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Local groundwater levels in South India are falling alarmingly. In the semi-arid crystalline Deccan plateau
area, agricultural production relies on groundwater resources. Downscaled Global Climate Model (GCM)
data are used to force a spatially distributed agro-hydrological model in order to evaluate Climate Change
(CC) effects on local groundwater extraction (GWE). The slight increase of precipitation may alleviate
current groundwater depletion on average, despite the increased evaporation due to warming. Nevertheless,
projected climatic extremes create worse GWE shortages than for present climate. Local conditions may lead
to opposing impacts on GWE, from increases to decreases (1/220 mm/year), for a given spatially
homogeneous CC forcing. Areas vulnerable to CC in terms of irrigation apportionment are thus identified.
Our results emphasize the importance of accounting for local characteristics (water harvesting systems and
maximal aquifer capacity versus GWE) in developing measures to cope with CC impacts in the South Indian
region.

T
he Fourth Assessment Report of the Intergovernmental Panel on Climate Change1 stated that increasing
atmospheric concentrations of trace greenhouse gases will lead to global disturbances in the Earth’s hydro-
logical and biological systems. In the meantime, the demand for fresh water is increasing in many parts of the

world. This trend is challenging the future water management and raising the need to document both human and
climate change influences on water resources. Several studies have recently assessed the regional impacts of
climate change (CC) on hydrology, focusing on surface water2–4, reservoir management5, or recharge to aquifers
(see Taylor et al.6 for a review). Regarding groundwater, aquifers are not only subjected to variations in natural
recharge but are also deeply impacted by worldwide groundwater extraction (GWE) to supply the needs of two
billion people. In 2000, irrigation accounted for 70% of global freshwater withdrawals from rivers, lakes, and
groundwater. Two major opposing effects of irrigation on aquifer dynamics are identified: groundwater depletion
in regions with primarily groundwater-fed irrigation, and groundwater accumulation in regions dominated by
return flows from irrigation fed by surface-water7–14. In irrigated areas, both CC and GWE have to be integrated in
order to properly study the evolution of groundwater resource.

Döll et al.15 computed sector-specific groundwater and surface water withdrawals at the global scale, with a
spatial resolution of 0.5u. They estimated that the impact of water withdrawals on continental storage is significant
in arid and semi-arid regions with intensive irrigation. A world-wide assessment of irrigation related to ground-
water depletion estimated the Gross Crop Water Demand in India to be around 600 km3/year (24% of the world
wide demand of major groundwater users); 59% of this represents irrigation, 11% of which is non-renewable16.
Two thirds of southern India overlies crystalline basement areas where unconfined aquifers are used for intensive
irrigation under semi-arid climates. Drought-prone areas (areas of climatic droughts caused by a drop in rainfall
below about 75% of normal values for 20% of the year), are limited to 6.4% in Andhra Pradesh State (against
11.3% in Karnataka and 38% in Rajasthan17). Consequently, the water management concern in Andhra Pradesh is
the falling groundwater table (groundwater scarcity or aquifer drought), which is related to climate variability
and GWE intensity. Tiwari et al.18 used GRACE and well-water levels from the Central Groundwater Board
(CGWB, Andhra Pradesh, India) to identify spatial and temporal groundwater storage variations in Andhra
Pradesh between 2002 and 2008. By comparing the continental water estimates with GRACE satellite with the
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groundwater storage, they notably found a high rate of recharge
associated with the exceptionally humid monsoon in 2005: around
300 mm of water were accumulated between June and October.

Numerous studies have been published during the last decade
describing the dominant hydrogeological processes that affect the
groundwater budget in this specific semi-arid irrigated context19–24.
Perrin et al.25 calibrated an agro-hydrological model (Soil and Water
Assessment Tool, SWAT26) in a small watershed (84 km2, Andhra
Pradesh) on seasonal aquifer recharge using agricultural land-use
map derived from remote sensing and the associated GWEs for
irrigation, groundwater-capacity maps derived from field observa-
tions and percolation-tank locations and capacity. They demon-
strated that the runoff stored in the network of percolation tanks
(called Water Harvesting System, WHS) accounts for half of the
aquifer recharge and that groundwater depletion locally limits the
GWE associated with the local irrigation demand. This modeling
approach explored the spatial variability of groundwater scarcity
and the resulting irrigation-water shortages under current condi-
tions of climate variability. Mechanisms behind these shortages sup-
pression are associated with a non-renewable GWE which leads to an
overall groundwater depletion from year to year16. For the South
Indian context, Wada et al.16 computed an estimated annual deficit
of groundwater (lower recharge than extraction) for the year 2000.
This overall picture compiled for a single year needs to be supple-
mented for this context of low storage shallow aquifers by the results
presented in Perrin et al.25: temporary scarcity could be balanced by
high recharge rates in few years.

The Kudaliar catchment (983 km2) is located in Andhra Pradesh
State, 50 km north of Hyderabad (Figure 1). It is representative of the

northern part of the Deccan plateau region regarding the irrigated
agriculture, climate and hydro-geological settings. It is characterized
by a flat topography (from 430 to 640 meters above sea level) and an
absence of perennial streams. The geology of the watershed is rela-
tively homogeneous and is mainly composed of the Archean granites
commonly found on the Deccan plateau. The region has a semi-arid
climate controlled by the periodicity of the Southwest monsoon: a
rainy ‘‘Kharif’’ (local name) season from June to September and a dry
‘‘Rabi’’ (local name) season from November to March. The hottest
season (April and May) is called summer. Annual precipitation
(1980–2000) ranges from 540 mm to 1300 mm with a mean of
879 mm (Indian Meteorological Department - IMD27), of which
88% falls during the monsoon. The annual mean temperature is
26uC, although in summer the maximum temperature may reach
45uC.

The catchment is mainly rural, densely populated (300,000 inha-
bitants in 983 km2), a small town (Gajwel, 30,000 inhabitants)
located in the southwestern part. About 60% of the catchment is
covered by semi-arid natural vegetation (bush). Rain-fed crops
(maize and cotton) are sown only during the monsoon period.
Irrigated areas cover around 2% of the watershed area in dry season
and around 8% during monsoon; these extents are subjected to be
adapted to aquifer and/or climatic drought. Daily rice and vegetable
irrigation rates were estimated from field surveys (measurements of
instant well discharges, irrigated field areas, and monitoring of daily
pumping durations). Daily irrigation rates for rice are 12 mm/day
and 9 mm/day for Rabi and Kharif respectively28. A land-use map
(Figure 1) is employed to represent the spatial distribution of irriga-
tion water demand (IWD) derived from farmers practices and crop

Figure 1 | The Kudaliar catchment in Andhra Pradesh, South India: the semi-arid climatic setting of the Deccan Plateau (a), land-use map obtained by
remote sensing in 2009–2010 (b) (SIRS contribution) with an enlargement of the land-use map to illustrate the high spatial resolution obtained. Made

with ESRI 2009. ArcMap Version 9.3.1.
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location within the watershed. The observed IWD is systematically
higher than the plant water demand, a part of irrigated water is
percolating back to the aquifer as return flow. Although the extent
of the irrigated area is limited, the corresponding IWD is close to the
average natural recharge25 that is itself highly variable from year to
year25 (for instance 60 mm and 25 mm respectively for 2009 and
2010, figure 2a). The study is focusing on climate change impact
only; to do so, the land-use map and spatial IWD distribution are
fixed for both historical and future periods.

The crystalline aquifer is the main source of water for irrigation,
since the rivers are not perennial. Groundwater is stored in the
weathering profile on the crystalline basement, where two layers with
contrasting hydrodynamic properties are defined: the saprolite layer,
with the lowest hydraulic conductivity and highest porosity (1–5%)
and the underlying fissured layer with the highest hydraulic conduc-
tivity and lowest porosity (0.5–1%)20,23.

Several published climate-change impact assessments predict
future water shortages, especially when large volumes of water are
extracted for irrigation29. CC should impact recharge rates and
mechanisms29 depending upon the combination of soil and vegeta-
tion types14. Based on the field observations and modeling approach,
the present study explores the hydrological impacts of CCs and the
consequences for GWE under current agricultural practice in the

Kudaliar catchment. We used the SWAT modeling tool calibrated
in Gajwel watershed (84 km2 presented in Perrin et al.25) and applied
to a dataset at the Kudaliar watershed scale (983 km2); we compared
the hydrological outputs for a past and a projected situation using a
set of four GCMs output selected for their representativeness of the
monsoon35 (GCMs - CGCM330; CNRM-CM331; ECHAM532; BC-
CR233) under the most probable greenhouse-gas emission scenarios
(IPCC SRES A234). These outputs have been downscaled36 using the
Indian Meteorological Department data27 (see method section for
details).

Results
Projected climate change. The four selected climate models predict
an increase in seasonal precipitation and in precipitation variability,
and a possible extension of the monsoon period35,36. In the Kudaliar
area, maximum seasonal rainfall changes are projected during the
monsoon season. These are most pronounced during May-June and
August, when rainfall would tend to increase (from 15% to 50% de-
pending on the scenario). Moderate negative changes are projected
during dry season, which does not impact much the annual rainfall.
Maximum surface temperature changes are projected during the
dry season, particularly in February-March (12.5uC). During the

Figure 2 | (a) comparison between monthly groundwater table depth simulated with SWAT-IMD (Black line) at the Kudaliar watershed scale and

observed at the Gajwel piezometer location, in Gajwel town (Grey line). The average specific yield of 0.016 found for the Kudaliar watershed24 associated

with the local depth of fresh basement (37 m depth) is used to convert the simulated groundwater storage in mm into a water table depth. Grey and black

boxplots represent the spatial distribution of groundwater table depth measured during piezometric surveys respectively in 40 to 60 boreholes throughout

the Gajwel watershed (84 km2) and in 200 boreholes throughout the Kudaliar watershed (983 km2). The circle with a dot stands for the median value of

each dataset. (b) Comparison between monthly continental water storage (CWS) anomaly (surface/soil/groundwater divided by the average for the study

period) simulated for the Kudaliar catchment (983 km2) using SWAT-IMD (black line) and monthly GRACE liquid water equivalent thickness anomaly

(grey line) for the region where the study site is located (90,000 km2). The confidence interval of GRACE estimates given for this location is represented by

the grey area (1u resolution, downloaded from http://grace.jpl.nasa.gov/data/gracemonthlymassgridsland/).

www.nature.com/scientificreports
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monsoon season, smaller variations are projected, with a minimum
in August (11.5uC)36.

In the following, SWAT-BCCR, SWAT-CGCM, SWAT-CNRM,
and SWAT-ECHAM will be used to refer to the hydrological results
of a SWAT simulation using the corresponding GCM climate scen-
ario (1980–2000 and 2045–2065). Based on the hypothesis that each
projected climate scenario is equally likely, the results of the four
SWAT simulations were averaged and will be referred to here as
the multi-model SWAT-GCM scenario. Finally, SWAT-IMD refers
to the forced hydrological simulation using observed IMD (Indian
Meteorological Department) climate data for the historical period
(1980–2012). The IMD data set comprises actual temperature and
precipitation monitored by ground stations between 1971 and 2012
and covering the whole of India with a 0.5 degree grid resolution27.

SWAT continental water estimates (SWAT-IMD) versus observa-
tions. SWAT calibration has been performed at a sub-basin scale
(Gajwel watershed, 84 km2) embedded in the Kudaliar catch-
ment25. Three types of observations that span different time and
space scales are used to demonstrate the of the water storage
representation by the model. First, the groundwater level depth
recorded in a borehole located in the Gajwel town (small dots,
figure 2a) shows the local fluctuations of the water table, which
sometime cannot be considered as representative of the basin
average. It however gives the relative long term variation trends. A
second set of depths to the water table ranges (vertical bars, figure 2a)
corresponds to local measurements observed on 40 to 60 piezometers
(usually abandoned wells) during the driest and wettest conditions,
between 2006 to 2009 (presented in Perrin et al.25) at the Gajwel
watershed scale. Two additional sets of water levels monitored in
June 2010 and 2012 at the Kudaliar catchment scale (983 km2)
give an overview of the spatial variability at the study site scale.
The comparison of these three sets of data shows that the water
level depth is highly variable with space and time, and that the
SWAT GW estimates are realistic over time.

In addition to that, regional estimates of terrestrial water thickness
derived from GRACE satellite observations have been used to evalu-
ate the representativeness of SWAT water cycle and water uses at the
regional scale. Figure 2b presents the variation of the monthly
Continental Water (CW, surface, soil and groundwater) expressed
in term of an anomaly measured from Grace Satellite (year 2002 to
2012). We used the GRACE monthly mass grid, associated error and
scaling factors from the Center for Space Research data center opti-
mized for land applications (Release 0539,40). This anomaly is repres-
entative of an area of 90,000 km2 which includes the 983 km2 of the
Kudaliar study site. SWAT estimates of soil, groundwater and surface
reservoir storages are plotted as an anomaly to the monthly mean
simulated between 2001 and 2012. Irregular peaks are simulated in
2006 and 2007, corresponding to local maximum of CW associated
to localized high rainfall event at the edge of the monsoon period.
Apart from that heterogeneities that does not match with regional

GRACE estimates, the comparison suggests that CW estimates at the
catchment scale follows the regional trends estimated from GRACE
measurements. It clearly demonstrates that there is no long term bias
in the estimations of continental water storage, meaning that effec-
tive precipitations simulated with SWAT, balanced by realistic GWE
does not lead to bias in the continental water estimates, i.e. there is
neither accumulation of water in the aquifer nor long term drop of
water table. The calibrated model is therefore considered well
suited for the evaluation of projected climate impacts under current
IWD.

Water-balance development at basin scale. The simulated compo-
nents of the water balance for the historical and future 20-year
periods are shown for each climate scenario in Table 1. Consider-
ing the average values among all GCMs (last column of Table 1), it
can be seen that the projected rainfall increase of 81 mm?y21 is
divided into recharge (20 mm?y21), evapotranspiration from the
soil/plant system (26 mm?y21), and discharge (44 mm?y21);
9 mm?y21 of the recharge surplus discharges from the aquifer into
the stream and is part of the 44 mm?y21 simulated discharge. The
large increase in projected discharge at the outlet of the catchment is
linked to the increase in simulated runoff and in aquifer contribu-
tions to stream water. For the historical projections, an average of
178 mm?y21 of stream water flows into the WHS. The depletion of
these small reservoirs during the historical period (SWAT GCM) is
estimated as follows: 49 mm?y21 seepage into the aquifer, 36 mm?y21

evaporation from the surface water, 92 mm?y21 discharge at the
catchment outlet. These discharge episodes occur only for short
periods during humid years, when runoff from the highest rainfall
events fills the WHS and overflows reach the stream at the catchment
outlet. The perturbation of seepage and evaporation from the WHS
increases by only 3 to 4 mm (not shown in the table). The increase in
stream discharge mainly occurs during the monsoon period in more
humid years when the WHS is full. The discharge at the outlet from
the catchment (the volume of water discharging from the WHS) is
thus the most disturbed, with an increase of 44 mm?y21.

Future evolution of groundwater storage. The simulated seasonal
groundwater storage (GWS) for the historical and future periods
averaged over the whole Kudaliar catchment area are compared in
Figure 3 for each climate scenario and for the multi-model scenario.
The average monthly GWS values are computed each year for a
selection of dry months (March, April and May) and wet months
(August, September, October). The distributions of these seasonal
GWS values are compared for the past and the future periods for each
GCM.

The high amplitude of GWS distributions for all scenarios and for
both periods lead to non statistically significant changes between
past and future GWS regarding variance (Fisher in the case of nor-
mality) or mean (Student’s t-test or Wilcoxon Mann-Whitney, for
parametric and non-parametric distributions respectively). The only

Table 1 | Major annual water flows (in mm) simulated by SWAT using simulated climate data for the historical (1980–2000) and projected
(2045–2065) periods with GCM models (BCCR, CGCM, CNRM and ECHAM) for the Kudaliar watershed. PRECIP, CAP-R, AQRCH, AET,
WEXTR, and DISCH respectively indicate Precipitation, Capillarity rise from the groundwater table, Aquifer Recharge, Actual
EvapoTranspiration, simulated GroundWater Extraction, Irrigated Water Demand and Discharge at the Kudaliar catchment outlet

W flux mm/y 1980–2000 BCCR CGCM CNRM ECHAM 2045–2065 BCCR CGCM CNRM ECHAM
SWAT-GCMs

diff(mm)

PRECIP 965 976 985 930 999 1164 1063 956 181
CAP-R 7 10 7 6 9 19 10 8 14
AQRCH 237 248 247 228 252 300 257 234 120
AET 810 782 809 787 822 842 836 796 126
GWE* 208 206 210 204 211 203 210 207 10
IWD 214 214 214 214 214 214 214 214 X
DISCH 78 123 96 71 93 219 149 83 143

www.nature.com/scientificreports
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significant change is found for wet periods for the SWAT-CGCM
model (Kolmogorov-Smirnov test with p value , 0.05, n 5 40), with
a high increase of the average and maximal GWS values. Indeed,
among the four GCMs used in this study, only CGCM exhibited a
significant statistical change in variance and mean between future
and past climates.

The seasonal GWS values for the multi-model SWAT-GCM scen-
ario (SWAT-GCMs box-plot in Figure 3) show significant differ-
ences in variance (Fisher test) for the wet season (p value , 0.05),
whereas the mean values are statistically similar. An overall increase
by 50 mm in the future GWS is projected for both seasons.

Even if changes are not statistically significant, hydrological ex-
tremes are projected to intensify. Difference between the first and
third quartile increases sharply for SWAT-CGCM and SWAT-
CNRM, whereas a moderate changes are estimated for SWAT-
ECHAM and SWAT-BCCR for respectively both dry and wet season.
Moreover, average GWS is predicted to drop for SWAT-ECHAM. In
this last case, the increase in the recharge related to the increase in
precipitation is balanced by an increase of GWE and the evapotran-
spiration (3 and 2 mm respectively in table 1).

Frequency of aquifer drought. The drop of GWS directly limits the
GWE. We arbitrarily have fixed a GWS threshold (50 mm) below
which we consider the aquifer to be in a stress situation (aquifer
drought), in order to evaluate the length of groundwater scarcity
period that occurred after successive climatic drought. For each
sub-basin and each past and future climate, the duration of aquifer
drought periods is computed. More than averages GWS, this variable
gives a good insight of the impact the climatic variable dynamics on
average drought period duration during which farmers experience
water scarcities, i.e. GWE does not meet the IWD.

Figure 4 shows the distribution of differences in the duration of
drought periods between future and past. This difference is expressed
for each sub-basin in months per year of increase or decrease based
on the 20 years of simulation period. The hydrological response

varies according to the climate scenario being considered: an overall
decrease in drought conditions is projected for SWAT-BCCR (up to
2 months per year), an overall increase in drought periods of up to 2
months is projected for SWAT-CGCM, and a stable situation is
projected for the SWAT-CNRM scenario, which also gives the smal-
lest changes between present and future (in terms of the number of
days of increase/decrease). A contrasting hydrological response is
projected for SWAT-ECHAM: the duration of drought periods
decreases in two thirds of the catchment and increases elsewhere.

Taking each scenario as equally likely, the average projected res-
ponse to droughts (SWAT-GCM) shows both moderate increase and
decrease of drought period duration for respectively 19 and 9 sub-
basins.

Future evolution of discharge. Discharge events occur during the
southwestern summer monsoon period (usually from June to
September but this is highly variable from year to year, and rainfall
may occur until November). Figure 5 (left) shows the impact of
averaged climate scenarios (SWAT-GCM) on mean monthly dis-
charge for the historical and future periods. An uncertainty enve-
lope related to the variability between the four climate scenarios was
constructed by using the standard deviation around the mean
monthly simulated discharges for both periods. Although the first
monsoon rainfall usually occurs in June, no discharge is simulated
for the present climate. This is consistent with observations, since the
rainfall is stored in the soil, aquifer, and tanks.

For the future period, an average value of 15 mm for river dis-
charge is simulated in June. Discharge is projected to increase in the
future from its present values during July and August. Future mon-
soon discharge and extreme events are likely to begin one month
earlier (in June). Variability in the mean future/past discharge ratio
among climate scenarios is higher for the beginning of the monsoon
season than for the end (Figure 5, right panel). While the general
picture is an increase in discharge, some scenarios (ECHAM in June
and BCCR in September) project a moderate decrease in discharge.

Figure 3 | Average monthly dry and wet season Ground Water Storage (GWS) in mm for each SWAT-GCM for the historical (1980–2000) and
projected (2045–2065) periods. The average GWS simulated for the four GCM outputs is shown (SWAT-GCM). The minimum, maximum, first and

third quartile, and median of seasonal GWS are shown in each box-plot. The asterisk stands for the significance of the Kolmogorov-Smirnov test with p

value , 0.05 for SWAT CGCM and for the Fisher test for SWAT GCMs. The black circles represent outliers.

www.nature.com/scientificreports
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Every scenarios indicates an increase in discharge in November and
December, with a ratio ranging from 1.1 to 1.6.

Simulated groundwater extraction. The local groundwater extrac-
tion (GWE) simulated with SWAT is equal to irrigation water
demand (IWD, obtained from land-use and field estimates) when
groundwater is available. If the aquifer is depleted, the groundwater
extraction computed by the model becomes lower. Mean seasonal
GWEs for all climate projections are shown in Figure 6. The
groundwater demand is met overall during both periods, since the
median, quartile, and maximum values overlap with the IWD.

The outliers located below each box-plot correspond to seasons
with a GWE lower than the IWD. They stand for seasons during
which the groundwater shortages affect the extraction. These
shortages are simulated during one to four seasons over 20 years of
simulation, during which the sub-basin aquifers is empty. The missing
amount of GWE varies among years and GCMs, from an almost total
restriction of the GWE (GWE around 20 mm for one wet season in
2045–2065 for SWAT-CGCM) to moderate restrictions (more than
half of the IWD is fulfilled under SWAT-CNRM and SWAT-BCCR).
A limitation by 20 mm of the GWE as reported the figure 6 corre-
sponds to a limitation that occurred during a crop growth period of
about 300 mm in the irrigated area, given the irrigated area’s extent
(around 10% of the whole catchment area). This lack of irrigated
water is assumed to barely affect the seasonal crop yields.

Impacts of CC on GWE are reported in Table 1 in mm?y21.
Opposite impacts are estimated: 2.9 and 2.7 mm?y21 for SWAT-
BCCR and SWAT-ECHAM respectively to 23 and 20.4 mm?y21

for SWAT-CGCM and SWAT-CNRM respectively. These changes
are negligible in term of hydrological cycle but not negligible regard-
ing agricultural productivity: an increase by 2.9 mm?y21 of GWE
simulated with SWAT-BCCR at the sub-basin scale corresponds to
an increase of 1000 mm of irrigated water applied on irrigated area
for the three years experiencing limitations. This additional amount
of water is of importance for the seasonal crop productivity.

Figure 7 shows a map of the future evolution of the GWE for each
sub-basin. The ratio is computed using the average annual water
extraction projected for the future and past period under the
SWAT-GCM multi-model scenario. The spatial heterogeneity of
the GWS trends depends mainly on the local capacity of the WHS,
the IWD, the total groundwater capacity, and the previous local
GWE limitation.

Since the groundwater demand is met during most seasons and
years, apart from a few hydrological dry periods, fluctuations in the
ratios between sub-basins are low, ranging from a decrease of 1.3% to
an increase of 3.1% of mean annual GWE. These percentages are
averaged per year at the catchment scale and correspond to a deficit
or surplus of irrigated water that occurs during one to four growing
seasons over the 20-year simulation period. For instance, a deficit of
10–20 mm of extraction for one growing season corresponds to 160–
330 mm for the irrigated areas (using 6% of irrigated area in the
catchment), i.e., 18 days to 1 month of irrigated water scarcity during
the monsoon and 14 to 27 days during the Rabi season. These tem-
porary shortages affect locally the crop productivity.

Future climatic extremes will then have opposing local impacts on
GWE. The WHS in the southeast part of the basin is marked by a high
density of small reservoirs and intermediate IWD (limited areas of
rice cultivated twice a year). This combination leads to an increase in
overall GWS for the future period under nowadays IWD. Conversely,
highest IWD are located in the western part of the catchment where
lowest aquifer capacity is found: aquifer experiences drier conditions
under the future climate scenario. As a consequence, aquifer drou-
ghts cause more severe periodic restrictions on irrigation volume
than under past conditions. Some areas also experience very small
changes because the GWE is not restricted under present or future
climates.

Discussion
SWAT model has been used to integrate a wide range of input data
that amount to substantial monitoring effort: high resolution land

Figure 4 | Aquifer drought-period duration differences for each sub-basin between the historical and future periods, in months per year. Histograms

represent the number of sub-basins for each class of differences in duration. The first four histograms correspond to each climate scenario. The last

(SWAT-GCMs) corresponds to the future/historical differences averaged for the four climate scenarios for each sub-basin. For a better representation,

classes of differences in duration are adapted to each distribution: this explains why the column widths vary.

www.nature.com/scientificreports
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use imagery, aquifer parameter mapping, IWD mapping based on
agricultural practices surveys. The aim is to link human and climatic
impacts on the groundwater and its agricultural uses in the hard-rock
Indian context. Since SWAT has been calibrated on total recharge
and recharge under irrigated area, a perfectible calibration is needed
to get a better spatial representation of the recharge under non irri-
gated area (both rain-fed to non agricultural area). This could be
achieved by estimating the seasonal evapotranspiration of natural
land cover spatially, using remote sensing data for contrasted years41.

The uncertainty surrounding climate-model outputs is explored
using four climate models. Although climate models are able to
produce relatively accurate simulations of Indian summer monsoon
rainfall35,42, they represent one of the main sources of uncertainty for
the impact of climate change on groundwater studies29. Moreover,
daily simulated precipitation is by far the least accurate estimation
provided by these models43. We did not explore other sources of
uncertainties than the one linked to climate modeling, like those
related to the downscaling techniques, hydrological modeling, and

Figure 5 | Monthly discharge simulated for the historical period and the forecast period for SWAT-GCM. The standard deviation around the mean

monthly discharge values is used to delimit a variability envelope (left). The projected future/historical monthly discharge ratio, averaged for each

SWAT simulation, is shown from July to December, the months during which discharge occurs (right).

Figure 6 | Seasonal distribution of simulated dry and wet season water extraction for the four SWAT-GCMs. The median and quartiles shown in these

box-plots are close together and match the water demand. The circles represent outliers.
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up-scaling from local calibration (Gajwel area) to basin-wide
application (Kudaliar catchment area), because of a paucity of time
series of hydrological data.

The multi-model SWAT-GCM considers each climate scenario to
be equally likely. The average GWS increase by 50 mm estimated
under this scenario corresponds to an increase about 30% of the
groundwater recharge under CC. This is comparable to previous
estimates made by global simulations that projected increases in
potential recharge of more than 30% in the Sahel, Middle East,
northern China, Siberia, and the western United States, and
decreases in potential groundwater recharge of more than 70% by
the 2050s (northeast Brazil, southwest Africa, and along the southern
rim of the Mediterranean Sea)44.

An increase in river discharge is also projected during the mon-
soon season, whose first discharge events occur earlier in June. No
noticeable increase in runoff caught in the WHS is projected, as its
capacity was already fully used during wet years in the past.

This study is an illustration of how shallow aquifers subjected to
high IWD react to climate variability. Fisherman et al.45 demon-
strated that over-extraction of groundwater could lead to long term
declines of water table in deep alluvial aquifer (Punjab area in India)
while shallow low storage aquifer (in Andhra Pradesh area) cannot
naturally experience long term decline in water table. In this second
context, in what sense are the extractions excessive? The agricultural
water management should adapt to the short-term reliability of water
supply rather than long-term sustainability. Pavelic et al.46, describe
the buffer effect of the shallow aquifer in cases of climatic drought for
the irrigation supply in Maharashtra (a semi-arid area with shallow
basaltic aquifers) in relation to the overall decline in well productivity

associated with the drop in water level46. They estimated that two or
more years of climatic drought lead to hydro-geological drought,
affecting farming activities. Shortages affect the entire community,
since it is a food-producing system. Governmental statistics report an
increase in the extent of irrigated areas of 28% during the 1980s and
by another 105% during the 1990s, in Andhra Pradesh. In the now-
adays situation described in figure 2, farmers cannot count on the
aquifer buffer effect, because the water table is alarmingly low.
Restricting the extent of the irrigated area is already the main coping
measure employed by farmers when facing drops in borehole
productivity.

Coping measures implemented by the government to limit GWE,
such as better irrigation practices (drip irrigation in vulnerable
areas) and less water-intensive crops, should be supplemented by
a continuous and spatially representative groundwater storage mon-
itoring system designed to manage the buffer effect of the aquifer,
which could provide emergency irrigation water in the event of
successive severe climatic droughts. These coping measures and
controls should mitigate the food security hazard this region is
facing.

The present study is an illustration of potential projected changes
in areas with low storage crystalline aquifers under tropical semi-arid
conditions. In these regions, due to shortage of surface water,
groundwater-fed irrigation is developing (i.e. South-East Asia) or is
expected to develop (i.e. Africa) with an increasing competition
between water availability and water demand16. The implementation
of a spatial agro-hydrological model to dynamically investigate this
spatial competition under climate variability at the watershed scale
reveals the importance of accounting for local situations.

Figure 7 | Projected future/historical water extraction ratio per sub-basin for the multi-model SWAT-GCM scenario. The red and blue circles

represent a decrease and an increase in water extraction respectively, under present agricultural practices. The size of the symbol is proportional to the

intensity of the climate change impact. Made with ESRI 2009. ArcMap Version 9.3.1.
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Methods
Climate data and climate change. Kripalani et al.35 analyzed the output of 22 Global
Circulation Models (GCMs) available from the Program for Climate Model Diagnosis
and Inter-comparison (PCMDI). Out of the 22 models examined, only six models
generate the most realistic 20th century monsoon climate over south-Asia. Four of
these six models (GCMs - CGCM330; CNRM-CM331; ECHAM532; BCCR233,) have
been selected as they are able to capture the maximum rainfall during the summer
monsoon period (June through September). We selected these GCMs output under
the most probable greenhouse-gas emission scenarios (IPCC SRES A234,) to drive the
climate into SWAT. Projected precipitation shows an intensification of extreme
excess and deficient monsoons. The precipitation and atmospheric temperature time
series derived from the selected GCMs have been downscaled using a probabilistic
method36 and applied to force the SWAT model. This downscaling methodology
accounts for the projected intensification of precipitation, which is necessary as the
intensification has a great impact on recharge of low storage, deeply weathered
crystalline rock aquifer37,38.

Agro-hydrological modeling. The Soil and Water Assessment Tool47 is an agro-
hydrological process-based model. It was designed to assess the long-term impact of
land management on water balance, sediment transport, and non-point-source
pollution in large river basins. It has been tested in many parts of the world for
simulating water cycle and nutrient losses, mainly in large catchment areas, e.g.,
Santhi et al.48. In a semi-arid context, it has been used to focus on crop production49 or
the spatial distribution of evapotranspiration50. Although mainly used for large
catchment areas, it has been validated for small ones, e.g., for hydrology, as in Green
and Van Griensven51, for nitrate flows in stream simulation51, and for groundwater in
a semi-arid area in southern India25. It has also been considered relevant for assessing
the impact of CC on the water cycle and the fate of nutrients52.

The spatial resolution for the SWAT model is the sub-catchment area (sub-basin),
further divided into hydrologic response units (HRUs). Each HRU is delimited
according to the overlying soils and land-use and gradient maps. Vertical water flows
are simulated at the HRU scale: the actual evapotranspiration and recharge estimates
are mainly based on the soil crop model (Erosion Probability Impact Calculator –
EPIC)53. Sowing, harvesting or tillage, and daily irrigation and fertilization can be
carried out on an HRU scale. Each horizontal water flow reaches the stream directly,
irrespective of the position of the HRU in the sub-basin. Transmission through the
stream bed and the storage of water in a reservoir are simulated on a sub-basin scale. A
shallow aquifer is conceptualized as an independent reservoir for each sub-basin
(whose limits are defined by the user on the basis of the Digital Elevation Model
analysis). Groundwater discharges into the stream when the groundwater level
reaches a particular threshold. This threshold has been estimated for each sub-basin
using aquifer capacity maps (see below). Several studies have been performed,
coupling SWAT with a groundwater flow model (MODFLOW), to formally invest-
igate groundwater flow dynamics54,55. In the context of our study area, the ground-
water level remains in the fissured layer and there is no permanent river flow
(meaning that the groundwater and surface flows are weakly connected). Moreover,
lateral regional groundwater flow at the basin limits has been found by Maréchal
et al.22 to be negligible compared to vertical flows (a complete discussion is provided
by Perrin et al.25). Consequently, the simple reservoir-modeling approach used in the
SWAT model to simulate groundwater storage at sub-basin scale is assumed to be
appropriate for our study’s objectives.

SWAT was calibrated/validated for a small catchment area, the town of Gajwel, a
catchment covering 84 km2 and embedded in the Kudaliar catchment area25. The
Gajwel catchment is representative of the Kudaliar catchment in terms of aquifer
structure, water-table depth, and agricultural activities. Perrin et al.25 calibrated the
seasonal recharge and return flow from 2006 to 2010 using seasonal estimates derived
from piezometric observations. The validation procedure was carried out on monthly
groundwater-storage estimates over the period from 2000 to 2010. For this validation
period, the annual variation in the extent of the irrigated area was calculated using
government statistics.

For the modeling performed in this study, the pool of parameters calibrated on the
recharge and return flow for the Gajwel catchment was applied at the scale of the
Kudaliar catchment. The relationship between tank surface and tank volume capa-
city, calculated by Perrin et al.25 for tanks monitored in the Gajwel catchment, was
used to define the surface reservoir geometry in each sub-basin of the Kudaliar
catchment. The average maximum groundwater reservoir storage capacity was esti-
mated by combining the porosity maps compiled by Dewandel et al.24 and maps of
bedrock depth and saprolite/fissured granite layer contact-zone depth constructed
from field observations. The actual percolation reservoir capacity of the WHS was
aggregated into a single notional reservoir for each sub-basin.

Evapotranspiration is simulated by SWAT on the basis of the crop characteristics
and growth simulated from the soil-crop module. Groundwater extraction by
pumping is mainly used for flooding rice paddies on a daily basis or for other
irrigation methods (vegetables irrigated every three days or, less frequently, drip
irrigation). It was computed on a daily basis using the irrigation demand and the
simulated groundwater availability. The spatial distribution of the irrigation demand
over the catchment was estimated at the plot scale, based on the type of crop and on
the observed irrigation practices. Types of crops are obtained from the land-use maps
shown in Figure 1b, which have been integrated into the SWAT model. To obtain this
map, a supervised classification was performed on LISS-4 images for the 2009 Kharif
season and the following 2010 Rabi season, with training and validating ground data.
The ground data were acquired during two land-cover surveys carried out in October

2009 and March 2010, in which each growing crop was identified at the plot scale in
25 sampled areas, later used for classification. The irrigated area comprises small plots
(rice paddies or vegetable plots) scattered around the landscape, irrigated either from
boreholes during two growing seasons or over one season. For a given irrigated crop,
daily pumping rate estimates were obtained from farmers. For rice, vegetables, and
fruit trees, a linear relationship exists between the pumping rates and the extent of the
irrigated area under each crop28,56. The land-use map also enabled estimation of the
maximum surface area and volume of the WHS set up and maintained by farmers to
retain runoff and to help recharge the aquifer.

Evaporation from the water table was ignored as it is generally more than seven m
below the surface. The main simulated inflows for the aquifer are the spatial recharge,
(percolation of the portion of rain not used by plant evapotranspiration), the ‘‘return
flow’’ (the infiltrated, unconsumed portion of the irrigation water for flooding rice
paddies), and to a smaller extent the recharge from stream water percolating through
the stream bed. Farmers use a large volume of water to flood rice paddies with 9 to
12 mm/day of irrigated water (more than 2000 mm/year) during the monsoon and
dry season respectively. Half of this volume is estimated to flow back into the aquifer,
while the other half evaporates (some as plant transpiration and the remainder as
surface water and soil evaporation)21,57. The regional horizontal flow was ignored as it
has been estimated to be less than 5 mm?y21 in the same agro-climato-hydrogeolo-
gical context22.

SWAT simulations for the future period (2045–2065), were performed assuming a
static land-use map, meaning that changes in the simulated hydrological variables are
driven only by future climate developments.
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