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SUMMARY IN SWEDISH  

Gangesflodens avrinningsområde är ett av världens största färskvattenförråd. Området är ca 1 million 
kvadratkilometer stort och befolkas av mer än en halv miljard människor. Hydrologiska undersökningar av 
området är dock få och innefattar inte förändringar av mänsklig vattenanvändning och dess effekter över tid 
på vattnets kretslopp i regionen. Dock har många studier undersökt hur förändringar i land- och 
vattenanvändning i avrinningsområden i andra delar av världen kan påverka den lokala hydrologin. 
Gangesområdet har upplevt en snabb utbyggnad av konstbevattningssystem sedan 1960-talet för att mätta 
matefterfrågan hos en växande befolkning. Konstbevattnat jordbruk har ökat från 18 till 48 % mellan 1962 
och 2003. Den här studien är framförallt fokuserad på att förstå konstbevattningens roll i avrinningsområdets 
vattenbalans. Hydrologisk modellering av Gangesflodens avrinningsområde gjordes i PCRaster med en 
vattenflödesmodul av POLFLOW. För analysen användes följande data: DEM, vattendrag, nederbörd, 
temperatur, ytvattenanvändning, grundvattenanvändning, area med konstbevattning (både från grund- och 
ytvatten) och uppmätt vattenflöde vid Gangesflodens mynning. Konstbevattning användes i modellen genom 
addering till nederbörden. Tre olika scenarior användes för analysen: ett för perioden före utbredd 
konstbevattning (1951-1959), ett med konstbevattning (1991-2000) och ett med ett hypotetiskt klimat för 
1991-2000. Modellen kalibrerades med hjälp av det observerade utflödet i scenarierna utan konstbevattning 
(1951-1959) och med konstbevattning (1991-2000). Mellan dessa två perioder minskade nederbörden med 
129 kubikkilometer per år och evapotranspirationen minskade ännu mer. Å andra sidan minskade även 
utflödet med 18.41% på samma tid. Dessutom visar modellens resultat en ökning av kvoten mellan 
evapotranspiration och nederbörd från 0.483 till 0.525. Den stora skillnaden mellan minskningen i nederbörd 
och evapotranspiration kan antagligen tillskrivas vattenanvändningen för konstbevattning. Dessutom kan 
konstbevattning vara en viktig orsak till minskad vattentillgång nedströms i avrinningsområdet på grund av 
den ökade kvoten mellan evapotranspiration och nederbörd under konstbevattningsscenariet. Yt- och 
grundvatten för konstbevattning bidrar till ökad evapotranspiration och minskar därmed utflödet från 
Gangesfloden. Minskad vattentillgång nedströms begränsar och förhindrar vattenanvändning, framförallt 
under torrperioder. Den geografiska förändringen av evapotranspirationen över tid kan vara ett allvarligt 
bekymmer ur ett klimatperspektiv. Med mer än en halv miljard av jordens befolkning direkt eller indirekt 
beroende av Gangesflodens avrinningsområde för sin försörjning är det en ren nödvändighet att 
implementera mer effektiva bevattningstekniker och planera för en integrerad vattenhushållning för att klara 
en växande befolkning. Den här studien kan erbjuda en grund för att undersöka sambandet mellan klimat och 
konstbevattning i regionen.  
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ABSTRACT 

Hydrological changes in catchments world over have affected regional climate and pose serious challenge to 
future water resource management. The Ganges drainage basin (GDB) is one such region which has 
undergone rapid transformation in land and water use, more specifically in the latter half of 20th century. 
GDB has a population of more than half a billion people and is spread across India, China (Tibet), Nepal and 
Bangladesh. Further, hydrological investigations accounting land and water use changes in GDB are rare. This 
study is an attempt to resolve hydrological changes in the Ganges basin using the fundamental water balance, 
focusing particularly on water use changes through irrigation. Between the period 1951-1959 and 1991- 2000, 
precipitation (P) in the Ganges basin has reduced by 11.25 % while evapotranspiration (ET) has only reduced 
by 3.61 %. In addition, the ET/P has increased from 0.483 to 0.525 during the same period suggesting a 
larger partitioning of P towards ET. This suggests greater utilization of P to release water vapor in the 
atmosphere and thus causing a reduced water flow downstream. With water availability at the fulcrum of 
future concern for regional and national water security, these findings should encourage policy makers to 
account for hydrological changes in the GDB in planning sustainable water use. 

Key words: Irrigation; Precipitation; Evapotranspiration. 

 

INTRODUCTION 

Recent studies have shown the impact of 
irrigation on water cycle and local- regional 
climate (Boucher et al, 2004; Lobell et al, 2009; 
Jarsjö et al, 2012; Huber et al, 2014). There have 
been instances of reduced runoff (R), increased 
evapotranspiration (ET) and changes in 
atmospheric and surface conditions (temperature, 
humidity, cloud formation, radiation and 
precipitation) due to imposed changes on land and 
water use (Asokan et al, 2010; Destouni et al, 
2010; Jarsjö et al, 2012; Dadson et al, 2013; 
Harding et al, 2013). In the global context, 
irrigation has increased ET by approximately 2600 
km3/year which constitutes a large portion of 
freshwater use (Gordon et al, 2005). Other drivers 
known to have significantly impacted ET are 
deforestation, hydropower development and non- 
irrigated agriculture (Gordon et al, 2005; Destouni 
et al, 2013). Indications are rife that increasing ET 
in one region due to growing food production 
could impact the capability of other regions to 
satisfy their food requirements (Gordon et al, 
2005). One region which has been at the forefront 
of rapid irrigation expansion is the Ganges 
drainage basin (GDB), majority of which lies in 
India. 

The Ganges river system originates in the Central 
Himalayas, extends into the alluvial plains of 
Ganges and drains into the Indian Ocean at the 
Bay of Bengal. Figure 1 shows the extent of GDB. 
Its basin area (1.08 million km2) spreads across 
four countries namely India (79 %), Nepal (13 %), 

Bangladesh (4 %) and Tibet (China) (4 %) (Bharati 
et al, 2011). With a total population of 
approximately 600 million people (Rajmohan and 
Prathapar, 2013) and a population density of 550 
persons/ km2 (Jain et al, 2009), it is one of the 
most populous river basins in the world.  
Along GDB, R is influenced not only by snow and 
ice-melt but also by fluctuating monsoonal 
precipitation (P). However, the contribution of 
snow and ice melt to the total R of the GDB is 
minimal and is estimated to be between 1-5 % of 
annual basin R (Moors and Siderius, 2012). Hence, 
a major portion of R from GDB comprises of the 
monsoonal P. These monsoons occur in two 
periods- south- west monsoon and north- east 
monsoon. South- west monsoon starts from June 
and end in September. It contributes majority of P 
in GDB. North- east monsoon, also known as 
retreating monsoon occurs during the period 
September- December and provides low P in the 
Ganges belt.  
There are mainly two sources of irrigation in the 
GDB- (i) surface water diverted through channels 
into agricultural land and (ii) groundwater 
extraction. Over the years, the role of 
groundwater irrigation has considerably increased 
in the basin. Regarded as the `bread basket' of 
South Asia (Moors et al, 2011), the region is 
intensely irrigated and is under severe stress to 
address food requirements of a rapidly growing 
population (Aggarwal et al, 2004; Gordon et al, 
2005; Siebert et al, 2005; Harding et al, 2013). 
The aim of this study is to investigate the 
temporal change in water balance in the GDB in
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Figure 1. Extent of GDB along with Ganges river network. 

 

the latter half of 20th century by comparing two 
different water use scenarios- preirrigation (1951-
1959) and irrigation (1991-2000). In addition a 
hypothetical climate scenario is invoked to 
evaluate changes in water balance due to a climate 
transition. Furthermore, a spatial analysis is also 
performed for selected components affecting the 
water availability in the basin. 

METHODOLOGY  

The following datasets were used for the 
hydrological analysis of the GDB- DEM, water 

lines data, P data, temperature (T) data, surface 
water use data, groundwater use data, area under 
irrigation data (surface as well as groundwater) and 
observed R at the outlet. DEM and water lines 
data were obtained at a spatial resolution of 0.008 
decimal degrees (DIVA- GIS, 2014). Monthly T 
and P data for the GDB was obtained from the 
Climate Research Unit database CGIAR-CSI 
CRU-TS v3.10.01 for the years 1991-2009 at 0.5 
degree spatial resolution (Jones and Harris, 2013). 
Global maps of areas irrigated with groundwater 
and surface water were acquired at a spatial 
resolution of 0.08 decimal degrees (Siebert et al, 
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2013). Observed R was collected for the period 
1951- 2000 (Eastham et al, 2010). Irrigation water 
use from surface and groundwater reserves was 
also acquired (World Bank, 2011). Groundwater 
use during the period 1991- 2002 was determined 
from temporal estimates of groundwater irrigation 
in Indian parts of GDB (Bhaduri et al, 2006). 

Irrigation is known to exist for centuries in GDB; 
however, significant growth has occurred after 
1960’s. Particularly in the Indian parts of the 
basin, irrigated agriculture has increased from 18 
% in 1962 to 48 % in 2003 (Bhalla and Singh, 
2010). In addition, cultivated area and rainfed 
cultivation have also increased during the same 
time. While groundwater use for irrigation has 
been a more recent development which coincides 
with the advent of green revolution of late 1960’s 
in India, surface water has its roots back to around 
14th century. There is, however, a surge in the use 
of surface water for irrigation since the 1960's. An 
estimated 112 km3/ year of water is used from 
surface sources in India. Approximately, 88 km3/ 
year has been diverted since the 1960's (World 
Bank, 2011). Some of the routing was completed 
around the year 2000. However, their construction 
had started long before and water extraction was 
quite likely happening. In case of groundwater, 
approximately 94 km3/ year of water is extracted 
for irrigation in India (Bhaduri et al, 2006; World 
Bank, 2011). In total, 206 km3 of water is used 
annually for irrigation. These extractions could 
still be an underestimation of water actually 
withdrawn from surface and subsurface. An 
approximate 375 km3/ year of water is estimated 
to be used for irrigation in the Ganges basin, of 
which more than 50 % is groundwater (Moors and 
Siderius, 2012). However, these estimates are as 
recent as 2008 and do not demarcate spatial use of 
surface and groundwater extraction in GDB.   
The ‘preirrigation scenario’ is defined as the 
period (1951- 1959) during which irrigation water 
use was fairly constant at around 18 % of the total 
water used for cultivation. In addition, the 
availability of R data from 1951 onwards allows 
model calibration for this period. The period 
1991- 2000 is chosen as the ‘irrigation scenario’ 
due to large expansion of irrigation and a declining 
R (Figure 2). An additional ‘climate scenario’ was 
hypothesized to analyze the hydrological change 
only due to P and T transition from 1951-1959 to 
1991- 2000. In this particular scenario, irrigation 
activity over the Ganges basin was not considered. 

In the first step, all raster data were resampled to a 
spatial resolution of 0.08 decimal degrees. GDB 
was delineated using tools present in Arc Hydro 
extension of Arc Map 10. This required the use of 
DEM and water line data. After developing the 
catchment area of Ganges along with the river 
network, climate data (T and P) was processed for 
GDB in ArcGIS. Spatial maps of mean annual T 
and P were generated for both the periods- 1951- 
1959 and 1991- 2000. This was followed by the 
spatial distribution of surface and groundwater in 
the catchment for the irrigation scenario. To 
develop these maps, total water used for irrigation 
from surface (112 km3) and groundwater reserves 
(94 km3) was spread uniformly over the areas 
equipped with surface and groundwater irrigation 
based on their fraction of grid cell under 
irrigation. In the irrigation scenario, water used as 
irrigation was added as extra P. 

The hydrological modeling of GDB was 
performed on PCRaster using water flow module 
of the code POLFLOW (De-Wit, 2001). It had 
been adopted for hydrological modeling of 
catchments such as Mahanadi River Basin in India 
(Asokan et al, 2010) and Aral Sea Drainage Basin 
in Central Asia (Jarsjö et al, 2012). PCRaster is a 
set of spatio- temporal functions which can be 
embedded in a programming language such as 
Python to modify, model or create raster maps. 
The raster maps can be displayed using PCRaster 
function ‘aguila’ or can be exported to ArcGIS. 
The number of functions which can be used in 
PCRaster are limited in comparison to ArcGIS 
and may require the use of another software for 
pre-processing or post-processing of data. 
However, the strength of PCRaster lies in the easy 
programming of environmental processes which is 
quick and flexible when compared to step by step 
operations in ArcGIS. The following paragraph 
provides the description of POLFLOW module 
used in PCRaster. 

The hydrological analysis of the GDB was 
performed using the basic water balance 
quantification shown in equation (1). In this 
analysis, the change in water storage in GDB is 
assumed, ΔS≈0 for simplifying the calculations. 
Also the lack of data restricts the use of storage 
term and limits the scope of work as there are 
certain parts which have witnessed a drop in water 
level. The ET consists of evaporation from 
surface and subsurface water and transpiration 
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from plants. It is suggested that the ET errors 
which arise from the principal basin scale water 
balance closure are below 20% (Asokan et al, 
2010). On the other hand, error in the ET 
estimates from Penman- Monteith model 
equations can vary between 30-55 % when they 
are not calibrated from runoff observations (Kite 
and Droogers, 2000).  � − � − − ∆ = (1) 

P: precipitation (mm/year) 

ET: evapotranspiration (mm/year) 

R: river runoff (mm/year) 

ΔS: water storage change (mm/year) 

Spatial distribution of actual ET was calculated in 
two steps- first potential ET for each grid cell in 
GDB was computed using empirical method 
(Langbein, 1949) as shown in equation (2): � = 5 + ∗ + .9 ∗ 2 (2) 

Ep: potential ET (mm/year) 

T: mean annual temperature (oC) 

Secondly, using Ep and mean annual P, modeled 
ET was estimated for each grid cell in the GDB 
from the following equation (Turc, 1954): � � � =  �√0.9+  �2/� 2 (3) 

ETmod: modeled ET (mm/year) 

In addition, total modeled ET for the GDB was 
calculated by adding ETmod for each cell. Using 
equation (1), modeled R (Rmod) was calculated for 
the basin in the unit of km3/year. The ET in 
equation (3) is empirical and thus requires 
calibration. As there are no recorded historical 
measurements of ET, its calibration was 
performed by balancing the modeled R with 
observed R (Robs) over a given period. Firstly, an 
assumption was made that the actual ET is a 
product of ETmod and a calibration factor (Jarsjö 
et al, 2008) as can be seen in equation (4): �� = � ∗ � � �(4) 

AET: actual ET (mm/year) 

X: calibration factor 

X will be equal to 1 if AET= ETmod. X was 
calculated using Robs, Rmod, P and ETmod (Jarsjö et 
al, 2012) and can be seen in equation (5):  

� = � ���� � + − � ���� � ∗ ∑ �∑ ��� �(5) 

ΣP= total P (km3/year) 

ΣETmod= total modeled ET (km3/year) 

All terms in equation (5) are in the unit km3/year. 

RESULTS AND DISCUSSIONS  

Figure 2 shows 10 year running mean of P, T and 
R. As can be observed, P increases in the first half 
of 20th century, reaches a maximum of 1178 mm 
in the year 1946 and then starts declining to 
record its lowest value of around 950 mm in 1997. 
In case of T, there have been more fluctuations 
leading to an increase in first half of 20th century, 
then a decline till mid 1970’s and later an increase 
towards the end of 20th century. In addition, the 
10 year running mean shows a rise in recorded T 
from 19.8 to 20.4 oC between 1905 and 1997. R, 
on the other hand has fluctuated- initially it 
increased and then decreased for a short span, 
followed by some stability towards a higher value 
and eventually falling down to its lowest record in 
latter half of 20th century. 

The spatial variation of mean annual P during the 
1991- 2000 can be seen in Figure 3. P is lower in 
the western and northern parts while higher in the 
central, southern and eastern parts of the basin. 
Furthermore, the spatial change in mean annual P 
between the periods 1991- 2000 and 1951- 1959 is 
displayed in Figure 4 which is the difference 
between more recently recorded P (1991-2000) 
and earlier records of P (1951-1959). P has 
reduced in most parts of the basin. While areas of 
P increase are few and are generally in proximity 
of the basin boundary.  

Spatial distribution of mean annual T for the 
period 1991- 2000 is shown in Figure 5. Generally, 
northern region of GDB records lower T when 
compared to other parts of the basin- south, 
south- east and south- west. Figure 6 illustrates the 
change in T between 1991- 2000 and 1951- 1959 
time periods. Except for T decrease in some 
upstream regions, rest of the GDB has warmed. 

Irrigation water use from ground and surface 
extractions is demonstrated in Figure 7. A 
noticeable trend is that areas of intense irrigation 
occur near the main stem of Ganges river system, 
as these would be the most fertile regions.



The Ganges drainage basin: Hydrological transitions due to anthropogenic water use .

 

5 

 

 
Figure 2. 10 year running mean of P, R and T in the GDB. 

 

It can also be seen that irrigation is widespread in 
the GDB with some areas using as high as 1000 
mm of water per year. These extractions are 
comparable to the mean annual P in this region. 

The availability of runoff observations for the 
period 1951- 2000 allowed the calibration of 
hydrological model for the preirrigation and 
irrigation scenarios. In the preirrigation scenario, 
Robs= 592 km3/year, Rmod= 329.25 km3/year, 
∑P= 1146 km3/year and ∑ETmod= 816.7 
km3/year. Using equation (5), the calibration 
factor was determined to be X= 0.68. For the 
irrigation scenario, the calibration factor was 
calculated X= 0.62 when Robs= 483 km3/year, 
Rmod= 153.4 km3/year, ∑P= 1017 km3/year and 
∑ETmod= 863.5 km3/year. While in case of the 
hypothetical climate scenario, calibration cannot 
be performed since observed runoff is not 
available. However, to achieve a more realistic 
representation of climate scenario, calibration 
factor of preirrigation scenario is assumed. This 
assumption can be disputed but the basis is to 
scale the ET and R to the prevailing conditions 

which as per the calculations above indicate 
calibration factor in the range 0.6-0.7. 

Table 1 summarizes the average temperature and 
water flows in the GDB for all three scenarios. In 
addition it also shows the percentage change in 
different parameters from preirrigation to 
irrigation scenario.  

 
Figure 3. Spatial variation of mean annual P 
for the time period 1991- 2000 (in mm/ year). 
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Figure 4. Spatial variation of change in mean 
annual P between 1991- 2000 and 1951- 1959 
time periods. 

 
Figure 5. Spatial variation of mean annual T 
for the time period 1991- 2000. 

 
Figure 6. Spatial variation of change in mean 
annual T between 1991- 2000 and 1951- 1959. 

 

Water flows comprise of total P, total modeled 
ET, modeled R at outlet along with water used for 
irrigation (groundwater and surface water) in km3/ 
year. 

 
Figure 7. Spatial distribution of irrigation 
water use in GDB (in mm/ year). 

 

Between the periods 1951- 1959 (preirrigation) 
and 1991- 2000 (irrigation), mean T has increased 
by 0.023oC with a 0.114 % increase. During the 
same period, P has decreased by 129 km3/ year 
(11.25 %) while ET has reduced by 20 km3/ year 
(3.61%). In comparison to P decrease, ET drop is 
much lower. On the other hand R has reduced by 
18.41 %. Another important criterion to analyze 
the effect of irrigation on ET is ET/P fraction 
which quantifies evapotranspiration per unit 
precipitation during each scenario. For the 
preirrigation and climate scenario, ET/P is 
calculated as 0.483 and 0.51 respectively. On the 
other hand ET/P for irrigation scenario is 0.525. 
It is difficult to rely on ET/P for climate scenario 
due to its hypothetical nature and lack of observed 
runoff records. ET/P for irrigation scenario is 
higher than the ET/P in preirrigation scenario 
(8.69 %). This means that ET has increased per 
unit P in the basin.  

The spatial distribution of ET for different 
scenarios can be seen in Figure 8, Figure 9 and 
Figure 10. In case of preirrigation scenario (Figure 
8), large ET flows are found in most parts of the 
basin, except the northern and western regions. 
The highest ET is concentrated in the eastern and 
central parts. On the other hand, ET has become 
higher in some of the western parts and decreased 
in south and south- western regions in case of 
irrigation scenario (Figure 9). 
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Table 1. Summary of T and water flows in GDB. 

 
 

Also highest ET has spread across the center of 
the basin. It can also be noticed that except the 
northern regions, ET has redistributed in most of 
the GDB. In climate scenario (Figure 10), there 
are more areas showing lower ET when compared 
to preirrigation and irrigation scenario. 

This can be attributed to lower P in case of 
climate scenario (1991- 2000) when compared to 
preirrigation scenario (higher P) and irrigation 
scenario (extra P added as water for irrigation). 
Figure 11 displays the percent change in ET 

 
Figure 8. Spatial distribution of annual ET in 
preirrigation scenario (1951- 1959). 

 

during the transition from preirrigation to 
irrigation scenario represented as the difference 
between irrigation and preirrigation scenario. It 
can be observed that ET has decreased in more 
parts when compared to regions with ET increase. 
The highest drop in ET which is around 24 % 
extends along a diagonal from north- west to 
south- east and in some southern parts as well. On 
the other hand, ET has increased by more than 50 
% in some western parts. Also, higher ET 

 
Figure 9. Spatial distribution of annual ET in 
irrigation scenario (1991- 2000). 

Variables

Preirrigation 

scenario 

(1951-1959)

Climate 

scenario (1991-

2000)

Irrigation 

scenario (1991-

2000)

% Change from 

preirrrigation to 

irrigation 

scenario

Temperature (oC) 20.225 20.248 20.248 0.114

 Precipitation 

(km3/year)
1146 1017 1017 -11.25

Groundwater use 

(km3/year)
0 0 94

Surface water use 

(km3/year)
0 0 112

ET (km3/year) 554 520 534 -3.61

Modeled 

Runoff(km3/year)
592 497 483 -18.41

Observed Runoff 

(km3/year)
592 483

ET/P 0.483 0.511 0.525 8.69
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Figure 10.Spatial distribution of ET in 
climate scenario. 

loss can be noticed near the basin outlet which is 
situated in south-east. 

 

The percent change in ET between preirrigation 
and climate scenario represented as the difference 
between climate and preirrigation scenario, is 
illustrated in Figure 12. ET drop is evident in most 
parts of the basin due to lower P during 1991- 
2000. In particular, downstream parts of the basin 
show maximum decrease in ET. There are also 
some areas which show increased ET and are 
geographically located at the edge of basin. The 
maximum increase in ET in these areas is not 
more than 17 %, which is mainly attributed to a 
higher local P in comparison to 1951- 1959. The 
difference between Potential ET (PET) and ET 
for all the scenarios is elucidated in Figure 13, 
Figure 14 and Figure 15.  

 
Figure 11. Spatial distribution of ET change 
between irrigation and preirrigation scenario 
(in %). 

 

 
Figure 12.Spatial distribution of ET change 
between climate and preirrigation scenario 
(in %). 

The difference is highest in climate, followed by 
preirrigation and then lowest in irrigation scenario, 
particularly in irrigated regions (north- west, 
central and south- east). 

 

While ET represents the supply side of water 
vapor to atmosphere, PET is the measure of 
atmospheric moisture demand. Their difference 
signifies how much more water can the 
atmosphere hold in a given scenario. Mostly 
related to water resource management, it is a 
measure of crop water need to achieve maximum 
productivity (Pidwirny, 2006). The crop water 
need seems to be lowest in preirrigation scenario 
even though the irrigation scenario looks very 
much similar. 

 
Figure 13. Spatial distribution of annual 
difference between PET and ET in 
preirrigation scenario. 
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Figure 14. Spatial distribution of annual 
difference between PET and ET in irrigation 
scenario. 

 

 
Figure 15.Spatial distribution of annual 
difference between PET and ET in climate 
scenario. 

CONCLUSIONS  

In this study, I have presented the hydrological 
transitions in the GDB between 1951- 2000 using 
a simple PCRaster/ POLFLOW modeling 
approach. Several studies in past have already 
established the applicability of Langbein- Turc 
approach by comparing it with method proposed 
by Thornthwaite (1948) (Shibuo et al, 2007; 
Asokan et al, 2010; Jarsjö et al, 2012). The stark 

difference between total P and ET drop in the 
basin in irrigation scenario can be most likely 
attributed to irrigation water use. Also, irrigation 
could be a major cause of lower water availability 
in the GDB through increased ET/P during the 
irrigation scenario. Surface and groundwater 
routing for irrigation provides more water to 
evapotranspire and therefore reduces R through 
the basin outlet. Further, lower availability of 
water downstream may also limit and restrict its 
use, especially during the dry seasons. In addition, 
redistribution of ET could be a major cause of 
concern from a climate perspective. With more 
than half a billion of world's population directly or 
indirectly dependent on the GDB for their 
livelihood, it is imperative to adopt a sustainable 
and an integrated water management approach. 
Further, this analysis should serve as a base to 
understand the feedback loop between climate 
and irrigation in the GDB.  

LIMITATIONS 

This research would be incomplete without a 
mention of its limitations. The change in storage 
or groundwater level which is assumed to be zero 
may not be a correct assumption. Based on recent 
observations, groundwater table has declined in 
many parts of Ganges basin, particularly in the 
western Ganges plains which have reported an 
average decline of 0.15 m/ year during the years 
1994- 2005 (Samadder et al, 2011). In some 
regions there is a steep groundwater decline of 
0.35- 0.4 m/ year. Another limitation is the lack of 
irrigation water use data outside India which 
comprises 21% of GDB landmass. Furthermore, 
it is important to note that there could be other 
factors such as change in land use and 
hydropower development in the GDB which need 
to be investigated to evaluate the actual extent of 
hydrological changes in the basin.  
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