_ for winter
wheat in the 3H Plain in the past; (ii) to eval-
uate the major factors related to the changes
in ET; and (iii) to compare the temporal
variations of climatology sensitivity coeffi-
cients in different stations, in an attempt to
understand the relative roles of the main cli-
matic variables.

4.2 Materials and Methods
4.2.1 Study area and climate data

The 3H Plain, one of the largest plains in
China, is located in the north of the country
and extends from 31°14’ to 40°25" N and
from 112°33’ to 120°17’ E, stretching over
an area of about 350,000km®. The plain is
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mainly formed by the alluvial deposits of the
Yellow, Huai and Hai rivers. Almost the
entire plain is found at an altitude below
50m above sea level and the slope gradient
isless than 3°. The climate is temperate, sub-
humid, and continental monsoon with a
cumulative temperature (>0°C) of 4200-
5500°C, a frost-free period of about 170-
220 days and average annual precipitation
ranging between 500 and 800mm (Ren
et al., 2008). The annual rainfall concen-
trates in the summer period, from July to
September. On the other hand, it is charac-
terized by a lack of water for agricultural
production in winter. Although precipita-
tion is insufficient for cultivation in the 3H
Plain, it is the largest agricultural produc-
tion area in China, accounting for around
50% of the wheat (Wang et al., 2009). Li
et al. (2010) reported that the 3H Plain pro-
vided 42.3% of the total national winter

wheat and summer maize production with
intensive management characterized by the
application of sufficient irrigation water and
fertilizers.

Data from five weather stations pro-
vided by China Meteorological Administra-
tion (CMA) were used in this chapter (Fig.
4.1). Daily data observed from 1981 to 2009
on maximum temperature (T ) and mini-
mum air temperature (T, ), precipitation
(P), wind speed (WS) measured at 10m
height, with average relative humidity (RH)
and daily sunshine duration (representing
SR) were available. The weather stations
were selected by the two following criteria:
(i) the spatial distribution had to guarantee
such a coverage that could be representative
of irrigated lands in the 3H Plain; and (ii) the
time series had to be long enough to obtain
statistically significant results in trend
analyses.

42°N |
40°N -
38°N -
36°N 1
34°N -
32°N -

30°N - 200

400km

112°E 114°E

Fig. 4.1.
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Location of the weather stations selected in this chapter.
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Table 4.1.
the five selected stations.

Annual variation tendency and statistics of the five phenological phases for winter wheat at

Name of station Phenological phase Maximum value Average value  Minimum value  Slope?
Beijing Sowing date 287 275 262 0.57**
Seeding date 297 268 285 0.64**
Jointing date 126 104 112 -0.33**
Heading date 140 123 131 -0.24**
Maturity date 174 159 168 -0.20**
Shijiazhuang Sowing date 288 278 271 0.09
Seeding date 300 286 277 0.17
Jointing date 108 99 87 -0.24**
Heading date 129 120 112 -0.26**
Maturity date 164 160 156 0.05
Yanzhou Sowing date 299 281 272 0.12
Seeding date 308 288 280 0.14
Jointing date 100 90 78 -0.42**
Heading date 124 114 101 -0.31**
Maturity date 165 156 150 -0.08
Xinxiang Sowing date 293 284 276 0.04
Seeding date 303 292 283 0.10
Jointing date 102 87 75 —0.55**
Heading date 123 113 102 -0.33**
Maturity date 158 152 147 -0.12
Xuzhou Sowing date 297 285 276 0.17
Seeding date 308 293 281 0.19
Jointing date 99 82 66 -0.64**
Heading date 121 113 102 —0.34**
Maturity date 162 155 149 -0.21**

aLinear coefficients significant at *p<0.05, **p<0.01 and ***p<0.001.

4.2.2 Phenological data

Data on the date of sowing, seeding, joint-
ing, heading and maturity of winter wheat
(representing Julian Day) were provided by
CMA for the period 1981-2009. As described
in Table 4.1, information on the latest period
for sowing, seeding, jointing, heading and
maturity dates of winter wheat are found in
Yanzhou and Beijing stations, respectively.
Similarly, information on the earliest period
for these five dates is found in Beijing, Shi-
jilazhuang, Xuzhou, Yanzhou and Xinxiang
stations. Sowing and seeding dates in the
five stations are observed to be delayed with
the biggest amplitude of 0.57 and 0.64 days
year~! in the Beijing Station. However, joint-
ing, heading and maturity dates are nearly
observed to advance with the biggest ampli-
tude of 0.64, 0.34 and 0.21 days year ™ in the
Xuzhou Station.
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4.2.3 Crop coefficient approach

Crop coefficients (K ) vary for different crops
and the growing stage of the crop. In this
chapter, coefficient of winter wheat was
developed by FAO (Table 4.2), and the coef-
ficient of daily winter wheat can be obtained
in relation to climatic conditions for pheno-
logical phases for winter wheat (Allen et al.,
1998).

Table 4.2. Crop coefficients of winter wheat in
different phases.

Phenological phase K,
cini 0.70
omid 1.15

Keena 0.40
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4.2.4 Calculation of precipitation deficit
by the FAO Penman—-Monteith method

In this chapter, the precipitation deficit is
defined as the difference between effective
precipitation and the crop water require-
ment in the duration of the whole crop and
during the four different stages i of winter
wheat.

PD=P,—ET. 4.1)

where PD is the precipitation deficit (mm),
P, is the effective precipitation (mm) and
ET is the crop water requirement (mm).
Effective precipitation is defined as the
total precipitation minus deep percolation,
runoff and evaporation. The method of
effective precipitation analysed in this chap-
ter is from the US Department of Agricul-
ture Soil Conservation Service. It is one of
the most popular methods to calculate effec-
tive precipitation and has proven to be effec-
tive in many research studies (Smith, 1992;
Doll, 2002).
P,=Px(417-0.2xP) /417
P<83mmday !

P =417+01xP P283mm day~?

4.2)

where P is precipitation detected in weather
station.

ET, is the evapotranspiration from dis-
ease-free, well-fertilized crops grown in
large fields under optimum soil water condi-
tions and achieving full production under
the given climatic conditions. The crop water
requirement can be calculated from climatic
data and by directly combining the crop
resistance, albedo and air resistance factors
under standard conditions (Allen et al.,
1998).

ET =k, xET, 4.3)

where ET_ is the crop water requirement
(mm), kc is the crop coefficient and ET,
is the reference crop evapotranspiration
(mm).

The FAO Penman-Monteith method to
estimate ET, can be derived from the origi-
nal Penman-Monteith equation and the
equations of the aerodynamic and surface

resistance (Allen et al., 1998).
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900
T+273

ET,=
A+7(1+0.34U,)

where, ET| is reference evapotranspiration
(mmday™?), A is the slope of the saturation
vapour pressure curve (kPa°C™1), R is the
net radiation at the surface (MJ m_2nday_1),
G is the soil heat flux (MJ m™ day™),R_ -G
is the available energy (MJ m~2 day 1), y the
psychrometric constant (kPa°C™), T is the
mean temperature at 2m height (°C), U, is
the mean daily wind speed at 2m height
(ms™), e, is the saturation vapour pressure
(kPa), e, is the actual vapour pressure (kPa)
and e —e, is the vapour pressure deficit
(kPa). The computation of all data required
for calculating daily reference evapotranspi-
ration followed the procedures in the FAO
irrigation paper 56 (Allen et al., 1998). To
obtain the total monthly evapotranspira-
tion, Eqn 4.4 was multiplied by the number
of days in a given month.

All the above variables can be calculated
from daily meteorological observation data.
For the calculation of ET,, wind speed mea-
sured at 2m above the ground surface is
required. It can be converted from the nor-
mal measurement at 10m WS based on the
equation given by the FAO Penman—-Monteith
method (Allen et al., 1998) as follows:

U,x4.87

- loggsmx 10-5.42)

0.408A(R —G)+Y

U2(es _ea)

(4.9

, 4.5)
where, U, is the wind speed at 2m above
ground surface (ms™), U, is the measured

wind speed at 10m above ground surface
(ms™).

4.2.5 Sensitivity analysis of crop water
requirement to meteorological variables

In order to evaluate the effect of meteoro-
logical parameters on ET, a sensitivity ana-
lysis is performed to find more sensitive
parameters.

For a general definition of sensitivity,
the variable V is considered, which is a func-
tion of the input variables x,, x,, x; . . . x,:

V=Ff(x;,...x,) 4.6)
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If the variables x,, x,, Xy ... X, are indepen-
dent of V, it may be written:

VHAV=f(x, +Ax ... x +Ax) (47

Neglecting higher-order terms, from a Tay-
lor series expansion we have:

AV+a—VAX1+...+a—VAX
8X1 BXn "

By definition, the partial differentials, aa?v,

(4.8)

are the sensitivities and SX; is the dependent

variable V of the independent input variable

Xi (McCuen, 1974; Saxton, 1975; Beven,

1979; McCuen and Beighley, 2003). They

denote the change in V per unit change in X..
From Eqn 4.8 we have:

(4.9

which shows that SX; may be obtained by
directly calculating the value of the partial
differential, or by applying a step change in
X, while leaving the variables other than X,
constant. Here, SX. may be sensitive to the
relative magnitude of V and X, Therefore,
SX; may be divided by the ratio V/X, which
leads to the relative sensitivity or sensitivity
coefficient RSX.:

VX,

RSX.= !
ox

Now, the relative change in V can be
expressed as Eqn (4.11) (Saxton, 1975),
which shows that the relative sensitivity
coefficient denotes the part of the relative
change in X, that is transferred to the rela-
tive change in V. If, for example, RSX.=25%,
a 10% change in X; will result in a 2.5%

(4.10)

changein V.
AV AX AX
—— =RSX, —L+4...+RSX n 411
14 Tx "X (“11)

1 n

4.2.6 Time series analysis method

In order to understand the temporal varia-
tion of the climate data, the linear trend and
the associated periods were analysed by a
linear fitted model.

The least-squares linear model is the
most common method used for statistical
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diagnosis in modern climatic analysis stud-
ies (Zeng and Heilman, 1997; Liu, Y. et al.,
2010), and is a fundamental technology to
forecast in modern climate analysis studies.
The linear trend was chosen because of being
the simplest model for an unknown trend.
The level of adequacy of the model fitted was
measured by the percentage of variance
explained by it. Linear trends for the series
of annual total precipitation were calculated
by the least squares regression. The esti-
mated slopes were tested against the
hypothesis of null slope by means of a two-
tailed T-test at a confidence level of 95%
(Serrano et al., 1999).

A series y,, y, . . .y, ...y, can be
expressed by the polynomial:
J.O)=aytat+..+a,t" (4.12)

where t is year. Generally, the linear trend of
a time series can be estimated by the least
square method and can be expressed by the
linear regression equation as:
J.(O)=a,+at

where, the slope a, is the estimated trend.

(4.13)

4.3 Results

4.3.1 Trends and persistence of
crop water requirement in different
phenological phases

In order to appreciate the temporal variabil-
ity of ET, changes and their magnitudes, ET,
series of phenological phases at each station
were tested. As described in Table 4.3, the
mean value of ET_in the whole growth stage
is from 391.9 to 462.2 mm, with the mini-
mum value detected in the Yanzhou station
and maximum value in the Beijing station.
The ET, in the four stations showed a nega-
tive trend, with ET_ decreasing significantly
only in the Yanzhou station. However, there
is also a significant increasing trend found
in the analysis, such as ET, in the Xinxiang
station, in which station was detected a
significantly increasing trend in the whole
growth stage of winter wheat, with a slope
of 1.57 mm year .
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ET_ in seeding to jointing stages was
detected with a significantly decreasing
trend in the stations selected, and the mini-
mum value, that is 1.81mm for the slope,
was found in the Beijing station. However,
in the heading to maturity stages of winter
wheat, the ET_increased in the time series.
The maximum value for slope, which is
1.61mm, was detected in the Xinxiang
station. In the jointing to heading stages
of winter wheat, no significant trend was
detected in this time series.

4.3.2 Inter-annual variation of relative
moisture index

Relative moisture index is one of the com-
mon drought indexes, such as Z (Ju et al,,
1998), BMDI (Bhalme and Mooley, 1980)
and PDSI (Szinell et al., 1998), to evaluate
dry condition in the 3H Plain (Li et al.,

2012). It can be concluded that there were
varying degrees of drought in sowing to
seeding, seeding to jointing, jointing to
heading, heading to maturity and sowing to
maturity for winter wheat from the charac-
teristics and trends of relative moisture
index of the 3H Plain (Table 4.4). According
to the average value of five stations, each
relative moisture index was less than —0.4,
which means that sowing to seeding and
heading to maturity are in light drought
condition, and that sowing to maturity,
seeding to jointing, and jointing to heading
are in moderate drought condition. As for
each station, a wet condition is detected in
sowing to seeding stages in Xinxiang,
Xuzhou and Yanzhou stations, and a serious
drought condition is detected during seed-
ing to jointing stages in Beijing and during
jointing to heading stages in the Shijia-
zhuang station. As described, a wet trend
was observed during jointing to heading

Table 4.3. Long-term trends over the entire studied period of crop water requirement (ET_, mm) in dif-
ferent phenological phases for the selected weather stations.

Sowing to Sowing to Seeding to Jointing to Heading to

maturity seeding jointing heading maturity
Station Mean Slope Mean Slope Mean Slope Mean Slope Mean Slope
Beijing 462.24 -0.67 8.42 -0.04 278.29 -1.81** 79.78 0.50 95.74 0.69*
Shijiazhuang 404.69 -0.44 6.01 0.05 194.68 -1.04* 89.07 -0.42 11492 0.96*
Xinxiang 391.93 1.57* 6.09 0.09** 166.09 -0.26** 92.17 0.13 127.58 1.61**
Xuzhou 391.99 -0.59 6.85 0.01 152.13 -1.59** 99.56 0.05  133.44 0.93*
Yanzhou 396.00 —1.11* 6.10 -0.01 17112 -1.31** 86.43 -0.35 132.34 0.57

* and ** represent linear coefficients significant at p<0.05 and p<0.01, respectively.

Table 4.4. The characteristics and trends of relative moisture index (M) in the selected weather stations.

Sowing to Sowing to Seeding to Jointing to Heading to

maturity seeding jointing heading maturity
Slope Slope Slope Slope Slope
Station Mean (/10yr) Mean (/10yr) Mean (/10yr) Mean (/10yr) Mean (/10yr)
Beijing -0.797 0.014 -0.766 0.000 -0.854 0.000 -0.743 0.071 -0.713 0.01
Shijiazhuang -0.746 0.012 -0.610 0.185 -0.774 -0.003 -0.807 0.033 -0.674 0.000
Xinxiang -0.697 -0.037 -0.311 -0.329 -0.738 -0.018 -0.791 0.085* -0.598 -0.111
Xuzhou -0.498 -0.011 -0.137 -0.833* -0.436 0.050 -0.653 0.023 —0.467 -0.040
Yanzhou -0.644 0.025 -0.264 0.208 -0.664 -0.003 -0.712 0.181** -0.599 -0.025

*and ** represent linear coefficients significant at p<0.05 and p<0.01, respectively.
Slope is calculated for each 10-year period.

printed on 2/13/2023 12:01 PMvia .

Al use subject to https://ww.ebsco.conterns-of-use



EBSCChost -

Impacts on Crop Water Requirements in Huang-Huai-Hai Plain, China 55

stages in Xinxiang and Yanzhou stations.
However, the relative moisture index of win-
ter decreased significantly from sowing to
seeding stages in Xuzhou.

4.3.3 Trends and persistence of
meteorological variables

Investigation of trends and persistence in
historical meteorological dates is helpful in
understanding the effect of climate change
on crop water requirement in the stations.
An analysis of the average climate factors
was carried out in different phenological
phases for winter wheat (Table 4.5). As
described in Table 4.5, the highest P, is
found in Xuzhou station, followed by Yan-
zhou, Xinxiang, Shijiazhuang and Beijing
stations, but no significantly increasing or
decreasing trend is detected for every phe-
nological phase in these five stations. Like-
wise, the highest SR is found in the Beijing
station, followed by Yanzhou, Shijiazhuang,
Xuzhou and Xinxiang stations, and a
decreasing trend was detected in annual SR
for the analysed locations in sowing to
maturity stages. Furthermore, the average
trend was —145.04 MJm™2 10 year ! with a
value range of between —87.64MJm~2 10
yeart for the Shijiazhuang station and
—-225.36 MJm™ 10 year! for the Beijing
station. The decreased reduction in SR was
higher and statistically significant in the
regional scale from seeding to jointing stages
compared with other stages. However, no
significant change was detected in RH except
in the Xinxiang station and a significantly
decreasing trend was found (p < 0.01) for RH
in the whole growth stage of winter wheat,
and a slope of —=1.56. T . in the four sta-
tions (except Beijing station) was found to
have a significant trend such that it
increases. The increase in T_. was higher
and more statistically significant from seed-
ing to jointing stages, with 0.57°C 10 year™!
Compared to T . , only the Yanzhou station
has been detected to have a significantly
increasing trendin T __ . Generally, the pres-
ence of increasing tendencies is higher in
T . thanin T__. WS in the Shijiazhuang
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and Xuzhou stations decreased significantly
(p < 0.01), while it increased significantly in
the Xinxiang station. No significant changes
were detected in the Beijing and Yanzhou
stations for WS.

4.3.4 Sensitivity coefficients of crop
water requirement for climatic variables

A large number of research studies showed
that a negative correlation exists between
RH and ET, (Zeng and Heilman, 1997; Gong
et al., 2006) and a positive correlation exists
between WS, SR, temperature and ET,. The
most effective meteorological factor that
impacts ET,_ is diverse in different stations
and phenological stages for winter wheat. It
cannot be denied that sensitivity coefficients
exhibit large fluctuations during the growth
stage of winter wheat. The primary meteoro-
logical factor and its influence on ET_ in the
five stations were determined by a sensitiv-
ity correlation analysis. ET, has a significant
correlation with T . , T, RH, WS and SR.
According to the long term trends analysis
over the entire studied period of meteoro-
logical variables and sensitivities in the
selected weather stations, RH has a negative
correlation with ET, , namely, that a decrease
of RH has led to an increase of ET.SR, T .
and T, , and WS showed a p051t1ve correla-
tion with ET, that is, a decrease of WS, T .
and T has led to a decrease of ET .. Tem-
perature was the most sensitive variable to
the ET_in the whole growth stage of winter
wheat, “followed by SR, WS and RH. How-
ever, ET_was observed to be more sensitive
toT than to Tmm ET is more sensitive to
temperatures in the sowing to seeding
stages. As for SR, ET_ is more sensitive from
sowing to seeding stages, jointing to heading
stages and heading to maturity stages. ET_in
seeding to jointing stages was more sensitive
to WS than in other phenological phases. A
negative correlation exists between RH and
ET, especially from seeding to jointing
stages.

Table 4.6 shows the results of sensitive
changes in ET_ in five stations selected in the
3H Plain. Trends of sensitivity coefficient of
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Table 4.5. Long-term trends over the entire studied period of the main meteorological variables in the

selected weather stations.

Jointing to Heading to
Seeding to jointing heading maturity

Mean  Slope Mean Slope Mean Slope

Sowing to
Sowing to maturity seeding

Station Mean  Slope Mean Slope
P, (mm 10 year™)
Beijing 67.09 0.55 3.09 -0.40
Shijiazhuang  70.52  0.58 241 0.20
Xinxiang 74.80 -4.40 5.43 -2.08
Xuzhou 117.80 -4.11 475 -2.62
Yanzhou 86.63 0.36 3.81 0.78
SR (MJ m=2 10 year™)
Beijing 35725 -225.4** 1349 -74

Shijiazhuang 3239.8 -87.6* 101.1 3.6
Xinxiang 29924 -95.7** 99.9 4.9
Xuzhou 3117.6 -123.9" 116.5 4.0
Yanzhou 3282.6 -192.5"™ 1023 -7.1

RH (per cent 10 year')

Beijing 48.51 -0.33 61.88 0.23
Shijiazhuang  56.33 -1.99 65.63 -0.78
Xinxiang 63.48 -1.56* 71.86 —1.82

Xuzhou 65.43 0.79 69.23 -1.30
Yanzhou 66.20 1.01 72.30 1.22

T, (°C 10 year™)

Beijing 2.99 0.19 11.68 -0.18
Shijiazhuang 3.89 1.01* 12.31 1.08*
Xinxiang 3.99 0.68" 11.63 0.83
Xuzhou 4.92 0.55** 12.36 0.61

Yanzhou 2.91 0.41* 11.30 0.97
Toax (°C 10 year™)

Beijing 13.66 -0.13 22.78 -1.35*
Shijiazhuang  14.45 0.19 23.83 -0.88

Xinxiang 14.64 0.21 22.33 0.56

Xuzhou 1470 0.19 23.33 0.61

Yanzhou 14.57 0.29** 23.78 0.18

WS (ms~' 10 year™)

Beijing 2.48 -0.03 2.01 0.00

Shijiazhuang 1.75 -0.23* 1.38 -0.17*
Xinxiang 2.15 0.19** 1.66 0.10
Xuzhou 224 -0147* 1.71 -0.25*
Yanzhou 2.48 -0.15 1.76 -0.06

31.48 -2.19 9.27 184 2325 1.29
3546 -3.26 7.78 055 24.88 3.09
36.81 -3.08 9.13 272 2343 -1.96
64.24 -1.31 1599 0.76 32.83 -0.94
45.61 -3.40 950 1.86 27.71 1.12

22221 -201.5™ 4024 02 8132 -16.6
1890.1 -122.9** 402.5 -21.7 846.2 53.5™
1645.9 -139.9* 4571 133 789.4 259
1615.9 -157.3** 538.1 28.3 847.1 1.0
1834.3 -179.1** 4472 -94 8989 3.1

47.31 -0.17 4586 -0.45 52.78 -2.06
56.54 -2.17 50.84 -0.47 56.51 -2.70
63.55 -1.36 59.04 -2.39 64.33 -1.64
66.65 1.42 60.41 -0.61 63.93 0.43
66.66 1.07 60.14 125 66.69 0.98

-0.79 0.1 11.46 -0.65* 16.21 -0.44*
0.22 1.02** 9.83 -0.16 15,56 0.20
0.49 0.65" 829 -0.35 14.27 -0.13
1.35 061 7.66 -0.56 14.76 -0.30

-0.55 0.46™ 6.69 -0.59* 13.08 -0.48**

9.52 -0.25 23.37-0.87** 28.02 -0.51
10.33 0.17 21.68-0.82"* 27.28 -0.53"
10.83 0.22 19.88 -1.09* 25.67 -0.72**
10.67 0.24 18.29 -0.90 25.50 —0.88™*
10.72  0.38~ 19.58 —0.80* 25.56 -0.69**

2.44 -0.05 2.94 -0.08 2.59 0.08

1.65 -0.24* 2.24-0.34* 2.00 -0.19**
2.02 017" 2.64 0.19* 2.41 0.28™
2.06 -0.19* 2.66 —0.13* 2.67 -0.19*
2.36 -0.13 2.96 -0.20 2.81 -0.22

P, effective precipitation; SR, solar radiation; T nax: Maximum temperature; T ... minimum temperature; RH, relative

humidity; WS, wind speed.

* and ** represent linear coefficients significant at p<0.05 and p<0.01, respectively.

solar radiation (Sq) are negative in Beijing
and Xinxiang stations in the whole growth
stage of winter wheat, with a p < 0.01 level of
significance. The decrease of Si; mainly
occurred from seeding to jointing stages and

heading to maturity stages of winter wheat,
which means that the fluctuation of SR con-
trolled less the changes of ET, from seeding
to jointing stages and from heading to matu-
rity stages of winter wheat in Beijing and
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Table 4.6. Long-term trends over the entire studied stage of meteorological variables and sensitivities

in the selected weather stations.

Sowing to Sowing to Seeding to Jointing to Heading to
maturity seeding jointing heading maturity

Station Mean Slope Mean Slope Mean Slope Mean Slope Mean Slope
Ssr

Beijing 0.19 -0.02**  0.41 -0.05** 0.09 -0.02** 0.42 -0.02 0.52 -0.03**
Shijiazhuang  0.26 -0.01 0.47 -0.01 0.15 -0.02**  0.46  0.00 0.57 -0.01
Xinxiang 0.31 -0.03** 0.48 -0.02 0.21 -0.03** 0.46 -0.05"* 0.58 -0.04**
Xuzhou 0.33 0.00 0.50 0.01 0.24 0.00 0.46 -0.02** 0.56 0.00
Yanzhou 0.31 0.00 0.51 -0.01 0.22 -0.01 0.46 -0.01 0.57 0.00
Sa

Beijing -0.01  0.00 0.00 0.00 -0.01  0.00 0.00 0.00 0.00 0.00
Shijiazhuang -0.01  0.00 0.00 0.00 -0.01  0.00 0.00 0.00 0.00 0.00
Xinxiang -0.01  0.00 0.00 0.00 -0.01  0.00 0.00 0.00 0.00 0.00
Xuzhou -0.01  0.00 0.00 0.00 -0.01  0.00 0.00 0.00 0.00 0.00
Yanzhou -0.01  0.00 0.00 0.00 -0.02 0.00 0.00 0.00 0.00 0.00
STmin

Beijing 0.34 0.02 0.583 0.07* 0.30 0.01 0.42 0.01 0.45 0.02¢
Shijiazhuang  0.35 -0.02**  0.44 0.01 0.33 -0.03* 0.38 -0.02**  0.39 -0.02**
Xinxiang 0.45 0.04 0.56 0.04 0.43 0.04 045 0.03 0.47 0.05*
Xuzhou 0.53 0.01 0.55 -0.08 0.53 0.02 0.50 -0.01 0.54 -0.01
Yanzhou 0.58 0.02 0.54 0.04 0.54 0.03 0.47 0.00 0.52 0.00
STITIaX

Beijing 0.75 0.02 1.10 0.06 0.67 0.01 0.92 0.01 0.94 0.03
Shijiazhuang  0.76 -0.08"*  0.95 -0.10*" 0.73 -0.09*  0.84 -0.08"" 0.83 -0.07*
Xinxiang 0.94 0.05* 111 0.06 0.93 0.05* 0.97 0.03 0.97 0.07*
Xuzhou 1.04 0.00 1.08 -0.14 1.04 0.02 1.02 -0.03 1.08 -0.05*
Yanzhou 1.20 0.04 1.19  0.02 1.23 0.06 111 0.00 1.14 -0.02
Sws

Beijing 0.34 0.02 0.22 0.02" 0.38 0.02* 0.23 0.01 0.19 0.02¢
Shijiazhuang  0.27  0.01 0.18  0.00 0.30 0.02 0.20 0.00 0.15 0.01
Xinxiang 0.21 0.02* 0.15 0.02 025 0.0 0.17 0.0 0.12 0.02*
Xuzhou 0.19 0.00 0.15 0.01 0.22 0.00 0.15 0.01 0.12 0.00
Yanzhou 0.20 0.00 0.14  0.00 0.24 0.00 0.15 0.01 0.10 -0.01

Sqrs sensitivity coefficient for solar radiation; Sy, sensitivity coefficient for relative humidity; S,

for minimum temperature; Sy .,

sensitivity coefficient

min’

sensitivity coefficient for maximum temperature; S,q, sensitivity coefficient for wind

speed. These sensitivity coefficients are indices without units.
* and ** represent linear coefficients significant at p<0.05 and p<0.01, respectively.

Xinxiang stations. Sensitivity coefficients of
temperatures (S;) increased in Beijing, Xinx-
iang, Xuzhou and Yanzhou stations, while it
decreased in the Shijiazhuang station. The
increase of S, mainly occurred from seeding
to jointing stages and heading to maturity
stages in the Xinxiang station, with a statis-
tically significant increase at the p<0.01
level of significance. Decreases in sensitivity
coefficients to temperatures were detected in
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the Shijiazhuang station and it mainly occurs
from seeding to jointing stages and jointing
to heading stages of winter wheat. It can be
concluded that the fluctuation of tempera-
ture had a more positive effect on ET in Bei-
jing, Xinxiang, Xuzhou and Yanzhou stations,
which means that the increase in tempera-
tures may lead to a greater increase of ETC in
these four stations. Sensitivity coefficients
of wind speed (SWS) increased significantly in
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Beijing and Xinxiang stations, with statisti-
cally significant increases at the p < 0.01 level
of significance. With the decrease of WS, ET_
will decrease due to the positive coefficient.
Trends of S}, showed no significant changes
in the time series analysis.

4.3.5 Variation of precipitation deficit and
regional response to climate change

The precipitation deficit series of phenologi-
cal phases at each station were detected with
the purpose of appreciating the temporal
variability of precipitation deficit changes
and their magnitudes. As described in Table
4.7, the mean value of precipitation deficit
in the whole growth stage is from —395.2 mm
to —274.2mm, with the minimum value
detected at the Beijing station and the maxi-
mum value at the Xuzhou station. In the
whole growth stage of winter wheat it was
only at the Xinxiang station that a signifi-
cantly decreasing trend was observed, with a
slope of —2.01 mm year%; in other words,
where the problem of water shortage
becomes more severe. The precipitation defi-
cit accounts for around 44.7% in the total
precipitation deficit in seeding to jointing
stage for five stations, followed by heading
to maturity stages and jointing to heading
stages. Moreover, the precipitation deficit
increases significantly with the magnitude
of 1.60mm year! from seeding to jointing
stages in the Beijing station. On the other
hand, the precipitation deficit decreases sig-
nificantly with the magnitude of —1.80 mm

year~! from the heading to maturity stages
in the Xinxiang station.

As described in Table 4.8, the analysis of
responses of precipitation deficit to climate
change in different phenological phases was
carried out in the selected weather stations.
A negative relationship was found between
precipitation deficit and SR and WS, which
means that the increase in SR and WS had
occurred with aggravation of precipitation
deficit. Temperature in most stations
showed a negative correlation to precipita-
tion deficit, except minimum temperature in
the Xuzhou and Yanzhou stations. A positive
relationship was detected between precipi-
tation deficit and RH, and RH was consid-
ered the most correlative factor to
precipitation deficit, followed by SR, tem-
perature and WS. A higher correlation was
especially found in the heading to maturity
stages of winter wheat between RH and pre-
cipitation deficit. As for SR, precipitation
deficit in seeding to jointing stages, jointing
to heading stages and heading to maturity
stages of winter wheat showed a higher cor-
relation with SR. A negative correlation was
detected between temperature and precipi-
tation in most stations, except minimum
temperature in the Xuzhou and Yanzhou
stations, in which stations a positive correla-
tion was found, especially in sowing to seed-
ing stages and seeding to jointing stages of
winter wheat. The fact that the highest value
for correlation coefficient of WS was
detected as described in Table 4.8 indicates
that WS is responsible for precipitation defi-
cit of winter wheat.

Table 4.7. Long-term trends over the entire studied period of precipitation deficit (mm) in different
phenological phases for the selected weather stations.

Sowing to Sowing to Seeding to Jointing to Heading to
maturity seeding jointing heading maturity

Station Mean Slope Mean Slope Mean Slope Mean Slope Mean Slope
Beijing -395.15 0.72 -5.33 0.00 -246.81 1.60* -70.51 -0.31 -72.50-0.56
Shijiazhuang -334.16 0.50 -3.60 -0.08 -159.23 0.71 -81.30 0.47 —-90.04 -0.65
Xinxiang -317.14 -2.01* -0.66 -0.29 -129.28 -0.05 -83.04 0.14 -104.15-1.80**
Xuzhou -274.19 0.18 -2.10 -0.27 -87.89 145 8357 0.02 -100.62-1.03
Yanzhou -309.37 1.14 -2.29 0.09 -12551 0.97 -76.94 0.54 -104.64-0.45

* and ** represent linear coefficients significant at p<0.05 and p<0.01, respectively.
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4.4 Discussion and Conclusions

Changes in the meteorological variables are
important factors in the assessment of crop
water requirement with climate change. The
simultaneous consideration of the effects of
meteorological variables such as SR, tem-
perature, RH and WS on the crop water
requirement with climate change is neces-
sary. The present chapter has quantified
changes in a set of meteorological variables
and in ET_ under the weather conditions of
the 3H Plain during the last 29 years.

A clear drop in SR was detected, which is
usually called global dimming, probably
caused by man-made aerosols and other air

pollutants that have changed the optical
properties of the atmosphere, in particular
those of clouds (Mozny et al., 2009; Espada-
for et al., 2011). The value of RH in several
stations in the 3H Plain decreased due to the
decline of precipitation and these results are
in agreement with those from previous stud-
ies, but the tendency is not serious. The
maximum temperature and minimum tem-
perature were observed to increase asym-
metrically and the minimum temperature
was more responsible for average tempera-
ture than maximum temperature increase.
This agrees with the asymmetry of the
increase in maximum and minimum tem-
peratures pointed out by several researchers

Table 4.8. The response of precipitation deficit (PD) to climate change in different phenological phases.

Station Sowing to Sowing to Seeding to Jointing to Heading to
maturity seeding jointing heading maturity
Solar radiation (MJ m=2 year")
Beijing -0.39 0.12 -0.70 -0.83 -0.39
Shijiazhuang -0.50 -0.16 —-0.46 —-0.68 -0.67
Xinxiang -0.19 -0.15 -0.58 —0.53 —-0.81
Xuzhou -0.10 -0.53 -0.57 -0.16 -0.54
Yanzhou -0.31 —-0.63 -0.55 -0.73 —-0.46
Relative humidity (%)
Beijing 0.84 0.37 0.77 0.67 0.79
Shijiazhuang 0.82 0.46 0.79 0.73 0.83
Xinxiang 0.78 0.35 0.69 0.48 0.83
Xuzhou 0.81 0.56 0.86 0.84 0.80
Yanzhou 0.78 0.64 0.79 0.40 0.82
Minimum temperature (°C)
Beijing -0.17 0.13 -0.13 0.30 —-0.05
Shijiazhuang -0.03 -0.13 0.10 -0.10 -0.12
Xinxiang -0.23 0.13 0.17 —-0.06 0.36
Xuzhou 0.46 0.40 0.60 -0.16 0.11
Yanzhou 0.46 0.55 0.52 0.34 0.43
Maximum temperature (°C)
Beijing -0.43 -0.07 -0.39 -0.02 -0.51
Shijiazhuang -0.59 -0.38 -0.46 -0.56 —-0.36
Xinxiang -0.45 -0.24 -0.25 -0.25 -0.17
Xuzhou -0.09 -0.02 0.01 -0.37 —-0.39
Yanzhou -0.20 -0.23 -0.12 0.13 -0.28
Wind speed (m s71)
Beijing -0.56 —-0.03 —-0.58 -0.34 -0.47
Shijiazhuang -0.47 —-0.43 -0.53 —0.48 —-0.51
Xinxiang -0.54 0.27 -0.32 -0.18 -0.57
Xuzhou —0.08 0.31 -0.12 -0.29 0.06
Yanzhou -0.25 -0.01 0.04 -0.40 -0.21
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(Karl et al., 1993; Easterling et al., 1997,
IPCC, 2007). The increase in the minimum
temperature was higher and statistically
more significant from seeding to jointing
stages, with 0.57°C 10 year™!. This is par-
tially in agreement with the findings of Bru-
net et al. (2007), which indicate that the
greatest contribution to the higher annual
warming was winter and summer over the
period 1901-2005. Due to the decreases in
SR and RH, and the increase in the tempera-
tures, a decrease in ET, for the selected
weather stations was detected in the whole
growth stage of winter wheat. ET_ in seeding
to jointing stages was observed with a sig-
nificantly decreasing trend in the stations
selected, while in the heading to maturity
stages of winter wheat, the ET_increased in
the time series.

Sensitivities of ET, to five major climatic
variables were studied in the 3H Plain using a
29-year data set. Long-term average sensi-
tivities were analysed in different phenologi-
cal phases of winter wheat. This chapter
showed that temperature was the most sensi-
tive variable in general for the plain, followed
by SR, WS and RH. However, this contrasts
with the results of Gao et al. (2006) and Wang
et al. (2007). They pointed to SR reduction
along with WS as the main contributing vari-
ables in the year. From the results obtained in
this chapter, changes in meteorological vari-
ables and their sensitivities may lead to dif-
ferent results on ET.. The variability of the
sensitivity coefficients indicated that the
response of ET_ of winter wheat in the 3H
Plain to climate change will differ with loca-
tion and phenological phases. The decrease of
Sgg mainly occurred from seeding to jointing
stages and from heading to maturity stages
of winter wheat. S increased in Beijing, Xinx-
iang, Xuzhou and Yanzhou stations, while it
decreased in the Shijiazhuang Station. Fluc-
tuation of temperature had a more positive
effect on ETC in Beijing, Xinxiang, Xuzhou
and Yanzhou stations, which means that
increase in temperature may lead to a greater
increase of ET_ in these four stations. With
the decrease of WS, ET,_ will decrease due to
the positive coefficient in Beijing and Xinx-
iang stations. Trends of S;,; showed no sig-
nificant changes in the time series analysis.
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The precipitation deficit series of phe-
nological phases at each station were
observed for the purpose of appreciating the
temporal variability of precipitation deficit
changes and their magnitudes. The precipi-
tation deficit increases significantly with the
magnitude of 1.60 mm year ™!, probably due
to the decline of SR by 201.5MJm™ 10
year™! from seeding to jointing stages in the
Beijing station. In contrast, the precipita-
tion deficit decreases significantly with a
magnitude of —1.80mm year ' due to the
decline of RH by —1.64% 10 year ! from
heading to maturity stages in the Xinxiang
station. A positive relationship was detected
between precipitation deficit and RH, and
RH was considered the most correlative fac-
tor to precipitation deficit.

A local/regional adjustment would be
required for other areas, mainly with climate
conditions differing substantially from
those of the present chapter. From these ET
estimates and temporal knowledge of pre-
cipitation deficit, irrigation schedules can be
defined with the climate change. With the
results provided in this chapter, agronomic
effects due to changes in ET_ could be
inferred for irrigated agriculture in the 3H
Plain. In addition, the crop cycle is expected
to be modified due to changes of weather
and crop water requirement. For example, in
Spain, Déll (2002) has estimated a decrease
in irrigation requirements for 2020 due to
the possibility of sowing earlier in time
when the temperature regime is more
favourable (higher temperatures). Addition-
ally, results of this chapter can be used as a
theoretical basis for partial derivative in
future research on the response of crop
water requirement to climatic change. Under
the condition of the future climate scene
data considered, further analyses on the
agronomic consequences of climate change
in semi-arid environments such as that
found in the 3H Plain are in process, with
the studying of interactions of the different
components in determining crop irrigation
requirements and yield. Lv et al. (2013) con-
ducted the responses of winter wheat phe-
nology, spatial variation of potential and
rainfed production, actual evapotranspira-
tion and irrigation water use efficiency to
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climate change with the WheatGrow model
in China’s main wheat production regions
and further described impacting factors for
improvement of wheat yield under climate
change projections of A2, Al and B1 in the
3H Plain. Furthermore, in the research of
Liu, S. et al. (2010), the effects of climate
change on grain production of a winter
wheat-summer maize cropping system were
investigated, corresponding to the tempera-
ture rising 2°C and 5°C, precipitation
increasing and decreasing by 15% and 30%,
and atmospheric CO, enriching to 500 ppmv
and 700 ppmv (parts per million by volume)
in the 3H Plain.

Acknowledgements

This chapter was supported by the 12th five-
year plan of National Key Technologies R&D
Program (No.2012BAD09B01), the National
Basic Research Program of China (973 Pro-
gram) (No. 2012CB955904), and Project of
Food Security and Climate Change in the
Asia-Pacific Region: Evaluating Mismatch
between Crop Development and Water
Availability and Project of National Non-
profit Institute Fund (No. BSRF201206).

References

Allen, R.G., Pereira, L.S., Raes, D. and Smith, M.
(1998) Crop Evapotranspiration — Guidelines
for Computing Crop Water Requirements. FAO
Irrigation and Drainage Paper 56. FAO, Rome.

Beven, K. (1979) A sensitivity analysis of the Pen-
man-Monteith actual evapotranspiration esti-
mates. Journal of Hydrology 44(3-4), 169-190.

Bhalme, H.N. and Mooley, D.A. (1980) Large-
scale droughts/floods and monsoon circulation.
Monthly Weather Review 108(8), 1197-1211.

Blaney, H.F. and Criddle, W.D. (1952) Determining
Water Requirements in Irrigated Areas from Cli-
matological and Irrigation Data. US Department
of Agriculture, Washington, DC.

Brunet, M., Sigré, J., Jones, P.D., Saladié, O., Agui-
lar, E., Moberg, A., Lister, D. and Walther, A.
(2007) Long-term changes in extreme tempera-
tures and precipitation in Spain. Contributions to
Science 3, 331-342.

printed on 2/13/2023 12:01 PMvia .

Doll, P. (2002) Impact of climate change and vari-
ability on irrigation requirements: a global per-
spective. Climatic Change 54(3), 269-293.

Easterling, D.R., Horton, B., Jones, P.D., Peter-
son, T.C., Karl, T.R., Parker, D.E., Salinger,
M.J., Razuvayey, V., Plummer, N., Jamason, P.
and Folland, C.K. (1997) Maximum and mini-
mum temperature trends for the globe. Science
277(5324), 364—367.

Espadafor, M., Lorite, 1.J., Gavilan, P. and Beren-
gena, J. (2011) An analysis of the tendency of
reference evapotranspiration estimates and
other climate variables during the last 45 years
in Southern Spain. Agricultural Water Manage-
ment 98(6), 1045—-1061.

Gao, G., Chen, D., Ren, G., Chen, Y. and Liao, Y.
(2006) Spatial and temporal variations and con-
trolling factors of potential evapotranspiration in
China: 1956—2000. Journal of Geographical Sci-
ences 16(1), 3—12.

Gong, L., Xu, C., Chen, D., Halldin, S. and Chen,
Y.D. (2006) Sensitivity of the Penman—Monteith
reference evapotranspiration to key climatic
variables in the Changjiang (Yangtze River)
basin. Journal of Hydrology 329(3), 620-629.

Goyal, R.K. (2004) Sensitivity of evapotranspiration
to global warming: a case study of arid zone of
Rajasthan (India). Agricultural Water Manage-
ment 69, 1-11.

Hargreaves, G.H. and Samani, Z.A. (1982) Estimat-
ing potential evapotranspiration. Journal of the
Irrigation and Drainage Division 108(3), 225—-230.

Intergovernmental Panel on Climate Change
(IPCC) (2007) Summary of Policymakers of
Synthesis Report of the IPCC Fourth Assess-
ment Report. Cambridge University Press,
Cambridge, UK.

Irmak, S., Payero, J.O., Martin, D.L., Irmak, A. and
Howell, T.A. (2006) Sensitivity analyses and sen-
sitivity coefficients of standardized daily ASCE-
Penman-Monteith equation. Journal of Irrigation
and Drainage Engineering 132, 564-578.

Ju, X.S., Zou, X.H. and Zhang, Q. (1998) The
method of the climatic drought-flood index and
its analysis. Journal of Natural Disasters 7(3),
51-57 (in Chinese).

Karl, T.R., Jones, P.D., Knight, R.W., Kukla, G.,
Plummer, N., Razuvayev, V. and Peterson, T.C.
(1993) Asymmetric trends of daily maximum
and minimum temperature. Papers in Natural
Resources 74, 1007—1023.

Li, H., Qiu, J., Wang, L., Tang, H., Li, C. and Van
Ranst, E. (2010) Modelling impacts of alternative
farming management practices on greenhouse
gas emissions from a winter wheat-maize rota-
tion system in China. Agriculture, Ecosystems &
Environment 135(1), 24-33.

Al use subject to https://ww.ebsco.conterns-of-use



EBSCChost -

62

Q. Liu et al.

Li, L., Yan, D., Qin, T., Hao, C. and Zheng, X. (2012)
Drought variation in Haihe river basin from 1961
to 2010. Journal of Arid Land Resources and
Environment 26(11), 61-67 [in Chinese].

Liu, S., Mo, X., Lin, Z., Xu, Y., Ji, J., Wen, G. and
Richey, J. (2010) Crop yield responses to cli-
mate change in the Huang-Huai-Hai Plain of
China. Agricultural Water Management 97(8),
1195-1209.

Liu, Y., Wang, Y. and Yang, X.G. (2010) Trends in
reference crop evapotranspiration and possible
climatic factors in the North China Plain. Acta
Ecological Sinica 30, 923-932 (in Chinese).

Lv, Z., Liu, X., Cao, W. and Zhu, Y. (2013) Climate
change impacts on regional winter wheat pro-
duction in main wheat production regions of
China. Agricultural and Forest Meteorology
171172, 234-248.

McCuen, R.H. (1974) A sensitivity and error analy-
sis of procedures used for estimating evapora-
tion. Journal of the American Water Resources
Association 10(3), 486—497.

McCuen, R.H. and Beighley, R.E. (2003) Seasonal
flow frequency analysis. Journal of Hydrology
279(1), 43-56.

McKenney, M.S. and Rosenberg, N.J. (1993) Sen-
sitivity of some potential evapotranspiration esti-
mation methods to climate change. Agricultural
and Forest Meteorology 64(1), 81-110.

Mozny, M., Tolasz, R., Nekovar, J., Sparks, T.,
Trnka, M. and Zalud, Z. (2009) The impact of
climate change on the yield and quality of Saaz
hops in the Czech Republic. Agricultural and
Forest Meteorology 149(6), 913-919.

Rana, G. and Katerji, N. (1998) A measurement
based sensitivity analysis of the Penman-Mon-
teith actual evapotranspiration model for crops
of different height and in contrasting water sta-
tus. Theoretical and Applied Climatology 60,
141-149.

Ren, J., Chen, Z., Zhou, Q. and Tang, H. (2008)
Regional yield estimation for winter wheat with
MODIS-NDVI data in Shandong, China. Interna-
tional Journal of Applied Earth Observation and
Geoinformation 10(4), 403—413.

printed on 2/13/2023 12:01 PMvia .

Saxton, K.E. (1975) Sensitivity analyses of the
combination evapotranspiration equation. Agri-
cultural Meteorology 15(3), 343-353.

Serrano, A., Mateos, V.L. and Garcia, J.A. (1999)
Trend analysis of monthly precipitation over the
Iberian Peninsula for the period 1921-1995.
Physics and Chemistry of the Earth, Part B:
Hydrology, Oceans and Atmosphere 24(1),
85-90.

Smith, M. (1992) CROPWAT — A Computer Program
for Irrigation Planning and Management. Irriga-
tion and Drainage Paper 46. Food and Agriculture
Organization of the United Nations, Rome.

Song, Z.W., Zhang, H.L., Snyder, R.L., Anderson,
F.E. and Chen, F. (2009) Distribution and trends
in reference evapotranspiration in the North
China Plain. Journal of Irrigation and Drainage
Engineering 136, 240-247.

Szinell, C.S., Bussay, A. and Szentimrey, T. (1998)
Drought tendencies in Hungary. International
Journal of Climatology 18(13), 1479-1491.

Todisco, F. and Vergni, L. (2008) Climatic changes
in Central Italy and their potential effects on
corn water consumption. Agricultural and Forest
Meteorology 148, 1-11.

Wang, E., Chen, C. and Yu, Q. (2009) Modeling the
Response of Wheat and Maize Productivity to
Climate Variability and Irrigation in the North
China Plain. 18th World IM4CSIMODSIM Con-
gress, Cairns, Australia, pp. 2742-2748.

Wang, Y., Jiang, T., Bothe, O. and Fraedrich, K.
(2007) Changes of pan evaporation and refer-
ence evapotranspiration in the Yangtze River
basin. Theoretical and Applied Climatology
90(1), 13-23.

Xiong, W., Holman, I., Lin, E., Conway, D., Jiang,
J., Xu, Y. and Li, Y. (2010) Climate change,
water availability and future cereal production
in China. Agriculture, Ecosystems and Environ-
ment 135, 58—69.

Zeng, W. and Heilman, J.L. (1997) Sensitivity of
evapotranspiration of cotton and sorghum in
west Texas to changes in climate and CO,.
Theoretical and Applied Climatology 57(3),
245-254.

Al use subject to https://ww.ebsco.conterns-of-use



EBSCChost -

Impacts of Climate Change and
Adaptation in Agricultural Water
Management in North China

Jun Xia,?* Xingguo Mo,? Jinxia Wang? and Xinping
Luo?

1State Key Laboratory of Water Resources and Hydropower
Engineering Science, Wuhan University, China; >?Key Laboratory
of Water Cycle and Related Land Surface Processes, Chinese
Academy of Sciences, Beijing; Center for Chinese Agricultural
Policy, Institute of Geographical Sciences and Natural Resources
Research, Chinese Academy of Sciences, Beijing, China

Abstract

Water scarcity is one of the key problems in northern China. Efficient use and management of agricultural water
resources is an important challenge in China’s agricultural food production under a background of climate change.
This chapter addresses issues of impacts of climate change and adaptation in agricultural water management in
North China. The goal is to understand better the impacts of climate change on agricultural water resources and
what measures should be taken to deal with the adverse effects in the North China Plain (NCP). First, the status of
agricultural water resources in NCP was analysed. Second, considering that climate change is likely to exacerbate
water stress in this area, and exploring the regional crop response to climate change, this study analysed the spatial
variability and evolution of crop yield, evapotranspiration (ET) and water use efficiency (WUE) with a process-
based crop model in the NCP and identified the contribution of climate change to their enhancement. Third, the
impacts of future climate changes under A2 and B1 scenarios (described later in this chapter) on the wheat-maize
double-cropping system are assessed. The results show that under IPCC SRES A2 and B1 scenarios, production of
winter wheat will increase with slightly intensified ET; in contrast, summer maize production will slightly decline
with a significant increase of ET. Also, with agricultural management, maize is more productive than wheat, in that
wheat relies more on irrigation than maize, yield level of maize is higher than that of wheat, the water consumption
of maize is lower, and the response of maize yield is larger than that of wheat yield to agricultural management.
However, the simulation also suggests that wheat is more resilient to climate change than maize. Therefore to say
if wheat or maize is more favourable in the NCP depends on the conditions in the future. Finally, in order to miti-
gate the impacts of climate change on agricultural water use and realize its sustainable utilization, the key adaptive
water management strategies in the agriculture sector and how to improve efficiency of agricultural water use
through reforming agricultural water management and policies were examined. The following measures can be
implemented to reform agricultural water management and policies: improving the performance of participatory
irrigation management reform, establishing a water rights system, reforming agricultural water price, and promot-
ing the adoption of agricultural water-saving technology.
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5.1 Introduction

The impact of climate change on the security
of water resources is a widespread global
concern. It is a great strategic issue in the
sustainable development of China. As a big
developing country, China is facing a huge
challenge in managing water resources to
support its economic boom. Its immense
territory of 9.6 million km? is relatively
abundant in water resources, ranking sixth
in the world after Brazil, the Russian Federa-
tion, Canada, the USA and Indonesia, in that
order, in terms of absolute amount of annual
runoff. However, given its large population
of over 1.3 billion, China’s per capita water
resources are very low (about one-quarter of
the world average), making it one of the
most water-scarce countries in the world.!

According to the 2nd National Compre-
hensive Water Resources Assessment in
China that started after 2000, the annual
mean precipitation in China’s mainland was
6178.60 billion m3, with an estimated
annual runoff of 2774.10 billion m3 for
1956-2000. The total available water
resource in China in 2000 was 814.0 billion
m? (Bm?3). However, the total actual water
use in 2000 reached 563.2 Bm?3, where the
usable water resources per capita (UWRP) in
China and North China were about 628 m?
and only 359m3, respectively. In 2030,
China’s population will reach 1.6 billion, the
total actual water use will increase to
710.1 Bm?® from 563.2 Bm?3 in the year 2000,
and UWRP will go down to 508m? from
the 628.0m> of 2000. Thus, water stress
in China is significant and has become a
bottleneck that limits China’s sustainable
development.

Water resources constitute one of the
most important constraints to food security
in China. It has been shown that the total
agricultural water use for the whole country
was 348.40km3 in 2000. The ratio of con-
sumption to withdrawals varies with cli-
matic factors, the crops grown and irrigation
efficiency, and typically ranges from 50 to
80%. Basically, about 64% of national agri-
cultural water withdrawals were consumed,
resulting in a total of 221.90km3 of con-
sumption for the year 2000 (Cao et al,
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2012). Thus, just as in most other countries
of the world, agriculture is the major water
consumer in China. Major agricultural pro-
ductive areas in China are North China,
which is also called the 3H region (Huang
(Yellow) River, Huai River and Hai River),
North-East China (Song-Liao River) and
South China in the monsoonal area. Under
the climate change condition, East China,
lying in the monsoonal area, is subject to the
dual perils of drought and flood. During the
past 30 years, drought has become more
severe in the already dry north and the water
ecology has deteriorated, and extreme flood
disasters have increased in the south. All
these occurrences have severely restricted
the sustainable development of both the
economy and society. Future climate change
may be expected to have a significant and
possibly intensifying effect on the existing
pattern of ‘north drought and south floods’
as well as on the distribution of water
resources. This will exert an unexpected
influence on the functioning of major engi-
neering projects in China, including those
launched to increase food production in the
north and north-east, on inter-basin water
transfers and on flood control in southern
rivers.

Thus a 5-year National Basic Research
Program of China (2010-14) on ‘The Impact
of Climate Change on Terrestrial Water
Cycle, Regional Water Resources Security
and the Adaptation Strategy for East Mon-
soon Area of China’, supported by the Minis-
try of Science and Technology (MOST) and
led by Professor Jun Xia, was launched in
2009. The project focuses on the major river
basins in the eastern monsoonal region of
China to investigate the mechanisms of the
impact of climate change on water resources
and relevant adaptation strategies. The
study aims to meet the major strategic
requirement of enhancing water resource
security for China, focusing on the impact of
climate change, vulnerability and adaptation
as key issues.

This chapter will address the issue on
impacts of climate change and adaptation
in agricultural water management in China.
The area of North China, i.e. the 3H regions
with more water stress and challenges
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related to drought, environmental issues
and social economic development, is espe-
cially selected to explain how China will
face the big challenges on agricultural water
issues, and how to carry out adaptive water
management to cope with the impact of cli-
mate change. Finally, sustainable utiliza-
tion of agricultural water resources and
adaptive strategies to climate change are
presented.

5.2 Climate Change during the Last
60 Years in North China

The NCP is one of the country’s granaries,
extending from latitude 32°00” N to 40°24’

N and longitude 112°48" E to 122°45’ E (Fig.
5.1). Itislocated in the eastern part of China
with an area of 33%x10%km?, and is an allu-
vial plain developed by the intermittent
flooding of the Huang (Yellow), Huai and
Hai rivers. Administratively, the plain covers
seven provinces (mega-cities), including
Hebei, Shandong, Henan, Anhui, Jiangsu,
Beijing and Tianjin. The 3H region is an
important agricultural production base and
occupies a decisive position in guaranteeing
the nation’s grain requirements. It accounts
for 26% of the total grain production,
although it has only 21% of the planting
areas as well as 6.65% of the water resources
of China (Shi, 2008). Besides soybean/mil-
let/sorghum, the double-cropping system of

110° 0’ 0”E 115° 0’ 0”E 120° 0'0"E
45° 0" 0”N - I 45° 0"0”N
40° 0" 0”N I 40° 0"0”N
Shandong
35° 0"0”N I 35° 0"0”N
30° 0"0”N I 30° 0"0”N
0 75150 300 450 00
- Kilometres
25° 0" 0”N ; ; ; I 25° 0"0”N
110° 0’ 0”E 115° 0’ 0”E 120° 0'0"E

Fig.5.1. Location map showing the NCP, China.
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winter wheat-summer maize prevails in the
plain, in which maize is the most common
autumn harvest crop. Due to insufficient
precipitation in the growing season, the
spring crops (such as wheat) usually need
supplemental irrigation to obtain favourable
production.

The 3H region is located in the East
Asian monsoonal zone. The warm temperate
climate varies gradually from sub-humid in
the southern to semi-arid in the northern
part. The annual precipitation is about 500-
1000mm. More than 70% of precipitation
falls in summer. The decrease in the regional
precipitation year by year since the 1950s is
due to impacts of global climate change.
Regarding seasonal changes, precipitation in
the spring was low in the 1970s, but
increased slightly in the 1980s and the
1990s, which showed a decreasing trend.
This led to more frequent spring droughts,
which limited the growth of crops during the
key period of water supply to them. Precipi-
tation in summer witnessed an obvious
decline, with drought, temperature and
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acidification becoming enhanced, raised and
obvious, respectively.

Annually, both maximum and mini-
mum air temperatures increased remarkably
over the NCP from the 1950s to the 2000s
with a rapid increase in the 1990s. The mean
anomalies in 1997-2006 were 0.9°C and
1.28°C for the maximum and minimum
temperatures, respectively, and the incre-
ments in winter are slightly higher than in
summer (not shown). The mean daily sun-
shine duration and wind speed show a
declining tendency. The decrease of sun-
shine is possibly related to more cloudy days
and heavy aerosol conditions. The anomalies
of sunshine duration and wind speed are
about —0.4h and —0.2ms™}, respectively,
during the last 10 years (Fig. 5.2). It is also
worth noting that there are no significant
trends in either annual precipitation or
water vapour pressure, but the potential
evaporation is declining during this period,
which mainly results from the attenuated
global radiation and air movement (Mo
etal.,2011).
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Fig.5.2. Annual variation of the climatic variables over the NCP during 1951-2006 (potential evapo-
transpiration is calculated using the Penman—Monteith formula. Pw and Pm are precipitations during the

growth season for wheat and maize).
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5.3 Water Resources and Their
Changes during the Last 60 Years in
the North China Plain

Surface water and groundwater resources
for a normal year in the 3H region are
128 Bm? (after deduction of 20 Bm? for silt
flushing in its lower reaches). Surface water
(including the amount of water entering the
region) accounts for 67.5%, with groundwa-
ter accounting for 32.5%. Incoming water is
quite abundant, but is declining year by year.
Per capita water is 600 m® and average water
per hectare of farmland is 7218m® (Table
5.1). Per capita water resources in 2005 in all
provinces of the 3H region were below
1750m3, the well-known international
water crisis threshold (Zhang et al., 2011). It
was less than 500m?® in Beijing, Tianjin,
Hebei and Shandong, which is below the
threshold of severe water shortage. Per cap-
ita water resources in 2005 were 518 m? and
the ratio of surface water to groundwater
was 74.5:24.6 in the 3H region. It is forecast
that by mid-21st century, per capita water
resources in China will be reduced to
1750 m3,

Water replenishment dropped remark-
ably due to reduced precipitation, relatively
high temperature, increased actual evapora-
tion and the impact of human activities. The
primary analysis from the River Commis-
sion shows that the surface runoff generated
in the whole Hai Luan River Basin during
1980-1989 was only 15.4Bm3, 46.5% or
13.4Bm? less than 28.8 Bm?, the multi-year
average during 1956-1979. The arid zone

has expanded from NCP south-westward to
the upper and middle reaches of the Yellow
River (Shaanxi, Gansu, Ningxia), to the Han-
jiang Basin, and to the upper reaches of the
Huai River since the 1990s. Annual mean
water above Huayuankou of the Yellow River
during the same period was 46.0 Bm3,17.9%
or 10.0Bm? less than 56.0 Bm?, the multi-
year average annual runoff. Due to the heavy
drought in 1997, the runoff in the upper
reaches of Huayuankou was reduced to
31.5Bm?3, and the actual measured runoff
was only 14.3Bm3 after deduction of water
consumption by the upper/middle reaches.
In the 1990s, the drought in Hailuan River
was mitigated with increased precipitation
close to the multi-year average. But surface
runoff had little increase and was still 33.3%
or 7.6 Bm? less than the multi-year average
during 1956-1979 due to dry soil in the pro-
phase, persistent high temperature and
enhanced evaporation from the topsoil.

Agriculture needs a large amount of
water and is facing more shortage than other
sectors in the 3H region. Annual average
agricultural ~water consumption was
9.77x10%m3 in 1997-2011 and the maxi-
mum value was 1.13x 10 m? in 1997. Agri-
cultural water use has shown a downward
trend in general, but the proportion of agri-
cultural water use has been above 67% (Fig.
5.3).

The total water resources of this region
are less than 10% of the national water
resources, but water diversion for agricul-
ture accounts for about 25% of the total
amount of agricultural water use in 2000. It

Table 5.1. Water resources statistics in the 3H region in 2005 (p=50%).
Local water resources Volume
(100 Mm3) entering the  Total water
region resources Per capita  Farmland
Surface water Groundwater (100 Mm3) (100 Mm3) (m3head) (m3ha™)
Shangian plain 107.4 132.2 148.6 388.2 531 7,706
Hai River low plain 44.3 81.7 98.6 224.6 554 4,949
Binhai low plain 35.1 35.9 59.1 130.1 992 11,651
Huanghuai plain 220.8 164.6 146.7 532.1 620 7,634
3H region 407.6 4144 453 1,275 600 7,218

For downstream silt flushing of the Yellow River's waterway 20 Bm® have been deducted; the calculation is based on
317 counties (cities, districts) of two autonomous municipalities and five provinces with a land area of 346,000km?, the

farmland area of 1995.
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Fig.5.3. Water diverted for agriculture in the Huang-Huai-Hai region, in 1997-2011.

is predicted that total water consumption of
major crops (wheat, maize, cotton) would be
9.74%x10™m? in 2015 and the agricultural
water shortage crisis will further aggravate
the situation (Wang et al., 2009). Compared
with developed countries, water resources
for agricultural use approach nearly 60-70%
and irrigation efficiency is very low. The
irrigation WUE in the Huaihe and Haihe
river basins is 0.5 and 0.56, respectively,
while it is above 0.7 in developed countries.
Therefore how to improve the irrigation
WUE and crop water productivity in the 3H
region is an issue worth studying.

5.4 Water Use by Vegetation over the
3H Region

In general, ET showed a higher value in the
south than in the north over the NCP and
the ET is higher in well-irrigated locations.
An example is the south of Henan, Anhui
and the north of Jiangsu, which have abun-
dant precipitation and well-covered vegeta-
tion. Annual ET of these areas is about
700-900 mm, and 850 mm of this is contrib-
uted by the paddy fields and water. Even
other areas of the Hebei Plain, except the
riverine, urban and mountain areas in the
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central regions, have an average ET of above
600-750mm. In contrast, in Cangzhou,
Hebei, there are many buildings in the urban
area and floodlands along the Huanghe.
Because of high salt content in groundwater,
lack of irrigation water and low vegetation
coverage, there is a lower ET, especially in
the growth stages of winter wheat. The
annual ET is about 350-500mm, and the
average transpiration of the whole area
accounts for 60-70% of the ET.

For the summer and autumn harvest
crops, the spatial distribution of ET was dif-
ferent in the crop-growing period and fitted
with the seasonal distribution of precipita-
tion. Total ET of the major crops (wheat and
maize) in the crop growth period is shown in
Fig. 5.4. In the wheat growth period, obvi-
ously the ET decreases from south to north.
The ET values are between 350 and 450 mm
in the southern areas and high values are
mainly distributed in the northern part of
Jiangsu and Anhui provinces. The ET is
about 250 mm in the hilly areas of Shandong
Province and the eastern rain-fed agricul-
tural areas in Hebei Province, which is
roughly equivalent to the synchronized rain-
fall. As the land lacks vegetation cover and is
mostly sandy, the ET is less than 200 mm
along the tidal flats of the Bohai Sea. In bet-
ter irrigation locations such as the piedmont
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Fig.5.4. Decadal averages of evapotranspiration (a) on annual total, (b) in winter wheat-growing period
and (c) in summer maize-growing period, during 2000-2009.

plain of Taihang Mountain and the eastern
part of Beijing, the ET is between 300 and
350 mm.

During the maize-growing season in
summer, which is the rainy season in North
China, precipitation can meet the crop grow-
ing needs but the spatial difference of ET is
insignificant. Higher ET of approximately
450 mm is mainly distributed in the north-
ern part of Jiangsu, the eastern Jiaodong
Peninsula and most parts of the Hebei Plain.
However, in the low hilly region in the west-
ern part of Henan Province, because of weak
soil water retention capacity and poor vege-
tation, the ET is low at only about 320 mm.
ET is between 360 and 420mm in most
parts of North China.

Overall there is a surfeit of annual pre-
cipitation to the south of the Yellow River,
but for most parts of the northern regions
ET is greater than precipitation (Fig. 5.5).
The difference to the south of the Yellow
River mainly comes from the upstream
mountain reservoirs and groundwater irri-
gation supplement. Irrigation supplement is
variable among regions in this area. The
highest irrigation supplement is distributed
in the piedmont in the Taithang and Yan
mountains, which is about 150-200mm,
accounting for one-third to one-fourth of
the total supplement. This indicates that the
water use in this area is seriously higher
than in the local water resources. In the
wheat-growing period, the amount of
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farmland irrigation is approximately about
200mm, and the largest irrigation amount
comes out in the piedmont of the mountain,
which is more than 200mm. The rain-fed
farmland practised some soil water conser-
vation. In the maize-growing season, pre-
cipitation is 100-250mm higher than the
ET to the south of the Yellow River. The pre-
cipitation can supply enough water resources
for the soil water, groundwater and surface
water. But to the north of the Yellow River,
there needs to be an addition of about
50mm irrigation water in the piedmont of
the Taihang and Yan mountains. In other
areas, soil water storage can barely meet the
needs for growing maize. Overall, the water
supply and demand have a seasonal imbal-
ance in the NCP. The water used for agricul-
ture in spring is heavily dependent on the
upstream mountain reservoir storage, run-
off from the Yellow River and the deep
groundwater.

5.5 Water Resources under Climate
Change Scenarios in the 3H Region

According to the Fourth Assessment Report
of the Intergovernmental Panel on Climate
Change of 2007, it is a fact that the increase
in the concentration of greenhouse gases
in the atmosphere is a cause of global
climate change. The global average surface

Al use subject to https://ww.ebsco.conterns-of-use



EBSCChost -

70

J. Xia et al.

[mm] [mm]

400

240
1 120
I 0

-40

=70
-120

Fig.5.5. Decadal averages of the differences between precipitation and evapotranspiration (a) on
annual total, (b) in winter wheat-growing period and (c) in summer maize-growing period, during 2000—

2009.

temperature has increased by around 0.56 to
about 0.92°C in the past 100 years (1906-
2005). Results have shown that the recent
100-year warming is jointly caused by natu-
ral climate fluctuation and anthropogenic
activity, but most of the recent 50-year cli-
mate change is caused by anthropogenic
activity (Ding, 2008).

Many studies have shown that regional
warming will be the main feature in the 3H
region in the 21st century. By 2030, an
increase of 1°C in average temperature in
the Yellow River Basin will lead to a 1.3%
increase of annual precipitation variability;
an increase of 0.9°C in Huai River Basin will
lead to an increase of 1.5% precipitation
variability. Runoff from rivers in the 3H
region will reduce by 4-6% due to augmented
evaporation associated with increased tem-
perature. Temperature will increase by 1.1-
1.4°C in the 3H region by 2030. There is the
possibility of having extremely strong pre-
cipitation occurring only every 30-50 years,
which will be more frequent in the 2080s
and the 2090s in the 3H region. According
to forecasts, temperature will significantly
increase in the 3H region. The increase will
be 1.0°C and 1.2°C under A2 and B2 models
in the 2120s. But precipitation is extra-
ordinarily complicated. In the long run; it
increases as a whole in the 3H region, but it
declines before the 2120s in part of this area
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and tends to fluctuate more due to tempera-
ture rise. Water demands will increase due
to higher surface evaporation and crop
transpiration.

Climate change is considered as posing
the greatest threat to agriculture and food
security in the 21st century, particularly in
many of the sub-humid and semi-arid
regions. As the main food supply area con-
tributes approximately 41% of the total
wheat yield and more than 30% of the total
maize yield in China, the NCP is vulnerable
to climate change (Guo et al., 2010). Also,
research showed that by 2030, climate
change and increasing water demand will
bring about increasing vulnerability to this
region, especially for the Hai and Yellow
river basins, aggravating the water shortage
problems in the future (Xia et al., 2012a, b).
Therefore the issues of how to improve the
efficiency of water use, how to adapt the
crop systems to climate change and what
measures should be taken to decrease the
uncertainty of agricultural water resources
need to be considered. Under future climate
change scenarios in China, possibly the
nutrient supply in the soil can be improved
to increase crop yield by taking green water
management measures to decrease the soil
evaporation, thus improving the agricultural
WUE to deal with the water resources vul-
nerability of this region.
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5.5.1 The hydrologic responses under
climate change scenarios

Under the framework of the Variable Infil-
tration Capacity Model (VIC), 12 climate
scenarios were designed to account for pos-
sible variations in the future with respect to
the baseline of historic climate patterns
(Danetal., 2012). Results from the six repre-
sentative types of climate scenarios (+2°C
and +5°C warming, and 0%, +15%, —15%
change in precipitation) show that rising
temperatures for normal precipitation and
for wet scenarios (+15% precipitation) yield
greater increased ET in the south than in the
north, which is confirmed by the remaining
six scenarios described below. The largest
increase or decrease of ET occurs for a 15%
change in precipitation. Rising temperatures
can lead to a south-to-north decreasing gra-
dient of surface runoff. The six scenarios
yield a large variation of runoff in the south-
ern end of the 3H, which means that this
zone is sensitive to climate change through
surface runoff change.

5.5.2 The response of crop
evapotranspiration under the Special
Report on Emission Scenarios A2 and B1

The climate change projections from the
runs of the GCM HadCM3, archived by the
British Atmospheric Data Centre (http://
badc.nerc.ac.uk/home/index.html), for A2
and B1 scenarios developed for the Third
Assessment Report (Nakicenovic and Swart,
2000) of IPCC Special Report on Emission
Scenarios (SRES) are used to simulate the
responses of crop yield, ET and WUE to cli-
mate changes in the 21st century for the
NCP. The A2 scenario describes a very
heterogeneous world of high population
growth, slow economic development and
strong regional cultural identities. Bl is a
rather optimistic scenario assuming a ‘con-
vergent world’ and putting emphasis on
global solutions to economic, social and
environmental sustainability. The Bl sce-
nario also assumes high economic growth
but with a substantial shift to nuclear

printed on 2/13/2023 12:01 PMvia .

energy. The data for the A2 scenario include
monthly values of maximum, minimum and
mean temperatures, precipitation, relative
humidity, wind speed and short-wave radia-
tion. So do the data for Bl scenario, but
maximum and minimum temperatures are
missing. According to the projections, for
example, in the 2090s, atmospheric CO,
concentration, precipitation and daily mean
air temperature will increase by 280 ppm,
16% and 2.8°C for B1 and 470 ppm, 48% and
4.5°C for A2, respectively.

Crop water use (ET) under SRES A2 and
B1 scenarios is predicted with the Vegeta-
tion Interface Processes (VIP) model (an
eco-hydrological model) (Mo and Liu, 2001;
Mo et al., 2005). Cumulative ET in the grow-
ing stage of winter wheat seems to be
affected only slightly by climate change. The
cumulative ET amounts gently increase for
both A2 and B1 scenarios by less than 6%.
As is known, the air warming will intensify
ET, whereas both lower stomata conduc-
tance resulting from higher CO, concentra-
tion and growing period shortened by
warming will mitigate the rising of total ET
amount. As a consequence, the change of ET
is not remarkable. Cumulative ET in the
maize-growing period will significantly
increase over 10% after the 2050s. At the
end of the 21st century, the cumulative ET
amounts under A2 and B1 scenarios will be
37% and 20% higher than the current values
over the maize-growing period, respectively
(Mo et al., 2009).

5.6 Adaptive Strategies of
Sustainable Agricultural Water
Resources Utilization

After several decades of past water policies
that focused on increasing water supply by
constructing more canals and larger reser-
voirs (Ross, 1983), China’s leaders have
started to recognize the need to stem the
rising demand for water (Boxer, 2001). In
particular, under the pressure of climate
change, it has become an urgent task for
policy makers to change water management
from supply side to demand side. That is,
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transferring from meeting demand with
new resources or ‘supply side’ to managing
the demand itself to postpone or avoid the
need to develop new water resources. In
order to successfully realize this transfer of
management strategies, in 2006 the Chinese
government set the target for water saving
for the 12th 5-Year Plan period (2006-
2010); water use per GDP should be reduced
by 20% relative to the 2005 level (National
Development and Reform Commission
et al., 2006). In 2009, the Ministry of Water
Resources clearly proposed to implement
water demand management through setting
up ‘Three Red Lines™ for the most stringent
water management institution. In January
2013, the State Council in China issued the
Assessment Method for Implementing the Most
Stringent Water Management Institution.

As the main water-using sector in
China, a large portion of the water saving
has been slated to come from the agriculture
sector. Therefore, in order to mitigate the
impacts of climate change on agricultural
water use and realize its sustainable utiliza-
tion, the key adaptive water management
strategy in the agriculture sector is how to
improve agricultural WUE through reform-
ing agricultural policies. This section dis-
cusses the reforming of agricultural water
management and policies.

5.6.1 Improving the performance of
participatory irrigation management
reform

From the 1980s, China began to attach
importance to enhancing the construction
of the water resources management system
and developing relevant policies. Thus, in
1981, China made an important decision to
shift the focus of water conservancy work to
management and proposed ‘enhancing oper-
ation and management and putting focus on
economic benefits’ as the main policy of
water conservancy in 1983. The Water Law
of the People’s Republic of China promulgated
by the State in 1988 has defined the signifi-
cance of water resources management, and
the relevant State policies focus more on
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water resources management. In 2003, the
Ministry of Water Conservancy issued Sug-
gestions on the Implementation of Small Rural
Water Conservancy Engineering Management
System Reform and proposed a plan to estab-
lish a management system orienting on
encouraging the development of participa-
tory irrigation management. In 2005, the
Ministry of Water Resources, the National
Development and Reform Committee and
the Ministry of Civil Affairs jointly released
Opinions on Enhancing Farmer Water User
Association (WUA) Building. These policy doc-
uments provided an important policy guar-
antee for driving water users to participate
in irrigation management. Up to 2011, more
than 30,000 water user associations had
been established in China.

However, some scholars found that not
all the participatory irrigation management
was successful (Huang et al., 2010a). Wang
et al. (2010) found that due to implementa-
tion of the Five Principles of WUA,3 the
World Bank-funded participatory irrigation
management performed very well in improv-
ing WUE. However, based on a large field
survey and empirical analysis in four large
irrigation districts in the Yellow River Basin,
Wang et al. (2005) pointed out that the
transfers of the irrigation management
from collective to WUAs or contracting man-
agement are mostly nominal reforms, and
such reform had not realized the reform
purpose of improving WUE. Whether the
reform realized the vreform purpose
depended on the establishment of the water
saving incentive mechanism. If an effective
water saving incentive mechanism was
established after reform, the irrigation
water utilization efficiency increased by
40%.

Therefore in the future implementation
process of irrigation management reform,
governmental authorities must not only
push forward effective irrigation manage-
ment patterns but also pay attention to the
reform pattern of internal system building
(e.g. as a water-saving incentive mechanism
of administrative supervisors) to guarantee
the sustainable and effective exertion of
reform performance. If focus is not put on
the internal system building of management
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patterns, the reform performance may be
one-off and short-term, and it is hard to pro-
mote the sustainable development of water
resources and social economy. Thus, govern-
ment authorities must pay close attention to
how to establish a long-term and effective
water-saving incentive mechanism to pro-
ceed with the improvement of reform
performance.

5.6.2 Establishing a water rights system

While reforming irrigation management is
one effective way to increase WUE, one key
problem of such a reform is its sustainabil-
ity. The local governments (especially in the
upstream areas) do not seem to receive any
benefits from reducing water use through
reforming irrigation management. The
major reason is that there are no mecha-
nisms to compensate local governments
that have succeeded in reforming irrigation
management and have increased WUE. Their
saved water is reallocated to other regions
without any benefit for them. As a result,
local governments in the Yellow River Basin
(YRB) have no incentive to push manage-
ment reforms; and reforms are unlikely to be
sustainable in the long run if they lack local
government support. In order to allow
regions in the upper reaches of the YRB to
receive compensation when they save water,
one possible solution is to establish a water
rights system.

Since 2000, the Yellow River Conserva-
tion Commission (YRCC) has begun to pro-
mote the establishment of water rights
systems through conducting demonstration
projects aimed at reducing water competi-
tion among sectors. With increasing water
shortages, water becomes insufficient to
support industrial development, especially
the energy industry, in the upstream prov-
inces such as Ningxia and Inner Mongolia.
In order to solve this problem, in 2003 the
YRCC established some water rights demon-
stration sites in the upstream reaches of the
YRB. The purpose of these demonstration
sites is to reallocate water from agriculture
to industry through increasing irrigation
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efficiency (Li, 2007; Molden et al, 2007,
Wang, 2007). In 2004, in order to promote
the water transfer work in the YRB, the
MWR issued the Guidance on Water Rights
Transfer Demonstration Works in Inner Mon-
golia and Ningxia Provinces. The YRCC also
released two regulations titled Management
and Implementation Measures on Water Rights
Transfer in the Yellow River Basin and Man-
agement Regulation on Water-Saving Engi-
neering. These regulations have provided the
legal foundation for water rights transfers in
the YRB.

Despite some progress on water rights
transfer, there are still considerable chal-
lenges facing both central and local govern-
ments regarding the implementation of
water rights transfers (Yang et al., 2006;
Jiang et al., 2007). The first is the engineer-
ing problem. YRCC considers the construc-
tion of water-saving infrastructure to be
very slow, thus constraining the progress of
water rights transfers. In addition, manage-
ment of this new infrastructure remains a
challenge. The second constraint relates to
water rights. While some water rights trans-
fer projects have been established, a general
water rights system has not been developed.
Water users still have no clear ideas about
how many water rights they have. Water
rights transfers still depend on administra-
tive power, not on developed water markets.
Water rights transfers are still a function of
the central and local governments, and are
not adjusted by market signals or economic
measures. In fact, China still has a long way
to go in establishing a real water rights sys-
tem and water markets. How to effectively
promote the system of water rights is still
hotly debated by many policy makers and
researchers.

5.6.3 Reforming agricultural water price

Since the 1990s, China’s water officials have
begun to consider reforming the pricing of
irrigation water as a key policy instrument
for dealing with the nation’s water scarcity
problem. The objective of the reform is to
provide agricultural users with economic
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incentives to save water through higher
water prices. Relying on a set of household-
level data, Huang et al. (2010b) examined
the potential for conserving water through
water pricing reform. Their study shows that
the water pricing policy has the potential to
resolve the water scarcity problem in China.
However, because the current cost of water
is far below the true value of water in many
regions, a large increase in the price of
water from the current level is required.
Some scholars have also recognized the dif-
ficulties of implementing water pricing (e.g.
Sampath, 1992; Dinar, 2000). Importantly,
Huang et al. (2010b) revealed the costs
associated with higher water prices. Higher
irrigation costs will lower the production of
all crops, in general, and that of grain crops
in particular. This may hurt the nation’s
food security goal of achieving 95% self-
sufficiency for all major grains in the short
run (such as within 5 years). Furthermore,
when facing higher irrigation costs, house-
holds suffer income losses, although income
distribution does not deteriorate.

The goal of the water pricing policy,
which is to manage water resources in a sus-
tainable way, does not conflict with the long-
run goal of the nation’s food security policy.
On the other hand, dealing with the nega-
tive production and income impacts of
higher irrigation cost will pose a number of
challenges to policy makers, at least in the
short run. One possible solution is to set a
water saving target in the agriculture sector
to be below the national target of 20%
(Huang et al., 2010b). In addition to setting
a modest water-saving target, if China’s
leaders plan to increase water prices to
address the nation’s water crisis, an inte-
grated package of policies will be needed to
achieve water savings without hurting rural
incomes or national food security. One solu-
tion is to develop a subsidy programme in
tandem with the water pricing policy that
transfers income to households. A subsidy
programme is a realistic solution in China’s
political economy environment. China’s
agricultural policy has gradually switched
from taxing farmers to directly subsidizing
them. The tax-for-free reform that targets at
eventual elimination of taxation on rural
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households has been implemented over
recent decades (Brandt et al., 2005). Hence,
a subsidy programme is well in line with the
government’s policy agenda. In order to play
the effective role of subsidy policy on saving
water, instead of a grain subsidy, China
should consider giving a ‘decoupled water-
price reimbursement payment’ or ‘uncondi-
tional payment’ to farmers.

5.6.4 Promoting the adoption of
agricultural water saving technology

In order to increase WUE, promoting water
saving technology has been highly addressed
by policy makers in China. The Chinese gov-
ernment stated that the promotion of water
saving technology is one of the priorities in
its water conservancy reforms. Issued in
March 2011, the rural and agricultural parts
of the 12th Chinese 5-Year Plan highlight
the importance of efficiency and technologi-
cal innovation. In addition, the Chinese gov-
ernment has announced an expenditure of
RMB4 trillion (over US$600bn) on water
conservation over the next 10 years and a
specific investment of US$6.03bn to sup-
port the adoption of water saving technol-
ogy on 2.53 million ha.

Existing literature tells us that policy
support is one important driving factor that
affects farmers’ decisions on adopting water
saving technology. Policies promoting adop-
tion of water saving technology often aim to
overcome farmers’ economic and technical
constraints. In order to overcome these
constraints, direct provision of subsidy has
proven to be one important policy measure
in increasing the adoption rate of agricul-
tural water-saving technology, especially
when the adoption rates are low. Based on an
econometric analysis, Liu et al. (2008) con-
firmed the significant positive relationship
between subsidies and adoption of some
kind of water saving technology in rural
China. For technical constraints, providing
knowledge and technical advice through
extension service activities is an effective
way to increase the adoption rate of agricul-
tural water-saving technology. Therefore, in
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the future, in order to increase the adoption
rate of agricultural water-saving technolo-
gies it is necessary to establish rational policy
support systems, in addition to which, set-
ting up a rational water price policy will also
play an important role in encouraging farm-
ers to adopt water-saving technologies.

5.7 Conclusions

In order to explore the regional crop
response to climate change, this study ana-
lysed the spatial variability and evolution of
crop yield, ET and WUE with a process-based
crop model in the NCP and identified the
contribution of climate change to their
enhancement. The impacts of future climate
changes under A2 and B1 scenarios on the
wheat-maize double-cropping system were
also assessed.

The results show that crop production
has increased rapidly over the past decade
in the NCP. Accompanying production
improvement, crop ET has also risen signifi-
cantly. There exist spatial patterns of crop
yield stemming mainly from soil quality and
irrigation facilities. Under IPCC SRES A2
and Bl scenarios, production of winter
wheat will increase with slightly intensified
ET; in contrast, summer maize production
will slightly decline with a significant
increase of ET. Also, with agricultural man-
agement, maize is more productive than
wheat, in that wheat relies more on irriga-
tion than maize, yield level of maize is higher
than that of wheat, the water consumption
of maize is lower, and the response of maize
yield is larger than that of wheat yield to
agricultural management. However, the
simulation also suggests that wheat is more
resilient to climate change than maize. If
wheat or maize is to be more favourable in
the NCP will depend on the conditions in the
future. None the less, our results provide a
scientific basis and reference for govern-
ments’ decision making from the perspec-
tive of regional climate change response.

In order to mitigate the impacts of cli-
mate change on agricultural water use and
realize its sustainable utilization, the key
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adaptive water management strategy in the
agriculture sector is how to improve effi-
ciency of agricultural water use through
reforming agricultural water management
and policies. The following measures can be
implemented to reform agricultural water
management and policies:

e Improving the performance of partici-
patory irrigation management reform
and paying close attention to the reform
pattern of the internal system building
in establishing the water rights system
to proceed with the improvement of
reform performance.

e Establishing a water rights system. In
order to allow regions in the upper
reaches of the YRB to receive compensa-
tion when they save water, one possible
solution is to establish a water rights
system. Establishing a real water rights
system and water markets to promote
the system of water rights effectively
needs further research.

e Reforming agricultural water price. The
current cost of water is far below the
true value of water in many regions so
that alarge increase in the price of water
from the current level is required. A
subsidy programme developed in tan-
dem with the water pricing policy that
transfers income to households can
achieve water savings without hurting
rural incomes or national food security.

e Promoting the adoption of agricultural
water saving technology. Establish
rational policy support systems, which
are necessary to increase the adoption
rate of agricultural water-saving tech-
nologies. Setting up a rational water
price policy will also play an important
role in encouraging farmers to adopt
water-saving technologies.
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Notes

1 The Ministry of Water Resources (MWR) com-
pleted a nationwide assessment of water re-
sources in 2000, which summarizes the signifi-
cant challenges China is facing in ensuring the
security of its water resources (see Qian and
Zhang, 2001; Xia et al., 2011).

2 ‘Three red lines’ refer to the total water use, ef-
ficiency and dirt holding capacity, with particular
emphasis on the 2030 total water, which is con-
trolled at 700 Bmé.

3 Principle 1 is adequate and reliable water sup-
ply: a WUA is organized only to see that ad-
equate and reliable water supply is available
and whether on-farm delivery infrastructure is in
good condition and can be properly maintained
by its members. Principle 2 is legal status and
participation: a WUA should be the farmers’ own
organization, a legal entity and have a leader-
ship elected by its members. Principle 3 is that
WUAs are organized within hydraulic boundar-
ies: the jurisdiction of a WUA should be the hy-
draulic boundaries of the delivery system. Prin-
ciple 4 is that water deliveries can be measured
volumetrically: a WUA should be able to receive
its water under contract from its water suppli-
ers and it should be able to measure the water
volumetrically. Principle 5 is that a WUA equi-
tably collects water charges from members: a
WUA should equitably assess and collect water
charges from its members and make payment
for the cost of water.
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Abstract

Climate change is now a reality and is expected to have profound impacts on agricultural production systems, thus
threatening food security. Local observational evidence of changing climate based on available historical weather
data-sets is presented for selected locations in the Philippines. In this study, plausible climate scenarios and down-
scaled climate projections for representative crop production areas are discussed. Results of downscaling of climate
projections for 2020, 2050 and 2080 using a dynamic downscaling procedure and a statistical downscaling method
are presented and compared. Impacts of climate change and variability on crop productivity and production sys-
tems in selected crop-growing areas in the country are presented. Crop yields using a calibrated crop simulation
model for a standard rice variety (IR-64) and a local maize variety (IPB-911) for projected climate were determined.
Results indicate a reduction from 8% to 14% in crop yields per 1°C temperature increase depending on season and
location. Some adaptation strategies related to agricultural water management to minimize the adverse effects and
impacts of climate change are described. These location-specific measures based on best practices include adjusting
the planting calendar, improving water use efficiency and irrigation water management, water impoundment,

planting stress-tolerant varieties, and weather index-based insurance for crop production.

6.1 Climate Change and Climate
Variability in the Philippines

6.1.1 Introduction

Global climate variability influences the
local weather systems that exhibit spatial
and temporal variation in specific areas.
Local weather systems and climate affect the
hydrologic regimes in watersheds, agricul-
tural production systems, livelihoods and
other socio-economic activities. In recent
years, it has been demonstrated that long-
and short-term climate variabilities, such as
the global El Nifio Southern Oscillation
(ENSO) episodes, are highly correlated with
seasonal climate variability in an area. ENSO
events as represented by the sea surface

temperature anomaly (SSTA) over the Nifio
3.4 Region (i.e. bounded by the 5°N-5°S
latitude, and 120°W-170°W longitude), for
example, have been associated with the sea-
sonal climate in some countries in Asia such
as Indonesia and the Philippines (Naylor
et al., 2001; SEARCA and FAO, 2010). The
degree of relationships of SSTA with rainfall
for different locations in the country ranges
from weak to moderate during different
periods within the year. Nevertheless, the
degree of correlation warrants consideration
of using climate information for advanced
planning of hydrological and agricultural
activities.

Since the ENSO signals at the Nifio 3.4
Region are highly correlated with the local
weather systems prevailingin the Philippines
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3-6 months ahead, advanced climate infor-
mation can be used to predict the expected
seasonal climate in the Philippines. Agricul-
tural crop production in the Philippines is
highly correlated with the climate variability
as reflected by the high correlation of SSTA
with crop production area planted and yield
(SEARCA and FAO, 2010). Thus, agricultural
production activities such as determining
what crops to grow, when and where to best
plant the crops, the frequency and timing of
irrigation, and also fertilizer application can
be planned.

Climate change is now a reality. There is
now growing observational evidence at the
global, regional and local levels to support
that climate has changed (Alcamo et al.,
2005; IPCC, 2007; Lansigan, 2009; Comiso
et al., 2014). With climate change are found
the shifts not only in the mean but also in
the variance of climate variables such as
temperature and precipitation as well as in
the corresponding magnitudes and occur-
rences of extreme events such as dry and
wet episodes. Climate change and climate
variability have profound effects and
impacts on food production systems, eco-
system stability and socio-economic activi-
ties. Responses to climate change in the
context of water management in crop pro-
duction range from growing stress-tolerant
rice varieties, adjusting the planting calen-
dar and adoption of weather insurance.
Thus, this chapter presents some local obser-
vational evidence of changing climate in the
Philippines, describes the effects and
impacts of climate change on crop produc-
tion, and also discusses some climate adap-
tation measures related to agricultural water
management in crop production.

6.1.2 Local observational evidence of
changing climate in the Philippines

There is increasing local evidence based on
historical weather and climate data that cli-
mate change is now occurring in the Philip-
pines. A recent study of PAGASA (2011)
analysed the trends in climate data based on
historical records in a number of weather
gauging stations in the country. Figure 6.1
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shows the general trends in extreme daily
temperature in a number of locations in the
Philippines from 1951 to 2008. Warm nights
and hot days are generally increasing. Cli-
mate data show that over the span of 60
years the mean temperature in the archipel-
ago has increased by 0.65°C from 1951 to
2010. Climate change has also brought
erratic and changing rainfall patterns char-
acterized by more intense extreme rainfall
events. Figure 6.2 shows the general
observed trends in extreme rainfall inten-
sity in a number of locations based on the
amount of rainfall exceeding the highest
four rain events in the year. While the
increases in frequency as well as in the inten-
sity of extreme rainfall events are already
being experienced in many areas, the
observed changes are not statistically sig-
nificant (PAGASA, 2011). In recent years,
however, changes in rainfall patterns in
many locations, particularly in crop-growing
areas, have been observed necessitating the
adjustments in planting dates and other
farm operations.

Using the historical records of annual
maximum daily rainfall in Los Bafios, Philip-
pines (for location see Fig. 6.3) for two time
periods, 1959-1978 and 1979-2006, the
frequency distribution as shown in Fig. 6.4
has changed. During the earlier period
(1959-1978) annual extreme daily rainfall
events tended to be uniformly distributed.
The later period (1979-2006) shows
increased frequency of average maximum
daily rainfall plus the occurrence of the more
recent extreme daily rainfall event (348 mm),
which led to floods resulting in loss of lives
and damage to property and livelihoods.
Historical data also in Los Bafios indicated
that minimum daily temperature has signifi-
cantly increased by 1.27°C over the span of
27 years although the maximum daily tem-
perature has not shown a significant trend.
The increase in minimum temperature is a
significant factor in the reduced rice yields
in the area since the photosynthetic activity
of the crop will be affected.

Moreover, the analysis of historical cli-
mate data available in Legazpi City, Albay
Province (for location see Fig. 6.3) also
shows that monthly mean minimum
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Fig. 6.1.
records from 1951-2008 (from PAGASA, 2011).

temperature had increased significantly as
presented in Fig. 6.5. Similar trends in the
analysis of climate variables such as the
number of wet days and dry days, the num-
ber of days exceeding rainfall threshold lev-
els, the number of hot days and warm nights,
etc. have also been observed in other areas
in the country with reasonably adequate his-
torical records (Lansigan, 2011a).

6.1.3 Climate change scenarios and
projections

General circulation models (GCMs) have
been used to project future climate condi-
tions in terms of changes in precipitation
and temperature patterns at the global level
(IPCC, 2001). Future climates were predicted
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Observed trends in extreme daily temperature in the Philippines based on historical weather

based on a number of assumptions in terms
of the pathways of greenhouse gas (GHG)
emissions. These pathways are defined by
projected economic development, popula-
tion growth and human activities. It should
be noted that while the Special Report on
Emissions Scenarios (SRES) climate scenar-
ios have been widely used, in recent years
there has been a new initiative by climate
scientists to produce more plausible future
climate scenarios based on the so-called
Representative Concentration Pathways
(RCPs) that determine GHG emissions from
human activities (Moss et al., 2010). Produ-
cing future climate projections involves inte-
grated assessments considering the main
features and facets of human systems, cli-
mate and Earth-system models, and impact
assessments with a focus on adaptation and
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Fig. 6.2. Observed trends in extreme daily rainfall intensity in the Philippines based on historical
weather records from 1951-2008 (from PAGASA, 2011).

vulnerability to climate change (Gaffney,
2010). However, there is uncertainty on
which model and climate scenario would
adequately represent the future climate.

Figure 6.6 shows the observed and the
projected climate change in the Philippines
in terms of mean temperature for the base-
line period (1971-2000), for 2020, 2050 and
2100 for two SRES climate scenarios, namely
the medium-range emission scenario (A1B),
and the high-range emission scenario (A2)
from PAGASA (2011). There is already an
observed change of 0.65°C in mean temper-
ature over the span of 60 years from 1951 to
2010. Increase in average temperature is
expected to range from 1.0 to 3.1°C and
from 0.7°C to 3.4°C for the period 2020 to
2100 under the A1B and A2 scenarios,
respectively.
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On the other hand, seasonal change in
mean rainfall in the Philippines shows wide
spatial variability across locations. The dry
months are expected to be drier and the wet
months wetter. This has important implica-
tions in terms of availability and depend-
ability of water from rainfall, particularly for
rainfed agriculture.

6.1.4 Downscaled climate projections in
the Philippines using PRECIS and SDSM

GCM climate projections, however, are not
directly useful for national and local studies
such as vulnerability assessments, hydro-
logic frequency and risks analyses, and
impact assessments (IPCC, 2012). The spa-
tial resolution of GCM data is too coarse

Al use subject to https://ww.ebsco.conterns-of-use



EBSCChost -

82

F.P. Lansigan and A.C. Dela Cruz

La Trinidad,
Benguet

Los Bafios,
Laguna

Banaue,
Ifugao

Legazpi City,
Albay

Agusan del Norte

Bukidnon

Fig. 6.3. Location map of the different sites in the Philippines considered in the study.

(typically 50,000km?) and does not reflect
the spatial variability across different loca-
tions within the country. While the Philip-
pines has different climatic types, the GCMs
considering their coarse resolution, how-
ever, provide only one climate projection for
the entire country ignoring the local climate
variability, i.e. the country is treated as one
homogeneous spatial entity.
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Thus, downscaling procedures are
needed to derive the local-scale surface
weather conditions given the regional-scale
atmospheric predictor variables used in the
global and regional scale models (Wilby and
Dawson, 2007). That is, downscaling climate
projections is a method used to obtain high-
resolution climate information at the scale
of 50kmx50km or less from the relatively
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Fig. 6.4. Distribution of annual maximum daily rainfall in Los Bafos, Laguna, Philippines during two
time periods, 1959-1978 and 1979-2006 (from Lansigan, 2009).
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Fig.6.5. Monthly mean minimum temperature in Legazpi City, Philippines from 1973—-1990 and 1991—

2008 (from PAGASA, 2011).

coarse-resolution global models such as the
GCMs (Anderson, 2008).

There are two types of downscaling pro-
cedures, the dynamical downscaling method
and the statistical downscaling technique.
Dynamic approaches such as regional mod-
els (e.g. PRECIS, Providing Regional Climate
for Impacts Studies) simulate the interac-
tions between the atmosphere, oceans and
land processes at the regional level. It also
requires high speed and large memory com-
puting facilities not commonly available in
developing countries as well as the need for
more intensive training of model users. On
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the other hand, statistical techniques are
based on sound and robust statistical theo-
ries and methods that try to capture and
mimic the observed relationships between
the prediction and the predictors for a given
location. Each of these groups of procedures
has inherent advantages and limitations
with respect to data and information
requirements, skills and expertise needed,
and facilities to be used.

Dynamic downscaling method uses a
limited-area, high-resolution model such as
regional climate models (RCMs) driven by
boundary conditions from a GCV, to derive
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Fig. 6.6. Historical (observed) and projected annual mean temperature anomalies for the Philippines from 1951 to 2100-based departures from 1971 to 2000
normal values (from PAGASA, 2011).
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smaller-scale information. RCMs generally
have a domain area of 106 to 107 km? and a
resolution of 20 to 60 km. An example of a
dynamic downscaling approach is the PRE-
CIS (Providing Regional Climates for
Impact Studies) model used by PAGASA
(2011) to generate climate projections for
different provinces in the Philippines. How-
ever, regional climate models such as PRE-
CIS are computationally demanding and
require intensive training on the use of the
model.

Recent studies (e.g. Wilby and Dawson,
2007; Lansigan et al., 2013) using a statisti-
cal downscaling method to generate finer
resolution climate projections for 2020,
2050 and 2080 show that results of

14 -
12 4

10 +

Mean amount of precipitation (mm)

statistical downscaling are quite comparable
with the downscaled climate projections
generated by PAGASA (2011) using the
PRECIS model as shown in Fig. 6.7. Statisti-
cally downscaled information was used in
the Philippines for impact assessments on
the hydrology of the watershed (Delfino
et al., 2012), on the frequency analysis of
episodes of wet and dry days, agricultural
planning, and on impact assessment on crop
productivity (Lansigan and Dating, 2012;
Lansigan et al., 2013). Results obtained are
comparable in terms of average values, vari-
ance and extreme events considering the
trade-offs in terms of computing facilities
needed and training required to apply the
dynamic downscaling approach.
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Fig. 6.7. Comparisons of downscaled monthly mean daily rainfall (mm) in Malaybalay, Bukidnon, Philip-
pines for 2020 and 2050 using SDSM and PRECIS (from Lansigan and Dating, 2012).
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6.2 Climate Change Effects and
Impacts on Agricultural Production

6.2.1 Increased temperature due to global
warming

Changes in distributions of climate variables
such as rainfall and temperature have pro-
found impacts on agricultural production
systems. Climate change affects agricultural
crop production through the following pro-
cesses: (i) increased atmospheric tempera-
ture or global warming; (ii) erratic and
changing rainfall patterns; (iii) occurrence of
extreme events such as more intense rain-
fall, and typhoons with strong winds; and
(iv) sea-level rise.

Temperature gradient tunnel studies,
field experiments and crop simulation studies
have shown that increased temperature in
crop production in the Philippines as well as in
many areas in South-east Asia will reduce crop
yields. Studies have shown that potential crop
yields will be reduced from about 8% to 14%
for every 1°C increase in ambient temperature
depending on location due to specific climate
type. While increased carbon dioxide (CO,)
concentration in the atmosphere will enhance
the photosynthetic activity of the plant, and
therefore increases crop yields, studies have
shown that CO, enrichment cannot compen-
sate for the increased maintenance of respira-
tion due to increased temperature, resulting
in decreased grain yields.

6.2.2 Erratic and variable rainfall patterns

Changing rainfall distributions have altered
the planting calendar in many areas. In cer-
tain areas in the country, summer months
(March, April, May) have become wetter and
wet season (June, July, and August) has
become drier. Planting date has to be adjusted
considering the variability in rainfall in the
area. For example, cropping calendar or
planting date may be determined based on
rainfall patterns. Optimal planting can be
determined using rainfall probabilities, crop
yield probabilities determined by crop
models, or the use of the modified
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Penman-Monteith equation considering
rainfall distribution and evaporative demand
for crop growth. Using the downscaled cli-
mate projections for different periods in
selected locations, optimal planting dates
based on high rainfall probabilities may be
derived. Crops have different water require-
ments for each stage of crop growth and
development (Penning de Vries et al., 1989)
to give optimal yields. For rainfed crop
production systems, water is mainly from
rainfall whose availability and temporal
variability determine the optimal planting
date. Location-specific probabilities are con-
sidered, namely: P, probability of wet soil
ready for planting; P, , probability of at least
200 mm cumulative rainfall during flowering
stage; and P, probability of a dry period dur-
ing harvesting (Lansigan, 2010b). Combin-
ing these probabilities of meeting the water
requirements at different stages of growth by
taking their product is the Q probability (i.e.
Q=P XxP, ,XP,) of satisfying the rainfall
requirements. Thus the period during which
Q probability is high is the best planting date.

Figure 6.8 shows the combined proba-
bility Q for Malaybalay, Bukidnon (for loca-
tion see Fig. 6.3) for different time periods
based on the downscaled climate projections
using SDSM. The plot shows that the dura-
tion of optimal planting date from the base-
line period (1971-2000) to 2020 is shifted
and shortened. The low probabilities in 2050
indicate the high risk of planting in the peri-
ods during which rainfall may not be suffi-
cient to meet the water demand for crop
growth. The low probabilities in 2050 may be
attributed to the expected large variability
of rainfall compared to baseline and 2020.
Thus, there is low probability of meeting the
water requirements. On the other hand, Fig.
6.9 shows the date and duration of optimal
planting for Iloilo, which remain within the
same period but the combined probability Q
(P, xP,y,XP,) has increased under the pro-
jected climate. The best planting period
remains the same but with higher probabil-
ity of meeting water requirements during
different stages of crop growth than for
2020. Thus, the erratic rainfall patterns in
many crop-growing areas remain a challenge
to farmers in deciding the best time to plant.
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Fig.6.8. Comparison of the combined probability Q of meeting rainfall requirements for the different
crop growth and development stages for the baseline, 2020 and 2050 in Malaybalay, Bukidnon, Philip-
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Fig.6.9. Comparison of the combined probability Q of meeting rainfall requirements for the different
crop growth and development stages for the baseline, 2020 and 2050 in lloilo, Philippines.

6.2.3 More intense extreme climate
events

Climate change is expected to result from
the disproportionate increase in the mean
and variance of climate variables. The per-
centage change in the mean as well as in the
variance of climate variables such as rainfall
and temperature are not the same. More
intense extreme events, such as more
intense rainfall episodes, and hotter days
and warmer nights are expected to occur
more frequently. However, some downscaled
seasonal climate variables do not show sig-
nificant increase, which may be attributed to
the different climate types in the Philip-
pines. Typhoons characterized by more
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intense and heavy rains and strong winds
with shorter recurrence intervals are also
expected to occur (IPCC, 2007; PAGASA,
2011;IPCC, 2012). These often lead to floods
that result in significant damage to crops
and livestock, livelihoods, and even to loss
of properties and lives. Damage to crops and
livestock, livelihoods and properties exceed
100 million pesos (Php). In recent years,
damages and losses have reached more than
Php 1.0bn per occurrence of a strong
typhoon.

Historically, an average of 20 typhoons
enter the Philippine Area of Responsibility
(PAR), although between seven and eight
typhoons make landfalls yearly (Yumul
etal., 2011). Typhoons are observed to have
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a 27-35% chance of passing through central
to northern Philippines and about a 5-7%
chance of passing through the southern part
of the country. A recent study (Schellnhuber
et al., 2013) on climate scenarios and
impacts reported that more intense
typhoons are expected in southern Philip-
pines. Thus, crop losses and damage are
expected to be high in areas that will be vis-
ited by more intense typhoons. Damaging
typhoons are expected to significantly affect
the gross domestic product (GDP) of the
country, which is estimated to average about
4.7%.

6.2.4 Sea-level rise and saltwater
intrusion

As high temperature warms the oceans, the
sea level rises, inundating the crop-growing
areas in the coastal regions. More intense
and heavy rainfall events, in combination
with high tides and sea-level rise, enhance
saltwater intrusion in coastal areas. Thus,
submergence and salinity stresses will affect
crop growth and development and will
reduce yields. The problem of salinity is
expected to become even more significant in
coastal and deltaic regions affected by sea-
level rise. These areas are more exposed and
vulnerable to sea-level rise associated with
climate change. Salinity-tolerant crop vari-
eties are needed in these coastal areas, since
salinity affects the critical stages of crop
growth and development especially during
seedling and reproductive stages of the
crops.

A vulnerability study of South-east
Asian coastal areas (David et al., 2008)
reported that up to 45,000 ha year™! of land
are lost due to submergence, up to 7.7 mil-
lion people will actually face floods every year
by 2100, and there will be a net loss of wet-
land areas of up to 32,000-435,000 ha due to
sea-level rise. In the Philippines, coastal areas
account for about 34,000 km?, covering 804
cities and municipalities and 23,492 baran-
gays (political villages). Thus, climate change
will not only reduce crop productivity but
decrease the areas planted to the crops due to
inundation of coastal areas.
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6.3 Assessing Impacts of Climate
Change on Agricultural Crop
Production

6.3.1 Crop model-based evaluation of
climate change effects and impacts

The effects and impacts of climate change
may be evaluated objectively using eco-
physiological or process-based crop simula-
tion models that can estimate crop yields
under different climate conditions. These
crop models require as inputs the crop
genetic coefficients, crop management data
and weather data for the specific location. A
number of crop models such as DSSAT (Deci-
sion Support System for Agrotechnology
Transfer) are available, which can be used
provided the relevant assumptions are satis-
fied. The assumptions include the homoge-
neity of environmental conditions under a
specific type of production situation being
considered, e.g. potential production, water
limited production, nutrient-limited pro-
duction, etc.

6.3.2 Effects of climate change on major
crops

Earlier studies (Matthews et al., 1997; Mat-
thews and Stephens, 2002; Lansigan, 2003;
Lansigan and Salvacion, 2007; Centeno and
Wassmann, 2009) based on the use of crop
models quantified the effects of climate
change on crop yields. Figure 6.10 shows the
changes in crop yields of major crops such
as rice, maize, tomato and groundnut for
varying temperature regimes in selected
locations in the Philippines. The figures also
show that reductions in yields vary depend-
ing on locations. Some crops such as
C3-crops like rice (Lansigan and Salvacion,
2007) are more vulnerable to climate change
than others.

Climate change is expected to reduce
crop yields such as in rice crops. Figure 6.11
shows the yield probabilities for IR-64 rice
variety planted on 8 May in Malaybalay,
Bukidnon (for location see Fig. 6.3) for
the baseline period and AlB projected
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Fig. 6.10. Reduction in simulated crop yields of maize, sugarcane, groundnut and tomato for the pro-
jected temperature increase in selected locations in the Philippines (from Lansigan et al., 2008).

temperature and rainfall in 2020 and 2050.
The probability of exceeding particular rice
yields decreases under projected climate
change with the difference being very pro-
nounced in the variety grown on 8 May. This
shows the vulnerability of the rice crop to
climate change as temperature increases.
Figure 6.12 shows the average rice
yields in three locations (Agusan del Norte,
Bukidnon and Benguet) in the Philippines
(for location see Fig. 6.3) with different

- printed on 2/13/2023 12:01 PMvia

climate types and elevation for the baseline
period (1971-2000) and under the climate
projections for the periods centred on 2020
and 2050 (Lansigan, 2010a). Using the
downscaled temperature and rainfall, crop
productivity decreases as temperature
increases due to climate change except in
Benguet Province, which has a higher eleva-
tion and therefore a cooler climate. Thus,
increase in temperature will benefit rice
production in this area.
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Fig. 6.11. Probabilities of exceedance of rice yields (IR-64 variety) during 8 May planting in Bukidnon,

Philippines for the baseline period (1971-2000) and project
(2036-2065).
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Fig. 6.12. Mean rice crop productivity in three locations in
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6.4 Adaptation Strategies in o
Agricultural Water Management

There are a number of location-specific
adaptation strategies and measures that
may be applied to increase climate resilience.
These measures are based on best practices
in the area, which may be modified to suit
local conditions. In crop production, for
example, water-related adaptation strategies
that may be used to reduce vulnerability to
the adverse effects and impacts of changing
climate include the following:

I 2050

Benguet

the Philippines (Bukidnon, Agusan del Norte
projected climate.

Adjusting cropping calendar based on
medium-range weather forecasts and
seasonal climate outlook. The best
planting window for the major crops
may be determined using empirical pro-
cedures to estimate yield probabilities,
and also frequencies of receiving rainfall
threshold values critical in crop growth
and development. A dynamic cropping
calendar can be developed based on
downscaled climate projections. Proba-
bilities of receiving specified cumulative
rainfall during the critical stages of crop
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growth can be determined (see Figs 6.8
and 6.9).

Water impoundment. Storing water for
use during periods with less rainfall is a
common best practice in many rainfed
areas in the Philippines. The impound-
ment structure can be made up of
natural water impounding, or earth
materials, or concrete. This is shown in
Fig. 6.13 where rainwater during the
wet season is harvested and impounded
through a series of farm ponds, such as
the example shown in Ifugao Province,
Philippines. Stored water is used during
the dry periods.

Improving water use efficiency of irriga-
tion and water management at the farm
level. This can be achieved through
intercropping or multiple cropping, and
crop intensification to maximize the use
of available soil moisture, and improved
small-scale irrigation systems using
shallow tube well (STW) technology. In
recent years, it has been demonstrated
that alternate wetting and drying
(AWD) technology in rice production

can improve water use efficiency and
can also serve as a mitigating measure
since it can reduce GHG emissions from
the rice farms when fertilizers are
applied in the field (Wassmann, 2010).
Modifying crop management to reduce
water use. This can be achieved through
modifications of farm activities such as
direct seeding, minimum tillage, and
even growing an early-maturing variety
which will consume less water. This also
involves a shorter management period
and less labour.

Planting stress-tolerant crops or variet-
ies. The adverse effects and impacts of
climate change and variability can be
reduced by planting crops or using vari-
eties tolerant to environmental stresses
such as submergence due to flooding,
water stress due to droughts, salinity
due to saltwater intrusion and heat
stress due to temperature extremes. For
example, the Sub-1 rice variety devel-
oped recently has been demonstrated
to be flood- or submergence-tolerant.
Likewise, rice varieties with the

Fig. 6.13. Rainwater harvesting and water impoundment through a series of farm ponds for fish and
crop production in Lamut and upland areas of Alfonso Lista municipalities of Ifugao Province, Philippines.
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Saltol salt-tolerant gene can withstand
salinity.

e Terracing in steep and high-elevation
areas. Rice terraces have been practised
in many areas, particularly in high ele-
vation areas to maximize area for crop
production, reduce soil erosion and
maximize water storage. Labour avail-
ability and environmental impacts are
also considered, since these are impor-
tant factors in the region where the
rice terraces are found. Fig. 6.14a and
Fig. 6.14b show the terraces for agro-
forestry and vegetable crops in Kian-
gan, and rice terraces in Banaue, Ifugao
Province.

e Implementation of innovative agri-
insurance for crop production. Crop
insurance is one risk transfer mechanism
that can be used to reduce vulnerability
and risk due to climate-related hazards.
They have to be made attractive and
affordable to crop growers. Weather
index-based insurance (WIBI) has been
introduced recently. But development of
WIBI products for different climate haz-
ards requires the objective estimation of
risks associated with different weather
variables based on available historical
records, which are often very limited and
short, and with missing values. More-
over, an optimal network of weather
gauging stations is needed for imple-
mentation of WIBI products. For exam-
ple, Fig. 6.15 shows the risk associated
with rainfall deficit for the different
stages of growth for the 110-day rainfed
rice crop variety PSB Rcl4 grown in
Iloilo, Philippines (Lansigan, 2013). The
plot indicates the low risk-period during
which the crop may be grown meeting
the required cumulative rainfall for crop
growth and development. This informa-
tion can be used as the basis for develop-
ing an objective WIBI product, based on
rainfall and also in estimation of pre-
mium, based on risk.

In practice, a suite of climate adaptation
measures (Tibig and Lansigan, 2007; Asia
Rice Foundation, 2010; Lansigan, 2011b) is
being implemented in many areas in the
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Philippines to minimize the adverse effects
and impacts to agricultural production sys-
tems and related activities. The best strategy
is to reduce the vulnerability of the biophysi-
cal subsystems to climate-change hazards,
and also to increase the resilience of the dif-
ferent stakeholders through a combination
of adaptation options.

6.5 Concluding Remarks

Climate and weather are important factors in
agricultural crop production. Climate change
will lead to increased temperature and CO,
concentration, sea-level rise and more intense
extreme events. Climate change is also
expected to alter the hydrologic regime affect-
ing the availability of water supply. Thus, cli-
mate change reduces crop productivity and
threatens food security.

Assessment of effects and impacts of
climate change require the use of GCM
climate projections, but they have to be
downscaled to be useful for impact assess-
ments using either a dynamic approach
such as a regional climate model (e.g.
PRECIS), or a statistical downscaling
method (SDSM) including weather genera-
tor, historical analogue, etc. The use of
statistical downscaling techniques gave rea-
sonably adequate results compared to the
more computationally demanding dynamic
downscaling.

The use of a validated crop simulation
model facilitates the objective evaluation of
effects of climate change on rice crop yields.
Crop variety-specific genetic coefficients,
soils and weather data and cultural manage-
ment practices are model inputs. The model
can estimate (simulate) crop yields under
any climate condition (e.g. projections).
Simulation studies in selected locations
show that rice yields are expected to decrease
in low elevation areas but increase in high
elevation (cool) rice-growing areas like
Benguet (and Ifugao). Moreover, the magni-
tudes of rice yield decrease (in low-lying
areas) or increase (in high-elevation areas)
vary across locations and also with season
(i.e. varying planting dates). Thus, the effects
are location-specific and time-dependent.
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Fig. 6.14. Terracing in a combination of agroforestry (upper level), vegetable (middle level) and rice
(lower level) production systems in Kiangan, Ifugao Province, Philippines. (b) Newly transplanted seed-

lings in rice terraces of Banaue, Ifugao, Philippines.

Differences in effects and magnitude of
impacts of climate change on crop produc-
tivity suggest that location-specific adapta-
tion measures are needed to reduce the
adverse consequences of changing climate.
There are a number of climate-change
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adaptation strategies and measures based
on best practices as well as on recent scien-
tific breakthroughs. What is needed is a suite
of adaptation measures that are scientifi-
cally sound, cost-effective, economically effi-
cient and socially and culturally acceptable.
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Fig. 6.15. WIBI-based risk of rainfall deficit for different stages of crop growth for rainfed rice production

in lloilo Province, Philippines (from Lansigan, 2013).
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Abstract

The agriculture sector is highly vulnerable to climate change in many parts of the world. There is an increasing
concern among farmers, researchers and policy makers about the potential impacts of climate change on food
security and livelihoods. Researchers are using several climate change models to make an assessment of the impacts
and identify adaptation strategies. The present chapter reviews the current state of understanding of the climate
change impacts on irrigation water in South Asia and specifically on the crop yield and relevant adaptation mea-
sures in three major river basins (Godavari, Krishna and Cauvery) in India. Optimization model was used to evalu-
ate the different adaptation practices and their potential to maximize rice production and income, and minimize
water use for the mid- and end-century climate-change scenarios. Adaptation practices such as systems of rice inten-
sification, machine transplantation, alternate wetting and drying (AWD) and direct seeding could reduce the water
and labour use by 10-15% and stabilize rice production in the long term. The study suggests the need for technol-
ogy upscaling, which should be backed up with well-planned capacity-building programmes for the farmers.

7.1 Introduction

Climate change is a complex subject that
requires an interdisciplinary approach need-
ing an impact assessment to develop corre-
sponding adaptation measures. Therefore,
multiple-level assessment and data sets are
required to effectively capture the current
and future situations. Data on climate, soils,
water, crop pattern, crop productivity and
socio-economic variables mainly contribute
to model estimation. A large and growing
body of research shows that socio-economic

factors can be as important as the magnitude
of a climatic event in determining the impact
of environmental change on the agriculture
sector (Patt and Gwata, 2002; Fraser et al.,
2003). However, there are no clear-cut proce-
dures to characterize human coping and
adaptation mechanisms as these vary from
place to place (Elisabeth et al., 2010). Where
climate change affects yields, impact models
should integrate environmental factors, such
as available water and temperature that
directly affect yield, with socio-economic fac-
tors that encourage pro-active adaptation
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and policy factors that support adaptation.
On the other hand, climate change not only
affects yield but also its variability (Barnwal
and Kotani, 2010). However, little is known
about how the available water resources in
the future can be effectively used under the
changing climate. Therefore, the economics
of climate change impacts as well as adapta-
tion to climate change through optimization
of the available resources is a challenging
area of research.

In this chapter, optimal allocation of
resources viz., land, labour and water, to the
changing climatic conditions under different
irrigation projects of the Godavari, Krishna
and Cauvery river basins is discussed. Sec-
tion 7.2 deals with the background followed
by Section 7.3, which comprises the meth-
odology used and a review of understanding
the climate change impacts in South Asia. In
Section 7.4, the model used for the optimal
use of resources is explained along with the
study area and projects. Section 7.5 focuses
on the results and discussion and finally rec-
ommendations. By comparing the results
from the individual river basins, the chapter
thus draws some lessons for overall manage-
ment of the water in the river basins.

7.2 Review on Understanding the
Climate Change Impacts

South Asia is the home for one-fifth of the
world’s population and is the most disaster-
prone region in the world (UNEP, 2003). Cli-
mate change is affecting a large number of
people across South Asia in different ways,
which includes variability in the monsoons,
increase in average temperature, warm win-
ters, increased salinity in coastal areas,
reduced discharges from rivers, etc. The
Intergovernmental Panel on Climate Change
(IPCC) has also projected that the mean
annual temperatures of South Asia will
increase by 0.5-1.2°C by 2020, 0.88-3.16°C
by 2050 and 1.56-5.44°C by the end of the
century (IPCC, 2007). High temperatures
are likely to reduce the yields of different
crops and increase the proliferation of weeds
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and pests, thus providing new challenges for
agricultural scientists (Cruz et al., 2007; Nel-
son et al., 2009). In tropical parts of South
Asia, temperature rise will negatively impact
rice and wheat yields as they are already
being grown close to their threshold (Kelkar
and Bhadwal, 2007). In sub-humid, semi-
arid and arid regions wheat yields are pre-
dicted to decline by 6%-9% with a 1°C rise
in temperature (Sultana and Ali, 2006). Cash
crops such as cotton, mango and sugarcane
will be severely impacted with a decadal rise
of 0.3°C (MoE, 2003). Thus, the overall
impacts of temperatures on agriculture are
expected to be negative, threatening global
food security.

Droughts or floods are destructive but
when they last for longer periods then the
effects can be devastating or irreversible
(Conway, 2009). Widespread flooding is
seen in many small island and delta regions,
for example the Mekong Delta. The floods in
Myanmar during 2008 devastated 1.75 mil-
lion ha (Mha) of rice land while in Bangla-
desh it caused a production loss of about
0.8t of rice during 2007 (Craufurd et al.,
2011). In India, 70% of the arable land is
prone to drought and 20% to floods and
cyclones. Of the total precipitation of
around 4000km? in the country, availability
of surface water and replenishable ground-
water is estimated at 1893km?3. But due to
the variations of topography and uneven
distribution of rain over space and time,
only about 1123km3, including surface
water and groundwater resources, can be
put to beneficial use (Aggarwal et al., 2012).

As a result, water scarcity is expected to
become an ever-increasing problem due to
the changing climate in India. The water bal-
ance will change due to the accelerated rate
of evaporation from soil and water bodies
and transpiration from plants. Several stud-
ies have shown that unless we adapt, there is
a probability of a 10-40% loss in crop pro-
duction in India by the end of the century
owing to global warming (Aggarwal, 2009;
Knox etal., 2011).

Among other things, the river basins
are going to be highly affected by sedi-
mentation, reducing water storage, water
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availability (due to poor monsoon) and area
under production. The per capita water
resource availability of the basins in India
also varies from a low of 240 m? (Sabarmati
Basin) to a high of 17,000 m? (Brahmaputra
Basin) (Amarasinghe et al., 2005). Authors
also reported that many river basins record
significantly lower per capita water avail-
ability in terms of total renewable water
resources, thus increasing the demand for
water resources. There are several factors
influencing water supply and demand in
the basins such as population growth,
urbanization and income, changes in dietary
preferences, irrigation expansion and envi-
ronmental flow requirements.

Though there is much concern about
reduced water supplies and the substantial
impact of climate change in crop production
in South Asia, still there is limited under-
standing of the adaptation strategies needed.
Adaptations are adjustments or interven-
tions which take place in order to manage
the losses or take advantage of the opportu-
nities presented by a changing climate (IPCC,
2001). Adaptation occurs at two levels: (i)
farm-level adaptation, which mainly focuses
on farming-related interventions or adjust-
ments and are related to short-term periods
and influenced by seasonal climate varia-
tions and local agricultural cycles; and (ii)
the regional- or national-level adaptation,
which focuses on the agricultural production
at macro-level linking domestic and interna-
tional policies (Kandlinkar and Risbey, 2000;
Bradshaw et al., 2004).

Several adaptation measures have
already been examined by researchers. For
example, Palanisami et al. (2011) have
examined the adaptation measures such as
systems of rice intensification, machine
transplanting, alternate wetting and drying
and maize water management options and
incorporated them in the optimization
model that could help minimize the inci-
dence of climate change impacts on crop
yields, labour use and water use. In addition,
there are various other adaptation practices,
such as direct seeding of rice and drum seed-
ing of rice, which are gaining acceptance
among farmers (Gurava Reddy et al., 2013).
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Abraha and Savage (2006) studied the
potential impact of climate change on maize
yield at Cedara, KwaZulu-Natal, South Africa
with different planting dates, such as nor-
mal, 15 days earlier and 15 days later. The
farm management components appear to be
prominent in the literature (Till et al., 2010)
where most of the adaptation practices
included the adjustments in farm manage-
ment and technology, followed by knowl-
edge management, networks, governance,
diversification, government interventions
and farm financial management.

7.3 Methodology
7.3.1 Selection of river basins

Godavari, Krishna and Cauvery are some of
the major river basins covering central and
southern parts of India (Fig. 7.1). The high-
lights of each river basin are given in Table
7.1. The rainfall pattern ranges from humid
to arid and the basins have diversified crop-
ping patterns (rice, cotton, chilli, banana,
sesame, maize, groundnut, pulses), indicat-
ing water variability over the years due to
climate change. The river basins are also
more adverse to climate variability in their
hydrological regime, which affects irrigation
to a large extent. However, there is a need to
adapt to new management strategies and
practices to overcome water scarcity and
achieve food security in the irrigation proj-
ects throughout the basins. Results from a
study conducted by Gosain and Rao (2012)
on impact assessment of water resources
from the Godavari Basin show that the water
balance, mean annual precipitation, water
yield and sedimentation are likely to increase
along with temperatures in the mid- and
end-centuries compared to the baseline sce-
nario. The simulations of rainfed maize, sor-
ghum and rice yields also indicated the
adverse effect due to increases in tempera-
tures, although increased rainfall and change
in management practices can partly offset
these effects (Kattarkandi et al., 2010; Sriv-
astava et al., 2010).
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7.3.2 Model

Palanisami et al. (2011) have estimated pro-
duction functions focusing on the relation
between yield and its variability in the

context of climate change. The authors have
estimated the Just-Pope production func-
tion using the maximum likelihood method
by assuming the relation between yield of a
crop and climate variables (temperature and

@ Irrigation projects [ River basins 0 500 1703%
1 Godavari mm Krishna 3 Cauvery
Fig.7.1. Map showing the projects in the respective basins in India.
Table 7.1. Details of the Godavari, Krishna and Cauvery river basins (from http://www.india-wris.nrsc.
gov.in).
Details Godavari Krishna Cauvery
No. of states covered 6 3 3
Catchment area (km?) 312,812 258,948 81,155
Length (km) 1,465 1,400 800
Annual rainfall (mm) 1000-3000 784 956
Average water resource potential (Mm?3) 110,540 78,120 21,358
Utilizable surface water resource (Mm?g) 76,300 58,000 19,000
No. of hydrological observation stations 17 53 34
No. of flood forecasting stations 77 9 0
Major crops Rice, wheat, Rice, cotton, chilli, maize, Rice, sugarcane,
maize, sugarcane, groundnut,  maize, groundnut,
sugarcane, millet and horticultural banana, turmeric,
cotton crops sesame oil, etc.

printed on 2/13/2023 12:01 PMvia .

Al use subject to https://ww.ebsco.conterns-of-use


http://www.india-wris.nrsc.gov.in
http://www.india-wris.nrsc.gov.in

EBSCChost -

Addressing the Impacts in Three Major River Basins in India

101

precipitation) for different districts (Just
and Pope, 1978). In the present study, func-
tions developed by the authors were fitted
for an irrigation project in Godavari, Krishna
and Cauvery river basins. A quadratic form
was assumed for the mean function (Isik
and Devadoss, 2006; Ranganathan, 2009),
which ensures positive output variance. In
addition, the riskiness of an input variable
was also derived from the sign of the coeffi-
cient. The mean function was used to study
the maximum and minimum possible yields
and also the impact of climate change on the
crop yield.

The first and second order conditions
were derived by assuming that precipitation
and temperature will vary and technology
will be held at the current level. None the
less, accurate region-specific predictions for
changes in temperature and rainfall are
needed to capture the impact of climate
change. Gosain and Rao (2012) have pre-
dicted the season-wise changes in the
Godavari River Basin for baseline period
(1960-1990), mid-century period (2021-
2050) and end-century period (2071-
2098).

Two scenarios were formulated based
on the mid-century and end-century periods
(Table 7.2). The mid-century scenario for
kharif! season showed an increase of 1.93°C
and an overall increase of 13.6% in precipita-
tion. This scenario is denoted by 1.93°C/
13.6% and for the rabi? season the scenario
is 2.22°C/13.6%. Similarly, the end-century
scenarios for kharif and rabi are respectively
4.03°C/17.8% and 4.28°C/17.8%. In all
these scenarios, only the annual change in

precipitation (and not seasonal changes) is
considered, as the annual precipitation
reflects inter-seasonal water accumulation.
These predicted changes were used in the
mean and variance functions to predict the
average yield and variability in yield induced
by climate change.

The precipitation is increasing in both
scenarios but the climate models do not
have information on the rainfall distribu-
tion pattern. There can be a sudden deluge
where the present storage reservoirs are not
sufficient to meet the demand. The Assess-
ment Report 4 (AR4) by IPCC noted that the
frequency of more intense rainfall events in
many parts of Asia has increased, causing
severe floods, landslides and mud flows. At
the same time, the number of rainy days has
decreased. 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, 2007). However,
due to storage-related issues, the actual irri-
gation water availability can be decreased in
contrast with the projected increased rain-
fall, which would increase the demand for
food grain production.

The projected changes from Table 7.2
were assumed to be same for all the three
river basins for modelling purposes as the
estimates for Krishna and Cauvery basins
are not available.

The parameters were estimated by using
the following equation with the assumption
that @, ~N(0,1), the likelihood function is
given by:

Table 7.2. Projected changes in climatic variables during kharif and rabi seasons (calculations based on

figures from Gosain and Rao, 2012).

Kharif Rabi
Change in mean daily average temperature (°C) (June to November) (December to April)
Change from baseline to mid-century 1.93 2.22
Change from baseline to end-century 4.03 4.28

Kharif Rabi

Change in mean precipitation (%) (June to November)  (December to April) Overall
Change from baseline to mid-century 12,5 17.6 13.6
Change from baseline to end-century 13.0 53.4 17.8
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Y21 R &
L=[i} B ,-Hl{h(:t;a)} (7.1)
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where, R is the number of districts and T is
the number of time periods and N=RT. So
the log likelihood function is given by:

Nln (21‘c)+i i In (h(xit;S))+
LI {yit _f(xir;B)}2
:2:‘1 E h(xit;s)

InL=—= (7.2)

This was then maximized to estimate the
parameter vectors [ and 3. STATA software
package has inbuilt m/ command and it was
used to maximize the log likelihood function.
The climate change scenarios and the
most likely management options considered
in the study are given in Tables 7.3 and 7.4.

The scenario S1 reflects the current
state of affairs. Scenario S2 corresponds to
‘near future’ status. This scenario assumes a
10% likely reduction in water availability for
agriculture and a 5% reduction in labour
availability. The reduction in water availabil-
ity is based on the assumption that, in spite
of increased and uneven precipitation pre-
dicted by climate change scenarios, the share
available for agriculture will be reduced due
to increased population, domestic consump-
tion demand and industrial use. The Krishna
and Cauvery river basins also fall under arid
and semi-arid regions (Table 7.1). Similarly,
reduced labour supply is due to migration
from rural areas and labour demand met by
agricultural mechanization. In the mid-
century scenario, S3, the productivities of the
crops during kharif and rabi seasons are con-
sidered. The last scenario, S4, uses the end-
century predictions of yield levels. The eight
management options are based on promising
technologies for rice and maize (Table 7.4).

Table 7.3. Climate scenarios and resource availability considered in the study.

Scenario symbol Description of the scenario

S1
S2

Current levels of yield, water availability and labour availability
Current level of yield and 10% reduction in water availability and 5% reduction in

labour availability, as observed from the past data in the basin (near future)

S3
reduction in labour availability
S4
reduction in labour availability

Projected mid-century yield levels and 10% reduction in water availability and 5%

Projected end-century yield levels and 10% reduction in water availability and 5%

Table 7.4. Management options considered in the study.

Management option

System of Rice Intensification (SRI) is an improved rice cultivation practice, which

SRI+Machine Transplanting (MT) will result in a 15% reduction in labour use for rice
Alternate Wetting and Drying (AWD) will result in reduction of water use for rice by

Maize Water Management (MWM) will result in a 10% reduction in water use for

— symbol used Description of the option
M1 Current management intervention
M2
could save 20% irrigation water
M3
M4
10%
M5 AWD +MT
M6
maize
M7 AWD +MT +MWM
M8 SRI+MT+MWM
M9

Direct Seeding of Rice (DSR) will result in a 20% reduction in water use, 10%

reduction in labour and 10% reduction in yield
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For example, system of rice intensification
(SRI) is the most recommended technology
for rice cultivation and maize water manage-
ment (MWM) for maize in the same season.
The SRI and machine transplanting as modi-
fied SRI (MSRI) with specified spacing, has
been implemented in the Krishna and Cauv-
ery river basins of Andhra Pradesh and Tamil
Nadu, which resulted in a 10% reduction in
water and a 15% reduction in labour (Kaku-
manu et al., 2011; Lakshmanan et al., 2012).
Similarly, reduction was seen in the alternate
wetting and drying, and direct seeding of rice
(Gurava Reddy et al., 2013). Rice and maize
were considered in the same season under
the command area for the optimum alloca-
tion of resources, based on the historic crop-
ping pattern.

For minimizing water use, four targets
for rice production and income were fixed, as
given in Table 7.5. The targets are desired for
rice production as the basins are known for
rice production and hence stabilizing rice
production under the climate change sce-
narios is important.

The target T1 refers to the current situ-
ation. The maximum possible rice produc-
tion and maximum income achievable under
eight management options are the targets to
be met while optimizing water usage. For
the second target, T2, the maximum rice
production and income levels possible are
derived when available water and labour are
reduced by 10% and 5%, respectively. The
same target levels are also used in T3 and T4,
where the productivity is reduced by climate
change.

The details of the optimization frame-
work developed are given in Appendix 7.1.
In this optimization framework, the

Table 7.5. Target levels with minimum water use.

objectives are first prioritized as stated
above. First priority is given to maximum
rice production as food security is of pri-
mary importance for society.

The second priority is given to maxi-
mum income, as it will ensure a better liveli-
hood for the farmers. A new constraint is
used while running the linear programs to
meet the second objective, which will ensure
that the rice production will be at least equal
to the maximum level as dictated by the first
objective. Thus, the results of the first two
objectives will ensure maximum food pro-
duction and a better livelihood.

The third objective is to minimize water
usage in agriculture. This objective is impor-
tant because, as shown by historical data,
the share of water use for agriculture is
declining over the years as demand increases
for other sectors. The results of the first two
objectives are incorporated as constraints in
meeting the third objective. Thus, the results
of all the three optimization models will pro-
vide a complete framework to plan for opti-
mum land and water use for the triple
targets: increased food production, increased
income and reduced water use.

7.3.3 Study area for model application

One project case from each of the three river
basins, Godavari, Krishna and Cauvery, were
selected for the study, namely the Sri Ram
Sagar Project (SRSP) and Nagarjuna Sagar
Project (NSP) from Godavari and Krishna
river basins, respectively, and the Lower
Bhavani Project (12 districts located within
the Bhavani Sagar) from the Cauvery Basin
(Fig. 7.1). The details of the projects are

Target Description

T Current maximum rice production and maximum income
T2 Near future? maximum rice production and maximum income
T3 Near future maximum rice production and maximum income with mid-century climate change-

induced productivities

T4 Near future maximum rice production and maximum income with end-century climate change-

induced productivities

aNear future represents the next 20 years.
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summarized in Table 7.6 and discussed in
the following sub-sections.

Sri Ram Sagar Project

The Sri Ram Sagar Project (SRSP) is a multi-
purpose project, located across the Godavari
River near Pochampad of Nizamabad Dis-
trict in Andhra Pradesh. The project was
cleared in 1946 for utilization of 1869 mil-
lion m3® (Mm?3) of water from the Godavari
River. As a result of an inter-state accord,
the allocation was increased from 1869 Mm?
to more than 5664Mm? (http://www.
aponline.gov.in; accessed 4 January 2012),
but later limited to 3455 Mm? due to capac-
ity constraints. The catchment area upstream
of the dam site is 91,751km? and the sur-
face area of the reservoir is 453km?. The
reservoir water irrigates 0.39Mha of land
through three canals (Kakatiya and Laxmi
on the right bank and Saraswathi on the
left bank), and supplies nearby areas with
drinking water and water for hydropower
generation. The water used for hydropower
production is later released for irrigation in
the Kakatiya Canal, 146km long, from the
SRS Dam. The Kakatiya Canal crosses the
Manair River and water is also stored at
the Lower Manair Dam. A flood flow canal
discharges excess water towards the right

bank also flowing into the Lower Manair
Dam when the reservoir level exceeds 326 m.
In addition, water from the groundwater is
also an important source supplementing
irrigation in this region.

In addition to irrigation and hydro-
power, SRSP also provides drinking water to
urban and rural areas along the canal sys-
tem, particularly to the towns of Karimna-
gar and Warangal located in Andhra Pradesh.
The drinking water allocation for rural
areas ranges from 55-1001 per capita day™
(Icap~*day ™), whereas for urban areas it is
70-1201cap*day'. The population served
by SRSP is approximately 12.6 million.

The cropping pattern proposed for SRSP
in the early stages was to grow only irrigated
dry crops such as maize, groundnut, sor-
ghum and pulses. However, the cropping
pattern has changed over the years into
more water-demanding crops, and rice,
together with maize and groundnut, are
now the main crops (SRSP, 2009) in both
kharif and rabi seasons, which poses a major
challenge for water distribution and man-
agement. The cropping pattern changes with
the variation in rainfall. The mean annual
rainfall in the area of SRSP is 900mm of
which more than 75% is received in the
south-west monsoon period (kharif season).
In the last decade, the driest year was

Table 7.6. Highlights of the three irrigation projects considered in the study.

Sri Ram Sagar

Nagarjuna Sagar Lower Bhavani

Name of the basin Godavari Krishna Cauvery
No. of districts covered 4 5 12
Catchment area (km?) 91,751 215,185 4,200
Project type Multi-purpose Multi-purpose Multi-purpose
Project capacity (TMC)?2 112 408 70
Length (km) 364.5 382 200
Command area (ha) 387,456 896,000 84,000
Annual rainfall (mm) 878 785 730
On-farm application efficiency — wet crops (%) 34.5 33.10 38
Average on-farm application efficiency (%) 57.28 38.93 48
Overall project efficiency (%) 44.66 21.8 52

Soil type Black clay to red Black clay tored  Red loamy soils
soils coarse soils

Major crops Rice, maize and Rice, cotton, chilli, Rice, maize, sesame,
groundnut maize, groundnut  turmeric, sorghum

and pulses and pulses

aTMC =Thousand million cubic feet.
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recorded during 2004/2005, where only
55% of the mean annual rainfall was received
and no water was available through canals to
the command area downstream (SRSP,
2009). Hence there is a need for optimiza-
tion of resource use by maximizing the food
production and income with minimum
water use through improved water manage-
ment practices.

Nagarjuna Sagar Project

The Nagarjuna Sagar Project (NSP) is one of
the largest and highest masonry dams
(125m) in the world. It is situated down-
stream of the Srisailam Reservoir on the
main Krishna River in Andhra Pradesh. It is
a multi-purpose project with irrigation,
hydropower and flood-control components.

The catchment area of the dam is
215,193km?; the annual rainfall in the
catchments is 889mm, the maximum
observed flood is 30,050 m3s™! (cumec) and
the design flood (return period 1000 years)
is 58,340 cumec. NSP complex has a sub-
stantial capacity for hydropower generation.
It has one conventional and seven reversible
units, each with 110 MW capacity. The right
bank canal powerhouse has three units of
30 MW each and the left canal powerhouse
has two units of 20 MW each.

NSP annually provides 7465 Mm3 water
on average to a command of 0.89 Mha. The
project was completed in 1974 and com-
prises a dam with two canals taking off on
either side. The Nagarjuna Sagar Right Canal
(NSRC) is 203km long and creates an irriga-
tion potential for 0.47 Mha in Guntur and
Praksam districts, while the Nagarjuna
Sagar Left Canal (NSLC) is 179km and cre-
ates irrigation potential for 0.42 Mha in Nal-
gonda, Khammam and Krishna districts. Of
the five districts under NSRC and NSLC,
Guntur District has the highest command
area of 284,000ha covering 39 mandals
(blocks) in the district.

The command area under NSP is
designed for a mixed cropping pattern, that
is, one-third wet and two-thirds irrigated
dry (ID). The areas close to the head reaches
were localized as ID rabi (December to April)
and the command in the lower reaches were
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localized as kharif wet (June—-November).
Water is supplied for a single crop, either
only for kharif wet or rabi ID. Rice is the
major crop grown in the kharif season and
ID crops are sown after October in rabi. The
important ID crops grown in the project area
are chilli, cotton, pulses and groundnut. The
cropping pattern observed from 1995/1996
to 2004/2005 has not had much variation
(I&CAD, 2009). Whatever changes that have
occurred in the cropping pattern are due to
the availability of water in the reservoir,
coupled with the seasonal rainfall pattern.
Most of the cropping takes place during the
kharif season. Though the upper reaches are
designed for ID crops, wet crops are gener-
ally sown, resulting in excess use of water
compared to its original design, depriving
tail-end users. The tail-end users are thus
compelled to cultivate ID crops or supple-
ment irrigation of wet crops with ground-
water. The water in the canal flows
continuously in kharif and on and off during
the rabi season. The crops grown also depend
on the soils, climatic conditions, irrigation
facilities, and market and price conditions.
Rice is the most favoured crop for the farm-
ers as it is a staple food. In the rabi season,
farmers cultivate pulses or vegetables and
ID crops such as groundnut and maize.

In NSP, problems regarding availability
of water at the tail-end exist due to excess
use of water at the head regions. The average
on-farm efficiency is 39% and the project
efficiency is 21.8% (I&CAD, 2009). The roles
and responsibilities of the water user asso-
ciations are not clearly known and defined.
Water management options are also poorly
disseminated to the farming community.
Hence, there is a need to address some of
these challenges by adapting to water man-
agement practices to improve water use effi-
ciency at the farm and project level.

Lower Bhavani Project

The Lower Bhavani Project (LBP) is the
major project in the Cauvery River Basin
(CRB), which lies in the eastern part of Tamil
Nadu. CRB covers 12 districts of Tamil Nadu.

The Erode District makes up about 16%
followed by Coimbatore with 14% of the
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total basin area (Government of Tamil Nadu,
2006). The region experiences rainfall dur-
ing both the summer south-west (June
through September) and early winter north-
east monsoons (October through Decem-
ber), with the peak rainfall during the
north-east monsoonal season. While most
parts of central and northern India experi-
ence decreasing rainfall in both seasons,
the peninsular parts of India, particularly
the region 9-16°N encompassing the CRB,
shows a tendency for increasing rainfall.
This increase is particularly strong during
the north-east monsoonal season. While
part of this trend may be due to multi-
decadal monsoonal variability, a potential
impact of anthropogenic greenhouse gas
(GHG) forcing cannot be ruled out
(Annamalai and Nagothu, 2009). The forced
emerging signal due to increase in GHG con-
centrations, or climate change, is manifested
as a long-term trend. At any rate, the
observed long-term changes in rainfall may
have already been influencing the agricul-
ture sector in the CRB.

The total cropped area of the CRB, Tamil
Nadu is about 1.8Mha. Rice is the major
food crop in all the districts and is predomi-
nantly grown in Thanjavur, Thiruvarur and
Nagapattinam, with 66.78% of the total rice
production in the basin. Sorghum and pulses
make up the second and third most impor-
tant crops in the basin, with 16.25% and
15.13% shares, respectively.

The project is facing water shortages
due to reduced inflows over years and
increasing withdrawal for the domestic sec-
tor. Groundwater use is increasing to offset
the reduction in canal supplies. Water usage
for agriculture is also high with poor water
use efficiency, especially in the case of the
rice crop. Improving the water use efficiency
at system level will help to address the water
shortages that will increase in the future.

7.4 Results and Discussion

As water use in these projects is mostly dur-
ing the kharif crop season (June-November
months), optimization of the resources was
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carried out for kharif season for all three
river basins. The mean functions, variance
functions, standard errors of the coefficients
and log-likelihood function of all the three
projects for different crops are presented in
Appendix 7.2. The maximum and minimum
possible yields and also the impact of cli-
mate change on the crop yield for all the
three projects are presented in Appendix
7.3. The project-wise optimization results
are presented below. The results have high-
lighted only the significant different man-
agement options.

7.4.1 Godavari river basin — Sri Ram
Sagar Project

Current rice production in the kharif season
is 570,000t, with a predicted production of
500,000t in each of the next 20 years. The
corresponding predictions for the mid- and
end-century are 480,000t and 360,000t,
respectively (Fig. 7.2). Adoption of SRI in
the current and future scenarios increases
the yield by 13%, AWD by 11%, and combi-
nation of SRI-machine transplantation with
MWM by 23%.

Total gross income from crop produc-
tion during the kharif season using the cur-
rent market price of the crops is at present
Rs2.9 bn and will reduce to Rs2.67 bn over
the next 20 years assuming that the same
prices would prevail. At mid- and end-
century, the gross income will reduce to
Rs2.52 and Rs2.37 bn, respectively (Fig. 7.3).

In order to maintain the current level of
production and gross income 3868 Mm? of
water is required, and this will decrease to
3479 Mm? in the near future. However, dur-
ing the mid- and end-century, the water
required for maintaining the current level of
production and gross income will be 3679
and 4794 Mm3, respectively (Fig. 7.4). This
can be reduced by adapting management
practices like SRI with machine transplanta-
tion, MWM and AWD. The water use with
the adaptation of SRI and AWD reduces by
17% and 9.5%, respectively. A similar trend
was noticed for the near future, and mid-
and end-centuries.
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Fig. 7.2. Rice production under different scenarios and management options in the kharif season.

7.4.2 Krishna basin — Nagarjuna Sagar
Project

Current rice production in the kharif season
from NSP is 380,000t and will be about
300,000t, each season, in the near future
(next 20 years) and mid-century. The pro-
duction will be 250,000t at the end of the
century (Fig. 7.5). Adding water-saving
technologies such as SRI and AWD will
increase rice production by about 50,000 to
100,000t, which is about 13-26% of cur-
rent production. With the addition of
machinery transplantation (MT) along with
the SRI and AWD options, the production
levels remain the same but the labour use
increases for each option. MT is addressing
the issue of labour scarcity both in present
and future time periods. Direct seeding of
rice (DSR) is also showing better yields com-
pared to the current practices by improving
water productivity, except in the near-
future scenario. DSR reduces water use
without any variation in the production lev-
els. The system is presently practised at the
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tail-ends of the canal systems. This practice
is expected to be increasingly adapted dur-
ing the water stress years at mid- and end-
century periods.

The second objective is to maximize
income from crop production during the
kharif season. Total gross income from crop
production during the kharif season with
the current level of production is Rs15.7 bn
and will reduce to Rs15.4 bn in the next 20
years. During the mid- and end-century, the
gross income will reduce to Rsl12.7 and
Rs11.8 bn, respectively (Fig. 7.6). The SRI
and AWD options improve the gross income
by Rs0.42 and Rs0.18 bn with the current
practices. MT does not influence the produc-
tion levels and income levels with the SRI
and AWD options for the near future and for
the mid- and end-century periods, but will
reduce the scarcity of labour and minimize
water use.

In order to maintain the current level of
production and gross income, 8384 Mm?3 of
water are required. The water requirement
decreases with change in technologies. SRI
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Fig.7.4. Water use under different scenarios and management options, kharif season.

requires 7067Mm3 (15.7% less), AWD
requires 7726 Mm?® (7.8% less) and DSR
requires 8149 Mm? (2.8% less). The mini-
mum water requirement to maintain the
current level of production and gross income
is more or less similar during the near future,
and mid- and end-century periods.
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It is therefore important to see how pro-
duction and income can be maintained in the
future using various adaptation strategies. As
indicated earlier, water- and labour-saving
technologies will help to minimize the pro-
duction and income losses due to climate
change impacts, and will also reduce water
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Fig. 7.5. Rice production under different scenarios and management options during the kharif season.
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use. From the optimization results it was
observed that when the water- and labour-
saving technologies are adopted in crop culti-
vation, the current rice production will be
710,100t (24.5% increase), 640,000t (12.2%
increase) in the next 20 years, 600,000t
(5.2% increase) at mid-century and 460,000t
at end-century (19% decrease), respectively.
This end-century result of 19% reduction in
rice production can be compared to 37%
reduction if no technological interventions
are made. Water management and
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End-century

Income for different scenarios and management options — kharif season.

labour-saving technologies will help to
address the negative impact of climate change
in rice production in the project area. A simi-
lar trend is seen in the case of gross income
and water use during different periods.

7.4.3 Cauvery river basin — Lower
Bhavani Project

Current rice production in the kharif season
is 118,000t and is predicted to be 105,000 t
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each season in the next 20 years (near
future). SRI with machine transplantation
and maize water management has increased
the yield by 17%, SRI14% and AWD 11%. As
per the mid-century predictions, the pro-
duction willbe 91,000 t (a decrease of 22.9%)
and it will be 80,000t (a decrease of 32.2%)
at the end of the century (Fig. 7.7).

The major crops from which farmers
derive income during the kharif season are
rice and maize. At present, the total gross
income from crop production during kharif
is Rs709.8 million and is predicted to reduce
to Rs633.7 million, every season, in the next
20 years. At mid- and end-century, the gross
income is predicted to reduce to Rs541.7
million (23% reduction) and to Rs474.0 mil-
lion (33% reduction), respectively (Fig. 7.8).
But with the adoption of SRI, MT, AWD and
MWM practices the income can also be
increased by 11%-17%.

In order to maintain the current level of
rice production of 118,000t and gross
income of Rs709.8 million during the kharif
season, the amount of water required is
480Mm3. However, if SRI techniques are
used for rice and MWM is used for maize, the
same targets can be achieved with 394 Mm?3
of water, saving 86 Mm?. In the near future,
the total water available will be 432 Mm?3.
With this amount of water, and the current

water management options, the maximum
achievable rice production is 105,000t and
maximum income will be Rs633.7 million.
Application of SRI to rice crop will decrease
the need for water by 86 MmS3, improving
water productivity with the decrease in water
consumption by 9%-18% in all the scenarios
except in the end-century.

However, at mid- and end-century, due
to the negative impacts of climate change on
crop productivities, there will be a greater
water demand to maintain the current level
of productivity and income (target T1) or at
least near-future productivity and income
(T2). To achieve this, we set the targets T3
and T4 listed in Table 7.5. These targets are
not possible to be met with the current avail-
ability of water and current management
interventions. Table 7.7 provides the pre-
dicted quantity of water needed to attain the
targets under various management options.

It is evident from the Table 7.7 that SRI
is a very promising management option to
minimize water use. The excess demand for
water during mid-century can be nullified by
applying this technique. However, at the end
of the century, the effect of climate change
will be much more severe, and more water
will be needed to maintain target T2. Even
with SRI intervention there will be a
24.6 Mm? deficiency of water.

14
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. SRI + MT + MWM
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>
©
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Fig.7.7. Rice production for different scenarios and management options during the kharif season.
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Adoption of water- and labour-saving
technologies contribute to rice production in
the project area. In all the cases, SRI resulted
in higher production, gross income and water
saving, compared to MT and AWD. MT
helped the rice production by releasing
labour to cultivate additional rice areas. In
the future, labour scarcity is expected to lead
to a reduction of areas under rice cultivation,
as it will be a constraint to the transplanting
operations. MT helps to ease the labour scar-
city by 20-25%. It is clear that the returns
from investing in water management tech-
nologies for coping with future climate
change impacts are high, if the farmers adopt
them properly (Palanisami et al., 2011).

7.5 Conclusions and
Recommendations

Climate change impacts will, in the long
run, reduce rice production in the project
areas by 25-30%. Water is the key long-
term constraint in rice production and land
currently under fallow due to water scarcity
will be a key issue to address in the future.
By implementing various water- and labour-
saving technologies (MT, SRI, DSR and
AWD), one can minimize the reduction in
rice production by 20-25% during the mid-
and end-century periods, and these tech-
nologies will also help to minimize water
use as well.
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C E
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€
c 650
[0)
§ 600
[&]
<
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500
450 . . )
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Fig. 7.8.

End-century

Income under different scenarios and management options during the kharif season.

Table 7.7. Water use for different scenarios and management options during the kharif season.

Management option Target

Rice production (t) 118,000 105,000 105,000 105,000

Income (Rs million) 709.8 633.7 633.7 633.7

Water available (Mm3) 480 432 432 and mid-century 432 and end-century
projected crop projected crop
productivities productivities

Water required (Mm3)

Current management  480.0 (0.0) 432.0 (0.0) 493.1 (-61.1) 557.0 (-125.0)

SRI 394.2 (+85.8) 355.8 (+76.2) 405.3 (+26.7) 456.6 (—24.6)

AWD 437.1 (+42.9) 393.9 (+38.1) 449.2 (-17.2) 506.8 (-74.8)

SRI+MT+MWM 393.7 (+86.3)

355.3 (+76.7)

377.9 (+54.1) 450.6 (+18.6)

+, excess water availability; —, deficit.
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The results from the three basins have
shown that adoption of various water man-
agement technologies improves the water
productivity and income from the projects.
However, the performance of the technolo-
gies varied across the basins, indicating their
mixed performance. The factors contribut-
ing for the successful adoption have to be
studied and follow-up actions can be initi-
ated in other basins.

However, in general, the level of tech-
nology adoption is currently poor in all the
basins due to poor access to the technolo-
gies, lack of skills in handling the improved
technologies and the recurring costs
(Palanisami et al., 2014). A recent study con-
ducted in these basins also indicated that
upscaling the technologies will help address
the climate change impacts and hence pro-
motion of the water management technolo-
gies is the key intervention to be targeted at
basin level (Nagothu et al, 2012). These
technologies need to be disseminated and
up-scaled with a capacity-building frame-
work considering their impacts on the pro-
duction, income and conservation of water
resources. As piloting the technologies on
individual farms will not have a major
impact, a cluster approach (covering a group
of villages in a location for each technology)
will be more useful in up-scaling these man-
agement technologies.

Notes

1 Kharif is the wet season, which covers the
months June/July—November.

Rabi is the dry season, which covers the months
December—March/April.
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Appendix 7.1. Details of the Optimization Framework

Optimization is done by formulating suitable linear/quadratic programming problems. The
objective functions generally included are:

1. Maximize rice production.
2. Maximize farmers’ income.
3. Minimize water use in agriculture.

Depending on the project objectives, other goals can also be included, such as maximizing
food grain production and minimizing agricultural area.

A set of constraints for various resources like land, water, labour, etc., can be formulated
depending on the availability of data for each basin. For example, in the selected basins, the
following constraint formulations were made.

Variable Explanation

Area under crop C in district d during season s
C=Rice (R), Maize (M), Groundnut (G), Cotton (C), . . .

Xsdc d=districts
s=Kharif, Rabi
Vsac Yield under crop C in district d during season s
Asc Area under crop C in season s in all the four districts
P.c Production of crop Cin season s in all the four districts
AC, Total area under cereals in all the four districts in season s
Weie Water required per hectare for crop C in season s in district d
Ryc Revenue under crop Cin district d during season s

Objective 1: Maximize rice production in kharif

The predominant crops during the season in project areas are, e.g. rice, maize, cotton, chilli,
etc.
4
Maximize rice production: 2 X _rY.ar» = Kharif
=1
Constraints:

1. Total area under the crops during kharif season should not exceed the available crop
area in the command in the districts (let us say, d=4)

4 4
zxst+ zxde <AC,, s=Kharif
d=1 d=1

2. Total water required for all crops during kharif in all the districts in the project area is
less than or equal to the total water available

4
Z Zwsdcxsdc <W,, s=Kharif
c d=1
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3. Total labour required for all crops during kharif in all the districts in the project area is
less than or equal to the total labour available.

4
2 2 I yc% sac SL,, s=Kharif
c d=1

4. Thenormal (average of the last 5 years area) area under rice cultivation during the kharif
season in the four districts is approximately in the ratio 1:2.5:1.7:2.5. It is assumed that this
area ratio will continue. Hence:

X AR X sk X R X SR =1:25:1.7:25

The equivalent linear constraints that are included in the model are:

KR
1.7XSAR —X R =0

2.5XSAR—XS =0

2.5stR—x5WR=0

5. The normal (average of the last 5 years area) area under maize (example) during the
kharif season in the four districts is approximately in the ratio 1:5.1:2.6:2.4. It is assumed
that this ratio of areas will continue. Hence

X ant X skt X snnt X st =1:51:2.6:2.4

The equivalent linear constraints which are included in the model are
=0
=0

SIX unr =% s

2.6% 401 =X
2.4XSAM—XSWM =0

6. The normal area under maize is about 70,000 ha. It is assumed that at least this much
area should be allotted to the maize crop.

4
> x g 270000
d=1

Objective 2: Maximize farmers’ net income

The objective is to maximize farmers’ net income during the kharif season. That is:

4
Maximize net income 2 2 RS
d=1C

sV sac» $=Kharif

In addition to the constraints described in Objective 1, an additional constraint is included
which guarantees that the rice production during the kharif season will not be lower than
the maximum level.

Thatis, if R is the maximum rice production, then the new constraint added is:

maxKharif

4
>
Z X styst - Rmax Kharif
d=1

Objective 3: Minimize water use

The objective is to minimize water use in agriculture. That is:

4
Minimize water use 2 2 W e VoicrS =Kharif
d=1C
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The constraints on water availability and labour are removed and all other constraints that
were included for maximizing income are retained. Two new constraints, one for fixing tar-
get for rice production and the other one for fixing target for income, are added. If T and MI
are maximum rice production and maximum income, respectively, the constraints can be
written as:

4
2 X sarY sar 2T
d=1

4
2 2 deCyst 2MI
d=1C

Thus the model will estimate the required minimum quantity of water that will ensure the
target rice production T and maximum income MI.
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Appendix 7.2. Just—-Pope Production Function for the Crops Grown in all

Three Projects: Parameter Estimates

Sri Ram Sagar Project (Godavari)

Lower Bhavani (Cauvery)

Mean yield Rice Maize Groundnut Rice Maize
Precipitation (R) (mm) 7.210** 1.458** -0.140 -0.2329 17.9885***
Temperature (T) (°C) 2,245.915** -1,684.180**  4,621.546** —-190.385"** —15,954.3100***
Trend (year) 42.436** 73.988*** 20.096*** 42.0260*** 2.3598
R? —-0.001*** —0.001 0.000 0.0003 0.0001
T2 -40.172 29.238*** -86.010*** 0.7508 291.7981***
RxT -0.151 —-0.005 -0.002 —0.0400* —0.6436***
Adilabad/Nalgonda —-710.666 —443.900***  —-237.896™** - -
Karimnagar/Khammmam 119.036** 317.455"* —40.902 - -
Nizamabad/Krishna 5.293 168.429 78.230 - -
Guntur - - - - -
Constant -31,671.7 24,377.59 —61,385.95 7,933.15 219,145.80
Variability in yield
Precipitation (R) —-0.001** —0.001 0.000 0.0073** 0.0009
Temperature (T) 0.629** 0.133* 0.281** 2.8463**  -3.1340***
Trend 0.026** 0.035** 0.029 -0.0522 —0.2699***
Adilabad/Nalgonda 1.074* 0.443 0.656 - -
Karimnagar/Khammam 0.854** -0.136 0.347 - -
Nizamabad/Krishna 1.922** 0.368 1.576 - -
Guntur - - - - -
Constant —-6.100 8.376 2.566 —75.6846 103.1627
Likelihood function -1,096.8 -1,182.2 -1,081.3 —280.5 —292.1
Nagarjuna Sagar Project (Krishna)
Mean yield Rice Chilli Cotton Groundnut
Precipitation (R) (mm) 7.131 1.267 -0.316 -11.764
Temperature (T) (°C) 517.565***  —4,550.519*** 1,642.900** 2,685.464**
Trend (year) 38.678*** 77.024** 7.1934*** 25.137**
R? —-0.001*** 0.0002 0.006** —-0.0001
T2 -9.407*** 80.033*** -30.086 -53.971***
RxT -0.167 —-0.065 0.0154 0.425
Adilabad/Nalgonda —-138.399 183.360 —161.045** —284.919*
Karimnagar/Khammmam —563.750*** 958.678*** —99.833** —74.356
Nizamabad/Krishna —-155.250 925.118*** -9.513 -16.537
Guntur 206.042*** 1,607.058*** 107.545*** 83.639
Constant -6,141.211 65,400.22 —22,254.53 -31,988.28
Variability in yield
Precipitation (R) —-0.002** —0.002*** 0.0016™** —0.0009
Temperature (T) 0.421 -0.763 0.952*** 0.153
Trend 0.022** 0.034* —-0.053** 0.127
Adilabad/Nalgonda 0.030 0.397 —0.793 —-0.646
Karimnagar/Khammam 0.289 0.452 —-1.080** —2.490**
Nizamabad/Krishna 0.768* 0.474 —0.433 -1.399**
Guntur -0.055 1.228*** 0.253 —1.252***
Constant 0.501 35.116 —-17.845 6.491
Likelihood function -10,593 -1,167.2 -907.2 -1,026.3

*, Significant at 10% level; **, significant at 5% level; ***, significant at 1% level.
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Appendix 7.3. Impact of Climate Change for the Crops Grown in all
Three Projects

SRSP (Godavari)

LBP (Cauvery)

CC-Scenario Rice Maize Groundnut Rice Maize
Normal yield (kg ha™") 2972 3922 1556 3994 3840
Mid-century (MC)  MC-predicted yield (kg 2747 3708 1254 3469 2182
1.93°C/13.6% ha™)
Loss (%) 7.6 5.5 19.4 13.2 43
Standard deviation 575 696 383 225 587
End-century (EC) EC-predicted yield (kg ha™') 2065 3778 338 3033 1990
4.03°C/17.8% Loss (%) 30.5 3.7 78.3 241 48
Standard deviation 1086 789 507 987 684
NSP (Krishna)
CC-Scenario Rice Chilli Cotton Groundnut
Normal yield (kg ha™") 2944 3568 442 1831
Mid-century (MC)  MC-predicted yield (kg 2923 2947 332 1483
1.93°C/13.6% ha™")
Loss (%) 0.7 17.4 25.1 19.1
Standard deviation 452 335 183 647
End-century (EC) EC-predicted yield (kg ha™') 2439 2867 220 913
4.03°C/17.8% Loss (%) 17.1 19.7 50.3 50.2
Standard deviation 680 145 198 749
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Abstract

Bac Lieu province, a low-lying coastal province in the Ca Mau peninsula of the Mekong River Delta (MRD) of Viet-
nam, is recognized as an area strongly affected by sea-level rise (SLR) accompanying global climate change. SLR will
aggravate inundation and salinity intrusion and hence exert a strong influence on agriculture and aquaculture
production in the province. The study presented in this chapter aims to quantify the impacts of SLR on agriculture
in this province and to propose adaptive options.

The ‘Vietnam River Systems and Plains’ (VRSAP) model was used for simulation of water level, flow and
salinity in the canal network of the MRD for 3 years of low, average and high water volume from upstream of the
MRD and different levels of SLR (12,17, 30, 50 and 75 cm). Under present sea level conditions, the western part of
the province faces the highest flooding risk in October during the rainy season. In the dry season, salinity is high in
the western part where farmers grow brackish water shrimp, while it is low in the eastern part where rice is grown.
The inundation depth increases with the level of the SLR. For SLR less than 30 cm, salinity is expected to decrease
slightly due to more fresh water from the Bassac River. When SLR is higher than 30 cm, salinity in the eastern part
will also increase because the saline water intrudes into freshwater intake canals along the Bassac River. In the near
future, adjustment of the cropping calendar as well as the operations of existing water control structures will
be required. In the distant future, additional structures will be needed to cope with aggravated inundation and
salinity.

8.1 Introduction for 50% of the national rice production. The

MRD, with a total area of 4 Mha and a total

Rice is the most important food source for population of 17.5 million in 2011, has been
half of the world’s population and the most identified as a region that will be signifi-
important crop in Vietnam. The MRD, with  cantly affected by SLR associated with cli-
an annual rice production of 16 Mt, accounts mate change (MONRE, 2012). The most

* Corresponding author, e-mail: n.phong@irri.org
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important impact of SLR is the aggravation
of inundation and salinity intrusion that
strongly influences agriculture and aquacul-
ture production in the MRD, especially in
the coastal provinces (Dasgupta et al., 2007;
IPCC, 2007).

An area of 770,000ha of land (19% of
the MRD) may suffer from frequent and
severe submergence by the end of the cen-
tury due to SLR (MONRE, 2012). In addi-
tion, SLR also enlarges the areas affected by
salinity intrusion. With a 75 cm SLR by 2100
(MONRE, 2012), 17.5% of the population in
the MRD will be directly affected. Develop-
ing adaptation strategies to SLR for the
coastal provinces is crucial to Vietnam’s
economy, food security and livelihoods of
people living in these provinces. It requires
quantitative information on impacts of SLR
on the salinity and submergence in the
affected areas, in particular at the ‘hot spots’
where impacts are the most aggravated
(Wassmann et al., 2004). Bac Lieu, a low-
lying coastal province in the Ca Mau penin-
sula of the MRD, is a representative province
for considering influences of SLR. It was
estimated that with SLR of 1min 2100, 39%
of the provincial area and 45% of its popula-
tion will be affected (Carew-Reid, 2007).

The objectives of the study presented in
this chapter are: (i) to evaluate the impacts
of SLR on salinity intrusion and submer-
gence in Bac Lieu province under different
conditions of upstream flows; and (ii) to rec-
ommend the adaptation strategy for agricul-
ture production in the province.

8.2 Methodology
8.2.1 The study area

The study area is Bac Lieu province at the
southern extent of the MRD (Fig. 8.1). It is
very flat (elevation from 0.2m to 0.8m
above mean sea level) and has a dense canal
network for navigation, irrigation and drain-
age. The network comprises the Quan Lo
Phung Hiep (QLPH) main canal that con-
nects the study area to the Bassac River, a
main branch of the Mekong River in the
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MRD (Fig. 8.1), and a series of canals of dif-
ferent sizes with a total length of 715km.
Four primary canals, typically 30-50m wide
and 4-10m deep with 10m-wide embank-
ments, are perpendicular to the QLPH canal
at 4-5km apart. Secondary canals, 10-15m
wide and 1.5-2.0m deep with 7m-wide
embankments, connect to the primary
canals at 1 km spacing. Tertiary canals, typi-
cally 5-8m wide and 1-2m deep with
5 m-wide embankments, are spaced at 500 m
along the secondary canals. Rice and shrimp
fields are usually connected to secondary
and tertiary canals by tiny channels.
Twenty seven sluices along the national
road No. 1 (NR1) and a series of seasonal
dams (Fig. 8.1) are operated for controlling
saline and freshwater flows in the study
area. Among these sluices, the Ho Phong
(HP) and Gia Rai (GR), the two largest three-
gate sluices 3x8m and 3x7.5m wide,
respectively, play an effective role in manag-
ing salinity and drainage. However, sluices
at the West Sea side have not been built.
Therefore the province is still intruded by
saline water, although inflow from the West
Sea is not as strong as from the East Sea due
to smaller tidal amplitude and diurnal tide.
Fresh water for rice and upland crops in the
eastern part of the province is delivered
from the Bassac River through the QLPH
main canal. In general, the sluice system and
temporary dams divide the province into
three different areas (Fig. 8.1): (i) the fresh-
water area including zones I, V, VI and VII in
the east; (ii) the brackish area including
zones II, III, IV, VIII and IX in the west; and
(iii) the saline area of zone X in the south.
There are two distinct seasons in the
province: the rainy season from May to
November, accounting for 86% of total
annual rainfall, which averages 2300mm
year~!, and the dry season from December to
April. Land use in the province is associated
closely with the distribution of brackish and
fresh water. Farmers grow rice and upland
crops on a total area of 72,542ha (SNIAPP,
2008) in the eastern part comprising of
zones I, V, VI and VII. Shrimp culture is
mainly practised in the western part (zone
IV, VIII and IX) and at the south of NR1
(zone X). In zones II and III, the buffer area
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Fig.8.1. Land use in Bac Lieu province in 2008 (from SNIAPP, 2008).

between fresh and brackish water north of
the QLPH canal, shrimp-rice combination
is practised with shrimp raised during
February-July while rice cropping starts in
August-September and is harvested in
December—January.

Three rice crops are grown in the prov-
ince: (i) He Thu (summer—-autumn) is often
sown in the middle of April and harvested in
late July. Summer—-autumn rice is mainly
rainfed with supplementary irrigation when
drought occurs and may suffer from salinity
if rainfall in April-May is low; (ii) Thu Dong
(autumn-winter) is usually grown from the
end of July to early August. Autumn-winter
rice is completely rainfed and often suffers
from submergence in late September and
October; and (iii) Dong Xuan (winter—
spring) is sown after the harvest of
the autumn-winter crop at the end of
November-December. Winter—spring rice is
fully irrigated, therefore it can be grown
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only in areas where salinity intrusion is
completely controlled. In some years this
crop suffers from shortage of irrigation
water, therefore some farmers have replaced
it with upland crops.

8.2.2 Setting the Vietham River Systems
and Plains model

The ‘Vietnam River Systems and Plains’
(VRSAP) model is a hydraulic and water
quality model to simulate water flow, salin-
ity and acidity in a complex canal network in
the coastal zone influenced by tide (Phong
et al., 2007). In this study, VRSAP was used
to simulate water level, flow and salinity in
the canal and river systems in MRD, bounded
by the Mekong river system from the delta
boundary at Kratie in Cambodia to the East
Sea and the West Sea in the Vietnamese
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Mekong Delta. The model scheme includes
5066 segments (canal and river reaches and
hydraulic structures), 3457 nodes (junction
of two or more segments) and 2882 fields
(space bounded by three or more segments).
Boundary conditions were set using water
level and salinity observations at 11 stations
along the East and West Seas, and flow at
Kratie station. Daily rainfall at 24 meteoro-
logical stations in MRD was also used as
input data. Topographical data of main-
stream rivers and canals were updated with
surveyed data from 1999 to 2006. Topo-
graphical data of secondary and tertiary
canals in Bac Lieu province were provided by
the local authority in 2008. Elevation of
ground surface in the MRD was derived
from the elevation map provided by MONRE
(2010) at the scale of 1:2000. Water demand
for all land uses in the study area was calcu-
lated from evapotranspiration data for every
10-day interval.

Water level, discharge and salinity esti-
mates from the VRSAP model were calibrated

(a) 1.0

Height (M)

0.2 A

0.0

and validated with observed data in 1996 in
the study area (Wassmann et al., 2004). The
year of 2008 is the most recent year having
sufficient hydrological data and sluice opera-
tion information for modelling and is used as
the ‘baseline’ year. In that year two main
sluices along NR1, the Ho Phong and Gia Rai,
were opened a few days in each month of the
dry season (November-May) for intake of
saline water into zones VIII, IX, IV, III and II
for shrimp cultivation, and opened perma-
nently in the wet season from June to Octo-
ber for drainage. The model results showed a
comparison between simulated and observed
water levels and salinity in 2008 at several
locations in the Ca Mau peninsula such as
Phuoc Long and Bac Lieu (Fig. 8.2).

8.2.3 Sea-level rise scenarios

Water levels at boundary stations along the
East and West Seas were assumed to rise

Water level at Phuoc Long from 1 February to 30 April 2008

01/07 11/07 21/07 31/07 10/08 20/08 30/08 09/09 19/09 29/09 09/10 19/10 29/10 08/11 18/11 28/11

—— Observed —— Simulated

(b) 40 -

Salinity (g I'")

Salinity at Bac Lieu from 1 February to 30 April 2008

11/02 21/02 02/03

01/02

12/03
—— Observed

22/03 01/04 12/04 21/04 01/05

- Simulated

Fig.8.2. Comparison of observed and simulated water level at Phuoc Long in the wet season and salin-

ity at Bac Lieu in the dry season.

printed on 2/13/2023 12:01 PMvia .

Al use subject to https://ww.ebsco.conterns-of-use



124

N.D. Phong et al.

with sea level by 12, 17, 30, 50 and 75cm
SLR in 2030, 2040, 2050, 2075 and 2100,
respectively (MONRE, 2012). The impacts
of SLR were considered for different
upstream flows. From time series data of
daily upstream discharge at Kratie from
1985 to 2008 (MRC, 2008), low, average
and high water conditions in 1998, 2004
and 2000, with the total annual volumes of
240 Mm?, 362 Mm? and 507 Mm?, respec-
tively, were selected to compare with the
baseline year 2008 with a total annual vol-
ume of 404 Mm3. Impacts of climate change
and future upstream hydropower and irri-
gation development are not included. The
sluice operation in 2008 is applied for all
cases.

Daily water level and salinity at nodes
in the canal network estimated by VRSAP
model were used to assess the impacts of
SLR. Submergence and drainage capacities
in each zone of the province are evaluated
by comparing maximum and minimum
water level in canals with average ground
surface elevation. Salinity levels exceeding
a threshold of 4 g1 are considered delete-
rious for rice production. From these
assessments, adaptation strategies in agri-
culture production are recommended, for
example, application of new rice varieties
with enhanced submergence or salinity
tolerance.

3.0 1

Max. water level (m)

8.3 Results and Discussions

8.3.1 Submergence and salinity in Bac
Lieu province under present sea level

Daily water level is particularly high if heavy
rain coincides with high tide and increased
flow into the province from the Bassac
River, as indicated by the variation of water
level at Ganh Hao river mouth (Fig. 8.3,
location in inset map of Fig. 8.1). The effects
of tide and local rainfall in the province are
stronger than upstream flow as reflected by
higher water level in the baseline year 2008
than in all other years (Fig. 8.3), although
water volume from upstream in 2008 is only
slightly higher than in the normal water
year 2004 and lower than in the high water
year 2000.

Similarly, Fig. 8.4 also shows that maxi-
mum inundation depth, which usually
occurs in zones I1, IIT and IV during October-
November, is rather high in the baseline
2008 compared to other years. These maps
reaffirm that for a province close to the coast
such as Bac Lieu, the effect of total volume
from the Mekong upstream on inundation
depth is not as important as the simultane-
ous occurrence of high tide, local rainfall and
high daily upstream flow.

The tide from the East Sea is a dominant
influencing factor on salinity intrusion in

T T
AUG SEP

—— Baseline

Fig. 8.3. Daily maximum and minimum water levels at Ganh Hao river mouth in low water (LWY, 1998),
normal water (NWY, 2004) and high water (HWY, 2000) years compared with baseline (2008).
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the eastern zones (Fig. 8.5). Salinity in the
unprotected zone X and in the well-
protected zones I, V, VI and VII does not
vary much year by year. On the other hand,
variations of salinity in different hydrologi-
cal years are clearer in the western zones II,
III, 1V, VIII and IX with lower salinity and
shorter duration in the high water year. In
the low water year, the salinity peak in zone
IX occurs in April (32 gl™!) and extends until
May.

(a) HAU GIANG

SOC TRANG

HAU GIANG

SOC TRANG

8.3.2 Impacts of sea-level rise on
inundation

For all SLR scenarios analysed using inland
water conditions of the baseline year 2008,
both maximum and minimum daily water
levels in the canals in the study area will
increase. Under the present sea level the
drainage capacity in the province, repre-
sented by the difference between the daily
minimum water level and ground elevation

(b) HAU GIANG

%

SOC TRANG

HAU GIANG

SOC TRANG

Inundation depth (m)
002505 10 15 2.0>2.0

A

Fig. 8.4. Maximum inundation depth in rainy season for (a) baseline year 2008, (b) low water year 1998,
(c) normal water year 2004 and (d) high water year 2000.
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Fig. 8.5. Maximum salinity (g I-!) in dry season in baseline 2008, low water year (LWY, 1998), normal
water year (NWY, 2004) and high water year (HWY, 2000).

in Fig. 8.6, is hindered by the high water
level at both high and low tides. Water in
zones VIII and IX at the south-west of QLPH
canal, and in zone X at the south of NR1 can
be easily drained out during low tide because
the minimum water level in canals is gener-
ally lower than the ground elevation. Drain-
age in the western zones of QLPH canal
(zones I, II, III, IV) is poor in the rainy sea-
son, therefore inundation will be more seri-
ous with SLR.

With a 17cm or 30cm SLR, drainage
capacity could be maintained in the eastern
part of QLPH canal (such as zone V) where
sluices are operated for drainage during low
tides from July to October. With SLR up to
30cm, the area with inundation depth of
above 0 to 1m and above 1m will be 50%
and 35% of the total province area, respec-
tively (Fig. 8.7d, e, £).

For SLR higher than 30 cm, inundation
will be severe if the water control systems
(sluice, dyke and canal) are not improved
(Figs 8.6, 8.7¢, ). Under a 75cm SLR sce-
nario, the area with inundation depths of
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less than 1m and above 1m will cover 10%
and 90% of the total province area, respec-
tively (Fig. 8.7f).

The effects of a 75 cm SLR on maximum
inundation depth in the low and high water
years are shown in Fig. 8.8. Compared with
the situation in these years under present
SLR (Figs 8.4b, d), a larger area will be sub-
merged deeper than 1 m. However, due to a
worse combination of high tide, local rainfall
and daily upstream flow, the maximum
inundation in 2008 (Fig. 8.7f) was as severe
as in the high water year 2000 (Fig. 8.8b) as
discussed above.

8.3.3 Impacts of sea-level rise on salinity
intrusion

In the baseline year 2008 sluices along NR1
and temporary dams were operated to man-
age satisfactorily saline water intake for
shrimp production in western and southern
parts of the Bac Lieu province and also to
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Fig. 8.6. Minimum daily water level (m) in the rainy season under 17, 30, 50 and 75cm SLR with inland
water conditions of the 2008 baseline year.
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Fig. 8.7. Maximum inundation in the rainy season in (a) baseline year (2008) and with sea-level rise of
(b) 12, (c) 17, (d) 30, (e) 50 and (f) 75cm.
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protect the rice production area in the east-
ern part from salinity intrusion.

SLR will cause higher water level in the
Bassac River and consequently increase
water level in the QLPH canal and other
canals that connect this river to the Ca Mau
peninsula. Figure 8.9 indicates the increase
of water level at stations along the Bassac
River and the up-river extent of the salinity
boundary of 4g 17! (a threshold for rice pro-
duction) for different SLR scenarios. For all
SLR scenarios this salinity boundary will not
go beyond 50km from the mouth of the
Bassac River. The maximum intrusion is
47.6km, which is about 7km further

(a)

HAU GIANG

SOC TRANG

[ritsiicioQ

upstream compared with the situation at
the present sea level. The projected increase
in salinity intrusion up the Bassac River is
not expected to affect intake of fresh water
into the canal network of the QLPH area as
the intake points are from Cai Con station,
60km from the river mouth, and further
upstream. On the other hand elevated water
levels upstream of Cai Con station will
increase freshwater volume flowing through
the upper intake points into the QLPH
area. This additional amount will reduce
salinity, even in the dry season, at the
northern and western parts of Bac Lieu
province.
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Fig. 8.8. Maximum inundation in the rainy season under 75cm SLR in (a) low (1998) and (b) high

(2000) water years.
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However, SLR above 30cm will cause
high salinity in the intake canals below Cai
Con station such as the canal at Dai Ngai
which is not sluice-protected. This will cause
expansion of the salinity-affected area in the
eastern part of Bac Lieu province. Figure
8.10 shows that for all SLR scenarios salinity
in zone X (outside of the sluice and dam sys-
tem) is almost the same as in the baseline.
On the other hand, salinity in zone VI is
higher than in the baseline, and increases
with higher SLR. Variations in other zones
(e.g. zones I, II, IV, IX) are complex, with
higher salinity in certain months and lower
in other months, depending on the tidal
flows in the canal system and the operation
of the sluice system. In this study the opera-
tion in each month is assumed for the same
purpose of salinity control for shrimp and
rice production as in 2008.

Figure 8.11 shows that for a 75cm SLR
scenario, maximum salinity in the western

6 7 ---sLR75
........ SLR30
5 —— Baseline
% SLR75 SLRsO 41
%21 SLABD e oy Inzonell .
28 1 paseline
24 2

and southern parts in the dry season will be
lower by 4-8gl™! compared to the baseline
while salinity in the eastern part will be
higher by 4-8g1~* (Fig. 8.11f). The mapped
results suggest that under high SLR scenar-
ios sluices and dykes are required to protect
the rice area from salinity intrusion from
the Bassac River into the eastern part of the
province.

The effects of SLR on salinity in the low
and high water years are shown in Fig. 8.12.
Maximum salinities in the low and high
water years under present sea level (Fig.
8.12a, c) are respectively higher and lower
than in the baseline year 2008 (Fig. 8.11a),
indicating that unlike inundation, salinity
in the dry season in Bac Lieu province is
strongly influenced by upstream flow. Under
a 75cm SLR scenario, salinity variations in
these years are similar to the baseline year
2008 with a decrease in the western part and
an increase in the eastern part, and salinity
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in the high water year is consistently lower
than in the low water year.

8.4 Adaptation Strategies to Sea-
level Rise in Bac Lieu Province

Based on the changes in inundation depth
and salinity in three representative zones
(Fig. 8.13) where rice and shrimp cropping
systems are predominant, the following
adaptations to SLR are recommended.

SLR below 30 cm before 2050 will cause
a maximum increase in inundation depth of
less than 20 cm in all three zones and a slight
decrease in salinity, 5gl™* in zone IV and
1gl™! in zones I and VII, respectively. In gen-
eral, infrastructure measures can be applied
to reduce the effects of these changes such
as: (i) opening and closing all sluices at ebb
tide and flood tide, respectively, for improv-
ing drainage in the wet season; (ii) elevating
the field bunds by 20 cm to avoid over-bund
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flow into the rice fields; and (iii) opening the
Ho Phong and Gia Rai sluices for more days
during the dry season for intake of saline
water into zone IV for shrimp cultivation.
Major adaptation strategies to SLR in differ-
ent zones are:

e In the freshwater zones I, V, VI and VII,
more water flowing into the province
under SLR will be favourable as a source
for irrigation of the winter—spring rice
from December to March. Maximum
salinity in these zones will slightly
increase but it is still not a major con-
straint to rice cultivation. On the other
hand, new rice varieties with higher
submergence tolerance will be required
for the autumn-winter rice from August
to November.

e In the brackish water zones I, ITII and IV
where shrimp is raised in the dry season
and rice is grown in the wet season,
slightly lower salinity and longer dura-
tion of fresh water will provide more
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favourable conditions for the rice crop,
although new rice varieties with higher
submergence tolerance are also required
for the summer—-autumn crop.

e In the brackish and saline water zones
VIII, IX and X where shrimp-based sys-
tems are predominant, adjustment in
sluice operation will be needed to ensure
suitable salinity for shrimp.

Beyond 2050 when SLR is higher than
30cm, the daily maximum and minimum
water levels in the canal network will
increase with about 50-80% of the SLR.
These increases will cause deeper inundation
and hinder gravitational drainage in all
zones. Besides the adjustment in production
systems and operations of existing sluice
systems, additional hydraulic structures will
be needed to cope with these impacts. For
example, embankments should be raised to
a higher elevation than 20 cm, new sluices
should be built in the canals upstream of Dai
Ngai and pumping capacity should be
improved. Major adaptation strategies to
SLR in different zones are:

e In the freshwater zone I at the north of
QLPH canal, SLR will cause higher sub-
mergence and restrict the drainage by
gravity during the peak water level in
September-November. The rice-crop-
ping calendar must be adjusted to avoid
this peak period. The autumn-winter
rice crop will not be suitable unless
pumps are deployed for drainage. Rice
varieties with enhanced submergence
tolerance will be needed for this crop-
ping season, and also for the summer-
autumn crop that is harvested in late
July. On the other hand, the winter—
spring crop in the dry season should be
started earlier than under the present
sea-level conditions to avoid increased
salinity at the end of the crop season.
Rice varieties with enhanced salinity
tolerance are also needed.

e In the freshwater zones V, VI and VII to
the south of QLPH canal, inundation
depth will be lower than in zone I, but
the increase in salinity will hamper
the cultivation of the winter-spring
rice crop in the dry season, although
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varieties with enhanced salinity toler-
ance (such as 0OM4900, OM6677,
OM10252, etc.) have been applied.
Unless new sluices are built upstream of
Dai Ngai station to control salinity
intrusion into these zones, this rice
crop may be replaced by upland crops
such as maize or vegetables with less
water requirement and shorter crop
duration. The summer-autumn and
autumn-winter rice crops will also be
hampered by increased submergence
and reduced drainage capacity, but not
as seriously as in zone I.

In the buffer zones II and III between
brackish and fresh water, rice varieties
with enhanced submergence tolerance
will be needed. With reduction in salin-
ity, the time window for the winter—
spring rice crop will be prolonged and
the duration of shrimp cultivation at
upper locations will be shorter. Even if
the Ho Phong and Gia Rai sluices are
opened for more days during the dry
season, saline water from the East Sea
would still not be able to reach these
zones.

In the brackish water zones IV, VIII and
IX, lower salinity under SLR will provide
more favourable conditions for expand-
ing and extending the rice crop in the
rainy season. A conflict in water require-
ment as in the past (Hoanh et al., 2012)
will occur if sluices are opened for more
days, for intake of brackish water to
meet the demand of shrimp growers,
while rice farmers need fresh water for
their rice crop. Coordination between
sluice operation at regional level and
adjustment of cropping calendars at
farm level should be strengthened to
minimize such conflict.

In the saline zone X, the slight change of
salinity under SLR will not influence
significantly the main production of
shrimp and other aquaculture produc-
tion such as crab and fish. However,
because this zone is located along the
seashore, the increased inundation
depth will be close to the level of SLR
and therefore embankments should be
elevated.
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8.5 Conclusions

In contrast with previous global studies
(Zeidler, 1997; Nicholls et al., 1999; Das-
gupta et al., 2007) whereby digital elevation
models (DEM) of coastal zones were used
directly to determine the impacts of SLR,
this study analysed the hydrodynamics of
unsteady flows in a complex canal and river
network within a delta that is strongly
affected by tide and SLR. The study showed
that in a province close to the coast such as
Bac Lieu, changes of inundation depth due
to the variation in total annual water vol-
ume from upstream are not significant, but
timing of the peak flow, tidal cycle and local
rainfall are more relevant. The effects of SLR
on salinity are more complex than on inun-
dation depth. In the wet season SLR causes
an increase of maximum and minimum
water levels, but this increase gradually
reduces inland, about 50%-80% of the
increase of sea level. In the dry season, SLR
will cause more fresh water from the main-
stream flowing into the province at the
northern and western parts, hence salinity
in these parts will be lower. On the other
hand salinity will be higher in the eastern
part where saline water will reach the intake
canals. Soft measures such as adjustment of
cropping calendar or sluice operations are
possible to adapt to low SLR. However,
beyond 2050 when SLR is higher, hard mea-
sures such as new sluices, dykes and pumps
will also be needed.

While the study is of a very specific case
study area, it illustrates two important gen-
eral points. The first is the importance of
modelling to explore impacts that may not
be intuitive (e.g. the decrease in salinity in
some areas under SLR), but are significant in
management terms. The second is that the
study demonstrates very clearly that adapta-
tion responses are not static, but must
evolve as the severity of impacts increases;
and that planning needs to reflect this
strategy.

In this study impacts of climate change
and development in the Mekong upstream
as well as in the MRD were not taken into
account when determining the impacts of
SLR on production systems in Bac Lieu
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province. Nevertheless, if climate change is
included, and given the current uncertainty
in daily rainfall projection, we cannot expect
more accurate results to develop suitable
adaptation strategies. Another limitation of
this study relates to the nature of SLR.
Unlike sudden onset events such as a tsu-
nami, SLR is a slow change amounting to an
increase <1cm year'. Therefore changes in
siltation and streambed configuration of
channels and in ecosystems are gradual, and
adaptations by local people or heightening
of canal embankments are likely to happen
incrementally. These adaptations require
other detailed investigations that were not
considered in this study.
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Abstract

Most of the aquaculture production in South-east Asia occurs in the floodplains and coastal areas that are highly
exposed and vulnerable to climate change impacts and sea-level rise (SLR). This chapter presents an example of
economic estimation of autonomous adaptation by shrimp and catfish farms in the Mekong Delta of Vietnam. It
illustrates how planned adaptation measures can help defray catfish farmers’ escalating costs of raising pond dykes
in response to increased flooding in the delta. It also indicates that government policy and public investment into
planned adaptation towards climate change impacts, particularly for water resources management, would neces-
sarily take account of socio-economic development targets of the aquaculture industry. From these analyses,
broader implications of plans for water resources management in the delta on the prospects and challenges to the
aquaculture sector are discussed. In the long term, a ‘no-regrets’ strategy of reducing the high dependence on
shrimp and catfish culture and diversifying into more ecologically oriented production systems can also hedge the

aquaculture industry against the increasing risks and uncertainties brought about by climate change.

9.1 Introduction

Aquaculture is one of the fastest-growing
animal food-producing sectors in the world.
In the last three decades (1980-2010), pro-
duction of farmed food fish increased
12-fold, at an average annual rate of 8.8%
(FAQ, 2012). The Asian region accounts for
almost 90% of total aquaculture production
and one-third of its global seafood export
value (estimated from FAO online statis-
tics). Excluding China, over half of the
exported aquaculture products from Asia
(accounting for almost two-thirds of the
continent’s global seafood export value) are
produced in Bangladesh, Indonesia, the
Philippines, Thailand and Vietnam. Most of
the aquaculture production in South-east

* Corresponding author, e-mail: s.kam@cgiar.org

Asia occurs in the floodplains and coastal
areas that are highly exposed and vulnera-
ble to climate change impacts - not only the
direct climatic parameters, such as temper-
ature and rainfall patterns, but also SLR and
consequent flooding and coastal salinity
intrusion. These impacts will have signifi-
cant economic as well as social costs to
those who directly and indirectly depend
on the aquaculture industry for their
livelihoods.

Adaptation is an imperative for enhanc-
ing the resilience of this economically impor-
tant and dynamic sector. Aquaculture
operators will, and do, respond to changes in
land and water availability, market incen-
tives and commodity prices by changing
farm practices or even altering culture

© CAB International 2016. Climate Change and Agricultural Water Management in

Developing Countries (eds C.T. Hoanh et al.)
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species and production systems. All of these
constitute autonomous adaptation, where
actors respond ‘spontaneously’ to change
triggers (Adger et al., 2007). Climate change
and its attendant hydrological and coastal
phenomena constitute additional environ-
mental triggers to which farmers have to
respond and adapt. By implementing these
changes at the farm level, individual farmers
will have to incur incremental capital invest-
ment and operational costs.

In 2010, a study was conducted by a
WorldFish team to estimate the costs of
autonomous adaptation by shrimp and cat-
fish farms in the Mekong Delta of Vietnam
(Kam et al., 2012). This chapter extracts and
examines the main findings of the study and
discusses broader implications of plans for
water resources management in the delta, in
light of climate change and future land use,
on the prospects and challenges that the
aquaculture sector in the delta would face
and the possible response strategies.

9.2 Current Status of the Aquaculture
Industry in the Mekong Delta of
Vietham

The Mekong Delta of Vietnam, with its intri-
cate system of canals, embankments and
water-control structures, provides a mosaic of
freshwater, brackish-water and marine envi-
ronments that accommodate diverse aquacul-
ture systems producing a variety of fish,
crustacean and mollusc species (Table 9.1).

Presently the aquaculture industry in
the delta is dominated by culture of the
brackish-water shrimp (predominantly the
black tiger shrimp, Penaeus monodon and
with an increasing presence of the Pacific
white leg shrimp, Litopenaeus vannamei) and
the freshwater striped catfish (Pangasian-
odon hypophthalmus) — the two most impor-
tant fish food commodities of Vietnam with
a total export value of almost US$4bn in
2012,% accounting for about 4% of the
national Gross Domestic Product (GDP). The
Mekong Delta accounts for about 80% and
98% of the total shrimp and catfish export
values, respectively (GSO, 2008).
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The spatial distribution of brackish-
water shrimp and freshwater fish culture in
the delta (Fig. 9.1) is influenced by its hydro-
logical regimes, which result from a combi-
nation of local rainfall, seasonal discharges
of the Mekong River into the delta and tidal
effects from the sea.

Prolonged deep flooding occurs in the
upper delta from July to December (Tuan
et al., 2007) as a result of the rainy season
(May-October) coinciding with the high
flow period (June-August), while the coastal
zone experiences salinity intrusion from
December to May (Tuan et al., 2007) as a
result of the dry season (November—April)
coinciding with the period of low flows
(February-April). High tidal ingress up the
river branches of the delta aggravate flood-
ing in the upper delta as well as salinity
intrusion in the coastal zone.

Brackish-water shrimp culture in ponds
is carried out in the salinity-affected areas
in the coastal zone (Fig. 9.1) at improved
extensive, semi-intensive and intensive
scales, which are differentiated by stocking
rates and feeding regimes. Presently the
improved extensive system covers the larg-
est area and occurs mainly in the salinity-
affected intertidal zone of Ca Mau and Bac
Lieu provinces. In areas further away from
the intertidal zone there have been shifts to
semi-intensive and intensive shrimp culture
with mechanical aeration and water re-
circulation to maintain high stocking densi-
ties for high yields. Shrimp-rice aquaculture
is practised in areas where a dual brackish
and freshwater regime is maintained, par-
ticularly in parts of the south-western Ca
Mau peninsula where a system of sluice
operations and temporary dams allow sea
water to intrude during the dry season for
shrimp and to be flushed out during the
rainy season for rice? (Hoanh et al., 2009).

Catfish culture is concentrated in the
inland provinces of An Giang, Dong Thap
and Can Tho in the upper delta where fresh-
water supplies are ample (Fig. 9.1). Catfish
ponds are located close to rivers and canals
for ease of constant pumping to have a high
level of water exchange for the intensively
cultured system. As these areas are sub-
jected to seasonal flooding, catfish ponds
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Table 9.1. Diversity of aquaculture production systems and farmed species in the Mekong Delta, Vietnam.

Production system

Culture species

Extent and location

Brackish-water shrimp-based systems

Pond monoculture at improved extensive (IE),
semi-intensive (SI) and intensive (IN) scale

Shrimp-rice rotation (dry-season shrimp monoculture)

Shrimp—crab pond culture
Mangrove—shrimp

Mangrove—shrimp—mud crab; mangrove—shrimp—mud

crab—blood cockle
Other brackish-water aquaculture systems

Cockles and clams: bed culture on intertidal mudflats

for blood cockle; sandy beaches for clams
Pond or tank monoculture of eel

Mud-skipper: pond monoculture; in rotation with
shrimp, mud-crab and Artemia; integrated with

shrimp and mud crab
Freshwater catfish culture systems

Pond monoculture of river catfish at highly intensive

scale

Cage and pen monoculture of catfish at highly

intensive scale

Hatchery Penaeus monodon at IE, S| and IN scale; hatchery
Litopenaeus vannemai at IN scale
Hatchery Penaeus monodon

Hatchery Penaeus monodon; hatchery Scylla serrata
Wild seeds supplemented with hatchery Penaeus monodon

Wild seeds supplemented with hatchery Penaeus monodon,
hatchery Scylla sp.; Anadara granosa spats

Anadara granosa, various clams

Anguilla mamorata
Pseudapocryptes elongatus

Pangasius hypophthalmus (céatra )

Pangasius bocourti (cabasa), Pangasius hypophthalmus,

Clarias gariepinus x Clarias macrocephalus (hybrid catfish)
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300,000ha IE in Ca Mau and Bac Lieu
provinces; 18,000 ha Sl in Bac Lieu, Soc
Trang and Tra Vinh; 22,000 ha IN in Soc
Trang, Tra Vinh and Ben Tre

100,000ha in Ca Mau, Bac Lieu, Soc
Trang and Kien Giang

Ca Mau, Ben Tre, Kien Giang and Tra Vinh

20,000ha in Ca Mau; other provinces: Ben
Tre, Kien Giang, Tra Vinh

30,000 ha shrimp—mud crab in Ca Mau;
850 ha of mixed culture with blood cockle

Ben Tre, Soc Trang, Tien Giang, Kien
Giang and Tra Vinh

2000ha in Ca Mau

150ha in Bac Lieu and Soc Trang

4500ha in An Giang, Dong Thap, Can Tho
and Vinh Long
An Giang and Dong Thap

Continued
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Table 9.1. Continued.

Production system

Culture species

Extent and location

Other freshwater fish culture systems
Intensive pond culture of climbing perch
Pond, cage, hapa and tank monoculture of snakehead

Cage and pond-intensive monoculture of tilapia
Low- to semi-intensive polyculture of carp

Fish polyculture in rice fields

Livestock—fish polyculture

Giant freshwater prawn culture systems

Rice—prawn rotation (prawn during flood season);
integrated rice—prawn; pond and pen monoculture

Mariculture systems

Floating raft culture of oysters

Cage mariculture of marine finfish

Anabas testudineus
Channa spp.

Oreochromis niloticus (black and red tilapia)

Cyprinus carpio (common carp), Ctenopharyngodon idella
(grass carp), Chirrhinus molitorella (mud carp),
Hypophthalmichthys molitrix (silver carp)

Tilapia, common carp, silver carp, Pangasius catfish,
Helostoma temminckii (kissing gourami), Osphronemus
goramy (giant gourami), Puntius gonionotus (silver barb)

Macrobrachium rosenbergii

Crassostrea gigas

Panulirus spp. (spiny lobster), Epinephelus spp. (grouper),
Lates calcarifer (seabass), Seriola dumerilli (yellowtail),
Parargyrops edita (sea bream), Lutjanus spp. (snapper),
Hippocampus sp. (seahorse), Pinctada maxima and P,
martensii (pearl oyster)

Can Tho city

An Giang, Dong Thap, Can Tho and Kien
Giang

Tien Giang and An Giang

Hau Giang, Can Tho, Vinh Long, Ben Tre,
An Giang and Dong Thap

An Giang, Can Tho, Ben Tre, Dong Thap

Kien Giang
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Fig.9.1. Land use in the Mekong Delta of Vietham, 2007 (from The Sub-National Institute for Agricultural Planning and Projection (Sub-NIAPP), Vietnam).
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need to be protected by raised dykes. With  anthropogenic climate change on weather
the Vietnamese government’s relaxation of ~and sea events are highly uncertain and are
land zoning for catfish production in 2002, estimated based on plausible scenarios of
farms have expanded towards the coast to future socio-economic development that
take advantage of the stronger tidal move- influence greenhouse gas emissions, and
ment to lower water-pumping costs. Catfish  consequently the earth’s ecophysical
farming is now found in the coastal prov- responses. Nevertheless, the trends are clear
inces of Soc Trang and Ben Tre provinces, as  that the Mekong Delta will experience: (i)
far downstream as the water salinity condi- temperature increases at rates that will
tions are tolerable to the riverine catfish. appreciate more markedly beyond 2050; (ii)

drier dry seasons and wetter rainy seasons;

and (iii) SLR that will increase ingress of sea

water particularly to parts of the delta that

9-? C!imate Change and its are not already protected.
Implications on the Aquaculture These climatic and sea-level changes
Industry in the Mekong Delta have direct and indirect impacts on aqua-

culture in the delta. Aquaculture ponds are
As shown in Table 9.2 for the Mekong Delta, dependent on water supply from rivers and
the magnitudes of long-term impacts of canals rather than directly from rainfall;

Table 9.2. Comparison of projected changes in environmental variables under moderate and high
emission climate change scenarios? for the Mekong Delta of Vietnam by 2050 and 2100 (relative to the
1980-1999 period).

Moderate emission (B2)  High emission (A2)
Change in impacted

variable By 2050 By 2100 By 2050 By 2100 Remarks
Annual mean temperature (°C)

Marchand et al., 2011 1.0 2.0 2.0 4.0

MONRE, 2009 1.0 2.0 1.0 2.6

Dry season rainfall (%)
Marchand et al, 2011 0to-10 -5to-15 -10to-20-20 to —40Period considered: November—April

MONRE, 2009 -7.5 -14.3 -7.2 -18.2 Period considered: March—May
Wet season rainfall (%)

Marchand et al., 2011 0-5 5-10 10-20 10-30 Period considered: May—October
MONRE, 2009 0.9 1.6 0.8 2.1 Period considered: June—August
Sea-level rise (cm)

Marchand et al., 2011 20 to 30 30-50 40-60 100-200 High emission scenario used is
MONRE, 2009 30 75 33 100 A1F1instead of A2

Increase in salinity intrusion

Marchand et al., 2011 slight moderate  moderate dramatic

Low flow of the MekongP® (%)

Marchand et al., 2011  5to -5 5t0o-15 —10 to -30-30 to —60Dry season flow: November—April

Hoanh et al., 2010 40 42 Low flow season: December—May
High flow of the Mekong (%)

Marchand et al., 2011 no change 10 0-10 20-50 Wet season flow: May—October
Hoanh et al., 2010 -3.3 1.4 High low season: June—August

aThe emission scenarios identified in the Special Reports on Emission Scenarios (SRES) of the Intergovernmental
Panel on Climate Change (IPCC, 2000).

bThis large discrepancy of projected low flows, from reduced to increased volumes, stems from different model
assumptions and reflects the great uncertainty in future scenarios for river flow and discharge into the Mekong Delta,
which are influenced by climate change impacts as well as by upstream development of irrigation and hydropower
schemes.
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hence, changes in hydrological flows and
regimes of the delta are expected to be the
most significant aspect of climate change
impact to affect the aquaculture sector.
These changes are influenced not only
directly by weather changes, especially rain-
fall patterns, but also by changes in sea level
and by upstream hydropower and irrigation
development affecting seasonal flow of the
Mekong River into the delta (Hoanh et al.,
2010). These changes have large impacts on
the availability of water resources, flood
events, particularly in the upper delta, and
water quality, particularly intrusion of sea
water into the coastal zone.

SLR accompanying global warming will
result in ingress of sea water further up the
branches of the Mekong within the delta,
which can exacerbate the accumulation of
flood waters from upstream river discharge
during the high-flow season and thus aggra-
vate flooding in the upper delta. Figure 9.2
shows the projected increase in maximum
flood levels during the rainy season for a
50cm SLR scenario,® superimposed with
locations of catfish pond areas in each
province.

The greatest increments in flooding
depth are projected to occur in An Giang,
Dong Thap and Can Tho provinces, which

&
2
e 4
3 Ben Tre
o .
P o
&
. . Hau Giang
Kien Giang
Bac Lieu
- . Catfish ponds
Max flood level increment (m)

<0.5

0.5-1
N 1-1.5
A 1.5-2
225

25 50 75
e
Kilometres . 3-9.28
4
Fig. 9.2. Increment of maximum flood level during the rainy season for a 50-cm SLR scenario, with

location of catfish farms in the Mekong Delta of Vietnam (from SIWRP, 2009).
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have the largest concentrations of catfish
farms in the delta. Catfish ponds would need
further protection from seasonal floods.
This could be achieved by farmers raising
their pond dykes or by benefiting from
public initiatives to boost flood-protection
measures.

Figure 9.3 shows where increments in
maximum water salinity under the 50-cm
SLR scenario are projected to occur during
the dry season, assuming no additions or
enhancements to the existing infrastructure
to control salinity intrusion into the delta

(SIWRP, 2009). From GIS analysis (Kam
et al., 2012), an estimated 180,000ha (or
55%) of the shrimp-farming area will experi-
ence salinity increments of up to 2 parts per
thousand (ppt), and another 45,000 ha (or
11%) will be subjected to salinity increments
greater than 2 ppt in the dry season. A fur-
ther 190,000 ha presently in rice and rice—-
aquaculture areas are likely to experience
increased salinity (above the 4 ppt threshold
for rice) during the dry season, thereby
providing an opportunity for expansion of
brackish-water aquaculture in these areas.

Dong Thap

&
Ben Tre
9
Bac Lieu Salinity (ppt)
0
<1
1-2
2-3
B
0 25 50 75
[ | EE
Kilometres
é
Fig. 9.3. Increment of maximum salinity intrusion during the dry season for the 50-cm SLR scenario in

the Mekong Delta of Vietnam (from SIWRP, 2009).
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Table 9.3 summarizes the specific
impacts of climate change on shrimp and
catfish aquaculture in the Mekong Delta,
where farmers would have to make adjust-
ments to their farm operations. The associ-
ated costs would be taken into account in
the economic analysis of autonomous adap-
tation that is reported in the next section.

9.4 Economic Analysis of
Autonomous Adaptation for Shrimp
and Catfish Farms

The approach taken in the economic analy-
sis of farm-level autonomous adaptation
for shrimp and catfish farms (Kam et al.,
2012) involved conducting a farm-level

cost-benefit analysis (CBA) for freshwater
catfish and brackish-water shrimp in the
Mekong River Delta under climate change
(CC) with autonomous adaptation and non-
climate change (NCC) scenarios. Four pond-
based aquaculture production systems were
considered: brackish-water shrimp culture
at improved extensive and semi-intensive/
intensive scales, and freshwater catfish cul-
ture in the inland and the coastal provinces.
The analysis was done for two time-periods,
from 2010 to 2020 (where projections of cli-
mate change impacts on input costs and
price changes could be made with relative
confidence) and from 2021 to 2050 (where
projections become more uncertain).

The production budgets for catfish and
shrimp operations in the Mekong Delta
from past sample surveys conducted by Sinh

Table 9.3. Sensitivity of cultured catfish and shrimp to expected changes in environmental variables

due to climate change.

Climate change impacts Effect on aquaculture organisms

Temperature rise
likely

Expected increased range within tolerance limits;? stress and mortality less

Enhanced growth rates and feed conversion (metabolic rate) increases oxygen
demand and need for aeration

Increased decomposition rate of organic detritus in the water reduces oxygen
levels and worsens water quality and invasiveness and virulence of bacteria
(Dalvia et al., 2009) and increases need for more frequent water exchange,
hence greater water demand with adverse effect on water quality of discharge

from ponds

Air-breathing catfish (Browman and Kramer, 1985) are better able to withstand
low levels of dissolved oxygen than shrimp, which require more aeration

Drier dry season

Higher evaporation rates from ponds increase the need for replenishing with

fresh water, also in shrimp ponds to reduce salinity build-up, hence more
pumping and electricity use

Wetter wet season

Tendency for greater prevalence of infection of catfish in the rainy season (Thuy

et al., 2010), hence the need and greater costs for disease prevention and

control
Increased flooding
Sea-level rise
Increased salinity
intrusion
provinces

Higher risk of loss of fish if ponds overflow, and hence financial loss

Increased tidal reach further aggravates inland flooding

Increased salinity levels further up the Mekong branches beyond the tolerance
limit of river catfish has direct adverse effect on catfish farming in coastal

Seasonal salinity increases do not affect shrimp survival rates if kept within the
range of 10-35 ppt; higher salinity can retard growth

Increased salinity-affected areas in the coastal zone provide expansion
opportunities for brackish-water aquaculture

aThe range of temperature that supports normal growth of Penaeus monodon is between 28°C and 33°C (Duong, 2006);
Pangasius spp. perform well in water temperatures ranging between 22°C and 26°C (from http://www.fao.org/fishery/
culturedspecies/Pangasius_hypophthalmus/en (accessed 31 March 2013)).
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(2008) were compiled and used as the basis
for estimating the baseline (2010) costs and
benefits for farm operations. Benefits from
farm operations were measured by gross
income, and costs comprised fixed and vari-
able farm operation costs. Given the limited
sample sizes of the 2008 survey — 131 inland
catfish farms, 60 coastal catfish farms, 50
extensive/improved extensive shrimp farms
and 50 intensive/semi-intensive shrimp
farms - the production data provided were
aggregated and averaged over all farm sizes.
The averaged estimates would not represent
the diversity of farm characteristics such as
location, socio-economic circumstances and
access to technology and financing, which
would influence economic performance of
catfish and shrimp farming,.

An expert elicitation approach was used
to gather local experts’ opinions on the
impacts of climate change and other drivers
of change on variable costs such as land
price, feed use and seed use of the four stud-
ied aquaculture systems over the past 10
years and in the next 10 years (2010-2020).
The 13 stakeholders consulted comprised
shrimp and catfish farmers, provincial aqua-
culture staff and local university researchers
specializing in aquaculture. In consultation
with the selected 13 stakeholders, drivers of
change affecting shrimp and catfish produc-
tion costs were grouped into four categories:
technical, market, pond environment and
climate change. The stakeholders provided
their perceptions of how the likely effects of
climate change parameters on shrimp and
catfish culture (listed in Table 9.3) would
impact on operating costs (the focus was on
variable inputs such as land, feed and seed
uses). While expert elicitation may be con-
sidered an acceptable approach in the
absence of predictive models on the actual
impacts of climate change on fish perfor-
mance and yields (Moss and Schneider,
2000), estimates based on fish growth mod-
els and projected yield changes would reduce
the uncertainty surrounding the results.

Farm-level costs and benefits were ana-
lysed under scenarios of CC with autono-
mous adaptation (the CC scenario), and with
no climate change (the NCC scenario). Under
the CC scenario, the full value of input costs
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was used. For the NCC scenario, the propor-
tion of costs attributed to CC impacts was
omitted. After obtaining the annual net ben-
efits for the analysis period the net present
values (NPV) of the CC and NCC scenarios
were then compared. The results of the
2010-2020 period are described here as an
illustration of economic analysis of the costs
of autonomous adaptation at farm level for
catfish and shrimp farming.

It is to be noted that the analysis was
based on the assumption of linear increase
in farm-gate prices for catfish and shrimp.
Future market changes were not included in
the computation of net benefits, which are
highly sensitive to the farm-gate price of
fish and shrimp. Similarly, technological
advances may impact cost structures, and
international trade policies can change
demand for Vietnam’s aquaculture products.
Given the large uncertainty over the interac-
tion of seafood market demand, input prices
and costs in the future, these results should
be interpreted as the outcome that would
exist only if the input price and cost situa-
tions assumed in the estimations prevail.

9.4.1 Base production budgets

Tables 9.4 and 9.5 summarize the estimated
baseline costs and benefits for catfish and
shrimp farming operations, respectively.
Feed constitutes the largest cost in
aquaculture production, accounting for 82%
and 84% of the variable costs for inland and
coastal catfish farms (Table 9.4) and 53%
and 66% of variable costs for semi-intensive/
intensive and improved extensive shrimp
farms (Table 9.5), respectively. Seed and bio-
chemicals account for the next largest costs
for both catfish and shrimp production,
with biochemicals taking up a high 11% of
the variable costs in the semi-intensive/
intensive shrimp system. On current trends,
catfish farming in general faces a bleak
future because gross revenues are not able
to keep pace with the past and expected
increase in input costs (especially land, feed
and seed costs) even in the absence of CC
impacts. Only the most efficient and
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Table 9.4. Base production budget for inland and coastal catfish farms (costs in Vietham dollars, VND)

(from Sinh, 2008).

Input million ha~' crop1)

Inland (n=131)

Coastal (n=60)

Gross income 4868.9 3738.1
Total costs 4616.8 3644.7
Total fixed costs 20.9 28.3
— Depreciation of ponds 11.6 17.15
— Depreciation of machinery 717 8.15
— Land taxes 2.13 3.0
Total variable costs 4596.1 3616.4
— Pond preparation 23.6 27.2
— Seed 329.1 263.7
— Feed 3772.5 3051.2
— Chemicals and drugs 205.4 152.4
— Dyke upgrades 11.0 4.6
— Fuel and electricity 48.7 7.7
— Harvest and transportation 28.8 25.4
— Labour 39.2 447
— Interest on loans 127.4 33.9
— Miscellaneous 10.4 5.6
Net income 2521 93.4

Table 9.5. Base production budget for improved extensive (IE) and semi-intensive/intensive (SlI) shrimp

farms (from Sinh, 2008).

Input (VND million ha~" crop~') Sll (n=50) IE (n=50)
Gross income 4311 65.9
Total costs 193.3 28.8
Total fixed costs 13.53 2.94
— Depreciation of ponds 7.58 1.79
— Depreciation of machinery 0.85
— Land taxes 1.35 0.30
Total variable costs 179.77 25.86
— Pond preparation 8.09 2.2
— Seed 9.35 3.13
— Feed 119.0 13.7
— Chemicals and drugs 21.0 1.88
— Dyke upgrades 3.05 0.31
— Fuel and electricity 8.63 1.37
— Harvest and transportation 1.61 0.10
— Labour 6.11 1.45
— Interest on loans 1.41 1.14
— Miscellaneous 1.43 0.58
Net income 237.8 371

adaptable farmers will survive such a
squeeze on farming margins, which are cur-
rently in the range of 3-5%. Many catfish
farmers, particularly those operating at
small scale, might soon find it unprofitable
to remain in the sector and will be forced to
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leave the industry, which will result in indus-
try consolidation in the hands of large-scale
stakeholders vertically integrated. This
trend has already been observed in the delta
in recent years. For example, in An Giang
province the number of small catfish farms
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(<500m?) declined from 3200 in 2004 to

only 547 in 2009 (Little and Murray, n.d.).
Current trends are more favourable for

shrimp farming, with margins of 123% and

129% for semi-intensive/intensive and
improved extensive farms, respectively
(Table 9.5).

9.4.2 Costs of autonomous adaptation

The results from Kam et al. (2012) for the
2010-2020 period are described here as an
illustration of economic analysis of the costs
of autonomous adaptation at farm level for
catfish and shrimp farming. As shown in Fig.
9.4, net income remains positive until 2018
and only until 2015 for inland catfish and
coastal catfish farms, respectively, under the
NCC scenario. Under the CC scenario, the
additional costs of adapting to climate
change will intensify the squeeze on the slim
profit margins of catfish farms, thus hasten-
ing the onset of net losses. Catfish farms in
the coastal provinces will be particularly
affected adversely by increased salinity intru-
sion up the rivers reducing freshwater supply
to the ponds. Comparison of NPVs for the
NCC and CC scenarios suggests that respond-
ing to climate change over this period would
result in a decrease in discounted net income
of VND4.7bnha™ for coastal catfish farms
over the 2010-2020 period.
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In comparison, shrimp farms manage to
produce positive net benefits for a longer
period than catfish operators due to lower
total costs relative to gross income. As
shown in Fig. 9.5, net incomes remain posi-
tive over the 2010-2020 period but respond-
ing to climate change leads to a more rapid
decrease of net income. Comparison of
NPVs for the NCC and CC scenarios suggest
that responding to climate change over this
period would result in decreases in dis-
counted net income of VND51.6 million
ha™! for improved extensive shrimp farming
and VND403.7 million ha™ for semi-
intensive and intensive shrimp farming.

The economic analyses show that auton-
omous adaptation of aquaculture to CC
increases farm-level operation costs. Catfish
farmers already operate at the brink of eco-
nomic viability given increases in input costs
and reduction in prices of marketed prod-
ucts in recent years. Climate change is just
an additional driver to decrease even further
the expected profitability of catfish culture.
Shrimp farmers overall are able to bear the
cost of adaptation over a longer time frame
than catfish farmers. This is because out-
looks for shrimp markets are in better con-
dition compared to those for catfish.
Furthermore, the shrimp industry is more
spread out, involving much larger geograph-
ical areas and a larger number of stakehold-
ers. It is more mature and less capitalized
and so it is projected that the shrimp
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Fig.9.4. Net farm income from catfish under climate change and no climate change scenarios for the

period 2010-2020.
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Fig. 9.5. Net farm income from shrimp under climate change and no climate change scenarios for the

period 2010-2020.

industry can remain profitable for longer
than catfish under CC scenarios. Despite its
lower profitability compared with the
semi-intensive/intensive system, improved
extensive shrimp culture is more sustain-
able, both environmentally and economi-
cally, especially for small-scale farmers.

9.5 Planned Adaptation: The Case of
Water Resources Management

Considering the economic importance of the
aquaculture industry for Vietnam, govern-
ment-funded planned adaptation measures
that can partially offset certain farm-level
costs of autonomous adaptation would
bring relief to farmers, especially those
already operating with narrow profit mar-
gins. In particular, planned adaptation
measures relating to water resources man-
agement in the delta have direct implica-
tions on the aquaculture sector. A recent
water resources development plan for the
Mekong Delta (Fig. 9.6) takes account of its
anticipated agricultural development sce-
nario for this decade and the next, with a
vision to 2050 (SIWRP, 2010).

Catfish farms in the inland provinces
will mainly benefit from improved flood pro-
tection measures that are broadly targeted
for rice and other agricultural crops in the
upper and middle delta zones. The study by
Kam et al. (2012) illustrates the case where
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public investment on constructing flood
protection infrastructure in the upper delta
would ease the financial burden on catfish
farmers to raise their pond dykes. Estimates
of the farm-level costs for upgrading catfish
pond dykes were scaled up to the industry
level by taking account of the prevailing area
extents of the two catfish production sys-
tems and estimates of the extents to which
these areas would be affected by successive
increments in flooding depth resulting from
SLR, based on a GIS analysis of the map in
Fig. 9.2.

Figure 9.7 depicts the escalating costs
for raising pond dykes of catfish farms in
response to incremental increases in flood-
ing depth for the 2010-2020 period at the
industry level for the delta, which amounts
to an estimated US$17.6 million of autono-
mous adaptation cost over this 10-year
period. Considering that the catfish export
value from the Mekong Delta for just the
year 2012 was US$1.7bn, and that the
Mekong Delta accounts for 98% of Viet-
nam’s catfish export value,* this cost is nom-
inal but would help defray the operational
costs of individual catfish farmers and
increase the profitability of farms that are
already operating at slim profit margins.

Water management is more complex in
the coastal zone where water provides a
range of goods in terms of fresh- and
brackish-water resources for agriculture,
aquaculture, and urban and industrial uses,
as well as ecosystem services that support
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Fig.9.6. Water resources planning for the Mekong Delta (from SIWRP, 2010).

coastal fisheries and maintain a variety of
wetland ecosystems including mangrove
forests. Adaptation strategies, including
planned adaptation, can bring about poten-
tial synergies as well as conflicts among dif-
ferent economic sectors. Achieving a delicate
balance that ensures equitable access and
efficient sharing of the water resources to
meet the needs of the various sectors
requires non-structural measures besides
structural ones appropriately implemented
at field to community and regional levels
(Nhan et al., 2007).

The prospects for brackish-water aqua-
culture in the coastal zone depend on the
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extent and configuration of water control
infrastructure planned for the future. The
existing shrimp and shrimp-rice areas
inland of the national highway linking Bac
Lieu and Ca Mau cities will benefit from
plans to continue partial control of salinity
intrusion into the coastal zone by judicious
operation of sluices and temporary dams
that allow intake of sea water in the dry sea-
son and flushing out of saline and pollutant-
laden water in the rainy season (Hoanh
et al., 2009). This operational control of
salinity intrusion is itself a nonstructural
adaptive mechanism that provides flexibility
for managing the water resources to meet
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Fig.9.7. Autonomous adaptation cost for upgrading dykes of inland catfish ponds at industry level for
the Mekong Delta, 2010-2020 (from Kam et al., 2012).

agriculture and aquaculture requirements as
physical (including climatic) and socio-
economic (including markets) conditions
change. The projected increase in dry-season
salinity in these areas beyond the tolerance
limits for rice would, in fact, shift land use
in favour of brackish-water aquaculture
expansion. On the other hand, structural
measures, such as construction of sea
embankments for protection of coastal com-
munities and agricultural land from storm
surges and full prevention of land saliniza-
tion, would mean removing the brackish-
water aquaculture area marked (a) in Fig. 9.6
out of production. Such structural measures
will also have negative impacts on fisheries
in the coastal zone by preventing the natural
movement of food-fish species up the rivers
and canal networks.

The water resources planning map (Fig.
9.6) suggests two possible alignments for
the sea dyke for coastal protection in the
south-western tip of Ca Mau peninsula. The
alignment marked (1) in Fig. 9.6, favoured
by the Ca Mau provincial authorities, is
along the shoreline outside of the remaining
largest area of mangroves in the delta. The
alignment marked (2), as suggested by the
Southern Institute for Water Resources
Planning (SIWRP), lies inland of this
mangrove area. The ecological integrity of
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the mangrove area is less likely to be com-
promised with the latter alignment as its
ecosystem health is dependent on natural
tidal inundation and shoreline accretion.
The mangroves and the accreting mudflats
constitute wetlands that support a rich
diversity of aquatic organisms that have
food and economic potential, including mol-
luscs (cockles) and crustaceans (mangrove
crabs). Mangrove—aquaculture systems are
more environmentally friendly, taking
advantage of natural flushing and nutrient
supply, and its products can be targeted at
elevated prices at niche markets. For exam-
ple, in 2010 more than 1000 organic shrimp
farms with a total of 6200ha within the
mangroves have been certified by Naturland
(Samson, 2010). A healthy and expanding
mangrove strip also provides a protective
buffer against coastal events and storm
surges.

9.6 Aquaculture-specific Adaptations

Besides adaptation plans on water resources
management that can benefit aquaculture in
the Mekong Delta, there are also other pos-
sible response strategies to CC impacts that
are specific to the aquaculture sector.
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A number of such strategies pertain to
better farm management practices such
as improving feed conversion ratios and
the use of local alternatives of feed materi-
als (to be achieved through research) into
feed formulation that reduce feed costs as
well as the carbon footprint of formulated
feeds (Bunting et al, 2009). Technical
improvements such as specific pathogen-
free shrimp brood-stock technology will
help reduce disease risks that might increase
with CC impacts (De Silva and Soto, 2009).
A combination of selective breeding pro-
grammes and changes in farming practices
would enable the farming of catfish strains
that can better tolerate higher levels of
salinity. Many of these strategies would
increase farm profit margins, thereby help-
ing underwrite the costs of adaptation.
While the adoption of improved stocks
and the modification of farming practices
will be the task of those responsible for
managing aquaculture operations, planned
adaptation options such as genetics selec-
tion and breeding programmes fall within
the mandate of the government. These
strategies may be regarded as ‘no-regret’
strategies in that they contribute towards
building a general resilience beyond spe-
cific adaptation to CC, and are therefore
not overly dependent on detailed quanti-
fication of its specific impacts (Heltberg
etal., 2009).

Another strategy that applies particu-
larly to export-oriented aquaculture produc-
tion would be to transfer the cost of
adaptation across the value chain, thereby
increasing the margins accruing to farmers
rather than to export processing companies
and retailers in importing countries. This
could happen either on the initiative of
actors higher up the value chain as a market
response to maintain the supply to meet
growth in demand, or by government inter-
vention, community- or civil society-driven
measures in recognition of the importance
of maintaining the welfare of the large num-
ber of small farmers and transferring bene-
fits from a globally integrated production
system to the rural communities in the
delta.
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In the long-term, reducing the high
dependence on shrimp and catfish culture
and diversifying into more ecologically ori-
ented production systems can also hedge the
aquaculture industry against the increasing
risks and uncertainties brought about by
CC. The export-oriented aquaculture indus-
try in the South-east Asian region, based on
the industrial monoculture model, is highly
dynamic and volatile, and the economic
risks are high (Szuster, 2003), not to men-
tion the high environmental and social costs
that producer countries have to bear.

Unlike the staple crops and livestock,
there is actually a high diversity of aquatic
species and production systems that can be,
and are being, practised, as indicated in
Table 9.1. These range from purely aqua-
culture systems to integrated production
within rice and mangrove environments.
The integrated systems among those listed
in Table 9.1 are cited by Costa-Pierce (2010)
as good examples of the ecological aquacul-
ture paradigm promoted by FAO (Soto et al.,
2008), which calls for responsible aquacul-
ture that takes account of its interactions
and influences on the surrounding natural
and social environments for better sustain-
ability, equity and resilience.

Because these production systems fit
into different agro-ecologies, an aquaculture
sector that possesses such diversity would
have greater adaptability to changes in
hydrological conditions that result from CC
impacts. On the other hand, water resources
management strategies that accommodate
the range of saline, brackish water and fresh-
water environments will provide the oppor-
tunities for this diversity of aquaculture
systems to be further developed and
improved, thereby keeping future options
open for viable alternatives to the industrial-
style monoculture systems that dominate
the sector today. It is also imperative that
future aquaculture planning, particularly for
integrated systems that are ecologically
more sound, should be done in conjunction
with irrigation and water resources enhance-
ment and within the broader context of the
delta’s development and response to climate
change.
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9.7 Conclusions

Assessing the economic cost of the impacts of
CC and adaptation at the farm level in aqua-
culture remain uncharted research areas.
Given the constraints of conventional cost-
benefit analysis adopted by Kam et al. (2012),
a more thorough integrated assessment of
the economics of planned adaptation is
needed to examine trade-offs in costs and
benefits of adaptation options among sectors
which include the aquaculture industry. Mod-
elling of the impact of CC on growth, produc-
tion and yield of cultured species is urgently
needed to enable better estimation of pro-
jected farm yields under different CC scenar-
ios and management responses.

All economic studies of CC adaptation
are subject to substantial uncertainty sur-
rounding the impacts of future CC, changes
in input and output of commodity prices,
and changes in production technologies and
other factors. Indeed, for the Mekong Delta,
the future outlook is riddled with uncertain-
ties: in terms of extremities of climate
change, of developments that will occur in
the upstream Mekong, and of the economic
developments that will happen within the
delta. These uncertainties impinge upon the
aquaculture sector, which is presently domi-
nated by export-oriented monoculture pro-
duction of shrimp and catfish. Economic
analyses of these two major aquaculture pro-
duction systems suggest that the costs of
farmers’ autonomous adaptation to CC
impacts will further erode their farm profits
and render the less-efficient farms economi-
cally unviable much sooner, ceteris paribus.
Part of the autonomous adaptation costs
can be offset to some extent by planned
adaptation measures undertaken with pub-
lic investment, as illustrated by the flood
mitigation measures defraying catfish farm-
ers’ costs for raising pond dykes in the flood-
affected upper and middle delta zones.

Structural responses to CC impacts
incur high levels of investments into infra-
structure development and are less flexible
for adjustments in the face of uncertain
future outcomes of climate and other global
changes. Combinations with non-structural
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measures for more nimble adaptation strat-
egies would be necessary for long-term resil-
ience of the aquaculture sector. The diversity
of aquaculture production systems provides
opportunities for fitting into different agro-
ecologies and lends itself to a high degree of
transformability of the sector in the face of
changing hydrological conditions brought
about by CC.

The impetus for diversification needs to
be driven by policy that is integral to the
country’s development plan for fisheries and
aquaculture, which must include the broader
sustainability issues facing the sector. In the
same way that Vietnam has a proven capac-
ity to build an aquaculture industry of global
significance, the potential exists for the
country to take a lead in the transition from
an industrial monoculture phase of aquacul-
ture development to a more diversified, inte-
grated and ecologically sensitive phase that
promotes innovation and efficiency by
incorporating and not externalizing social
and environmental costs. The Mekong Delta,
with its vast and diverse land and water
resources, and faced with the challenges of
CC impacts, presents the opportunity to
make this transition.
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Notes

1 Based on data obtained from the Vietnam Asso-
ciation of Seafood Exporters and Producers:
http://seafood.vasep.com.vn/statistics/50_121/
814/1/seafood-export-statistics.htm (accessed
7 November 2015).

2 These areas were originally planned in the 1990s
to be fully protected from intrusion of sea water
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for expanding rice intensification by constructing
a series of sluices. However, rapid expansion of
shrimp farming since the early 2000s and soil
acidification from exposure of acid sulfate soils
in the area rendered these areas less suited for
intensive rice cultivation. A government policy
reversal enabled these non-structural adjustments
to accommodate both shrimp and rice farming.

3 A 50-cm SLR is anticipated by 2100 under
the moderate emission scenario and would be
surpassed by 2050 under the high emission
scenario (Table 8.2).

4 General Statistical Office of Vietnam, http://
www.gso.gov.vn/default_en.aspx?tabid=
469&idmid=3 (accessed 29 March 2013).
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Abstract

Groundwater resources in transboundary aquifers may cushion climate change and other impacts of anthropogenic
change through irrigation development, which in turn can enhance food security, livelihood benefits and poverty
reduction in developing countries. Such resources present significant water reserves that, however, need to undergo
critical joint assessment, development and management if they are to provide substantial as well as sustainable
scenarios to agricultural and socio-economic development. This chapter explores the nexus between groundwater
in shared aquifers, climate change and agricultural growth in the context of Africa, Asia, the Middle East and Latin
America and examines the added challenges as well as opportunities that the transboundary setting of these
resources may provide in terms of devising lasting solutions. The chapter highlights that both local smaller-scale
no-regret as well as larger-scale, strategic adaptation measures that often hinge on integrated surface-groundwater
solutions are important. In addition, the socio-economic and institutional aspects, the latter in terms of general
international law and specific adapted international agreements as well as bottom-up participatory processes, are
critical for attaining success on the ground.

10.1 Introduction and sustainability of irrigated agriculture

through better agricultural water manage-

Water management is seen as a key compo-
nent of climate change adaptation (CCA) in
order to enhance societies’ resilience against
anticipated and emerging impacts (Bates
etal., 2008). A broadly recognized adaptation
strategy involves increasing and managing
water storages as a means of offsetting
increased variability in precipitation, and
consequently in water availability, at various
temporal and spatial scales (Taylor, 2009;
McCartney and Smakhtin, 2010). Further-
more, improving the extent, performance

* Corresponding author, e-mail: k.villholth@cgiar.org

ment is seen as a key adaptation measure in
developing regions of the world (Ngigi, 2009).

In this chapter, the role and options for
groundwater, and more specifically ground-
water in transboundary international set-
tings, are explored in the context of
addressing CCA and meeting needs of irri-
gated agriculture and food security. Ground-
water provides reliable, almost ubiquitous,
often (albeit not always) renewable water
supply, inherent storage and buffering facili-
ties, and hence has been advocated as an
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important and strategic resource in CCA, if
managed properly (Clifton et al., 2010).
While transboundary aquifers (TBAs),
defined as those groundwater bodies span-
ning international boundaries, are increas-
ingly recognized as important around the
world (Eckstein, 2011), relatively little
attention has been paid to these resources
for strategic CCA and agricultural water
management. Water management has to
increasingly transcend the traditional river
basin approach, as promoted by the inte-
grated water resources management
(IWRM) paradigm (GWP, 2004), in particu-
lar when larger transboundary aquifers play
a significant role in the hydrological and eco-
logical systems and/or in water provision,
which is often the case in semi-arid and arid
areas. Vulnerability and resilience of such
TBAs towards climate change may also vary
substantially, calling for differentiated and
prioritized attention in the context of CCA.
Hence, though groundwater’s role in CCA
and transboundary water resource manage-
ment is increasingly acknowledged, their
nexus with agriculture and food production
has hitherto received little attention, and
this chapter intends to bridge this gap.

The chapter sets out by giving a short
inventory of the global extent, diversity and
significance of TBAs. Then, the role, options
and limits of groundwater in adaptation are
briefly discussed, giving a summary of the
comparative characteristics and added
advantages of groundwater for managed
storage, relative to that of, or in combina-
tion with, surface water as well as a list of
no-regret options for using groundwater as a
component of CCA in agriculture. Finally,
the major additional considerations and
challenges related to groundwater for irri-
gated agriculture in TBAs under climate
change prospects are highlighted, devising a
simple typology, including examples of par-
ticular TBAs, as a framework for developing
best development and management solu-
tions. The chapter focuses geographically on
developing continental regions of the world
with larger TBAs: Asia, Africa, the Middle
East and Latin America.

As in prehistoric times, where early set-
tled agrarian civilizations clustered around
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rivers, deltas and springs that provided reli-
able and easily accessible water resources,
future human development may increas-
ingly concentrate around significant ground-
water resources and aquifer systems, some
of them of international dimensions, that
provide reliable, replenishable, protected
and manageable water reserves linked to
harvestable rainwater, surface water, waste-
water streams and manufactured (e.g. desal-
inated) water. A significant premise here
is that underground natural or enhanced
recharge of fresh water presents a very
favourable means of limiting excessive
losses to evaporation under a warmer cli-
mate while augmenting stable supplies. The
positive relation between the value of land
and groundwater availability is increasingly
acknowledged, especially when the resources
decline (Lee and Bagley, 1972) or is in high
demand in less-developed regions (Wood-
house and Ganho, 2011).

Groundwater plays and most likely will
continue to play an increasingly important
role in meeting global water supply and
storage demands as global temperatures
increase, and climate variability challenges
existing dependence on more erratic surface-
water resources. Today, more than one-third
of the global population is dependent on
groundwater for their domestic supply
(Morris et al., 2003; Déll et al., 2012), while
about 40% of all irrigated land is supplied by
groundwater (Doll et al., 2012; Foster and
Shah, 2012), most critically in arid and semi-
arid regions. These figures have been increas-
ing unprecedentedly over the latter part of
the last and into this century as access to,
and awareness of, groundwater in develop-
ment has accelerated, providing profound
development benefits in terms of agricul-
tural livelihoods, food production and pro-
ductivity increases, water security and
improved public health (Shah et al., 2007,
Carter and Bevan, 2008; Gun, 2012).

Yet, today it is estimated that 18% of
global groundwater-based irrigation is
unsustainable, i.e. that it derives from
depleting aquifers, where groundwater is
utilized at rates faster than their replenish-
ment (Wada et al., 2012a). Hence, the
challenge presently relates to moderating
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existing groundwater demands through
efficiency gains, enhancing replenishment
through purposeful management wherever
possible, cautious development of new
sources in still undeveloped regions, opti-
mizing and diversifying multiple sources
(including surface water), preserving valu-
able groundwater-dependent terrestrial and
aquatic ecosystems, all in the context of
larger uncertainty, variability and risks
prescribed by climate change as well as in
a globally increasingly interdependent
community.

10.2 Transboundary Aquifers

Transboundary aquifers are relatively well-
defined units of geological and associated
groundwater systems that lie partially in
more than one sovereign state! (Stephan,
2009). They are delineated, based on geo-
logical and hydraulic characteristics and
boundaries. Because of larger uncertainties
related to the characterization and delinea-
tion of these underground water-bearing
units compared to international river basins,
the definition of these systems also depends
on a general agreement between aquifer-
sharing states of the transboundary nature
of the aquifer. While many TBAs may be
(partly) hydraulically connected to rivers or
other surface water bodies (e.g. lakes) this is
not always the case, and more often than
not, these systems are not geographically
coincident with river basins (see Fig. 10.1
for the example of Africa). This mismatch
between geographic extent of the surface
and groundwater systems implies complica-
tion in relation to defining best manage-
mentunits for integrated and transboundary
water resources’ management (Schmeier,
2010; Altchenko and Villholth, 2013).
Transboundary groundwater resources
are gaining enhanced attention from water
developers as well as from the international
research community and increasingly also
from national and international policy mak-
ers due to increasing stress on available
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water resources (Aureli and Eckstein, 2011).
With increasing attention, the knowledge of
acknowledged TBAs increases and the num-
ber of newly identified and agreed TBAs
expands (IGRAC, 2015). At present, a global
inventory reveals the existence of 592 TBAs
(IGRAC, 2015). This surpasses the present
number of international river basins, which
stands at 263 (Cooley et al., 2009), docu-
menting that these resources are indeed of
global as well as of local significance. Impacts
of negligence of recognizing the transbound-
ary nature of these systems partly resemble
those for international rivers, in terms of
water quantity-sharing aspects as well as
potential water quality issues.> When the
surface water and groundwater systems are
linked, these problems become interrelated.?
However, certain management aspects are
particular to the TBAs (and aquifers more
broadly) and relate to their invisible, open-
source and vulnerable nature (Table 10.1).
These aspects need to be given much more
attention in sustainable management and
protection of TBAs as compared to interna-
tionally shared river systems. On the other
hand, co-aquifer state cooperation on TBAs
and associated systems may provide aggre-
gate shared benefits that outweigh the costs
and disadvantages of not cooperating (Box
10.1).

TBAs range from smaller, more local
aquifers shared between two nations to
larger regional contiguous aquifer systems
that partially span up to eight states (e.g.
the Lake Chad Aquifer Basin in central-
western Africa, occupying a land area of
1.3x10%km?). The largest TBA in the world
is the Guarani Aquifer in South America
with a size of 1.9x108km? covering parts of
Argentina, Brazil, Paraguay and Uruguay.
TBAs also vary significantly in geological
set-up, depth interval(s) of groundwater
occurrence as well as rate and mechanism
of replenishment. A complete inventory of
global TBAs in terms of these parameters
does not exist, but salient data are available
from Margat and Gun (2013), IGRAC (2015),
and for Africa in Altchenko and Villholth
(2013).
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Fig. 10.1.
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Map of transboundary aquifers of Africa. Depicted are also the international river and lake

basins (from IGRAC, 2015). Note that differences in shading weight indicate different river basins.

10.3 Groundwater’s Role in
Agriculture and Climate Change
Adaptation

Groundwater development for agriculture
has occurred thanks to the many favourable
inherent characteristics of the resource
(Table 10.2) and has generally been accom-
panied by very positive socio-economic
transitions (Giordano and Villholth, 2007).
Groundwater irrigation has surpassed the
role of surface water in terms of acreage,

outputs and  rural-poverty-alleviating
impacts in India (Narayanamoorthy, 2007)
and other parts of South Asia, and similar,
albeit less pronounced, impacts have been
seen in northern China (Foster and Gar-
dufio, 2004) and Mexico (World Bank,
2009).

In Africa, particularly south of the
Sahara desert, groundwater is presently only
contributing minimally to food production,
though significant land and hydrological
potential exists (Pavelic et al., 2012a). Only

printed on 2/13/2023 12:01 PMvia . All use subject to https://ww. ebsco.conlterns-of -use



Table 10.1. Particular characteristics of aquifers and implications for management of TBAs.

Special considerations/provisions needed in TBA management?

Joint user/use Prior Flexibility in
registration,  notification of conceptual
regulation, development Long-term model and clear Land use
monitoring and plans to other Precautionary Conflict Stakeholder monitoring data-sharing and waste Prioritized
Groundwater distinct characteristic ~ enforcement party principle resolution engagement of resource arrangements regulations protection
Open source XX XX
Invisible and heterogeneous X X X X X X
Vulnerable to land use impacts X XX X
Slow reacting/delay in response X XX X XX
Recharge/discharge is distributed X XX
and uneven
Boundaries uncertain X X XX
Climate change impacts uncertain XX XX
Blurred up- and downstream X X X X XX
relations

aNumber of ‘x’s indicates the degree of importance of considerations/provisions.
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Box 10.1.

1. Benefits of groundwater (GW) development and management can be equitably shared across
borders to avoid climate-induced distress migration and conflicts.

2. GW development and proper management have a lot to do with achieving the Sustainable
Development Goals, poverty alleviation, food security, climate change adaptation, and flood and
drought mitigation.

3. An integrated and transboundary approach facilitates enhanced understanding of water flows
and water balances within the aquifer basin and supports improved delineation of the aquifer, including
active and connected surface water (SW) systems.

4. GW impacts across borders may not be obvious without joint long-term monitoring. Costs and
results of monitoring can be shared.

5. Impacts of unilateral GW development and use in one member state may affect another.

6. Developing GW in connection with transboundary SW (conjunctive use) may provide a lot of
benefits, e.g. floodwaters may be used to replenish GW in overdrawn aquifers; SW pollution may be
reduced through riverbank filtration for better drinking water quality, and managed aquifer recharge
(MAR) and recovery may support water banking and salinity control.

7. Many terrestrial ecosystems are GW-dependent and cannot be properly managed without
acknowledgement of the GW resources.

8. SW issues involve or even have root in GW-related activities and impacts, e.g. water from the
river may be lost through GW abstraction in the vicinity of the river.

9. Lake, river, wetland and estuary water quality may be threatened by GW pollution in adjacent
upstream aquifer states (mining, intensive agriculture).

10. No-action and lack of transboundary cooperation may result in significant and long-term risks,
e.g. haphazard and chaotic exploitation of aquifers with high remediation costs if at all reversible (like
certain types of contamination and land subsidence).

Ten arguments for addressing groundwater in transboundary water management
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about 4% of the cultivated land in sub-
Saharan Africa (SSA) is presently irrigated
(NEPAD, 2003), leaving large scope for fur-
ther expansion aiming at protecting farmers
against weather fluctuations at various tem-
poral scales through better control of, and
access to, water (Ngigi, 2009), while contrib-
uting to closing the gap in food production.
The role of groundwater in CCA relates
to its reliable and normally drought-resilient
character (Table 10.2) implying that the
resource can be reliably drawn upon during
dry seasons or times of dry spells or drought,
when other sources fail. However, besides
the characteristics of the resource itself, the
effective buffering capacity of groundwater
resources towards drought hinges critically
on the resilience and adaptive capacity of
populations and agricultural systems depen-
dent on groundwater. In a simple multi-
factor assessment, groundwater resources in
the regions of South Asia and Africa were
considered to be the most vulnerable to cli-
mate change, presumably because of the
high degree of dependence on groundwater
and low adaptive capacity (Clifton et al.,
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2010). In a similar, but more detailed map-
ping analysis across the SADC region in
southern Africa, Villholth et al. (2013) found
that the areas underlain by crystalline rock
formations, prevalent in SSA, were among
the most vulnerable, because of their rela-
tively low water-holding capacity and poor
yields combined with high population densi-
ties and high drought risk. Furthermore, the
vulnerability of drought of these areas was
compounded under a projected climate sce-
nario (Villholth et al., 2013). Such interdisci-
plinary mapping can be invaluable in
pro-active planning of best adaptation mea-
sures for drought resilience in these vast
transboundary settings.

Besides targeting the most vulnerable
areas, drought mitigation through ground-
water measures should consider the follow-
ing principles:

1. Access points (wells) should be drought-
proof (located in productive parts of the
aquifer, intake level not risking dry-out).

2. Access points should be resilient against
additional wear and tear during drought,

Al use subject to https://ww.ebsco.conterns-of-use



EBSCChost -

160 K. Villholth
Table 10.2. Inherent characteristics of groundwater favouring irrigated agriculture and climate change
adaptation.

Groundwater property Irrigated agriculture

Climate change adaptation

Drought-resilient,

reliable irrigation, encourages
intensification
Widespread Supports rural development
Underground Increases water productivity

Amendable to Potentially pro-poor. Can be

incremental developed by individual
development farmers or small groups
Versatility? Addresses gender needs to
diversified water use purposes
Flexibility? Can help control waterlogging

and salinization

Provides year-round on-demand Bridges seasonal and possibly inter-annual

variability

Addresses local vulnerability, away from major
water infrastructure

Less storage and conveyance losses from
evaporation

Requires small investments and lends rapid
response

Can address several vulnerabilities and water
needs

Can combine with other sources to optimize
storage and increase overall resilience. Can
address both drought and floods

a Groundwater can be developed for various (multiple) uses in rural areas.
b Groundwater can be combined with other sources (conjunctive use) to optimize overall use.

and easily maintainable in distant rural
areas.

3. Dedicated drought wells
reserved for emergency situations.

may be

Importantly, degradation of groundwater
resources, due to climate change, prolonged
drought or human impacts, will increase the
vulnerability of populations dependent on
them, ultimately reducing their capacity to
shield deficits in other water resources and
hence undermining water security for
domestic and livelihood purposes. This
underpins the critical importance of proper
groundwater management.

While basic water supply takes prece-
dence during drought, adapting livelihoods
and ensuring availability and accessibility of
productive water during projected scenarios
of increased rainfall variability are also criti-
cal. Since irrigated agriculture serves several
development goals, in terms of food secu-
rity, livelihoods and reduction in rural pov-
erty, developing it wisely as a component of
a CCA strategy is further justified. Some
pointers as to how to address development
and management of groundwater for irriga-
tion and CCA can be put forward. These will
be discussed briefly below.
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10.4 Ensuring Access to the Poorest
10.4.1 Lowering costs

The major stumbling block for poor farmers
to access groundwater in SSA and possibly in
other regions of the world, where multidi-
mensional potentials exist, as in parts of the
Greater Mekong Region (Johnston et al.,
2010), is the requirement for physically
drilling holes to the resource and to lift the
water to the surface. While progress is seen
in terms of declining prices for well drilling
and acquiring mechanical pumps along with
a developing demand and supply, it is also
evident that most smallholder farmers still
avail themselves of very rudimentary and
labour-intensive means of extracting and
lifting groundwater, including manual dig-
ging and hand-lifting and watering with
buckets, which in prosperous areas limit the
accessible resources and hence the level of
development (Namara et al.,, 2011). Where
public investment supplies groundwater
irrigation facilities, benefits do not neces-
sarily reach the poorest segments. Hence, a
critical policy is to support local cost-
effective pump and drilling manufacturing,
markets and associated services (Abric et al.,
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2011), ensuring expansion and coverage in
rural areas in order to decrease investment
and transaction costs. It also entails insti-
tuting and supporting small farmers in
obtaining access to both import and tax-
waiver systems for pumps for irrigation
equipment. Finally, well-targeted subsidies,
potentially with feasible payback schemes to
increase cost recovery and long-term finan-
cial viability of public funds and micro-credit
services (Nkonya et al., 2010) should be
looked into more closely.

10.4.2 Pump and groundwater markets

Previous experience from Asia indicates that
the share of farmers, and particularly of the
poorest segments benefiting from ground-
water, increases due to spontaneous and
informal groundwater and pump rental
markets (Villholth et al., 2009). Generally,
wealthier farmers individually owning pumps
and wells sell water (or rather the service
of water provision) and/or rent pumps to
other farmers without these assets, thereby
increasing overall access and income genera-
tion. Pump rentals have also been popular in
Africa, while groundwater markets have not.
While not presently significant, these institu-
tions may spontaneously develop in SSA as
groundwater-based irrigation proliferates
among smallholder farmers.

10.4.3 Multiple use systems

Rather than dedicated and separate domes-
tic and irrigation infrastructure, multi-
purpose systems, catering to the various
water needs of rural households need to be
further considered. It has been observed
(Calow et al., 2009) that domestic water
points are often used for productive uses,
e.g. in garden irrigation, livestock-rearing,
brewing and brick-making, and that this
increases the resilience of the households,
even though water points are traditionally
not designed with multiple uses in mind.
Hence, adapting groundwater irrigation
structures and their location with these
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realities in mind better serves the needs of
the poorest and female farmers (Koppen
et al., 2009). However, the largest challenge
confronted in taking this forward is the fact
that the sectors for water supply and agricul-
ture remain institutionally and functionally
detached. Ensuring basic domestic water
supply should, in any case, be first priority in
underserved areas, and should not be com-
promised by poorly planned groundwater
development for irrigation.

10.4.4 Energy access

As part of lowering entry barriers for small-
holder farmers to groundwater irrigated
agriculture in SSA, improving rural electrifi-
cation is critical. Energy from electricity is
generally cheaper in SSA compared to other
fossil-fuel based sources (Pavelic et al.,
2012b), but the coverage is the world’s low-
est at only 24% (UNEP, 2012). Experience
from South Asia shows that groundwater-
irrigating farmers with access to electricity
are generally better off than their counter-
parts who use diesel or other sources (Vill-
holth et al., 2009). While this is partly due to
distorting electricity subsidies to the agri-
culture sector, it shows that groundwater
irrigation at a more than subsistence level is
linked to better energy provision.

10.5 Ensuring Environmental and
Social Sustainability

Globally, irrigation serves about 40% of food
production (Wada et al., 2012a); about 40%
of water for irrigation derives from ground-
water (Foster and Shah, 2012), and of the
groundwater extracted approximately 67%
goes to irrigation (Gun, 2012). Hence, the
way groundwater irrigation is managed sig-
nificantly influences the resource and any
potential negative environmental impacts
from irrigation. Today, 18% of irrigation
demand is derived from aquifers that are
overexploited (Wada et al., 2012a), with
serious and growing socio-economic and
environmental implications, especially in
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certain parts of the world where it has prolif-
erated due to a combination of favourable
conditions in terms of push-and-pull factors
(Moench, 2003; Kajisa et al., 2006; World
Bank, 2009). Hence, there is a built-in risk
associated with the development of ground-
water for irrigation, which is related to some
of the same advantageous characteristics of
groundwater mentioned in Table 10.2. Man-
agement and enforcement of any regulation
are hampered by the open-source nature of
groundwater, its distributed occurrence
with access options for a multitude of dis-
persed users that are difficult to control in
conjunction. A plethora of literature dis-
cusses best strategies and options for
groundwater management in agriculture
(Giordano and Villholth, 2007; Shah,
2009a). Most of this literature focuses on
the reactive measures for groundwater man-
agement in areas with intensive use and
apparent negative impacts. Little attention
has been paid to how to pro-actively manage
groundwater in areas where the resource is
still relatively underdeveloped, ensuring
sustainability in terms of lasting poverty
alleviation as well as ecosystem and human
resilience. In the following sections, a few
directions towards this purpose are given
realizing that various strategies may serve in
the under-developed as well as the over-
developed scenario. While these options
apply more broadly, they are relevant in the
transboundary context in order to optimise
use and minimize transboundary effects.

10.5.1 Conjunctive use of groundwater
and surface water

Using and managing surface water and
groundwater together, or conjunctively, in
irrigation, provides options for better over-
all control, efficiency in use and productivity
of both quality and quantity aspects of the
resources (Evans and Evans, 2012). Ground-
water irrigation may complement canal irri-
gation in areas where the groundwater table
is rising and waterlogging and concomitant
salinization is causing decreasing perfor-
mance. This was evidenced in parts of the
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transboundary Indus plains (mostly Paki-
stan) where government drilling schemes
helped alleviate waterlogging problems in
the 1960s (Scanlon et al., 2007). This may be
a viable option in parts of India where areas
of waterlogging still persist in the midst of
larger areas of groundwater depletion (Fos-
ter and van Steenbergen, 2011). Similarly,
options exist in existing canal irrigation
schemes with waterlogging problems in
Africa (Ojo et al., 2011) as well as in subur-
ban areas, where groundwater levels are
increasing due to unintentional water leak-
age or intentional wastewater recharge (Fos-
ter et al., 2010). Often, in canal irrigation
areas, conjunctive use of groundwater devel-
ops spontaneously, partly as a coping mech-
anism of farmers to get reliable access to
water in poorly managed canal irrigation
schemes (Foster and van Steenbergen,
2011). However, the challenge is to rather
plan, better design and optimize the schemes
for conjunctive use, ensuring that headwa-
ter as well as tail-water users and areas are
reliably served, not compromised by salt-
water threats.

Similarly, critically evaluated surface-
water transfers may help support irrigation
in groundwater-depleted areas, as is seen, for
example, in China, where huge interstate
transfer schemes supply water from the
water-rich south to the relatively water-
deficient north, and transferred water is used
for irrigation in the form of waste water after
serving urban demands (Shu et al., 2012).

In summary, water sources need to be
increasingly diversified and integrated, and
management needs to reflect this. Similarly,
planned integrated conjunctive use may be a
better solution than swaying back and forth
from primarily depending on one or the other
resource as seen in some places around the
world (Clifton et al., 2010). Another critical
aspect of conjunctive use is that it tends to
conserve on overall energy use (Shah, 2009b).

10.5.2 Local management of irrigation

As mentioned, groundwater management is
still poorly conceived when it comes to
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tackling use in agriculture. Basically, an
institutional top-down and a bottom-up
approach is proposed in addition to more
indirect measures (Giordano, 2009) linked,
for example, to food, agriculture, energy,
health and nature-conservation policies
(Sekhri, 2012). In developing countries, the
top-down, direct approach to groundwater
management, involving user rights and eco-
nomic instruments like water tariffs, is less
tractable and effective, while the more indi-
rect approaches, particularly the link to
energy, promises to have some traction
(Shah etal., 2012).

The bottom-up approach, where com-
munity involvement and mobilization are
required to manage local groundwater
resources use, deserves further testing, par-
ticularly in connection with the more indi-
rect measures at the national and even the
international level (Wijnen et al., 2012).
These measures, which involve collective
rule-setting and enforcement, e.g. in terms
of timing of groundwater pumping, well
spacing, crop choices, compulsory recharge
structures and water-saving irrigation infra-
structure, monitoring of the resource, etc.
seem to work best if some of the following
conditions prevail: existence of strong social
capital, relatively homogeneous population
groups, strong visionary local leadership to
ensure motivation and compliance, the
resource being relatively well defined and
responding evidently and rapidly to demand
management, the regulations are easily
monitored, and the number of stakeholders
are relatively limited. The challenge is to
develop self-motivated and sustainable pro-
cesses that do not need continued inputs
and subsidies (Wijnen et al., 2012), even in
transboundary settings.

10.6 Managed Aquifer Recharge and
Storage

A continuum of surface and subsurface
options for water storage is available, each
solution with specific characteristics and
options for management (McCartney and
Smakhtin, 2010). Managing underground
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water is a critical component in the context
of water scarcity and climate change (Clifton
et al, 2010), though traditionally it has
received less attention (Taylor, 2009) rela-
tive to surface water storage. Though some
similarities exist between groundwater stor-
age and surface water storage options (typi-
cally dams), groundwater storage presents
inherent features that make management
significantly different from management of
a large impounded reservoir (Table 10.3).

Managing groundwater storage entails
the co-management of recharge as well as
discharge processes (Dillon et al., 2009),
with recharge typically being the most ame-
nable component to manipulate, through
various so-called managed aquifer recharge
approaches (MAR). In irrigated agriculture,
the objectives of MAR typically relate to off-
setting abstraction in excess of natural
replenishment, the levelling out of seasonal
or inter-annual variations in storage, or the
expansion of areas of crop production. In
most cases, transfer of source water, e.g.
from surface water, rainwater or wastewater
isinvolved. This indicates that MAR isjust as
much a matter of surface water manage-
ment, or rather integrated management of
multiple sources and conjunctive use, as one
of only groundwater.

Managing the discharge of groundwater
as a part of controlling storage volumes and
groundwater levels becomes important in
waterlogged surface irrigation schemes, as
previously discussed. It is also relevant in
planned MAR, where the discharge of
groundwater and associated drawdown of
water table levels needs to be synchronized
relative to the recharge, which is typically
governed by seasonal availability of source
water.

While MAR and managed groundwater
storage present multiple options and poten-
tial benefits, numerous considerations need
to be taken into account. It needs to be cost-
effective and adapted to the local context. It
needs to be anchored in institutional set-ups
in order to level social inequity in water
access rather than exacerbate it. Finally, var-
ious environmental impacts (upstream/
downstream) need to be closely examined,
both in terms of water quantity and quality
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Table 10.3. Comparison between groundwater and surface water as manageable water storage and
supply, through MAR and large dam reservoirs, respectively.

Groundwater Surface water
Storage volume and flux Difficult Easy
determination
Physical impoundment Difficult Easy
Storage regulation More difficult Easy

Discharge/abstraction and
allocation regulation
Water source for storage

ill-defined

More difficult, open source, users

Needs to be collected and directed to
recharge sites, e.g. from storm water,

Easy, users well-defined

Immediately available from
upstream river

rainwater, floodwater, refuse water

Reliability of water source

Uncertainty in replenishment
rate if water source available

Evaporation losses

Drought vulnerability

Low

Drought impacts

Drought mitigation options
relief
Flood vulnerability

Flood impacts above storage
and detention capacity
Flood mitigation options

Depends on the source

High due to clogging phenomena

Lower, due to less evapotranspiration
losses and retardation between
inflows and outflows

Shallow wells and poorest
communities hit first

Can drill/luse deeper wells for interim

Low if storage managed and located
optimally; localized vulnerability in
low-lying/discharge zones

Slow-emerging water level rises locally

Floodwater diversions from infiltration/
recharge sites, evacuation of
vulnerable areas; can prioritize

Depends on climate and
watershed management
None

High

Higher, due to evapotranspiration
losses and limited accretion
during drought

Multiple water uses may be
impaired, including hydropower

Can temporarily compromise on
environmental flow releases

Low if storage operated
optimally; localized vulnerability
along downstream reaches

Can be catastrophic downstream

Flood modelling, flood warning,
pre-flood releases, evacuation
of vulnerable areas

abstraction ahead of crisis

Risk of waterborne diseases Low

Life span
Water quality

Catering for environmental
flow and storage
requirements

Carbon footprint of water use

pump efficiency

High; depends on clogging control and
water quality control

Depends on watershed management,
land use and source water for MAR

More difficult due to releases
dependent on level of groundwater

Depends on depth of pumping and

High
Low; depends on siltation

Depends on watershed
management

Easy through informed release
schemes

Depends on need and extent of
non-gravity conveyance

issues. Significant experiences with MAR
exist from India (Sakthivadivel, 2007) and
other developing countries (Dillon et al.,
2013), and though the level of documenta-
tion of effectiveness and socio-economic
impacts is improving, the knowledge of
environmental impacts is still limited.

MAR is often brought forward as a pan-
acea for addressing water scarcity and CCA
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(Clifton et al., 2010), even in the trans-
boundary setting (Puri and Struckmeier,
2010), and also for stabilizing depleting
aquifers (Shah, 2009b). However, it needs a
lot more detailed examination and actual
testing, as well as adaptation to develop-
mental contexts (Dillon et al., 2009). Sup-
porting storage recovery in seriously
depleting aquifers through MAR alone seems
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unrealistic in many cases (Dillon et al., 2013).
A multitude of actions, including demand
management, soil and catchment manage-
ment, and even partly curtailing irrigation
may be needed (Moench, 2003). However,
the role of MAR will become increasingly
important as water demand increases and
the impacts of climate change and variability
become more apparent.

10.7 Climate Change Impact on
Groundwater

Despite the fourth assessment report of the
Intergovernmental Panel on Climate Change
recognizing the deficiency in our under-
standing of impacts of climate change on
groundwater (Bates et al., 2008), recent
work is slowly showing progress (Taylor
et al., 2013a). The challenges are related to
limited long-term monitoring of groundwa-
ter resources, as well as imperfect under-
standing of the climatic changes and impacts
on fundamental processes like groundwater
recharge. Generally, impacts on groundwa-
ter systems are subdued and delayed com-
pared to those on surface water systems.
Precipitation changes may affect
recharge in non-linear ways (Clifton et al.,
2010), and impacts may depend more on
variability of the rainfall and short-term
intensity than on longer-term averages (Tay-
lor et al., 2013a). Infiltration and net perco-
lation to groundwater are also governed
by soil surface, geological, vegetation and
atmospheric conditions and changes therein,
whether driven by climatic changes or other-
wise. Responses (direction and extent) will
depend on the relative strength of these fac-
tors in various regions. There seems to be
consensus on the projection of increase in
number and/or intensity of extreme rainfall
events globally (Bates et al., 2008; Gregersen
etal., 2013). However, large uncertainty per-
tains to impacts of this on recharge in vari-
ous regions. Research indicates that recharge
may shift to more episodic events, driven
by more intense and extreme rainfall
events, especially in the warmer climates.
While warming serves to increase
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evapotranspiration demand thereby limiting
excess water for recharge, more intense rain-
fall would be likely to more than overcome
this. Larger infiltration and recharge as a
response to higher rainfall intensity in vari-
ous climates may also be promoted by
preferential flow processes, governed by
pedological and geological conditions (Vill-
holth et al., 1998). In contrast, other reports
suggest increased surface runoff and/or
evapotranspiration and, as a net outcome,
overall decreased recharge resulting from
higher-intensity rainfall (Dourte et al.,
2013). In cooler climates, seasonal recharge
transitions seem to be shaped by earlier and
more intense snowmelt in the spring, which
increases recharge, and possibly less recharge
due to declining effective rainfall (precipita-
tion minus evapotranspiration) during sum-
mer (Okkonen et al., 2010).

Many reports highlight the significance
of concurrent human and climate-change-
induced impacts on groundwater resources
(e.g. Treidel etal., 2012). There is an expected
compounded indirect impact of higher over-
all water demand and increased reliance on
groundwater in a warmer and more unpre-
dictable climate (Chen et al., 2004). This
indicates a need for addressing both types of
forcings, human as well as climate change,
which are collectively set to increase in the
future. Land-use changes, often associated
with new land cultivation, are significant
drivers of hydrological change and have also
been shown to have comparable or overrid-
ing impacts on groundwater resources rela-
tive to that of climate change and variability
(Scanlon et al., 2006). Increasing irrigation
water demand due to higher evapotranspira-
tion rates and the need for overcoming
uncertainty and variability in rainfall and
hence greater risk in rainfed agriculture,
may result in increasing recharge and
groundwater levels, due to irrigation return
flows (Toews and Allen, 2009; Déll et al.,
2012), or conversely in increasing net stor-
age depletion and falling groundwater levels
(Shuetal., 2012), depending on the primary
source of irrigation water, whether from
surface water or groundwater, respectively.

Projecting climate change impacts on
groundwater systems is associated with
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limited confidence, due to uncertainties in
global circulation models (GCMs) propa-
gated to uncertainties in nested regional or
smaller-scale hydrological models (Zhou
et al., 2010), particularly pertaining to pre-
cipitation in the former and recharge in the
latter. Outcomes are often highly variable
and even partly conflicting when ensembles
of GCMs and climate scenarios are applied.
Furthermore, many larger-scale hydrologi-
cal models use simplified assumptions
related to groundwater-relevant processes
(Holman et al., 2011; Taylor et al., 2013b),
implying critical uncertainty in quantita-
tively projecting climate change impacts on
groundwater storage and availability. Often-
cited global-scale modelling of climate
change impact on groundwater (Déll, 2009)
assumes groundwater replenishment deriv-
ing only from diffuse recharge and disre-
gards focused recharge (from perennial and
ephemeral surface water bodies) as well as
increased short-term (less than monthly)
rainfall variability, the effect of both of
which may be critical. Enhancing long-term
groundwater monitoring from land and
satellite-based sources is an accompanying
significant means to improving our knowl-
edge (Taylor et al., 2010).

Impacts of climate change on ground-
water quality are generally poorly under-
stood. Adverse groundwater quality impacts
of climate change may stem from increased
leaching of surface-derived substances in
winters in colder climates, similar impacts in
warmer climates due to episodic recharge
and preferential flow through soils and geo-
logical materials, and higher infiltration of
contaminated water during flooding events
in various climates. Reduced recharge may
conversely aggravate groundwater quality
through less dilution (Solheim et al., 2010).
Great concern relates to projected sea-level
rise and increased intrusion of salt water in
freshwater coastal areas and on smaller
islands (Bates et al., 2008; Villholth, 2013).
This will be exacerbated or overruled by
intensified groundwater pumping (Ferguson
and Gleeson, 2012). It could also, ceteris
paribus, be counterbalanced by natural
groundwater-level lifting processes (Chang
et al, 2011). Irrespective, as stated

printed on 2/13/2023 12:01 PMvia .

by Custodio (2004), research needs to be
careful in attributing salinity increases in
coastal areas directly to sea-level rise as
salinity may be derived from a complex,
sometimes interrelated array of sources,
such as innate geological salinity, urban pol-
lution, pumping-induced ingress of salt
water, irrigation-derived salinity, etc. Inter-
estingly, groundwater depletion may aug-
ment global sea-level rise (Wada et al.,
2012b), indicating the complex interrela-
tions between groundwater and climate
change.

Transboundary aquifers as a sub-set of
all aquifers will be subject to similar climate-
change impacts globally, and the study of
these and potential CCA options are dis-
cussed in the next section.

10.8 The Potential Role of
Transboundary Aquifers in Climate
Change Adaptation

Transboundary aquifers across the globe are
diverse in many respects and their role in
CCA will vary accordingly. Multiple criteria
can be set up for their potential role, for
example, in terms of lateral extent, stored
and presently recurrently replenished water
volumes, depth of access, water quality,
countries sharing, present degree of devel-
opment and pressures. Some TBAs are still
relatively undeveloped, presenting signifi-
cant opportunities for further joint develop-
ment and adaptive use, while others are
already stressed from existing human devel-
opment. As an example of the first, the
Ohangwena freshwater aquifer between
Angola and Namibia (part of the Cuvelai-
Etosha Basin) is presently being investigated
for potential exploitation in the border
region between the two countries, including
for small-scale irrigation (Christelis et al.,
2012). Development of this aquifer could
supplement supply from international
surface water transfer from Angola to
Namibia and support further economic
development. However, the recharge status
of the aquifer (whether presently recharged
and if so how much) still needs to be
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assessed. An example of an over-exploited
TBA is the Santa Cruz aquifer between Mex-
ico and the USA, which presents similar
characteristics as other over-developed aqui-
fers shared between the two countries (Scott
et al., 2012). However, other TBAs exhibit
partial development in only parts of the
aquifer, with huge potential in others, like
the great Guarani aquifer in South America,
shared between four nations (OAS, 2009).
Similarly, in the Ganges Basin, shared
between India, Nepal and Bangladesh (and
possibly Bhutan and Burma) groundwater
development varies substantially across the
basin. Generally, the degree of development
and interest in the TBAs increase from
humid to arid areas and with level of human
development. Large and significant TBAs
(like the Nubian Sandstone aquifer and the
North Western Sahara aquifer) located in
arid regions are non-renewable, giving rise
to special challenges in terms of overall sus-
tainable management (Foster and Loucks,
2006).

The arguments for focusing on TBAs in
terms of CCA include the following aspects:

1. Climate change is transboundary, and
adaptation measures and related water gov-
ernance structures need to reflect this.

2. There is increasing dependence upon
groundwater resources and many exploited
aquifers are transboundary with potential
transboundary implications (i.e. abstraction
in one country affects another).

3. Many transboundary river basins
include or intersect with TBAs and the sur-
face water and groundwater resources are
hydraulically interlinked.

4. Use and management of groundwater,
in combination with surface water, offers
more sustainable solutions than the current
predominant focus on surface water in
transboundary water management.

5. Joint development and management of
the TBAs could lead to more equitable and
sustainable agricultural development and
regional stability and integration.

These aspects are relevant in addition to
the more general points brought forward on
the role of groundwater in CCA in Section
10.3. Ensuring equitable development of
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groundwater and food production and
sharing of benefits across borders may
alleviate impacts of climate change and
extremes and prevent mass migration dur-
ing droughts (Calow and MacDonald, 2009;
Namara et al., 2011). Likewise, conjunctive
use of groundwater and surface water for
agriculture and other purposes may limit
the need for large transfer schemes across
borders, if water can be drafted from ground-
water with its in-built transmission capabili-
ties rather than through relatively costly
dam and pipeline/canal systems. Better
management of wet-season river flows or
floodwaters via MAR in transboundary river
basins may benefit from joint management
of the storages (in impoundments and
aquifers) across the borders, as illustrated in
the case from the Fergana Valley in the Syr
Darya River Basin, now a transboundary
basin spanning Kyrgyzstan, Tajikistan,
Uzbekistan and Kazakhstan (Karimov et al.,
2009). In this case, storing underground the
excessive winter releases from upstream
dams necessary for electricity production
could provide reliable irrigation water
sources in the summer and could prevent
waterlogging and salinity problems and
flooding risk downstream. Large opportuni-
ties for CCA and better aquifer management
will be foregone if such transboundary solu-
tions are not sought and optimized. In heav-
ily exploited transboundary aquifers (like
the Indus, the US-Mexican aquifers and
many aquifers in the Middle East) reducing
stress is the key, and the options for expand-
ing irrigation are limited and entail more
innovative approaches, like reusing or using
wastewater or poorer-quality groundwater
infeasible for human consumption, while
optimizing not only production with limited
resources but use across the borders (Table
10.4).

Small-scale irrigation from TBAs may
be considered ‘no regret’* adaptation mea-
sures in many transboundary regions.
Though solutions will vary from context to
context, some options that may serve to
enhance resilience in irrigation and agricul-
tural development are listed in Box 10.2. In
fact, many of these ‘no regrets’ adaptations
can be implemented in areas where water
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Table 10.4. Best approaches for CCA in TBAs depending on development level and degree of current

natural replenishment.

Undeveloped (replenished)

Over-developed (replenished)

Non-renewable (over-developed
or not)

Floodwater management,
proper drainage,
conjunctive use

Simple MAR to capture and
control floodwater

use

Conjunctive use to avoid
waterlogging
Intensifying crop-cultivation

Protection of TBA and
groundwater-dependent
ecosystems cropping

Drawing down aquifers to
enable renewed seasonal
storage

Conjunctive use to optimize resource

MAR from recycled or floodwater

Opportunistic small-scale use
Groundwater demand management

Growing high-value crops, drought-
resistant crops and peri-urban

Equitable use across countries,
sectors and users. Protection of
domestic users

Exit strategies entailing
alternative water resources
and/or livelihoods

Use of renewable energy and
efficient pumps for extraction

Groundwater demand
management

Growing high-value crops, shifting
cultivation to non-depleted
areas (outside the aquifer) and/
or increase imports of food

Protection of TBA, recharge zones and
groundwater-dependent ecosystems
Shifting to efficient rainfed agriculture,

fallow conditions and urban

livelihoods

Use of renewable energy and efficient

pumps for extraction
Jointly collect data on shared aquifers Jointly collect data on shared

Jointly collect data on shared
aquifers

Ensure binding international
water agreements between
aquifer states

Example:

Lower Ganges Basin (India,
Nepal, Bangladesh)
(Villholth et al., 2009;
Sharma et al., 2011)

Guarani Aquifer (Argentina,
Brazil, Paraguay and
Uruguay) (OAS, 2009)

Example:

Ensure binding international water
agreements between aquifer states

High Plains aquifer (various states in
the USA) (Scanlon et al., 2012)

Santa Clara Aquifer (USA, Mexico)
(Scott et al., 2012), the
transboundary aquifers underlying
Euphrates-Tigris rivers (Iran, Iraq,
Syria, Turkey) (Voss et al., 2013)

aquifers

Ensure binding international
water agreements between
aquifer states

Nubian Sandstone Aquifer (Chad,
Egypt, Libya, Sudan) (Foster
and Loucks, 2006)

resources are already stressed, regardless of
concerns about the uncertainty of climate
change projections and assessments of
impact on groundwater and surface water
resources (Clifton et al., 2010). Though these
measures have more general applicability,
building resilience of poorer communities in
and across border regions will significantly
enhance regional stability.

These no-regret, smaller-scale adapta-
tion measures should be combined with
larger scale, more strategic measures in the
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TBA areas, related for example to land use,
urban development and water quality pro-
tection, which will impact the overall
groundwater resource.

In Table 10.4, a simple typology for
TBAs in terms of CCA approaches in agricul-
ture is given. The only distinguishing feature
is the level of development, though others,
such as present climate and human develop-
ment, could also be critical. Examples of
larger TBAs for the various types are also
given.
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Box 10.2. No-regret options for using transboundary aquifers in climate change adaptation in agri-
culture

1. Low-cost, low-technology options for MAR from various sources (rainwater, floodwater).

2. Conjunctive use, including capturing and storing surface water underground when excess is
available.

3. Opportunistic small-scale groundwater irrigation for smallholders (including peri-urban),
dependent on water availability (Clifton et al., 2010).

4. Including groundwater irrigation in or downstream of surface-water irrigation areas and
downstream of surface-water impoundments, to increase benefits and to combat waterlogging and
salinization.

5. Manage demand for groundwater in irrigation, e.g. through low-cost micro-irrigation.

6. Adapting to current droughts as a surrogate for adapting to future climate change.

7. Protection of groundwater recharge areas.
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Box 10.3. Legal aspects of transboundary aquifers

International policies and agreements on TBAs are emerging. Only 15% of 400 international freshwater
treaties presently include explicit provisions for groundwater (Jarvis, 2006), albeit often in a rudimentary
manner. A set of guiding draft Articles on the Law of Transboundary Aquifers formulated by the United
Nations International Law Commission (Stephan, 2009) exist that complement the presently most
widely subscribed-to international law on surface waters, the so-called Convention on the Law of the
Non-navigational Uses of International Watercourses, adopted by the UN General Assembly in May
1997 (United Nations, 1997). The draft articles have been developed in retrospect, acknowledging that
the surface-water-focused convention was inadequate in addressing transboundary groundwater. The
result is the coexistence of two guiding documents, only the latter presently ratified, that do not in
isolation or in conjunction sufficiently acknowledge the integrated properties and benefits of both
resources (McCaffrey, 2009). Another aspect, which has been brought forward in this context, is that
the present international agreements do not adequately account for climate change, variability and

adaptation (Cooley et al., 2009).

10.9 Challenges and
Recommendations for Climate
Change Adaptation and Agricultural
Growth in Transboundary Aquifers

Traditionally, TBAs have not attained high-
level attention from policy makers, interna-
tional law (Box 10.3) or from relevant water,
agriculture and resource management insti-
tutions (Eckstein, 2011). Rather, ground-
water presently tends to be managed
unilaterally with only emerging trends of
global and regional emphasis on the trans-
boundary aspects (e.g. SADC, 2011). Even
less significance is accorded these resources
in terms of potential for CCA and agricul-
tural growth and particularly food security
and poverty reduction in developing regions.
Evolving work in these areas seems to arise
from increasing recognition of the need in
water-stressed regions, like in the case of the
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non-renewable Nubian Sandstone Aquifer,
that now counts on a formal data-sharing®
agreement and results of a joint transbound-
ary diagnostic (Stephan, 2009; Eckstein,
2011), or due to donor-supported impetus,
as in the case of the Guarani Aquifer system
(Villar and Ribeiro, 2012). Notwithstanding
these, efforts of UNESCO since the 2000s
have been instrumental in raising the
research and policy attention to TBAs glob-
ally through their International Shared Aqui-
fer Resources Management (ISARM) Project
(UNESCO, 2010). The disparity in attention
given to different TBAs in the continents
considered are to be found in variable atten-
tions from the ISARM project and other
donor assistance as well as from the different
degrees of water stress and water tension
between the aquifer-sharing countries.
International tension related to ground-
water is emerging, as in the case of the
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Middle East (Eckstein and Eckstein, 2003;
Voss et al., 2013), demonstrating the signifi-
cance of these resources for various pur-
poses (including agriculture) and also the
need for both bilateral and multilateral
negotiations, conflict resolution and agree-
ments on these resources.

Finally, the potential of groundwater,
and TBAs as a subset of this, in addressing
gaps in food production in prospective areas
also needs further attention. The challenge
in this respect may lie in the sustainable and
equitable development of new resources,
ensuring that the resource is not over-
committed, and that development occurs in
a fashion that benefits equally all the nations
involved and also benefits the poorest seg-
ments of the populations. There is a twofold
challenge here: (i) the economically stronger
nations may drive the development to the
detriment of the less developed; and (ii)
benefits from agricultural development may
accrue mostly to larger-scale commercial
farmers.

Africa, and SSA in particular, may epito-
mize the need and potential for addressing
the role of TBAs in climate change and agri-
cultural growth. The region is considered
socially vulnerable, a hot-spot for climate
change as well as a region with underdevel-
oped water resources for agriculture, yet a
continent with significant sharing of major
water resources across borders. In addition,
storage capacity of surface water is among
the lowest in the world (McCartney and
Smakhtin, 2010) and hence focusing more
on groundwater and indeed integrated solu-
tions as discussed previously may add to the
range of options. In the transboundary
sense, groundwater may be more equitable,
as aquifer states can share a joint resource
without the need for large-scale infrastruc-
ture and hence less upstream-downstream
controversies. On the other hand, partners
will have to come together and create trust
and transparency in their individual actions.
At the same time, groundwater and also
TBA research and advocacy are progressing
steadily in SSA, where resources have been
mapped to a considerable extent.

However, capacities are limited. To move
this agenda forward, there is a need for:
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e Addressing the distinct properties of
groundwater (Table 10.1) as well as the
integrated and conjunctive use poten-
tials of transboundary surface water
and groundwater in international water
agreements.

e  Better understanding of the function,
potential, present pressures and vulner-
abilities of specific TBAs and how they
can sustainably co-benefit the sharing
countries.

e  Better knowledge of potential climate
change impacts on groundwater
resources.

e  Better knowledge of options and limita-
tions to minimize adverse climate
impacts, e.g. MAR.

e Capacity building of institutions and
developers on the potentials and limita-
tions of TBAs in enhancing resilience
and food productivity.

e Further transboundary cooperation
and dialogue with an increased focus on
the role of groundwater in agriculture.

e  Simultaneous bottom-up and top-down
approaches to TBA management.

Proper groundwater management can-
not be achieved without the active involve-
ment of users and stakeholders, as access
and impacts are often local and/or diffuse
and dispersed over the extent of the aquifer
area. Conversely, grasping the transbound-
ary significance and seizing the potentials in
a long-term sustainable fashion without
compromising dependent ecosystems and
populations will most often require involve-
ment and commitment at the highest
national and international level.

10.10 Conclusions

Groundwater often takes second seat in
development policies and strategies, espe-
cially related to agriculture and transbound-
ary water collaboration, but it may well be a
decisive resource for CCA and social and
environmental resilience in many settings.
This chapter advocates for increased atten-
tion to the role that TBAs can play in
addressing climate change resilience, water
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and food security, and regional integration
and cooperation. However, this requires
increased emphasis, capacity development
and awareness-raising at all levels to harness
the options available through integrated
solutions. The ability to manage groundwa-
ter will affect overall development and adap-
tation performance and outcomes. While on
the one hand groundwater dependence is set
to increase partly because of its storage
properties and climate variability resilience,
on the other, mal-management of ground-
water entails loss of exactly that property of
the resource.

Notes

1 The definition of TBAs does not imply that
groundwater resources in border regions out-
side of TBAs do not exist or manifest similar
properties as TBAs. However, the extent and
significance of such resources are presently
considered of limited transboundary importance
or their transboundary extent has not been iden-
tified or acknowledged.

2 Groundwater abstraction in one country may
influence groundwater flow and availability in
another country. Groundwater pollution in one
country may spread through the aquifer to an
adjacent country.

8 For example, groundwater pumping in ripar-
ian zones of one country may affect river flows
downstream in an adjacent country. Likewise,
pollution of aquifers in one country may enter
an adjacent country, by way of base flow to an
international river.

Actions that are justifiable from economic,

social and environmental perspectives whether

climate change takes place or not (Siegel and

Jorgensen, 2011).

5 Limited experience with actual and quantitative
water sharing of TBAs exists at present (Eck-
stein, 2011).
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