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Abstract: This paper reviews the current knowledge of climatic risks and impacts in South Asia associated with
anthropogenic warming levels of 1.5°C to 4°C above pre-industrial values in the 21st century. It is based on the
World Bank Report “Turn Down the Heat, Climate Extremes, Regional Impacts and the Case for Resilience”
(2013). Many of the climate change impacts in the region, which appear quite severe even with relatively modest
warming of 1.5-2°C, pose significant hazards to development. For example, increased monsoon variability and loss
or glacial meltwater will likely confront populations with ongoing and multiple challenges. The result is a significant
risk to stable and reliable water resources for the region, with increases in peak flows potentially causing floods and
dry season flow reductions threatening agriculture. Irrespective of the anticipated economic development and
growth, climate projections indicate that large parts of South Asia’s growing population and especially the poor are
likely to remain highly vulnerable to climate change.
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Introduction

South Asia, here referring to a region comprising the seven countries Bangladesh, Bhutan, India, the Maldives,
Nepal, Pakistan and Sri Lanka, has a total population of about 1.6 billion people as of 2010, projected to rise to over
2.2 billion by 2050 (World Bank 2013b). The region has seen robust economic growth in recent years, yet poverty
remains widespread and projected changes in the climate could severely affect the rural economy and agriculture.
Dense urban populations meanwhile are especially vulnerable to heat extremes, flooding, and disease.

This paper aims at providing a condensed overview of the scientific findings on the physical and biophysical
impacts in South Asia based on the Turn Down the Heat Report (2013). Both the methodology and scope of this
analysis reflect those of the report. The framing of this overview, however, diverges from the original form as can be
seen from the structure outlined below. The evaluation of the presented findings thus also follows a different
approach.

The first section (Climate) gives a concise, state of the art overview of the physical aspects of climate change, such
as temperature or precipitation changes, to be expected in South Asia in a 2°C and a 4°C world, respectively. While
current warming levels have already led to observable, non-negligible impacts, they are not the focus of this
analysis. This paper rather aims at highlighting the difference between a 2°C and 4°C world, in order to clarify the
consequences of current choices in climate policy. The climate section will provide the basis for the analysis of
climate change impacts on different sectors presented in the next section (Impacts). Here, the focus lies on the
combined and multiple, interacting physical and biophysical impacts that climatic changes have on human systems,
organized into two sections that are also intertwined: water and agriculture-related impacts. This is followed by an
analysis of how these resulting impacts interact with human livelihoods. An overview of the results is given in
tabular form in Online Resource 1, a short version thereof in Figure 1.

Climate

The results on temperature and precipitation in South Asia in this section are, if not referenced otherwise, based on
our own analysis (compare Coumou and Robinson, 2013) of five bias-corrected CMIP5 models as in the ISIMIP
effort (Warszawski et al. 2014). The terms “2°C world” and “4°C world” therein refer to the scenarios RCP2.6 and
RCP8.5 by the end of the century (which refers to the average of the time period 2071-2099, if not mentioned
otherwise). The baseline period is 1951-80.

Our understanding of the physical aspects of climate change presented in this section is different for each type of
climatic change: For example, in contrast to the processes behind temperature responses to increased greenhouse gas
emissions, which are fairly well understood, projecting the hydrological cycle poses inherent difficulties because of
the higher complexity of the physical processes and the scarcity of long-term, high-resolution rainfall observations
(Allen and Ingram 2002). Precipitation projections hence have a much larger spread and uncertainty than
temperature projections, both for strength and localization.

Temperature

A warming trend has begun to emerge over South Asia in the last few decades, particularly in India, and appears to
be consistent with the signal expected from human-induced climate change (Kumar et al 2010). As for the 21%
century, a 2°C world shows substantially lower average warming over the South Asian land area than would occur
in a 4°C world. In a 4°C world, South Asian summer temperatures are projected to increase by 3°C to nearly 6°C
above the baseline by 2100, with the warming most pronounced in Pakistan (see Figure OR1, in Online Resource 1).



While that pattern is the same in a 2°C world, the warming by the end of the century is limited to 2°C in the North
West and to 1°C to 2°C in the remaining regions. In absolute terms, inland regions in India warm somewhat more
than the coast. Relative to the local year-to-year natural variability — which is the relevant measure for adaptation
capacity — the pattern is reversed, especially in the southwest. In a 4°C world, the west coast and southern India, as
well as Bhutan and northern Bangladesh, even shift to new climatic regimes, with the monthly temperature
distribution moving 5-6 standard deviations toward warmer values. These projections are consistent with other
assessments based on CMIP3 models (see, e.g. Kumar et al., 2010).

Heat Extremes

The exposure to an increase in heat extremes could be substantially limited by holding warming below 2°C
compared to the prospects of a 4°C world (Coumou and Robinson 2013). In a 4°C world, our model analysis for
South Asia shows a strong increase in the frequency of boreal summer months hotter than 5-sigma (with respect to
the historical mean) over the Indian subcontinent, especially in the south and along the coast as well as for Bhutan
and parts of Nepal (Figure OR2, right bottom panel). By 2100, there is an approximately 60-percent chance that a
summer month will be hotter than 5-sigma in the multimodel mean, very close to the global average percentage. The
limitation of surface area for averaging to South Asia, however, implies that there is larger uncertainty about the
timing and magnitude of the increase in frequency of extremely hot months. Still, by the end of the 21 century,
most summer months in the north of the region (>50 percent) and almost all summer months in the south (>90
percent) would be hotter than 3-sigma under RCP8.5 (Figure OR2, right top panel).

Ina 2°C world, in contrast, most of the high-impact heat extremes projected by RCP8.5 for the end of the century
would be avoided. Extremes beyond 5-sigma would be virtually absent, except for the southernmost tip of India and
Sri Lanka (Figure OR2, bottom left panel). The less extreme months (i.e., beyond 3-sigma), however, would still
increase substantially and cover about 20 percent of the surface area of the Indian subcontinent (Figure OR2, top left
panel). The increase in frequency of these events would occur in the near term and level off by mid-century. Thus,
irrespective of the future emission scenario, the frequency of extreme summer months beyond 3-sigma in the near
term would increase several fold. By the second half of the 21* century, mitigation would have a strong effect on the
number and intensity of extremes.

For the Indian subcontinent, the multi-model mean of all CMIP5 models projects that warm spells, with consecutive
days beyond the 90" percentile, will lengthen to 150-200 days under RCP8.5, but only to 20-45 days under RCP2.6
(Sillmann et al. 2013).

Precipitation

A warmer atmosphere can carry significantly more water than a cooler one based on thermodynamic considerations.
Taking into account energy balance considerations, climate models generally project an increase in global mean
precipitation of about 2 percent per degree of warming.

In the 5 bias-corrected GCMs analyzed here, annual mean precipitation increases under both emissions of
greenhouse gases and aerosols in the RCP2.6 and RCP8.5 scenarios over most areas of the region (Figure OR3, top
row). The notable exception is western Pakistan. The percentage increase in precipitation is enhanced under RCP8.5,
and the region stretching from the northwest coast to the southeast coast of the Indian peninsula will experience the
highest percentage (~30 percent) increase in annual mean rainfall.

The percentage change in summer (JJA) precipitation (i.e., during the wet season) resembles that of the change in
annual precipitation (Figure OR3, bottom row). The winter (DJF) precipitation (Figure OR3, middle row) shows a
relative decrease in Pakistan and the central and northern regions of India, whereas the rest of the regions show
inter-model uncertainty in the direction of change under the RCP8.5 scenario. This is in agreement with previous
studies based on the IPCC AR4 (CMIP3) models (e.g., Chou et al., 2007), which suggest that the wet season gets
wetter and the dry season gets drier. Under RCP2.6 the direction of the percentage change in winter rainfall shows
large inter-model uncertainty over almost all regions of India.
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In addition to these patterns, there are observed increases in the frequency of the most extreme precipitation events
(Gautam 2012; Gautam et al. 2009) , with more extreme events occurring over the west coast and central and
northeast India (Ajayamohan and Rao 2008; Goswami et al. 2006; Singh and Sontakke 2002). Also, the frequency
of short drought periods increases (Deka et al. 2012). Deka et al. (2012) attribute this to a superposition of the
effects of global warming on the normal monsoon system. They argue that these changes “indicate a greater degree
of likelihood of heavy floods as well as short spell droughts. This is bound to pose major challenges to agriculture,
water, and allied sectors in the near future.”

Monsoon

Depending on the skill metric, most models are not able to resolve elementary aspects of the monsoon (onset,
duration, break/active phases). However, model projections in general show an increase in the Indian monsoon
rainfall under future emission scenarios of greenhouse gases and aerosols. The latest generation of models (CMIP5)
confirms this picture, projecting an overall increase of approximately 2.3% per degree of warming for summer
monsoon rainfall (Menon et al. 2013). The increase in precipitation simulated by the models is attributed to an
increase in moisture availability in a warmer world. It is, somewhat paradoxically, found to be accompanied by a
weakening of the monsoonal circulation (Bollasina, Ming, and Ramaswamy 2011; Krishnan et al. 2012; Turner and
Annamalai 2012), which is explained by energy balance considerations (Allen and Ingram 2002). Compared to the
pre-industrial period, selected CMIP5 models show an increase in mean monsoon rainfall of 5-20 percentina 4 °C
world (Jourdain et al. 2013). A significant uncertainty remains (see also hashed areas in Figure OR3), compare
Collins et al. (2013) and Sperber et al. (2012).

Recent observations of total rainfall amounts during the monsoon period indicate a decline in the last few decades
(Bollasina, Ming, and Ramaswamy 2011; Srivastava, Naresh Kumar, and Aggarwal 2010; Turner and Annamalai
2012; Wang et al. 2011). While the observed decline is inconsistent with the projected effects of global warming,
there are indications that the decline could be (at least in part) due to the effects of black carbon and other
anthropogenic aerosols (Bollasina, Ming, and Ramaswamy 2011; Turner and Annamalai 2012). Also, although most
studies agree on the existence of this decrease, its magnitude and significance are highly dependent on the sub-
region on which the analysis is performed and the dataset that is chosen.

While most modeling studies project average annual mean increased monsoonal precipitation on decadal timescales,
they also project significant increases in inter-annual and intra-seasonal variability (Endo et al. 2012; Kumar et al.
2010; May 2010; Menon, Levermann, and Schewe 2013; Sabade, Kulkarni, and Kripalani 2010; Turner and
Annamalai 2012):

e Anincrease in the frequency of years with above-normal monsoon rainfall and of years with extremely
deficient rainfall (Endo et al. 2012; Kripalani et al. 2007).
e Anincrease in the seasonality of rainfall, with more rainfall during the wet season (Fung, Lopez, and New
2011; Turner and Annamalai 2012), and an increase in the number of dry days (Gornall et al. 2010) and
droughts (Dai, 2012; Kim and Byun 2009).
e Anincrease in the number of extreme precipitation events (Endo et al. 2012; Kumar et al. 2010).
Changes in monsoon variability are expected to pose major challenges to human communities which depend on
precipitation and river runoff as major sources of freshwater (see Water-Related Impacts). There are particularly
large uncertainties in projections of spatial distribution and magnitude of the heaviest extremes of monsoon rainfall
(Turner and Annamalai 2012). A potential abrupt change in the monsoon (Schewe and Levermann 2012) caused by
global warming, toward a much dryer, lower rainfall state could cause major droughts which would likely
precipitate a major crisis in South Asia. At this stage such a risk remains speculative — but clearly demands further
research given the significant consequences of such an event.



Glacial Loss and River Flow

Most of the Himalayan glaciers, where 80 percent of the moisture is supplied by the summer monsoon, have been
retreating over the past century. The Indus and the Brahmaputra basins depend heavily on snow and glacial melt
water, which make them extremely susceptible to climate-change-induced glacier melt and snowmelt (Immerzeel,
van Beek, and Bierkens 2010). Very substantial reductions in the flow of the Indus and Brahmaputra in late spring
and summer are projected for the coming few decades with a shift toward high winter and spring runoff likely well
before a 2°C warming. These trends are projected to become quite extreme in a 4°C warming scenario
(Diffenbaugh, Scherer, and Ashfag 2012). The Ganges, due to high annual downstream precipitation during the
monsoon season, is less dependent on melt water (Immerzeel et al. 2010). The differences between the river basins
are analyzed in some detail by Van Vliet et al. (2013).

Combined with precipitation changes, loss of glacial ice and a changing snowmelt regime could lead to substantial
changes in downstream flow extremes. For example, the Brahmaputra may less frequently experience extreme low
flow conditions in the future (Gain et al. 2011). However, there could be a strong increase in peak flow, which is
associated with flood risks (Ghosh and Dutta 2012). Combined with projected sea-level rise, this could have serious
implications for Bangladesh and other low-lying areas in the region (Gain et al. 2011).

Sea-level Rise

Current sea levels and projections of future sea-level rise are not uniform across the world and projections of local
sea-level rise in South Asia show a stronger increase compared to higher latitudes (Perrette et al. 2013). Using a
compilation of IPCC AR5 and other recent studies (see methods in World Bank 2014), regional sea-level rise in
South Asia by the end of the 21 century is projected to be approximately 0.65m (0.4m to 1.2m) in a 4°C and 0.4m
(0.2mto 0.7m) a 2°C world (relative to 1986-2005). This is generally around 5-10 percent higher than the global
mean. The projections of sea-level rise for a 2°C and a 4°C world (corresponding to RCP 2.6 and RCP 8.5,
respectively) start diverging significantly only in the second half of the 21 century, each roughly 10 years ahead of
the corresponding global mean development. The rate of sea-level rise, however, is an indicator with an even more
pronounced difference between high- and low emission scenarios, with implications for adaptation processes and
commitment to a larger divergence of sea-level rise between 2 and 4°C Worlds post 2100. It features end-of-century
rates of 13mm/yr (7 to 24 mm/yr) in a 4°C world, down to 4mm/yr (1 to 7 mm/yr) in a 2°C world. Note that the
projections presented here include only the effects of human-induced global climate change and not those of local
land subsidence due to natural or human influences; these factors need to be accounted for in projecting the local
and regional risks, impacts, and consequences of sea-level rise.

Tropical Cyclones

For the northern Indian Ocean, recent changes in the total annual tropical cyclone (TC) frequency have not been
significant (Knutson et al. 2010). However, the frequency of strong cyclones (SC) of category 4 and 5 has
considerably increased over the last decades (1975-89: only 1 SC, 1990-2004: 7 SCs; cf. (Webster et al. 2005)). In
parallel, the maximum wind speeds (within individual TCs) also displayed a significant upward trend (Elsner,
Kossin, and Jagger 2008).

Most of the recent projections of future changes in the regional TC characteristics still suffer from an insufficient
representation of TC generating mechanisms in state-of-the-art general circulation models (GCMs) (Emanuel,
Sundararajan, and Williams 2008). As a consequence, there has been no full quantitative (and partly even no
qualitative) consensus among different studies regarding expected changes in the (still generally low) annual TC
frequency in the northern Indian Ocean (Murakami et al. 2012; Tory et al. 2013). However, some general tendencies
have been identified recently:

e For a moderate 2°C warming scenario by 2100, Gualdi et al. (2008) projected a systematic decrease of TC
frequencies, while the average TC duration remains almost unchanged in comparison to present day. In



turn, the cyclogenesis potential under the B1 emission scenario has been found to increase by 6% (Caron
and Jones 2008).

Under the A1B emission scenario (about 3.5°C warming in comparison to pre-industrial level by 2100),
ensemble simulations with a high-resolution model have shown decreasing TC frequencies over the Bay of
Bengal by 31% until 2100, but a 46% increase over the Arabian Sea (Murakami, Sugi, and Kitoh 2013).
For the entire northern Indian Ocean (Emanuel, Sundararajan, and Williams 2008), this results in an overall
increasing frequency. There is, however, a considerable uncertainty (J.-H. Kim, Brown, and McDonald
2011) related to the considerable spatial heterogeneity of trends as well as strong intra-annual variability
(Murakami, Sugi, and Kitoh 2013; Murakami et al. 2012)

Regarding future TC intensities, Murakami et al. (2012) revealed a general upward tendency which is in
accordance with a previously reported 10% increase in the cyclogenesis potential (Caron and Jones 2008).
Under the even more severe A2 scenario, the possible number of TCs in the northern Indian Ocean would
increase even further by about 16% in comparison to present day (Caron and Jones 2008), which is
accompanied by a moderate increase in cyclogenesis potential (Chattopadhyay and Abbs 2012).

Recent CMIP5 model results under RCP8.5 are in qualitative agreement with the aforementioned findings
(Tory et al. 2013).



Impacts

As climate change impacts are often closely intertwined with one another, a clear demarcation between them poses a
methodological challenge. While many classifications may be valid, this paper deploys the following approach in
order to provide an overview of the most important physical and biophysical impacts possibly affecting human life
in South Asia: We provide a focus on physical and biophysical impacts on human systems, categorized into water-
and agriculture-related impacts. Whereas these are closely interconnected (for instance, impacts on water influence
agriculture, but agriculture also influences the atmospheric water cycle), they provide a working structure to form a
representative description of the most significant impacts and their concomitant effects on livelihoods in South Asia.
The complex interactions of impacts with livelihoods are divided into hunger and poverty, health, migration, and
conflict. Naturally, these topics are also interlinked and there is a need to further connect the research, in order to
fully assess aggregated risks from different sectors for the region.

Water-Related Impacts

Many of the climate risks and impacts that pose potential threats to populations in South Asia are associated with
changes in the hydrological cycle — extreme rainfall, droughts, and declining snow fall and glacial loss in the
Himalayas leading to changes in river flow. In the coastal regions those are combined with the consequences of sea-
level rise and increased tropical cyclone intensity.

The climate of South Asia is dominated by the monsoon: The timely arrival of the summer monsoon, and its
regularity, are critical for the rural regions and food production in South Asia.

The Indus, the Ganges, and the Brahmaputra basins provide water to approximately 750 million people (209 million,
478 million, and 62 million respectively in the year 2005; Immerzeel et al., 2010). In fact, a fifth of the world's
population depends on the ecosystem of the Greater Himalaya region. An increasing occurrence of extremely low
snow years and a shift toward extremely high winter/spring runoff and extremely low summer runoff would increase
the flood risk during the winter/spring, and decrease the availability of freshwater during the summer (Giorgi et al.
2011).

Floods

The flooding events influenced or caused by climate change include glacial lake outbursts (Bates et al. 2008; Lal
2011; Mirza 2010), flash floods, inland river floods, extreme precipitation-causing landslides, and coastal river
flooding, combined with the effects of sea-level rise and storm-surge-induced coastal flooding. Precipitation is the
major cause of flooding (Mirza, 2010 and, for the example of the 2010 flash flood in Pakistan, Webster et al., 2011).
Since 1980, the risks from flooding have grown mainly due to population and economic growth in coastal regions
and low-lying areas. In South Asia, almost 45 million people were exposed to floods in 2010, accounting for
approximately 65 percent of the global population exposed to floods in that year (UNISDR 2011).

The proportion of the population prone to river flooding increases rapidly with higher levels of warming (Arnell and
Gosling 2013): Globally about twice as many people are predicted to be prone to flooding in 2100 in a 4°C world
compared to a 2°C scenario and by the 2050s increases in the risk of flooding are particularly large for South Asia.

Deltaic regions in particular are vulnerable to more severe flooding, loss of wetlands, and a loss of infrastructure and
livelihoods as a consequence of sea-level rise and climate-change-induced extreme events (Douglas 2009; Syvitski
et al. 2009; World Bank 2010). Climate change is not the only driver of an increasing vulnerability to floods and
sea-level rise. Human activities inland (such as upstream damming, irrigation barrages, and diversions) as well as
activities on the delta (such as water withdrawal) can significantly affect the rate of aggradation and local subsidence
in the delta. Subsurface mining is another driver (Syvitski et al. 2009).

Bangladesh is one of the most densely populated countries in the world, with a large population living within a few
meters of sea level. Flooding of the Ganges-Brahmaputra-Meghna Delta occurs regularly and is part of the annual
cycle of agriculture and life in the region. However, the fact that up to two-thirds of the land area of Bangladesh is
flooded every three to five years already causes substantial damage to infrastructure, livelihoods, and agriculture—
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and especially to poor households (World Bank 2010). Projections consistently show substantial and growing risks
for the country. Mirza (2010) estimates the flooded area could increase by as much as 29 percent for a 2.5°C
increase in warming above pre-industrial levels. At higher levels of warming, the rate of increase in the extent of
mean-flooded-area per degree of warming is estimated to be lower (Mirza 2010).

Tropical Cyclones

More intense tropical cyclones, combined with sea-level rise, would increase the depth and risk of inundation from
floods and storm surges. Although only 15 percent of all tropical cyclones affect South Asia, India and Bangladesh
alone account for 86 percent of global deaths from cyclones (UNISDR 2011). Furthermore, the highest risk of
inundation is projected to occur in areas with the largest shares of poor people (Meams and Norton 2009).

In Bangladesh, for example, a projected 27 cm sea-level rise by 2050, combined with a storm surge induced by an
average 10-year, return-period cyclone such as Sidr (NASA, 2007; Wassmann et al., 2009b), could under certain
conditions inundate an area 88-percent larger than the area inundated by current cyclonic storm surges (Meams and
Norton 2009). Besides deaths and injuries, further indirect effects of floods and cyclones on health result from
disruptions to food supply and access to safe drinking water.

Droughts

According to our own analysis, droughts are expected to pose an increasing risk in parts of the region, particularly
Pakistan, while increasing wetness is projected for southern India (Figure OR3). The direction of change is uncertain
for northern India. This is consistent with other estimates using projections in precipitation and warming (Dai
2012): for a global mean warming of 3°C by the end of the 21 century, the drought risk expressed by the Palmer
Drought Severity Index becomes higher across much of northwestern India, Pakistan (and also Afghanistan) but
becomes lower across southern and eastern India. It should be noted that such projections are uncertain, not only due
to the spread in model projections but also to the choice of drought indicator (Taylor et al. 2012).

The projected increase in seasonality of precipitation is associated with an increase in the number of dry days and
droughts with adverse consequences for human lives.

Water Security

Future water security under climate change is a growing concern. It is dependent on the complex relationship among
population growth, increases in agricultural and economic activity, increases in total precipitation, and the ultimate
loss of glacial fed water and snow cover, combined with regional variations and changes in seasonality across South
Asia. The assessment of water security threats is undertaken using differing metrics across the studies, making a
comprehensive assessment difficult. Several studies find that South Asia is already a highly water-stressed region
(Fung, Lopez, and New 2011; Voérosmarty et al. 2010). It has very low levels of water storage capacity per capita,
which increases vulnerability to fluctuations in water flows and changing monsoon patterns (Ministry of
Environment and Forests 2012).

Projections show that in most cases climate change aggravates the situation (De Fraiture and Wichelns 2010;
ESCAP 2011; Green et al. 2011), particularly for the agricultural sector (Sadoff and Muller 2009), compare section
Impacts on Agriculture. An example of the complexity of such prognoses can be seen in the work of Fung et al.
(2011), who project the effects of global warming on river runoff in the Ganges basin. A warming of about 2.7°C
above pre-industrial levels is projected to lead to a 20-percent increase in runoff, and a 4.7°C warming to
approximately a 50-percent increase. While an increase in annual runoff sounds promising for a region in which
many areas suffer from water scarcity (Bates et al. 2008; Doll 2009; ESCAP 2011), it has to be taken into account
that the changes are unevenly distributed across wet and dry seasons. In projections by Fung et al. (2011), annual
runoff increases in the wet season while further decreasing in the dry season — with the amplification increasing at
higher levels of warming. This increase in seasonality implies severe flooding in high-flow seasons and aggravated
water stress in dry months in the absence of large-scale infrastructure construction (Fung et al. 2011; World Bank
2012).



For global warming of approximately 3°C above pre-industrial levels and the SRES A2 population scenario for
2080, Gerten et al. (2011) project that it is very likely (>90 percent confidence) that per capita water availability in
South Asia (except for Sri Lanka) will decrease by more than 10 percent. While the population level plays an
important role in these estimates, there is a 10-30 percent likelihood that climate change alone is expected to
decrease water availability by more than 10 percent in Pakistan. The likelihood of water scarcity driven by climate
change alone is as high as >90 percent for Pakistan and Nepal and as high as 30-50 percent for India.

In a scenario of 2°C warming by 2050, Rockstrom et al. (2009) project that food and water requirements in India
would exceed the availability of green water (rainwater stored in the soil as soil moisture) by more than 150 percent,
indicating that the country will be highly dependent on blue water (water from rivers and aquifers) for agricultural
production. As early as 2050, water availability in Pakistan and Nepal is projected to be too low for self-sufficiency
in food production when taking into account a total availability of water below 1300m? per capita per year as a
benchmark for the amount of water required for a balanced diet (Rockstrom et al. 2009).

Impacts on Agriculture

Agriculture contributes approximately 18 percent to South Asia’s GDP (2011 data based on World Bank, 2013a);
more than 50 percent of the population is employed in the sector (2010 data based on World Bank, 2013a) and
directly dependent on it. Productivity growth in agriculture is an important driver of poverty reduction. In spite of
the paramount importance of this sector, even explaining the observed yields in South Asia remains a non-trivial
task (Auffhammer, Ramanathan, and Vincent 2006, 2011; Kalra et al. 2008; Lin and Huybers 2012; Lobell et al.
2012; Pathak et al. 2003). Projecting agricultural output for the future is even more challenging: it could be expected
that future improvements may occur due to technological changes, cultivar breeding and optimization, production
efficiencies, and improved farm management practices. However, declining soil productivity, groundwater depletion
(Green et al. 2011), and declining water availability, as well as increased pest incidence and salinity, already
threaten sustainability and food security in South Asia (Wassmann, Jagadish, and Sumfleth 2009). The effects of
climate change have the potential to further significantly aggravate the situation; however, due to the complexity of
the issue, projections remain difficult.

Extreme Heat Effects

Heat stress, which can be particularly damaging during some development stages and may occur more frequently
with climate change, is not yet widely included in crop models and projections.

Compared to calculations of potential yields without historic trends of temperature changes since the 1980s, rice and
wheat yields have declined by approximately 8 percent for every 1°C increase in average growing-season
temperatures (Lobell, Schlenker, and Costa-Roberts 2011). If temperatures increase beyond the upper temperature
for crop development (e.g., 25-31°C for rice and 20-25°C for wheat, depending on genotype), rapid decreases in the
growth and productivity of crop yields could be expected, with greater temperature increases leading to greater
production losses (Wassmann, Jagadish, and Sumfleth 2009). By introducing the response to heat stress within
different crop models, Challinor, Wheeler, Garforth, Craufurd, and Kassam (2007) simulate significant yield
decreases for rice (up to -21 percent under double CO,) and groundnut (up to -50 percent).

Water Constraints

Agricultural productivity is highly dependent on the hydrological cycle and freshwater availability (Jacoby,
Mariano, and Skoufias 2011). In turn, agriculture and the food demands of a growing population are expected to be
the major drivers of water usage in the future (De Fraiture and Wichelns 2010; Douglas 2009). At present,
agriculture accounts for more than 91 percent of the total freshwater withdrawal in South Asia (including
Afghanistan). Nepal (98 percent), Pakistan (94 percent), Bhutan (94 percent) and India (90 percent) have
particularly high levels of water withdrawal through the agricultural sector (2011 data, by World Bank, 2013a).



Immerzeel, van Beek, and Bierkens (2010) demonstrate how changes in water availability in the Indus, Ganges, and
Brahmaputra rivers may impact food security. The authors estimate that with a temperature increase of 2-2.5°C
compared to pre-industrial levels, by the 2050s reduced water availability for agricultural production may result in
more than 63 million people no longer being able to meet their caloric demand by production in the river basins.
Recent statistical analysis by Auffnhammer, Ramanathan, and Vincent (2011) also confirm that changes in monsoon
rainfall over India, with less frequent but more intense rainfall in the recent past (1966-2002) contributed to reduced
rice yields. This decrease in production is due to both direct drought impacts on yields and to the reduction of the
planted areas for some water-demanding crops (e.g., rice) as farmers observe that the monsoon may arrive too late
(Gadgil and Rupa Kumar 2006). South Asia, and especially India and Pakistan, are highly sensitive to decreases in
groundwater recharge — a situation that is expected to become more critical with climate change (D4ll 2009; Green
etal. 2011).

The changing variability of the monsoon season poses a severe risk to agriculture because farming systems in South
Asia are highly adapted to the local climate, particularly the monsoon. Observations indicate the agricultural sector’s
vulnerability to changes in monsoon precipitation: with a 19-percent decline in summer monsoon rainfall in 2002,
Indian food grain production was reduced by 10-15 percent compared to the previous decadal average (Mall et al.
2006). Without adequate water storage facilities, the potential increase of peak monsoon river flow would not be
usable for agricultural productivity; increased peak flow may also cause damage to farmland due to river flooding
(Gornall et al. 2010). Observations of agricultural production during ENSO (EI Nifio — Southern Oscillation) events
confirm strong responses to variations in the monsoon regime. ENSO events play a key role in determining
agricultural production (lglesias, Erda, and Rosenzweig 1996). Several studies, using historical data on agricultural
statistics and climate indices, have established significant correlations between summer monsoon rainfall anomalies,
strongly driven by the ENSO events, and crop production anomalies (e.g.,Webster et al., 1998).

Drought

The droughts of 1987 and 2002-2003 affected more than 50 percent of the crop area in India (Wassmann, Jagadish,
and Sumfleth 2009); in 2002, food grain production declined by 29 million tons compared to the previous year
(UNISDR 2011). Local droughts in rainfed agricultural areas in northwest Bangladesh cause yield losses higher than
those from flooding and submergence (Wassmann, Jagadish, and Sumfleth 2009)

Salinization

Soil salinity has been hypothesized to be one possible reason for observed yield stagnations and decreases in the
Indo-Gangetic Plain (Ladha et al. 2003). Deltaic regions and wetlands are exposed to the risks of sea-level rise and
increased inundation causing salinity intrusion into irrigation systems and groundwater resources. Also, higher
temperatures would lead to excessive deposits of salt on the surface, further increasing the percentage of brackish
groundwater (Wassmann, Jagadish, and Heuer 2009). However, similar to diminished groundwater availability,
which is largely due to rates of extraction exceeding rates of recharge and is, in this sense, human induced (Bates et
al. 2008) groundwater and soil salinization are also caused by the excessive use of groundwater in irrigated
agriculture. Salinity stress through brackish groundwater and salt-affected soils reduces crop yields; climate change
is expected to aggravate the situation (Wassmann, Jagadish, and Heuer 2009).

Flooding, Sea-level Rise and Tropical Cyclones

Flooding poses a particular risk to deltaic agricultural production. Even today, food shortages are a persistent
problem in Bangladesh (Douglas 2009; Wassmann, Jagadish, and Sumfleth 2009). In this region, large amounts of
productive land could be lost to sea-level rise, with 40-percent area losses projected in southern Bangladesh for a 65
cm rise by the 2080s (Yu et al. 2010). Tropical cyclones already lead to substantial damage to agricultural
production, particularly in the Bay of Bengal region, yet very few assessments of the effects of climate change on
agriculture in the region include estimates of the likely effects of increased tropical cyclone intensity.
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Uncertain CO2 Fertilization Effect

Despite the different representations of some specific biophysical processes, simulations generally show that the
positive fertilization effect of the increasing atmospheric CO, concentration may counteract the negative impacts of
increased temperature (e.g., Challinor & Wheeler 2008). Uncertainties associated with the representation or
parameterization of the CO, fertilization effect, however, lead to a large range of results given by different crop
models. For example, large parts of South Asia are projected to experience significant declines in crop yield without
CO, fertilization, while increases are projected when taking the potential CO, fertilization effect into account
(Mller et al. 2010). However, controversy remains as to the strength of the effect, and there is considerable doubt
that the full benefits can be obtained (Mdaller et al. 2010).

Projected Changes in Food Production

Nelson et al. (2010) estimate the direct effects of climate change (changes in temperature and precipitation for
rainfed crops and temperature increases for irrigated crops) on the production of different crops with and without the
effect of CO, fertilization under a global mean warming of about 1.8°C above pre-industrial levels by 2050. They
find that South Asia is affected particularly hard by climate change—especially when the potential benefits of the
CO, fertilization effect are not included. If temperatures increase beyond the upper temperature for crop
development (e.g., 25-31°C for rice and 20-25°C for wheat, depending on genotype), rapid decreases in the growth
and productivity of crop yields could be expected, with greater temperature increases leading to greater production
losses (Wassmann, Jagadish, and Sumfleth 2009). By analyzing the heat stress in Asian rice production for the
period 1950-2000, Wassmann, Jagadish, and Heuer (2009) show that large areas in South Asia already exceed
maximum average daytime temperatures of 33°C. Auffhammer et al. (2006), in agreement with e.g. Pathak et al.
(2003) and Kalra et al. (2008)show increasing minimum temperatures caused more than half of the total observed
yield decline over the past decade and before. Present crop models may underestimate by as much as 50 percent the
yield loss from local warming of 2°C (Lobell et al. 2012).

Without climate change, overall crop production is projected to increase significantly (by about 60 percent by 2050)
although, per capita, crop production will likely not quite keep pace with projected population growth. Under
climate change, however, a significant (about one-third) decline in per capita South Asian crop production is
projected, if the CO, fertilization effect does not persist and increase above present levels. The per capita calorie is
projected to decline under climate change, while it will rise in the scenario without climate change. The same
analysis expects the proportion of malnourished children to be substantially reduced by the 2050s without climate
change. However, climate change is likely to partly offset this reduction, as the number of malnourished children is
expected to increase by 7 million compared to the case without climate change (Nelson et al. 2010).

A meta-analysis of the impact of temperature increase on crop yields in the South Asia region from 9 different
studies is presented in Online Resource 2 (originally prepared for the World Bank Report, 2013b).

Impacts in Bangladesh

While the risks for South Asia as a whole emerge as quite serious, the risks and impacts for Bangladesh are arguably
amongst the highest in the region. Yu et al. (2010) conducted a comprehensive assessment of future crop
performance and consequences of production losses for Bangladesh. Taking into account the impact of changes in
temperature and precipitation, the uncertain benefits of CO, fertilization, mean changes in floods and inundation, and
rising sea levels, the authors estimate that climate change will cause a reduction of about 2-6.5 percent in annual rice
production from 2005-50, depending on the scenario (World Bank 2010; Yu et al. 2010).

Interactions of Physical and Biophysical Impacts with Livelihoods
The human impacts of climate change will be determined by the socioeconomic context in which they occur. The
following sections outline some of these expected implications, drawing attention to how particular groups in
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society, such as the poor, are most vulnerable to the threats posed by climate change. Climate-change impacts are
projected to have immediate as well as long term consequences for livelihoods, especially for the poorest
households, as well as for poverty reduction policies and efforts (Hallegatte et al. 2014).

Hunger and Poverty

Per capita calorie availability and child malnutrition - which are determinants for long-term growth and health - may
be severely affected by climate change and its effect on the agricultural sector (Nelson et al. 2010). Furthermore, the
uneven distribution of the impacts of climate change is expected to have adverse effects on poverty reduction. Hertel
et al. (2010) show that, by 2030, rising food prices in response to productivity shocks would have the strongest
adverse effects on a selected number of social strata. In a low-productivity scenario, described as a world with rapid
temperature increases and crops highly sensitive to warming, higher earnings result in declining poverty rates for
self-employed agricultural households. This is due to price increases following production shocks. Non-agricultural
urban households, in turn, are expected to be most affected by food price increases. As a result, the poverty rate
among this subpopulation rises by up to a third in Bangladesh in this scenario. Other means by which climate
change can affect poor households, beyond the consequences of increasing food prices and decreased calorie
availability still need to be investigated (Hallegatte et al. 2014). These channels could for example include the
effects on assets and physical capital (e.g. a tropical cyclone destroying living premises), the effects on productivity
(e.g. high temperature reducing labor productivity) and opportunities (e.g. the overall effect of climate variability
and change on economic growth) (Hallegatte et al. 2014).

Health

Childhood Stunting: The negative effects of climate change on food production may have direct implications for
malnutrition and undernutrition — increasing the risk of both poor health and rising death rates (Lloyd, Kovats, and
Chalabi 2011). At present, more than 31 percent of children under the age of five in South Asia are underweight
(2011 data based on World Bank 2013a). Using estimates of changes in calorie availability attributable to climate
change, and particularly to its impact on crop production, Lloyd et al. (2011) estimate that climate change may lead
to a 62-percent increase in severe childhood stunting and a 29-percent increase in moderate stunting in South Asia
by 2050 for a warming of approximately 2°C above pre-industrial levels. As the model is based on the assumption
that within-country food distribution remains at baseline levels, it would appear that better distribution could to
some extent mitigate the projected increase in childhood stunting.

Diarrheal and Vector Borne Diseases: Diarrhea is at present a major cause for child mortality in Asia and the
Pacific, with 13.1 percent of all deaths under age five in the region caused by diarrhoea (2008 data from ESCAP
2011). Pandey (2010) investigates the impact of climate change on the incidence of diarrheal disease in South Asia
and finds a declining trend between 2010 and 2050. However, the author estimates a climate-change induced
increase of 6.2 percent by 2030, and an increase of 1.1 percent by 2050, which is lower than the 2010 increase of 4.1
percent in the relative risk of disease from the baseline. Across the world, climate change induced incidence risk
increases at an average of 3 percent in 2030 and 2 percent in 2050 (Pandey 2010). Noteworthy in this context is the
finding by Pandey (2010) that, in the absence of climate change, cases of diarrheal disease in South Asia (including
Afghanistan) would decrease earlier, as the expected increase in income would allow South Asian countries to invest
in their health services.

Climate change is expected to affect the distribution of malaria in the region, causing it to spread into areas at the
margins of the current distribution where colder climates had previously limited transmission of the vector-borne
disease (Ebi et al. 2007). Pandey (2010) finds that the relative risk of malaria in South Asia is projected to increase
by 5 percent in 2030 (174,000 additional incidents) and 4.3 percent in 2050 (116,000 additional incidents) in the
model with higher precipitation (NCAR). The drier scenario (CSIRO) does not project an increase in risk; this may
be because calculations of the relative risk of malaria consider the geographical distribution and not the extended
duration of the malarial transmission season (Pandey 2010). As in the case of diarrheal disease, malaria cases are
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projected to significantly decrease in the absence of climate change from 4 million cases in 2030 to 3 million cases
in 2050 (Pandey 2010). In a global study on the distribution of malaria Béguin et al., (2011) find that GDP growth
per capita would have a stronger influence on the distribution of the disease than climate change, although the
effects of climate change are still significant. Salinity intrusion into freshwater resources constitutes another health
risk. About 20 million people in the coastal areas of Bangladesh are already exposed to salinity in their drinking
water (Khan, Ireson, et al. 2011; Khan, Xun, et al. 2011). With rising sea levels and more intense cyclones and storm
surges, the contamination of groundwater and surface water is expected to intensify. Contamination of drinking
water by saltwater intrusion may cause an increasing number of cases of diarrhea (Khan, Ireson, et al. 2011; Khan,
Xun, et al. 2011). Cholera outbreaks may also become more frequent as the bacterium that causes cholera, vibrio
cholerae, survives longer in saline water (Khan, Ireson, et al. 2011; Khan, Xun, et al. 2011).

Heat Stress and Heat-Related Mortality: In South Asia, unusually high temperatures pose severe threats to health.
Heat exhaustion can cause heatstroke and, in severe cases, death. In Andhra Pradesh, India, for example, heat waves
caused 3,000 deaths in 2003 (Ministry of Environment and Forests 2012). In recent years, the death toll as a
consequence of heat waves has increased continuously in the Indian states of Rajasthan, Gujarat, Bihar, and Punjab
(Lal 2011). In their global review, Hajat and Kosatky (2010) find that increasing population density, lower city gross
domestic product, and an increasing proportion of people aged 65 or older were all independently linked to

increased rates of heat-related mortality. Moreover, air pollution, which is a considerable problem in South Asia,
interacts with high temperatures and heat waves to increase fatalities. A study by Takahashi, Honda, and Emori
(2007) further found that most South Asian countries are likely to experience a very substantial increase in excess
mortality due to heat stress by the end of the 21 century, based on a global mean warming for the 2090s of about
3.3°C above pre-industrial levels under the SRES A1B scenario and an estimated increase in the daily maximum
temperature change over South Asia in the range of 2-3°C. Takahashi, Honda, and Emori (2007) assume constant
population densities. (Sillmann et al. 2013) projects, based on the CMIP5 models, an annual average maximum daily
temperature increase in the summer months of approximately 4-6°C by 2100 for the RCP 8.5 scenario.

Migration

The potential for migration, including permanent relocation as well as short-term or seasonal migration, is expected
to be heightened by climate change, particularly due to sea-level rise and erosion. There is a lack of consensus on
the estimates of future migration patterns resulting from climate-change-related risks (Gemenne 2011; Bierbaum et
al. 2009). Inland migration of households has already been observed in Bangladesh, where exposed coastal areas are
characterized by lower population growth rates than the rest of the country (World Bank 2010). A sea-level rise of
one meter is expected to affect 13 million people in Bangladesh (Hug, Ali, and Rahman 1995; World Bank 2010).
However, this would not necessarily mean that all people affected would be permanently displaced (Gemenne
2011). Impacts on agriculture may cause impoverishment of rural populations, which in turn could either be more
likely to migrate in order to diversify their income, or more likely to stay if resources for resettlement are depleted.
Brecht et al. (2012) estimate that in a 4°C world, a possible sea-level rise of more than one meter could lead to storm
surges with a 15% wave height increase, putting 20.1% of India’s population under risk of exposure. Hugo (2011)
identifies South Asia as a hotspot for both population growth and future international migration as a consequence of
demographic changes, poverty, and the impacts of climate change. As migration is a multicausal phenomenon, the
propensity for large-scale displacement depends on a variety of factors and the way they will interact. These include
future regional trends of population growth and economic development in rural areas, as well as the severity of
impacts and the scale of adaptive measures. More transdisciplinary research on these complex interactions is needed.

Conflict

Although there is likewise a lack of consensus on the causal connection between climate change and violent
conflicts, there is evidence that impacts like water and food scarcity may increase the likelihood of conflict (De
Stefano et al. 2012; Gautam 2012). A reduction in water availability from rivers, could cause conflict over access to
this critical resource and thereby further threaten the water security of South Asia (Gautam 2012). In the context of

13



declining quality and quantity of water supplies in the Indus and Ganges-Brahmaputra-Meghna Basins, the
increasing demand for water is already causing tensions over water sharing (De Stefano et al. 2012; Uprety and
Salman 2011). Uprety and Salman (2011) indicate that sharing and managing water resources in South Asia have
become more complex due to the high vulnerability of the region to climate change. Based on the projections for
water and food security presented above, it is likely that the risk of conflict over water resources may increase with
the severity of the impacts. The estimated reduced per capita availability of water of 10 % in a 3°C scenario by
2080 (Gerten et al. 2011) could mean that reductions for low-income households may be significantly higher than
10%, whereas more economically resilient communities could pay higher prices for additional water supply and
thereby sustain their water usage.

Conclusion and Implications for Development

Global climate change will manifest itself in various ways in the South Asian region, among them heat extremes,
monsoon variability, river flow and tropical cyclones and sea-level rise. The projected impacts are considerable in a
2°C World and significantly higher in a 4 °C world, pointing to the need to avoid the latter in particular (World
Bank 2012).

Many of the climate change impacts in the region, which appear quite severe even with relatively modest warming
of 1.5-2°C, pose significant challenges to development. The majority of the climatic risk factors are ultimately
related to changes in the hydrological regime; these would affect populations via changes to precipitation patterns
and river flow. One of the most immediate areas of impact resulting from changes in the hydrological regime is
agriculture, which is highly dependent on the regularity of monsoonal rainfall. However, agriculture in the region is
also sensitive to temperature increases of which projections can be made with higher levels of confidence than
projections of changes in precipitation and hydrology. Should the trend of negative effects on crop yields persist,
substantial yield reductions can be expected in the near and midterm.

The poor in South Asia are particularly vulnerable to the impacts of climate change. Disruptions in agriculture
would undermine livelihoods and cause food price shocks. The risks to health associated with inadequate nutrition
or unsafe drinking water are significant: childhood stunting, transmission of water-borne diseases and disorders
associated with excess salinity. Other health threats are associated with flooding, heat waves, or tropical cyclones.
Population displacement is likely to increase in case of more frequent and severe flooding and may also be a coping
strategy for other impacts on livelihoods.

Bangladesh emerges as an impact hotspot with increasing and compounding challenges occurring in the same
timeframe from extreme river floods, more intense tropical cyclones, rising sea levels, extraordinarily high
temperatures, and declining crop yields. Increased river flooding combined with tropical cyclone surges pose a high
risk of inundation in areas with the largest shares of poor populations. Moreover, coastal agglomerations such as the
megacities Kolkata and Mumbai on the shores of South Asia are highly vulnerable to potentially cascading risks
resulting from a combination of climatic changes such as sea-level rise, increased temperatures, increasingly intense
tropical cyclones, and riverine flooding. Major adaptation measures would be needed to cope with the projected
impacts of climate change.
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Figure 1:

Warming levels are relative to pre-industrial temperatures. The impacts shown here are a subset of those
summarized in Table A of Online Resource 1. The arrows indicate the range of warming levels assessed in the
underlying studies; but do not imply any graduation of risk unless noted explicitly. In addition, observed impacts or
impacts occurring at lower or higher levels of warming that are not covered by the key studies highlighted here are
not presented. Adaptation measures are not assessed here, but they can be crucial to alleviating the impacts of
climate change. The layout of the figure is adapted from (Parry 2010). The superscript letters indicate the relevant
references for each impact. If there is no letter, the results are based on additional analyses for this review.

References:

(@) (Coumou and Robinson 2013; World Bank 2013b); (b) (Dai 2012; D.-W. Kim and Byun 2009); (c) (World Bank
2013b); (d) (Coumou and Robinson 2013; Endo et al. 2012; Jourdain et al. 2013; Kumar et al. 2010); (e) (Fung,
Lopez, and New 2011) ; (f) (Nelson et al. 2010 ; World Bank 2013b); (g) (Immerzeel et al. 2010; Rockstrom et al.
2009); (h) (Lloyd, Kovats, and Chalabi 2011); (i) (Pandey 2010) ; (j) (Hugo 2011; Hug, Ali, and Rahman 1995;
World Bank 2010); (k) (P. K. Gautam 2012; De Stefano et al. 2012; Uprety and Salman 2011).
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