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Abstract: Climate change due to greenhouse effect is expected to cause major changes in 
natural eco-system of some of the areas. The change in climate is likely to profoundly 
influence hydrological cycle viz. precipitation, evapotranspiration, soil moisture, etc. 
Evapotranspiration (ET) being the major component of hydrological cycle will affect 
crop water requirement and future availability of water resources. The most visible 
signature of climate change is rise in temperature by few degrees varying over different 
regions. Temperature being principle source of energy, will have major effect on ET 
and consequently on water demand. The study has been conducted for hot arid zone of 
western Rajasthan. Penman-Monteith model was used for the estimation and sensitization 
of ET. Study suggests that as small as 1°C rise in temperature from normal will enhance 
the annual ET demand from minimum of 35 mm for Ganganagar district to maximum 
of 96 mm for Jaisalmer district. Enhanced ET would primarily be a consequence of 
higher air and land surface temperature. The increase in ET demand will have a direct 
bearing on total water demand for irrigation. The rise in temperature by 1°C will cause 
an additional annual water demand of 1570.9 Mm3 for the entire western Rajasthan 
based on net irrigated area of 31,64,512 ha. The total available utilizable ground water 
for western Rajasthan is 3516.9 Mm3 and rise of 1°C in normal temperature will put 
additional stress of 44% on existing groundwater resources based on present land use 
pattern. An attempt has been made in the present study to estimate the water demand 
under climate change scenario for the hot arid zone of western Rajasthan.
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Global climate change has emerged as a major 
scientific and political issue in last two decades. 
Global warming issue was first discussed in 
United Nations Conference on Environment 
and Development (UNCED) at Rio de Janeiro, 
during 3-14 June, 1992 and reported a rise by 
few degrees in average annual temperature 
worldwide. There are sufficient evidences to 
show that earth’s temperature has risen by 
more than 0.5°C since 1880 and continues to 
rise at a faster rate (Martinez-Austria, 1994). 
Another most visible evidence of global 
warming is rise in sea-level, which could be 
up to 1 m over next hundred years (Schneider, 
1989; Houghton et al., 1990). Keeping in view 
the evidence of global warming, the World 
Meteorological Organization (WMO) formed the 
Intergovernmental Panel on Climatic Change 
(IPCC) in 1988, which called on different experts 
organized into working groups to analyze the 
possible effects of this phenomenon. Since the 
formation of IPCC, various studies are going 
on worldwide to understand/predict the effects 

of global warming on the various aspects of 
ecosystem (Ravindranath and Sukumar, 1996; 
Liu et al., 1997; Mendelsohn and Dinar, 1999; 
Mathauda et al., 2000; Roos et al., 2002; Mall et 
al., 2004). The main reason for global warming 
is increase in concentration of greenhouse gases 
in the atmosphere. The important greenhouse 
gases are carbon dioxide (CO2), methane (CH4), 
nitrous oxide (N2O), and tropospheric ozone 
(O3). The major sources of these gases are 
combustion of fossil fuels, agriculture and land 
use changes (Singh and Kumar, 1997). Global 
warming due to greenhouse effect is expected 
to cause major changes in climate of some 
areas. The change in climate is likely to have 
a profound effect on hydrological cycle viz. 
precipitation, ET, soil moisture, etc. (Nemec and 
Schaake, 1982; Gleick, 1986; Bultot et al., 1988). 
ET being the major component of hydrological 
cycle will affect crop water requirement and 
future planning and management of water 
resources. Following the approach of Martin 
et al. (1989) and Rosenberg et al. (1989), an 
attempt has been made in the present study to 
understand the implications of global warming 
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on the water demand of western hot arid zone 
of Rajasthan.

Materials and Methods

Study area

The Indian hot arid region is situated 
between 22o30’ and 32o05’ N latitudes and from 
68o05’ to 75o45’ E longitudes, covering western 
part of Rajasthan (19.6 Mha, 69%), north-
western Gujarat (6.22 Mha, 21%) and south-
western part of Haryana and Punjab (2.75 Mha, 
10%). The majority of the hot arid zone falls 
under north-western part of Rajasthan covering 
12 districts (Fig. 1). Rainfall distribution in the 
region is highly uneven over space and time 
(CV>60%). The region receives low rainfall 
(<100 mm to 500 mm), has high ET and high 
temperature regime. Groundwater is deep 
and often brackish. The western-central area 
is devoid of drainage system and surface water 
resources are meager. Due to low and erratic 

rainfall, replenishment of water resources is 
also very poor. With vast variations in rainfall 
and ground water availability, the differences in 
access/availability of water are also apparent. 
While average annual rainfall of Rajasthan state 
is 531 mm; it is 318 mm for the western parts 
of Rajasthan. 

As such whole Rajasthan state is categorized 
as the driest and water scarcest state in 
the country. The annual per capita water 
availability in the state is below 1000 m3 
since 1991 (Narain et al., 2006). Increasing 
pollution by large and small industrial units, 
unregulated mining and over-extraction of 
water from deep wells also add to the poor 
water quality problem. Rapid urbanization and 
industrialization make such existing differences 
even more glaring. Under scenario of water 
scarcity further reduction in availability of 
water due to global warming will seriously 
affect the agricultural production. Rajasthan’s 

Fig. 1. Western hot arid Rajasthan - physiography.
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economy is primarily agricultural and  over 
60% of the State’s population is dependent on 
agriculture. Agriculture contributes about one-
fourth to the State’s Gross Domestic Product. 
Growth of the agriculture sector therefore 
has an important impact on State’s economy 
and more importantly on the lives of people 
dependent on agriculture. Any adverse effect of 
global warming on agriculture will have serious 
implications for Rajasthan. 

Data used

About 35 years (1973-2008) weekly 
meteorological data of all the 12 districts of 
western Rajasthan have been used as reference 
point for the study. The selected period 
accommodates all typical climatic events 
including droughts and good rainfall years. To 
decrease the discreteness of climatic parameters, 
weekly averages over different years were used 
in the analysis. Maximum possible sunshine 
hours (N) and radiation (Ra) have been 
interpolated for given range of latitudes and 
time from the standard tables. As specific data 
for climate change for the western Rajasthan 
are not available, therefore, the most visible 
signature of climate change i.e. temperature has 
been used for the sensitization. An  expected 
rise in temperature from +1 to +2°C (Pant and 
Kumar, 1997) from normal values has been 
used in the analysis. The average maximum 
temperature varies from 22.8°C to 41.6°C. 
Change in CO2 concentration and precipitation 
is not considered in the present study as this 
is indirectly related to the changes in other 
meteorological parameters.

Estimation of evapotranspiration 

The selection of a particular model for 
the estimation of ET depends upon the 
type of meteorological data available for 
the given region and the accuracy desired 
in the computation of water needs. There 
are several models described by Eagleson 
(1978), Viessman et al. (1977), Doorenbos and 
Pruitt (1977) for the estimation of reference 
evapotranspiration (ETo). FAO recommended 
the universal adoption of the Penman-Monteith 
combination method for estimation of ETo. The 
reference crop is defined as hypothetical crop 
with an assumed height of 0.12 m having the 
surface resistance of 70 s m-1 and albedo of 
0.23, closely resembling the evaporation of an 

extension surface of green grass of uniform 
height and actively growing and adequately 
watered (Allen et al., 1998). The recommended 
method is said to overcome shortcomings 
of the previous FAO Penman method and 
provides results that are more consistent. 
According to Penman-Monteith combination 
equation, ETo can be expressed as

where, 

ETo = reference ET (mm day-1)

Rn = net radiation at the crop surface (MJ m-2 
day-1) 

G = soil heat flux density (MJ m-2 day-1)

T = mean daily temperature at 2 m height (°C)

u2 = wind speed at 2 m height (m s-1)

es = saturation vapor pressure (kPa)

ea = actual vapor pressure (kPa)

es-ea = saturation vapor pressure deficit (kPa)

∆ = slope of vapor pressure curve (kPa°C-1)

γ = psychrometric constant (kPa°C-1) = 0.665 
x 10-3.P

P = atmospheric pressure (kPa)

Results and Discussion

Weekly ETo was calculated using above 
described Penman-Monteith equation. 
Sensitivity of ET was studied by varying 
temperature within a range as described earlier 
while keeping other parameters constant. The 
normal average annual ET of the western 
Rajasthan varied from minimum of 1502 mm 
for Nagaur to maximum of 2177.2 mm for 
Barmer (Table 1). According to Irving (1993), 
the greatest threat from climatic changes is 
by increase in evaporative losses and water 
demands caused by higher temperature. 
Globally ET trends are projected for +5% to 
+10% increase due to rise in temperature by +2 
to +5°C (Schneider et al., 1990). Wetherald and 
Manabe (1981) found that global evaporation 
changes by 3% when temperature changes by 
1°C. Similarly, Budyko (1982) suggests a 5% 
increase in ET demand for each degree Celsius 
rise in temperature.
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Table 1 presents the future scenario of 
annual ET demand in response to expected 
change in temperature. As small as 1°C rise in 
normal temperature will enhance the ET from 
minimum of 35 mm for Ganganagar district 
to highest of 96 mm for Jaisalmer district. 
Spatial distribution of enhanced ET demand 
has been processed in GIS and presented in 
Fig. 2. Enhanced ET would primarily be a 
consequence of higher air and land surface 
temperature. 

The increase in ET demand will have a direct 
bearing on total water demand for irrigation. 
The rise in temperature by 1°C will cause an 
additional annual water demand of 1570.9 Mm3 
for the entire western Rajasthan based on net 
irrigated area of 3.16 Mha (Table  2). The total 
available utilizable ground water for western 
Rajasthan is 3516.9 Mm3 and rise of 1°C in 
normal temperature will put additional stress 
of 44% on existing groundwater resources 
based on present land use pattern.

District Evapotranspiration (mm)
Normal 1°C rise in  

temp.
Net increase in  

ET (mm)
2°C rise in  

temp.
Net increase in  

ET (mm)
Barmer 2177.2 2224.9 47.7 2272.7 95.5
Bikaner 2009.7 2055.0 45.3 2100.5 90.8
Churu 1702.2 1737.4 35.2 1772.8 70.6
Ganganagar 1632.4 1667.5 35.1 1702.8 70.4
Hanumangarh 1973.4 2018.2 44.8 2063.0 89.6
Jaisalmer 2064.0 2160.0 96.0 2256.0 192.0
Jalor 1905.0 1970.0 65.0 2040.0 135.0
Jhunjhunu 1819.0 1883.0 64.0 1950.0 131.0
Jodhpur 2002.0 2045.8 43.8 2089.9 87.9
Nagaur 1502.0 1583.0 81.0 1669.0 167.0
Pali 2071.6 2117.4 45.8 2163.5 91.9
Sikar 1528.0 1569.0 41.0 1611.0 83.0

Table 1. Annual evapotranspiration demand under global warming

Fig. 2. Spatial distribution of enhanced ET demand under 1°C rise in temperature.
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Since western Rajasthan is not blessed with 
good perennial river system, any increase in 
water demand requires careful planning for 
future water resource development. More 
emphasis is needed to develop technologies 
for reducing water losses from reservoirs, 
conservation of rainwater and development of 
such crop varieties that require less water. So it 
is high time for the planners/users/water resources 
managers to think in term of expected water demand 
due to global warming and its likely effect on water 
resources of Rajasthan. The availability of water has 
direct bearing on the type of crop to be grown and 
will determine the economy of the state. 

Conclusions

Water will continue to be a vital resource in 
arid and semi-arid regions of the world, and 
conflicts over its access and possession are 
likely to worsen in water stressed regions such 
as Rajasthan. Even without changes in other 
parameters, water availability can be decreased 
by 44% or more simply due to temperature 
rise of 1°C - well within the range of expected 
change. Therefore, a relatively small decrease in 
water availability can readily produce drought 
conditions. Increase in risk and intensity of 
drought, especially in drought-prone regions 
like Rajasthan; represent potentially the most 
serious impact of climate change on agriculture 
both at regional and global level. These effects 
are independent of the increased biological and 
natural ecosystem demand that will occur at 

the same time. A precautionary approach to 
the problem of global warming is warranted 
on the basis of its potential impact and the 
scale of the response that is necessary if that 
impact is to be avoided. On one hand intensive 
and global measures are needed to curb the 
greenhouse gases produced by various human 
activities and on other hand effective measures 
are needed to increase water use efficiency and 
reduce water losses.
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