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Abstract

Groundwater abstraction and depletion were assessed at a 1-km resolution in the irrigated areas of the
Indus Basin using remotely sensed evapotranspiration (ET) and precipitation; a process-based hydrological model
and spatial information on canal water supplies. A calibrated Soil and Water Assessment Tool (SWAT) model
was used to derive total annual irrigation applied in the irrigated areas of the basin during the year 2007. The
SWAT model was parameterized by station corrected precipitation data (R) from the Tropical Rainfall Monitoring
Mission, land use, soil type, and outlet locations. The model was calibrated using a new approach based
on spatially distributed ET fields derived from different satellite sensors. The calibration results were
satisfactory and strong improvements were obtained in the Nash-Sutcliffe criterion (0.52 to 0.93), bias (—17.3%
to —0.4%), and the Pearson correlation coefficient (0.78 to 0.93). Satellite information on R and ET was then
combined with model results of surface runoff, drainage, and percolation to derive groundwater abstraction and
depletion at a nominal resolution of 1km. It was estimated that in 2007, 68 km? (262mm) of groundwater
was abstracted in the Indus Basin while 31km? (121 mm) was depleted. The mean error was 41 mm/year and
62 mm/year at 50% and 70% probability of exceedance, respectively. Pakistani and Indian Punjab and Haryana
were the most vulnerable areas to groundwater depletion and strong measures are required to maintain aquifer
sustainability.

Introduction resources. Long-term groundwater abstractions should not

Quantification of groundwater abstraction, especially ~ increase than the recharge but rapid population growth
in arid regions where recharge is genuinely small, is and increased irrigation development for food security has
of prime importance for sustainable basin scale water resulted in exhaustive groundwater abstractions in many

alluvial plains (Foster and Chilton 2003; Shah et al. 2007).

Siebert et al. (2010) developed a global inventory on
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and unreliable surface water supplies. Groundwater
abstraction ranged between 40% and 60% of irrigation
needs depending upon land uses (Scott and Shah 2004;
Sarwar and Eggers 2006; Arshad et al. 2008). The contin-
uous abstractions, in high quantities, can adversely affect
the overall water balance when the average value consis-
tently exceeds the recharge over a long period. Therefore,
accurate information on spatial groundwater abstraction
and depletion is immediately required to support develop-
ment of management plans.

The estimation of groundwater abstraction is
normally carried out using the tube well utilization
factor technique or water table fluctuation method
(Maupin 1999; Healy and Cook 2002; Qureshi et al.
2003). These methods become less suitable when applied
at basin scale due to the poor spatial density of the point
measurements.

Alternatively, data on groundwater abstraction can be
derived from hydrological models. The success of these
models depends primarily on availability of comprehen-
sive input data and how well the models are calibrated
(Zhang et al. 2008). Long-term time series datasets with
high spatial details are difficult to obtain in spatially het-
erogeneous basins with a limited gauging network (Siva-
palan et al. 2003). Extreme spatiotemporal variability in
precipitation and evapotranspiration (ET) in combination
with low density surface and groundwater point mea-
surements makes models prone to errors, as these point
measurements cannot represent the spatial variability.
Measurements at few stations and their spatial extrapo-
lation for the entire basin may yield unreliable estimates
of water use. The uncertainties associated with the mea-
sured input data may also lead to biases in the model
estimations (Srinivasan et al. 2010).

In this study we develop, for the first time, a detailed
Soil Water Assessment Tool (SWAT) model application
that encompasses the entire transboundary Indus Basin
that operates at a relatively high level of spatial detail
and includes all components of the hydrological cycle.
The SWAT model allows comprehensive modeling of
anthropogenic interventions in the hydrological cycle
including irrigation, reservoirs, groundwater abstractions,
and a wide variety of agricultural practices. The model
was parameterized using remote sensing-derived datasets
of elevation, land use and precipitation, and calibrated
against remotely sensed ET at hydrological response unit
(HRU) level.

This paper employs new methods to obtain
groundwater information for each pixel, using satellite
measurements, GIS system, and hydrological model. The
main objective of the paper is to demonstrate how a
smart combination of modeling and remote sensing can
be used to provide more clarity on one of the largest
unknowns in the hydrological cycle within the complexity
of the Indus Basin. Our method identifies groundwater
hotspot areas at high spatial resolution and consequently
groundwater-pumping activities are no longer a hidden
piece of information.
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Materials and Methods

Study Area

The Indus Basin lies between latitude 24°38 to
37°03'N and longitude 66°18' to 82°28'E located in four
countries (Figure 1). The lifeline of the Indus Basin is
the Indus River that traverses China, Afghanistan, India
and Pakistan, moving from upstream to the downstream
end of the basin. The elevations range from 0 to
8600 m above mean sea level (a.m.s.l). The basin exhibits
complex hydrological processes due to variability in
topography, rainfall, land use, and water use. The average
annual rainfall varies from less than 200 mm in the desert
area to more than 1500 mm in the north and north-east of
the basin. The 30-year (1961 to 1990) average reference
crop evapotranspiration (ET,) varies between 650 mm in
the northern parts and 2000 mm in the southern desert
areas of the basin.

Water is diverted from the Indus River and its
major tributaries (Jhelum, Chenab, Ravi, Beas, and Sutlej)
through a network of canals to irrigate the agricultural
lands. The main reason for this diversion is rainfall
inadequacy to fulfill crop water requirements. However,
the availability of canal water is unreliable and that has
motivated farmers to augment shortages in surface water
by groundwater resources (Shah et al. 2000).

Two agricultural seasons kharif (May to October) and
rabi (November to April) are in practice. Wheat is the
major crop grown in rabi. Rice and cotton are the major
crops of kharif season.

Soil and Water Assessment Tool

The SWAT model is a process-based distributed
hydrological model which provides spatial coverage of
the hydrological cycle components. A comprehensive
description of the model can be found in literature (Arnold
et al. 1998; Srinivasan et al. 1998; Neitsch et al. 2005);
however, for the convenience of our readers, the SWAT
model is summarized in the following paragraphs.

SWAT provides continuous simulation of ET, per-
colation, return flow, storage change, surface runoff,
channel routing, transmission losses, crop growth, and
sediment transport (Kannan et al. 2011). SWAT was
selected because it represents a simple groundwater reser-
voir that acts as an interface between soil moisture in
the unsaturated zone, groundwater storage in the saturated
zone, and surface water systems. The spatial water balance
of the unsaturated zone reads as:

I3
ASys = SW; — SW, = Z (Rswar + IRRswar + C;

i=1

—ETswAT — Wseep — Osurf — Qlat) (H

where AS s is the change in storage of the unsaturated
zone (mm), SW; is the final soil water content (mm H,O),
SW, is the initial soil water content on day i (mm H,0),
t is the time (d). Rgwar is the amount of precipitation
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Figure 1. Location of the Indus Basin and land use scheme used in the SWAT model. The codes are explained in Table S1.

on day i (mm HO), Qgyr is the amount of surface
runoff on day i (mm H,O), ETswar is the amount of
ET estimated by SWAT on day i (mm HyO), weep is the
amount of water entering the vadose zone from the soil
profile on day i (mm H,0O), and Qj, is the amount of
return flow on day i (mm H,O). IRRgwar is the amount
of total irrigation applied (mm) and C, is the capillary
rise (mm).

SWAT computes daily ET, and potential plant
transpiration (7') according to meteorological input data
and crop coefficients based on Penman-Monteith method
(Monteith 1965). Daily crop height and leaf area index
are controlling aerodynamic and canopy resistances and
are used in calculating 7,. Potential soil evaporation
is an exponential function of ET, and the soil cover,
which is reduced during periods with high plant water
use. Evaporation is limited by the soil water content (6)
and is reduced exponentially when 6 drops below field
capacity.

The SWAT model was used to subdivide the Indus
Basin into sub-basins (132 sub-basins with an average area
of 8000km?), which were further divided conceptually
into 2459 HRUs. HRUs were based on unique and
homogenous combination of land use and soil type. A
total of 489 HRUs were identified as irrigated where
conjunctive use was practiced. Spatially averaged data
for each sub-basin on radiation, wind speed, relative
humidity, air temperature, and rainfall were used to
parameterize the model. Since only 1-year datasets were
used, to initialize the model, especially soil moisture, a
model spin-up period of 2years was used by simulating
the period January 2007 to December 2007 thrice
consecutively and the calibration on ET was performed
in the later year.
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Data

The rainfall data in SWAT was obtained using 25-km
grids from the Tropical Rainfall Measurement Mission
(TRMM) as described by Huffman et al. (2007). The
products 3B42 (daily) and 3B43 (monthly) were collected
for the year 2007. Daily 3B42 data were aggregated
per month and a correction factor for each month was
established using calibrated 3B43 monthly data (Cheema
and Bastiaanssen 2012). These correction factors were
used to generate corrected daily grids of rainfall (Rtrym)
from January 1, 2007 to December 31, 2007. The rainfall
that was deposited below a threshold temperature (—4 °C)
was classified as snow.

Solar radiation was computed from the extra-
terrestrial radiation in association with an atmospheric
transmissivity. The atmospheric transmissivity was
inferred from optical depth information obtained at 1-km
pixel resolution Moderate Resolution Imaging Spec-
tro radiometer (MODIS) cloud product (MYDO06_L2)
downloaded from https://wist.echo.nasa.gov/~wist/api/
imswelcome/.

The spatially distributed meteorological data for
maximum (7 ,x) and minimum (7'i,) air temperature,
relative humidity (RH), and wind speed (U,) were pre-
pared using meteorological distribution model (Daymet)
described by Thornton et al. (1997). The meteorological
station data were obtained from 65 meteorological
stations under the aegis of the Pakistan Meteorological
Department (PMD). Weather station data for India, China,
and Afghanistan were obtained from the National Oceanic
and Atmospheric Administration (NOAA) and National
Climatic Data Center (NCDC). Data from 16 stations
with complete datasets were available from NOAA. Thus
collectively, data on air temperature, relative humidity,
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and wind speed from 81 stations were available. The
gridded daily datasets were aggregated per sub-basin,
which provided 132 hypothetical meteorological stations
(one per sub-basin) with uniform distribution.

A detailed land use and land cover (LULC) map
developed by Cheema and Bastiaanssen (2010) was used
to infer information on different land uses in the Indus
Basin. Twenty-seven LULC classes were classified. Those
classes were clustered into 21 land use classes based on
SWAT land use library. The details of seven irrigated land
use classes including growing season and irrigation depths
are provided in the Table S1.

The actual dates of sowing and harvesting as well
as irrigation depths vary spatially and temporally. For
example, wheat crop is sown between 1 and 30 November
and irrigation depths may vary from 45 to 105 mm, while
number of irrigations may vary from 3 to 5. These
irrigation practices, provided by Pakistan Agricultural
Research Council (PARC 1982) and Ahmad (2009), were
adopted for initiation of the SWAT model.

The FAO digital soil map of the world (FAO
1995) was used to derive soil properties with the
aid of pedo-transfer functions (Droogers 2006). Forty-
eight different soil units were found in the basin and
the alluvial plains were predominantly characterized by
vertisols and the steeper slopes by fluvisols. A GTOPO30-
DEM was used in watershed delineation and defining
streams. The surface water supplies at canal heads for
various canal command areas (CCA) were obtained from
Punjab Irrigation department (PID), Water and Power
Development Authority (WAPDA), and Indus Water
Commission (IWC), Lahore, Pakistan.

ETLook

The ETLook algorithm uses a two-layer Penman-
Monteith equation (Monteith 1965) by dividing each pixel
of the image into bare soil and canopy to infer evaporation
(E) and transpiration (T'), respectively (Bastiaanssen et al.
2012). The Penman-Monteith equation for £ and T can
be written as:

A (Rn,soil - G) + pcp ( N )

Ta,soil

A+y<1+ rsoil)

Ta,soil

E =

@)

A (Rn,canopy) + pcp (ra,ilfopy>

A_H,(H_M)

T'a,canopy

T =

3

where £ and T are in W/m?. G is soil heat flux. A
(mbar/K) is the slope of the saturation vapor pressure
curve which is a function of air temperature (7, “C)
and saturation vapor pressure (es, mbar); A, (mbar) is
vapor pressure deficit, which is the difference between
the saturation vapor content and the actual vapor content;
o (kg/m?) is the air density and cp is specific heat of
dry air=1004J/kg/K; y (mbar/K) is the psychometric
constant; R, soii and R, canopy are the net radiations
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at soil and canopy, respectively; ryi and reanopy are
resistances of soil and canopy, while 7, soi1 and 74 canopy
are aerodynamic resistances for soil and canopy. All
resistances are in s/m. Total ET is the sum of T and E and
the units can be converted to mm/d. In this study, the ET
data is available with an eight day interval for the period of
one calendar year from January 1 to December 31, 2007.

Model Calibration Procedure

The calibration of the SWAT model was performed
by comparing SWAT modeled ET (ETswar) with ET
estimated by ETLook at 1-km pixel (ETgrrook) for
all HRUs. In complex distributed hydrological model
having numerous parameters with a high spatial and
temporal heterogeneity, using conventional stream flow
calibration with limited number of discharge stations
may lead to the equifinality problems, for example, there
are more than one parameter combination leading to
similar results (Beven and Freer 2001; Beven 20006).
Moreover, calibration becomes ineffective in basins, such
as the Indus, where stream flow is under human control
(Immerzeel and Droogers 2008).

A stepwise heuristic iterative approach was therefore
adopted to perform calibration by adjusting the key soil
and groundwater parameters. A number of important
model parameters, which have a large influence on ET,
were used in the model calibration. The sensitive param-
eters that control £ and 7 fluxes were identified from
the previous literature (Immerzeel and Droogers 2008;
Immerzeel et al. 2008; Githui et al. 2012; Kannan et al.
2011). The soil water holding capacity (®), capillary rise
(C,), depth of the evaporation front (¥), and the relative
water uptake by plant roots as a function of soil moisture
(Wup,z) were calibrated. Their allowable ranges were
bound to 0.06 to 0.60 mm/mm for &, 0.02 to 0.9 for C,,
0.01 to 1.0 for ¥ and 0.01 to 1.0 for wy;; (Neitsch et al.
2005; Immerzeel and Droogers 2008; Immerzeel et al.
2008). @, W, C, and wyp, coefficients were optimized
for each HRU. Most parameters were optimized per HRU
of each land use class to capture the spatial heterogeneity
because land use information is available at relatively
detailed level compared with the soil type information.
Default values of these parameters were adopted for the
base run and implemented adjustments were constrained
by the ranges of parameters suggested by Neitsch et al.
(2005).

Three common statistical indicators, as described by
Hoffmann et al. (2004), were used to quantify the achieved
level of calibration and to evaluate the SWAT model’s
overall performance. The Nash-Sutcliffe model efficiency
(NSE) (Nash and Sutcliffe 1970), Pearson’s correlation
coefficient (r), and percent bias (Pbias) between modeled
and estimated ET were determined, which are given as:

i (e; —m;)?

NSE=1-"°L )

D (e —e)’
i=1
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i=1 i=1
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= | x100 (6)

n
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i=1

where e represents the ET estimated by ETLook
(ETgTLook) and m represents the modeled (ETswar) ET. &
is the mean of ETgr1 00k and 7 is the total number of obser-
vations. NSE ranges between —oo and 1, with NSE=1
being the optimal value. Pearson’s r ranges between —1
and +1, with » =1 being optimal value. The Pbias reveals
to which degree the modeled value is smaller or larger
than the estimated values given in percentage and close
to zero is preferred.

Pbias =

Pixel-Based Groundwater Abstraction Data

The pixel information on ETgrreok and rainfall
(Rtrvm) from TRMM is valuable additional spatial
information. This information can be used to infer total
irrigation water supply at the farm gate for each pixel
(IRRRs), when being integrated with HRU fluxes obtained
from SWAT calculations of Equation 1. Assuming that
capillary rise and storage changes to be part of applied
water, the analytical expression becomes:

IRRrs = ASus + ETETLook + qurf + Qlat
+ Operc — RTRMM (N

Irrigation water, diverted to main canals irrigating
a specific CCA, was aggregated to monthly and annual
irrigation volumes. The resulting vector maps of canal
water supplies for each CCA were prepared. The supplies
were then converted into depths by dividing over the
area of each CCA. The result was a canal irrigation
vector map (IRR.y). The overlay helped to partition
total irrigation water supply (IRRgg) into canal irrigation
(IRR.w) and gross groundwater abstraction from shallow
aquifer (IRRgy):

IRRg,, = IRRgs — IR,y (8)

The annual depths of canal water varied from 200
to 1700 mm per diversion. Conveyance efficiency of 70%
was considered for canals in Pakistani part of the Indus
Basin (Habib 2004; Arshad et al. 2005; Kreutzmann 2011)
and 80% for canals in Indian part of the Indus Basin
(Bastiaanssen et al. 1999; Kroes et al. 2003; Jeevandas
et al. 2008).
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The net groundwater depletion (DEPgy: amount of
water leaving the shallow aquifer) was estimated for the
irrigated areas using information of canal water losses
(LOSS.y) as:

DEPgw = IRng + ng - Qperc - LOSScw- (9)

Note that the capillary rise is considered as a
component of the irrigation water supply.

Results and Discussion

Model Calibration

The model performance was evaluated using three
statistical indicators namely NSE, Pearson’s r, and Pbias.
The performance was assessed at sub-basin and HRU
levels. At sub-basin level, NSE of the calibrated model
was 0.93, while under un-calibrated conditions the NSE
was 0.52. Improvement in Pearson’s r was observed from
0.78 to 0.97, suggesting a strongly improved correlation
between ETswar and ETgrLook When model parameters
were adjusted according to the existing ET layers from the
energy balance. The Pbias resulted in —0.4%, which was
very low as compared to —17.3% (base run) indicating no
systematic under or over prediction of ET was observed
at sub-basin level. Figure 2 shows the correspondence
between the modeled and ETLook estimated ET at sub-
basin scale.

Figure 3 shows the results for 489 HRUs that contain
irrigated land only. The NSE, Pbias, and Pearson’s r were
0.93, —2.3, and 0.97. This level of agreement shows
that SWAT can produce ET values from the soil water
balance that is very similar to the ET of irrigated crops as
interpreted from satellite images. The spatial pattern of ET
modeled by SWAT was in good agreement with ETgrr ook,
However, some local differences were observed and the
reason is that ETswar results showed larger differences
within land use variation.

Figure 4 provides more insight into the temporal
ET patterns. The ET showed good agreement between
the monthly ETswar and ETgrrook With a correlation
coefficient (R?) of 0.87. November and December showed
low ET rate due to lower solar altitudes and low ambient
temperature. The warm atmosphere and large rainfall
amounts due to monsoon system were the reasons of peak
ET rates during July. The strong reduction in ET during
the month of May—when land was being prepared for
the summer crop—was picked up well by SWAT.

It is notable that in the months of September to
November, ETgrr00k Was higher than the modeled values
while the reverse was observed for the months of June
and July. One of the main reasons is that most of the
fields became fallow due to the harvest of kharif crops.
Normally harvesting starts at different dates at different
locations depending upon the crop maturity. However,
in SWAT parameterization each land use was assigned
with a single date of harvesting. The moisture retained
especially in paddy fields, contributed to evaporation thus
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Figure 2. Comparison between modeled (ETswar) and esti-
mated (ETgrrook) €vapotranspiration for 132 sub-basins in
the Indus Basin.
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Figure 3. Comparison between modeled (ETswar) and
observed (ETgrrook) actual evapotranspiration for 489 irri-
gated HRUs.

causing higher ETgrrook than the ETswar. During the
month of August, ETgrroox Was higher than ETswar
because water was stagnated in the paddy fields causing
higher ET values. In contrary, during the months of June
and July, ETswar showed higher values. These 2 months
correspond to the monsoon months with higher rainfall
and considerable irrigation was supplied to the crops
especially to rice and cotton. It suggests that ETswar
overestimates ET during these months.

Moreover, during model simulations, the specified
irrigation dates for a particular crop were the same for
the HRUs representing that crop. It was assumed that
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Figure 4. Comparison of monthly ETgryr00k against ETswar
for all 489 irrigated HRU’s during 2007.

the total area under that particular crop was irrigated
on the specified date and specified depths. In reality,
the irrigation of a particular crop was completed over a
period of time depending on the farmer’s rotation for canal
supplies. Another source of temporal discrepancy could
be that during the simulation periods canal water supply
to a certain CCA was taken as constant for the entire
command area. In reality it varied based on the distance
from the canal head. All these factors can be the cause of
deviations.

Overall it can be concluded that the calibration on
actual ET is highly satisfactory given the high correlation,
NSE, and low biases. The Indus SWAT model was
calibrated at the highest possible spatial detail (HRU level)
and the temporal ET patterns were also simulated with
reasonable accuracy. The adopted calibration strategy is
effective and outperforms earlier work in this field (e.g.,
Immerzeel and Droogers 2008).

Spatial Patterns of Water Supply and Consumption

The spatial distribution of total irrigation estimated by
applying pixel information (IRRgs), canal water supplied
at farm gate (IRR.y,), and percolation to aquifer (Q perc) are
provided in Figure Sla to Slc, Supporting Information.
Gross irrigation from groundwater (IRRgy) and related
groundwater depletion (DEP,y,) are presented in Figure 5a
and 5b. The total canal water available at the farm gate
for each canal command was estimated at 113km? (or
434 mm) (Figure Sla). This amount was computed from
the reservoir releases and reported conveyance losses.
Canal water available at farm gates varied from 200 to
900 mm/year. This spatial variability in canal supplies was
due to the nonperennial system and variability in water
released from the reservoirs.

The total irrigation estimated by pixel information
(IRRgs) using Equation 7 was 181km? (696 mm). Total
applied water varied between 200 to 1400 mm/year in
the irrigated areas across the basin (Figure S1b). Higher
rates of IRRrs were found in lower Indus (irrigated areas
of Sindh province). IRRrs was also higher in Punjab
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province of Pakistan and India and Haryana. The reason of
higher irrigation was large-scale cultivation of high water
consumptive crops like rice, sugarcane, cotton, and so on.

Aquifer recharge (Qpere) ranged between 10 and
600 mm during the year as depicted in Figure Slc. A
percolation of 71 mm from irrigated fields (especially in
irrigated rice—wheat land use) and high rainfall during
monsoon were the possible sources of this recharge. The
losses from canals (LOSS.,, = 144 mm) also contributed
to the aquifer.

The canal water supplies were not sufficient to
meet the crop water requirements. The deficit was met
through groundwater irrigation and Figure 5a shows
gross groundwater abstraction (IRRgy) for each pixel

(@)

estimated using Equation 8. On annual basis, an amount
of 300 to 900 mm was abstracted from the aquifer to
irrigate crops. The highest IRR,, was observed in middle
and northeastern parts of the basin. These areas contain
relatively good quality groundwater resources (Arshad
et al. 2007) and are located in the Punjab province of
Pakistan and the Indian states of Punjab and Haryana.
The largest groundwater abstraction in Pakistan
occurred in the province of Punjab. The possible reason of
high groundwater abstraction was the irrigation to paddy
fields where canal water was not suffice. Conjunctive use
of groundwater with surface water was a normal practice
in those areas. In Sindh Province, groundwater abstraction
was fragmented due to poor quality of groundwater.

0 55 110

220 Kilometers

510 - 575
576 - 651
652 - 742
743 - 850
851 - 1,000
>1,000

Figure 5. (a) Spatial map of gross groundwater abstraction in the irrigated Indus Basin. (b) Spatial map of net groundwater

depletion in the irrigated Indus Basin.
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Figure 5. Continued.

However, groundwater recharge by percolation from fields
and canals resulted in conjunctive use of groundwater and
surface water in the northern Sindh Province (Siebert et al.
2010).

Indian states of Punjab and Haryana were also
vulnerable to extensive groundwater pumping. The value
ranged between 400 and 900 mm. Irrigated rice, wheat
rotation was the dominant land use that required extensive
irrigation to meet crop water demand. The surface
water supplies were not sufficient to meet the need
therefore the deficit was met through groundwater. Large
number of small capacity tubewells was installed to pump
groundwater. According to Shankar et al. (2011), tubewell
density in the Punjab and Haryana states was 27 and 14.1
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tubewells/km? in 2001 and the number is increasing. The
flow rates may vary from 5 to 151/s.

The total irrigation supplies in the irrigated areas of
the Indus Basin were estimated at 181 km?, an amount
of 68 km? originated from groundwater, while the surface
water contribution was 113 km?. This diagnosis suggests
that groundwater supplies 68/181 or 38% of the total water
applied at the farm gate. The results are in agreement
with the 40% to 50% groundwater contribution reported
by Sarwar and Eggers (2006).

The gross groundwater abstraction can be explored
further to quantify the aquifer depletion (Figure 5b). The
total depletion of 31km? (121 mm/year) in the aquifer
was computed from IRRyy, and the return flow Qgy. The
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Table 1
Water Balance Components for the Irrigated Areas in the Indus Basin for the Year 2007
ET ETLook R TRMM qurf Qperc IRRRS IRRcw IRng LOSScW ng DEPgw
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
km?®)  (km?)  (km?) (km?) (km?*) (km?) (km?*) (km*)  (km®) (km?)
Indus Basin 974 451 97 75 696 434 262 144 79 121
(254) 117) (25) (19) (181) (113) (68) (38) (20) @31
Note: The values in bracket represent water volume in km?3.
Table 2
Annual Water Balance Components and Computed Gross Groundwater Abstraction at Seven Selected
Locations
AD of IRRg,
(mm) at EP
Land ETETLook RTRMM Q surf Q perc Q lat IRRcw IRng
Pixel Location Use (mm) (mm) (mm) (mm) (mm) (mm) (mm) 100% 70%  50%
32°25'48.12"N AGI1 1311 767 131 70 0 722 23 213 84 54
73°24'39.23"E
31°17'34.54'N AGI2 1174 409 50 48 0 365 498 122 47 30
73°04'37.52"E
31°07'05.83"N AGI3 1202 580 237 169 0 230 798 142 51 33
75°42'18.35"E
30°08'49.02"N AGI3 1265 429 59 53 3 359 592 124 50 33
75°28/58.89"E
32°06'42.44"N AGI3 1098 579 163 105 0 348 439 148 52 35
73°49'32.15"E
28°07'17.29"N AGI6 1316 148 24 37 0 534 695 131 62 42
67°59'16.69"E
28°27'13.85"N AGI6 1361 183 16 23 0 800 417 175 86 60
68°28'35.80"E
Average 1246 442 97 72 0.4 480 494 151 62 41
Notes: The absolute deviation (AD) of IRRgy at 100%, 70%, and 50% exceedance probability (EP) is also provided.

return flow, for example, base flow from the groundwater
to the surface water system, of non-consumed water that
was fed back into the river network (20 km3/year) was
included in the analysis. The net groundwater abstracted
(gross abstraction 68km>/year minus recharge from
leaking fields and canals 57 km?/year) became 11km? or
42 mm/year. The details of water balance components are
given in Table 1.The largest net groundwater depletion
(DEPgy,) occurred in Punjab Province of India (200 to
800 mm/year). Jeevandas et al. (2008) estimated a net
deficit of 260 mm between crop consumptive use and
surface supplies in Punjab Province of India. The Haryana
state of India was also vulnerable to serious groundwater
depletion developments (400 to 600 mm/year). A recent
assessment of groundwater abstractions by NASA showed
that the three states of India (i.e., Punjab, Haryana, and
Rajasthan) lost about 109 km? of water during 2002 to
2008 leading to decline in water table of 330 mm/year
(Rodell et al. 2009).The groundwater overdraft at this
alarming rate could potentially change the transboundary
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groundwater flow between India and Pakistan as also
documented in ITUCN (2010).

Accuracy Assessment

The usability of the IRRyy, information for carrying
out water management plans depends on the accuracy of
the estimates. The influence of uncertainty in ET, rainfall,
SWAT outputs, and canal supplies on IRR,,, computations
based on Equations 7 and 8 were tested. Seven pixels
representing “‘irrigated cotton, wheat rotation/sugarcane,”
“irrigated cotton, wheat rotation/orchards,” “irrigated rice,
wheat rotation,” and “irrigated rice, fodder rotation” were
randomly selected. The locations of these land uses
are provided in the Table 2. Bastiaanssen et al. (2012)
estimated +4% uncertainty in ETgrro0k estimates while
Rrrvm have deviation of £6% at annual scale (Cheema
and Bastiaanssen 2012). The errors in IRR.,, were taken
as £15% (Habib 2004; Ahmad et al. 2005). The error in
SWAT model output parameters (e.g., Qsurf> Opercs Qlat)
are taken as £15% (Harmel et al. 2006).
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One thousand pairs of data series were randomly
generated to estimate IRRgy, using the uncertainty range
of :|:4, :|:6, :|:15, and £15% for ETETLOOk7 RTRMMa IRRCW,
and SWAT model outputs, respectively. For all seven
locations the absolute deviation was plotted against its
probability of occurrence (not shown here). The maximum
absolute error (100% probability), ranged between 122
and 213 mm with an average of 151 mm (Table 2). There
was 70% probability that the absolute error in IRRgy
remained within 62 mm/year. The mean error at 50%
probability of exceedance was 41 mm/year. In the areas
with high groundwater abstraction rate (>400 mm/year),
this error can be considered within acceptable range
(Ahmad et al. 2005).

Conclusions

Irrigation is the largest consumer of water in the Indus
Basin that is using both surface (113 km? or 434 mm) and
groundwater (68 km>or 262 mm) to meet the crop water
requirements. Uncontrolled groundwater abstraction, con-
sistently exceeding recharge, is threatening the groundwa-
ter reserves in the basin but difficult to estimate. By using
remote sensing information in combination with GIS data
on canal flows and SWAT model outputs, a spatial esti-
mate of the groundwater abstractions and depletions over
the entire irrigated area of the Indus Basin was obtained
at a resolution of 1km.

The parameterization and calibration of SWAT model
was based on satellite data on land use, rainfall and
topography (parameterization), and actual ET (for calibra-
tion). The calibration results were satisfactory and strong
improvements were obtained in the Nash-Sutcliffe crite-
rion (0.52 to 0.93), bias (—17.3% to —0.4%), and the
Pearson correlation coefficient (0.78 to 0.93). The ground-
water abstraction and depletion estimates thus obtained
suggested that total 68 km? (262 mm) of groundwater was
abstracted in the Indus Basin while 31km?® (121 mm)
was depleted during the year 2007. The mean error was
41 mm/year and 62 mm/year at 50% and 70% probability
of exceedance, respectively. The spatial maps of ground-
water abstraction and depletion identify the hot spots
that need special attention of water management experts.
Pakistani and Indian Punjab and Haryana were the most
vulnerable areas to groundwater depletion and strong mea-
sures are required to maintain aquifer sustainability.

The only solution to safeguard access to water for
food and environment is to reduce groundwater abstrac-
tions. Net depletion should be virtually neutral averaged
over longer time period. This can be achieved by nego-
tiating groundwater abstractions using the maps provided
in Figure 5a and 5b. Monitoring of groundwater abstrac-
tion can be implemented using the same methodology and
procedures as outlined in this paper. The technological
procedures are outlined and validated. Recharge by con-
structing wells or delay action dams should be facilitated.
The role of trans-boundary aquifers should be given equal
importance as the attention that goes to surface water
exchanges between administrative boundaries.
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The analysis is based only on one year and needs
more years to consider. There is also a potential
problem of limited validation as no information on spatial
groundwater abstraction is available. The use of single
conveyance efficiency is cautious. Conveyance efficiency
based on per unit length of the canal should be tested in
the future studies.
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depths are also provided for irrigated land use classes.
Figure S1. (a) Spatial map of Canal water supplies.
(b) Spatial map of irrigation estimated using remote
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