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Abstract

The Thar Desert region of India, which extends in more than 2.0 lakh sq. km area,
experiences variable rainfall from 100 mm to 450 mm in a year. Frequent drought,
which occurs once in 2 or 3 years in the region, causes extreme stress to fauna due
to limited seasonal grazing resources. Besides the xerophytic type of ecosystem,
the fauna in the Thar Desert is subjected to extreme diurnal and seasonal variation
in temperatures ranging as low as —5 °C in winter to a high of +49 °C in summer,
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causing thermal stress to the fauna. The Intergovernmental Panel on Climate
Change (IPCC 2007) projected for hotter days and warm nights and a reduction in
rainfall in the Thar region by the twenty-first century. Such projected climate
change results in shifting rainfall pattern, higher temperatures, and more demand
for water and will be significant driver of biodiversity with changing life cycles,
loss, migration, and invasion of new habitat in the Thar region. The present study
on annual rainfall and temperature for the Thar region showed, by the end of the
twenty-first century, an increase in temperature by +3.3 °C at Bikaner, +3.4 °C at
Jaisalmer, +2.9 °C at Jodhpur, and +2.3 °C at Pali, if the present rate of warming
continues. Similarly, though there was no significant rise (at 0.56 mm/year) in the
annual rainfall of 12 arid districts of western Rajasthan, the annual rainfall is
likely to be increased by +100 mm at Bikaner, +124 mm at Jaisalmer, —40 mm at
Jodhpur, and +21 mm at Pali. The spatial and temporal variation in potential
evapotranspiration requirement of the Thar region ranged from 2.1 mm/day to
12.2 mm/day and on an annual basis between 1500 mm and 2220 mm. Further,
due to global warming, if the projected temperatures rise by 4 °C, by the end of
the twenty-first century, water requirement in arid Rajasthan increases from the
current level, by 12.9% for pearl millet and cluster bean, 12.8% for green gram,
13.2% for moth bean, 17.1% for wheat, and 19.9% for mustard.

Keywords
Climate change - Thar Desert region - Crop water requirement - Drought -
Elevated air temperature - Rainfall

Climate Variability

The hot arid zone of India, which is located in northwest India, is spread in 3,17,000
km? and is characterized by limited and erratic nature of rainfall, extreme tempera-
tures with large diurnal and seasonal variation, strong solar radiation, and wind
regime resulting in the demand for high water requirements (Rao and Roy 2012).
The weather conditions, even in normal years, for most part of the year remain too
dry and inhospitable for human and livestock.

Rainfall and Its Distribution

The mean annual rainfall in arid Rajasthan varies from 185 mm at Jaisalmer to more
than 467 mm at Sikar (Table 1 and Fig. 1). About 80-90% of the annual rainfall is
received during southwest monsoon period from west southwesterly moving depres-
sions which are the main source for kharif crops. The westerly moist wind from the
Arabian Sea during May or early June move in east-northeasterly direction and cause
rainfall, but such events occur with a lesser frequency of once in 2 or 3 years. The
western disturbances during winter also cause precipitation particularly in the
northern districts favoring rabi crops. The high interannual variability in rainfall
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Table 1 Normal rainfall (mm) and its coefficient of variation (%) in arid Rajasthan

Post-

Winter Summer Monsoon monsoon Annual | Coefficient
Month (Dec—Feb) | (Mar—May) | (Jun—Sept) |(Oct—Nov) | mean of variation
Barmer 6.8 12.5 242.6 4.8 266.7 63
Bikaner 13.5 23.5 243.1 8.0 290.6 47
Churu 19.7 21.6 314.4 9.5 365.7 37
Ganganagar 21.0 26.8 204.6 2.8 255.1 53
Hanumangarh | 18.9 19.5 207.2 4.9 250.5 56
Jaisalmer 9.1 12.3 161.4 2.9 185.3 65
Jalore 17.9 14.9 349.1 10.1 381.0 52
Jodhpur 7.1 27.9 332.2 12.0 379.2 46
Jhunjhunu 21.5 28.4 340.4 11.7 402.0 36
Nagaur 15.0 20.9 285.1 6.7 327.7 53
Pali 5.8 17.0 384.4 16.9 424.1 50
Sikar 22.0 25.5 410.5 9.4 467.4 42
Wes. 15.3 19.4 290.6 7.7 3323 50

Rajasthan

causes the high degree of coefficient of variation ranging from 36% in eastern parts
to 65% in western parts of arid Rajasthan. Thus, the variability in annual rainfall is
the most important factor influencing crop and pasture yields in this region.

Solar Radiation and Duration of Sunshine

Solar radiation is generally high in arid Rajasthan throughout the year. During
winter, it varies between 15.12 and 17.71 MJ/mz/day, and in summer months, the
values range from 22.79 to 26.50 MJ/m*day with a mean of 22 MJ/m*/day
(Table 2). The daily duration of bright sunshine hours in the area remains above
10 h/day in May, reduces to 6.6 h/day in July and August, and is above 8.8 h/day in
the winter season.

Air Temperatures

The western Rajasthan experiences high extreme air temperatures considerably
influencing the vegetation and crops and demanding higher water requirements.
During winter, mean monthly maximum air temperature in the region varies
from 22.4 °C to 29.0 °C and minimum temperatures between 4.1 °C and 14.3 °C
(Table 3). Air temperatures increase sharply from April onward and stand highest
during May till pre-monsoon showers set in the area. Summer air temperatures vary
between 31.2 °C and 42.0 °C with peak values as high as 50 °C in summer and
—5.7 °C during winter months. Temperatures fall during the monsoon period (June
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Fig. 1 Spatial distribution of annual rainfall
Table 2 Solar radiation (MJ/m?/day) over arid Rajasthan
Post-
Winter Summer Monsoon monsoon Annual
Station (Dec—Feb) | (Mar—May) | (Jun—Sept) (Oct—Nov) average
Barmer 17.71 26.50 24.55 20.05 22.18
Bikaner 16.81 26.39 26.17 19.37 22.18
Hanumangarh | 15.12 22.79 21.96 20.16 19.98
Jaisalmer 17.42 26.49 26.60 19.87 22.57
Jodhpur 17.71 24.94 23.15 19.87 21.31

to September) but however rise after recession of the monsoon by about 3—5 °C and
again start falling from December onward due to winter conditions.
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Table 3 Seasonal variation in air temperatures over arid Rajasthan

Winter Summer Monsoon Post-monsoon Annual
Month (Dec—Feb) | (Mar—May) | (Jun—Sept) (Oct—Nov) mean
Barmer Max |25.4-29.0 |34.6-42.0 34.9-40.3 35.9-39.6 34.5
Min |10.6-13.3 19.0-26.7 24.6-27.3 16.6-22.1 20.7
Bikaner Max |22.7-26.3 |32.3-41.7 36.6-41.7 30.5-35.8 33.8
Min |05.0-08.6 |14.0-26.3 24.9-29.0 11.1-19.0 18.4
Churu Max |22.4-25.6 |31.6-40.9 35.4-41.1 29.4-34.7 329
Min |04.1-07.4 |19.4-243 23.2-27.9 10.0-17.3 17.1
Ganganagar | Max |21.1-24.2 |24.9-40.6 36.6-41.9 29.2-35.1 32.8
Min | 05.3-06.3 13.4-23.9 23.0-28.2 10.8-17.9 17.6
Jaisalmer Max |23.6-27.3 |32.7-41.5 36.2-40.8 30.9-36.0 339
Min |07.1-10.2 16.0-25.2 23.9-26.8 13.0-19.8 18.6
Jalore Max |259-28.1 |34.4-41.1 33.4-39.1 32.2-36.2 34.1
Min |10.1-14.3 |20.1-28.5 25.6-28.9 17.8-23.7 21.6
Jodhpur Max |24.6-27.9 |33.3-41.6 33.2-40.1 31.6-35.7 33.6
Min |09.5-12.0 |[17.1-27.3 24.1-28.5 13.9-19.6 19.8
Nagaur Max |23.6-26.7 |32.7-41.2 3475-40.6 30.3-35.7 334
Min |06.0-09.6 |15.2-25.2 23.6-27.6 13.1-18.7 18.2
Sikar Max |22.5-25.7 |31.2-39.6 33.7-39.2 29.1-33.7 32.0
Min |05.1-07.9 |13.5-23.5 22.4-26.7 10.0-16.6 16.7

Relative Humidity

Relative humidity in arid Rajasthan is often less than 30% during the summer
months, but gradually increases up to 80% by monsoon season, and then again
decreases from October onward following withdrawal of the monsoon. Low humid-
ity combined with strong wind regime leads to advection, a phenomenon which
causes evaporation losses more than the energy actually available through solar
radiation.

Wind Regime

The winds over arid Rajasthan blow in southwesterly direction during monsoon and
in northeasterly direction during winter season. Though winds during winter are low,
a strong wind regime builds up along with the temperature regime from April
onward. Strong winds of the rate 15-18 kmph are observed during June, but the
average winds during summer vary from 9 to 13 kmph. Peak winds occasionally
reach as high as 60—80 kmph during a severe dust storm period. Strong wind regime
during May and June cause wind erosion depleting soil fertility particularly during
drought years.



6 S. Poonia and A. S. Rao

Table 4 Potential evapotranspiration (mm/day) over arid Rajasthan

Winter Summer Monsoon Post-monsoon
Station (Dec-Feb) | (Mar—May) | (Jun-Sept) | (Oct—Nov) Annual average
Barmer 2.3-3.5 5.2-8.4 5.5-8.0 3.1-4.7 5.1
Bikaner 1.6-2.6 4.3-7.6 5.9-8.6 2.3-4.0 4.9
Ganganagar 1.3-2.3 3.7-7.0 54-7.3 2.0-3.7 4.6
Jaisalmer 2.1-3.2 4.9-8.4 6.4-10.6 2.8-4.38 5.7
Jodhpur 2.5-3.5 5.0-8.5 5.2-8.7 2.9-43 5.0
Phalodi 2.1-3.0 5.1-9.5 6.2-9.8 3.5-43 5.6

Evapotranspiration Rates

The extreme climatic conditions in the region result in high evapotranspiration rates.
The potential evapotranspiration rates were 1.3—3.5 mm/day in winter months of
December and January; as the summer temperatures increase by May, the values
increase to 3.7-9.5 mm/day. During monsoon period, the evapotranspiration rates
were 5.2-10.6 mm/day but again decrease from October onward till December
(Table 4). The annual potential evapotranspiration ranges from 1400 mm in eastern
parts to more than 2000 mm/year in the western parts of arid Rajasthan.

Drought Scenarios in the Thar Region

The arid Rajasthan is frequently prone to severe drought due to low and erratic
nature of rainfall of the region. Failure of monsoon leaves the arid region totally
dependent for food and fodder on buffer stocks to sustain its 19.8 million human and
48 million livestock population.

According to a classification given by Ramana Rao et al. (1981), the frequency of
agricultural drought (Table 5) in arid Rajasthan indicated that out of 112 years
(1901-2012), the region experienced agricultural drought in one part or the other
in 49-60 years, which suggests drought occurs in the region once in 3 years to every
alternate year. Jaisalmer district is the most prone region to drought. During
19012012, the agricultural drought in the region occurred in 70% of the years,
out of which drought in 43% years was of severe nature and in 27% years moderate,
thus considerably affecting the crop and fodder production. Next to Jaisalmer
district, the Barmer district experienced severe drought in 30% years and moderate
drought in 20% years. Bikaner district experienced severe agricultural drought in
23% years and moderate in 25% years, whereas Jodhpur district experienced severe
drought in 17% years and moderate drought in 28% years.

Often, drought persists continuously for 2—6 years. Such prolonged droughts
were experienced by this region during 1903-1905, 1957-1960, 1966-1970,
1984-1987, and 1997-2002. Century’s worst drought conditions were recorded
during the years 1918 and 2002. Prolonged drought puts tremendous stress on
natural resources and leads to severe scarcity of food, fodder, and water (Rao
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Table 5 Frequency of different intensities of meteorological droughts in arid Rajasthan

District Period Mild Moderate Severe Total years % years
Ganganagar 1926-2012 20 13 15 48 57
Churu 1906-2012 34 17 05 58 55
Hanumangarh 19062012 17 16 19 52 49
Jalore 1901-2012 31 17 16 64 58
Nagaur 19012012 29 23 14 66 60
Jhunjhunu 1901-2012 28 21 09 58 53
Jodhpur 1901-2012 24 23 16 63 57
Sikar 1901-2012 23 21 15 59 54
Barmer 1901-2012 22 18 22 62 56
Bikaner 1901-2012 22 21 13 56 51
Pali 19012012 18 30 11 59 54
Jaisalmer 19012012 15 23 23 61 55

1997; Rao et al. 1997; Rao and Boken 2005). However, the western Rajasthan
sometimes gets normal to above normal rainfall in subsequent drought years like
the years of 1988 to 1996, which followed the 1987 severe drought, leaving ample
scope for harvesting and reuse it during scarce periods.

Climate Change Impacts on the Thar Region

The Intergovernmental Panel on Climate Change (IPCC 2007) projected that the
likely impact of climate change will be higher in arid regions than in semiarid or
subhumid regions of India. Arid Rajasthan, which spreads in 12 western districts of
the state covering 19.61 million ha, is very fragile and is subjected to excessive
stresses due to frequent drought and low rainfall. The arid phase of northwest India
has a history of about 3000 years (Pant and Malickal 1987). In the northwest India
covering Punjab, Haryana, west Rajasthan, and west Madhya Pradesh, there was a
marginal increase in the rainfall by 141 mm and fall in air temperature by —0.52 °C
in the past 100 years (Pant and Hingane 1988) and more so in irrigated belts of Sri
Ganganagar region particularly during the past three decades (Rao 1996). The
studies for Jodhpur region showed that the changes in rainfall and air temperatures
were not alarming, but the increase in human population (by 400%) and livestock
(by 127%) during the twentieth century resulted in a major shift in land use pattern
and put tremendous pressure on surface and groundwater resources (Rao 1996; Rao
and Miyazaki 1997). The desertification process may continue due to increased
biological activity as a result of overgrazing and loss of vegetation cover with
consequent more radiant energy loss and reduction in convective activity. Soil
degradation and vegetation loss impact the thermodynamic balance in the north-
western India, and expansion of the Thar Desert can lead to a pronounced and large-
scale impact on summer monsoon hydroclimate of the northwestern region of India.
The Thar Desert is very rich in biodiversity with arid climatic conditions of the
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region suitable for adaptation of different species in the region. But extreme weather
conditions like low and erratic rainfall, high temperatures, strong winds, and low
humidity make it inhospitable to different habitats leaving to migration and loss of
habitats in the region (Rao 1992, 2005 and 2009).

Climate Change Scenarios for Arid Western Part of India

According to PRECIS model, the simulated future climate of India under A,
scenario indicates that by the last quarter of the present century, the mean annual
temperature in the country will most likely increase by 3—5 °C. The annual spatially
average rainfall is increase during the period is expected to be 7-10% (Rupa Kumar
et al. 2006). The model also predicted in high variability in the changes in distribu-
tion of rainfall and temperature. North India is expected to be warmer than the south,
but more importantly, night temperature and winter temperature would register
higher of 5 °C increases over the most part. The rainfall trend during the last
100 years revealed that the summer monsoon rainfall, which contributes more than
85% of the total annual rainfall in the region, has increased marginally (< 10%) in
the southern and eastern parts of the Thar Desert but has already declined by 10-15%
in its northwestern part. Earlier studies on changes in rainfall and air temperatures of
northwest India showed that the rainfall increased marginally by 141 mm in the past
100 years (Pant and Hingane 1988), especially in the irrigated belt of Ganganagar
region particularly during the past three decades (Rao 1996).

Secular Trends in Annual Rainfall

The long-term rainfall trends in annual rainfall of 12 arid districts in Rajasthan
showed that there was no significant change in annual rainfall during 1901 to 2012
(Fig. 2). Severest drought occurred in arid Rajasthan during 1917 and 2002, and the
wettest year was in 1918. The rainfall (1960-2008) analysis at tehsil-wise locations
of arid Rajasthan shows that the rainfall of June increased at 58 out of 65 locations,
whereas the scenario for subsequent monsoon months is different as it decreased
during July, August, and September. The rainfall was decreasing at 36 out of
65 locations in July, 49 in August, and 45 in September indicating larger arid area
is under reduction in monsoonal rainfall of July, August, and September. The
seasonal rainfall was decreasing at 37 locations during monsoon (JJAS), 7 in post-
monsoon (ON), 16 in winter (DJF), and 15 during summer (MAM) (Rao and Roy
2012).

Changes and Shift in Rainfall

Twelve arid districts of western Rajasthan constitute 61% area of Indian hot arid
zone, where the annual rainfall varies from 100 mm in the extreme west to 400 mm
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Fig. 2 Long-term annual rainfall trend of arid Rajasthan

toward eastern part of the region. The coefficient of annual rainfall varies from 40 in
the east to 70% in the west of the region, causing larger interannual variability in
rainfall influencing crop production. According to a classification given by Ramana
Rao et al. (1981), the frequency of agricultural drought in arid Rajasthan indicated
that out of 109 years (1901-2011), the region experienced agricultural drought in
one part or the other in 54—62 years, which suggest drought occurs in the region once
in 3 years to alternate year. Jaisalmer district is most prone to drought. During
1901-2011, the agricultural drought in the region occurred in 70% of the years,
out of which drought in 44% years was of severe in nature and in 29% years
moderate, thus drought affecting considerably the crop and fodder production.
Bikaner district experienced severe agricultural drought in 24% years and moderate
in 26% years, whereas Jodhpur district experienced severe drought in 18% years and
moderate drought in 29% years.

The overall regional trend in annual rainfall (1960-2011) for Thar showed no
significant rise (at 0.56 mm/year) in the rainfall; however, the rainfall trend at
different locations showed that the annual rainfall is likely to increase by
+100 mm at Bikaner, +124 mm at Jaisalmer, —40 mm at Jodhpur, and +21 mm at
Pali (Fig. 3). Thus, the projected rainfall is likely to increase from 252 mm to
308 mm at Bikaner, from 176 mm to 234 mm at Jaisalmer, and from 487 mm to
613 mm at Pali, whereas in Jodhpur the rainfall is likely to be decreased from
325 mm to 275 mm. Thus, in Jodhpur region, long-duration crops like pearl millet
and sorghum are likely to be replaced with short-duration and traditional crops like
cluster bean, moth bean, and green gram where rainfall is expected to decrease by the
twenty-first century (Rao and Purohit 2009). To cope up with the delayed monsoon
conditions, crop contingency plans (Joshi and Kar 2009) should be adopted. Adop-
tion of traditional agroforestry systems in arid region buffers against climate



S. Poonia and A. S. Rao

10

< " 0102 < [z J [ ome N f ooz

i D - 8007 V © 8007 IS - 8002 = D>t 8002
2 ' E [ 9002 5 < ¢

E © 9002 sl C 9002 & ” = R

= - £002 - F002 3 P ro0z C 1002

2002 m [ 200 B g 2002

© 0002 = g [ > | 0002 TS I 000z

- 8661 2 C 8661 L 8661 - 8661

M 9661 S AV " 9661 E < foeer

S - v661 ﬂ - 661 =il [ ves! A. C F66T

tlel| Gl e || S

< . © 0661 [ > | 0661

N feser 4 Faa R [ sser —L e

AU 9861 § - 9861 & W [ 9861 & - 9861 &
| F861 ~ i F86T ™ [ F86T e Nilte

A - 7861 M L 2861 <R - 7861

> [ oser - 0861 D | oser - 0861

m [ 8L6T - 861 A [ 8L61 < | [ser
- 9L61 N - i

& ; mm " 96T < e " 9L61

%  FL6T " — 1 = [ rL6l 8 .‘.‘.H..w [ FLGT

~ v - 2L6T £ =1 [ 8 0 [ TL6l S < [ e
+ ¢ s i > | et - b =4 _

% V Ehen + < COLGT + <] [ 0L6T + <] _ 0L6T

m. “ 8961 7 - 8961 .o\nm U - 8961 m UH 8961

= ﬂV 9961 X E s a Av F 9961 8 A "~ 9961
L 4 [ 961 - i < - N

- [~ [ i f " Po61 _._ V [ F96T I - F961

< bt s =T [oo > L 7961 G N p L961

o o o o — ks [006T ™~ [ 0961 ———F 0961
g § & 2 8 8 ° ggges-° g 2 & °

(wur) freyurey . B -
(unur) [rejurey (o) e pupey (o) e uney

variability, improves carbon sequestration, and also provides improved livelihood to

Fig. 3 Long-term trends in annual rainfall in the Thar region
the people (Roy et al. 2011 and Poonia and Rao 2013).
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Fig. 4 Long-term trends in annual mean air temperatures in the Thar region
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Changes in Air Temperatures

Poonia and Rao (2013) studied the long-term trends in mean air temperature
(1971-2011) for the Thar region and showed, by the end of the twenty-first century,
an increase in temperature by +3.3 °C at Bikaner, +3.4 °C at Jaisalmer, +2.9 °C at
Jodhpur, and +2.5 °C at Pali if the present rate of warming continues (Fig. 4).
Jodhpur experienced highest day temperature of 48.3 °C on June 8, 2011, and
warmest winter in 2008-2009 surpassing all past 50 years of extreme hot summer
and warm winters in the region. Desert fauna suffers causality during severe drought
years, reducing population, but multiplies during consecutive good rainfall years
when adequate feed is available. The Thar region experienced severe drought during
1918, and 1987, 2002, and 2009 were most severe, when rainfall departure from the
normal was —81%, —65%, and —70%, respectively. In 2009, a rainfall deficiency of
40% from its normal rainfall caused drought affecting desert fauna due to scarcity for
feed and drinking water. Drought followed by high temperatures touching 4549 °C
during late summer period of June 2010 resulted in a casualty of chinkaras and black
bucks in Barmer, Churu, and Jodhpur districts of the Thar region. It was reported in
local newspapers more than 177 chinkaras and black bucks died in villages of
Bhacharna, Guda Vishnoi, Janguwas in Jodhpur district, Chawa in Barmer district,
and Tal Chhapar in Churu. Soil fauna is not going to be affected directly by high
temperatures due to their habit of living in burrows where the subsurface tempera-
tures are not greatly influenced by high air temperatures (Poonia and Rao 2013).

Impact of Rising Temperatures on Crop Water Requirements

Rao and Poonia (2011) studied the impact of projected climate change by the twenty-
first century on water requirements of rain-fed monsoon and irrigated winter crops of
arid Rajasthan. Crop water requirements were estimated by them from daily poten-
tial evapotranspiration at ambient and projected air temperature by 2020, 2050,
2080, and 2100 using modified Penman-Monteith equation and then by multiplying
with crop coefficients. The spatial variability in annual PET over arid Rajasthan
shows that high PET prevails in the extreme western districts of Bikaner (2066 mm)
and Jaisalmer (2221 mm) and low PET in northern districts of Ganganagar
(1712 mm) and Hanumangarh (1736 mm). The northern districts are fed with
canal irrigation from Beas and Sutlej rivers and find lower impact due to raising
crop water requirements. However, the western districts of Jaisalmer and Bikaner are
often prone to drought on an average every alternate year, thus causing frequent crop
failures. PET isolines follow reverse trend to the rainfall isohyets in the arid
Rajasthan. Crop water requirements in the region varied from 308 to 411 mm for
pearl millet, 244 to 332 mm for cluster bean, 217 to 296 mm for green gram, 189 to
260 mm for moth bean, 173 to 288 mm for wheat, and 209 to 343 mm for mustard.
Further, due to global warming, if the projected temperatures rises by 4°C, by the end
of the twenty-first century, water requirement in arid Rajasthan increases from the
current level by 12.9% for pearl millet and cluster bean, 12.8% for green gram,
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Fig. 5 Seasonal crop water requirements of kharif and rabi crops at elevated temperatures

13.2% for moth bean, 17.1% for wheat, and 19.9% for mustard (Rao and Poonia
2011; Fig. 5). Their study reveals that the impact will be more severe on rabi crops
than kharif crops, the rabi crops being dependent on depleting ground water
resources in the region.

The western districts of Barmer, Bikaner, and Jaisalmer which are already in low
rainfall zone form hot spots due to the impact of projected rise in temperature leading
to higher crop water demand, whereas in the districts Sri Ganganagar and
Hanumangarh having canal water facility for irrigation, the impact due to climate
change in these areas is likely to be less.
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