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Abstract

A study was conducted to quantify trends, variability and spatial distribution of potential evapotranspiration (PET) and its influence on
agricultural production in north-west India for this purpose more than 30 years data on evaporation of twenty two different agrometeorological
stations of Jammu & Kashmir, Himachal Pradesh, Uttarakhand, Punjab, Haryana, Chandigarh, Delhi, Uttar Pradesh and Rajasthan were used.
The evaporation data and the coordinates were converted (into decimal system) for each meteorological station, for spatial analysis. Potential
evapotranspiration trends for different meteorological stations in hills, plains of north-west India were evaluated using trend analysis. The map
of north-west India was digitalized and different Potential evapotranspiration zones were delineated using GIS. The slope values (mm/year)
were positive for all the stations except two Rancheria (-0485) and Narnauk (-0.513). During effective growing season the normal potential
evapotranspiration was 679.1 + 25.0mm for hills 1395+105.4mm for plains and 1192.4 + 83.3mm for north-west India with the significance level
(p) of slope was 0.160 for hills, 0.330 for north-west India and highest 0.389 for the plains. The normal potential evapotranspiration during the
effective growing season was 550.2mm for hills 1329.2mm for plains and 116.8mm for north-west India with coefficient of variation of 4.1,7.9 s&
7.4 per cent and slope value (mm/year) of 0.42, 1.79 and 1.94, respectively. During dormant season the normal PET for hills was 128.9mm, for
plains was 55.7 mm and for north-west India was 75.7mm with coefficient of variation of 9.9, 13 & 11.5%, respectively. The slope was positive
0.73mm per year in hills followed 0.14mm/year in NW India but it was negative for plains and decreasing with a rate of 8mm per 100 years. The
study area was divided into five zones (<600, 600-700, 700-1100, 1100-1400 and >1400mm) based on annual potential evapotranspiration.
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Introduction
in greenhouse gases through anthropogenic emissions with

temperature may rise from 1.8-4.0°C by the turn of 21st century
resulting in an anticipated instability in food, feed and fiber
production [3]. Demand for irrigation water is more sensitive
to agricultural production as climatic variability increased
dryness thereby creating more demand of water to fulfill crop
growing period [4]. Thus, the impacts of climate change on
agriculture and water resources has emerged as important issue

Water is one of the most essential and limited natural
resource which plays a vital role in maintaining biodiversity, our
health, social welfare and our economic development [1]. During
the last 50 years, the actual level of per capita water supply
decreased significantly in many countries due to population
increase, insufficient water use and global warming. The state
of Punjab is already suffering from depleting water resources,

climatic variability impacts and increased occurrence of extreme
weather events [2]. Declining water resources and water quality
problems have resulted in dramatic increasing need for water
conserving methodologies on a field, watershed and regional
scale and this makes efficient use of freshwater resources an
obligation of each user. Earth’s temperature has increased by
0.74°C during the last century (1906-2005) due to increase

for scientists as well as policy makers [5-7]. Increase in the rate
of evapotranspiration along with temperature causes depletion
in soil moisture retention capacity and increase salinity in semi-
arid situations [8]. Large actual evapotranspiration (AET) rates
in agricultural regions impact water quantity and quality [9,10].
In planning and management of available water resources for
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agricultural sector, the defining strategies become a national and
global priority.

Evapotranspiration (ET) can be defined as the transfer of
water in the form of water vapor from any moist surface into the
air unless the air is saturated. From the hydrological perspective,
AET istheprimary mechanismbywhich waterisremoved fromthe
hydrologic cycle [11,12]. Most of the hydrological models employ
the concept of potential evapotranspiration (PET) as the driving
function for the calculation of AET [11,13,14]. PET is defined as
the amount of water that would be removed from a vegetated
landscape with no restrictions other than the atmospheric
demand [15] and is often measured with evaporation pans.
Evapotranspiration is one of the most important components
of hydrological cycle having a significant impact on crop water
requirements. It has a great significance in the application of
need-based irrigation to the crops. Under present scenarios of
changing climatic conditions and depleting water resources, its
importance increase manifolds. In future, evapotranspiration
and crop water productivity will be altered due to climate change
[16,17]. Considering the important role that evapotranspiration
plays in the water cycle, the appropriate selection of the PET
method to estimate AET is of great importance [18]. Estimation
of crop water requirements (Etc.) is one of the main components
used in irrigation planning, design and operation (Rawson et
al, 2013). Jensen et al. [15] provided detailed reviews of the
methods commonly used to determine evapotranspiration and
estimated crop water requirements.

Efficient use of water resources in ago-ecosystems of the
World has become increasingly important because of rapid
depletion of water resources, industrial development and
population increase, drought conditions, and degradation of
ground and surface water quality in many regions. To adapt crop
systems to changing climate, it is important to know how climate
change affects water resources, crop and water productivity [19],
but before conducting such studies long-term analysis of trends
and variability in pan evaporation is indispensable. The present
study is undertaken to estimate PET and to assess its trends and
delineate different PET zones in north-west India.

Materials and Methods
Study sites

Twenty two meteorological stations, Srinagar, Jammu
(Jammu & Kashmir), Manali, Shimla, Palampur, Sloan (Himachal

Table 1: Geographical information of different meteorological stations.

Pradesh), Rancheria (Uttarakhand), Ludhiana, Bathinda Patiala
(Punjab) Chandigarh, Ambala, Karnal, Rohtak, Sirsa, Hisar, Bawl,
Narnauk (Haryana) Delhi, Sriganganagar, Jaipur (Rajasthan)
Saharanpurand in Uttar Pradeshlocated in north-west India were
selected for the study. The experimental site was the north-west
India (Figure 1) which approximately is located between 26040'-
37010’ N latitude and between 720 50’ & 810 00’ E longitudes.
The altitude of area varies between 200 to 8600meters above
mean sea level. Total area of the site is approximately 5 lakh
square km out of these 1000 thousand hectares is covered under
the fruit crops. It has geographic features like the cold desert,
the coldest place on the earth (Akbar et al. 2013), the Higher
Himalaya, the Middle Himalaya, the Lower Himalaya, the Shivalik
hills, semi desert sandy plain & the Aravalli range and the hot
Thar Desert.
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Figure 1: Location of the study area.

J
and

The geographical information (latitude, longitude
altitude) of all the stations is given in Table 1. Based on the
altitude, the study area was divided >1000 meters as hills
(Srinagar, Manali, Shimla, Palampur, Sloan and Rancheria) and
< 1000m as Plains (Jammu, Chandigarh, Ambala, Saharanpur,
Delhi, Karnal, Patiala, Ludhiana, Rohtak, Bathinda, Hisar, Sirsa,
Bawl, Narnauk, Ganganagar and Jaipur).

S. No. Station Latitude Longitude Altitude (M) Division
1 Srinagar 34.09 74.79 1600
2 Manali 32.27 77.17 2050
3 Shimla 31.11 77.17 2397 Hills
4 Palampur 32.12 76.53 1219
5 Solan 30.92 77.12 1600
6 Ranichauri 30.06 78.99 1950
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7 Jammu 32.73 74.87 327
8 Chandigarh 30.75 76.78 321
9 Ambala 30.38 76.78 264
10 Saharanpur 29.96 77.54 268
11 Delhi 28.62 77.21 216
12 Karnal 29.69 76.98 245
13 Patiala 30.34 76.38 350
14 Ludhiana 3091 75.85 244 Plains
15 Rohtak 28.89 76.57 220
16 Bathinda 30.23 74.95 201
17 Hisar 29.15 75.71 215
18 Sirsa 29.53 75.01 205
19 Bawal 28.08 76.58 266
20 Narnaul 28.01 76.01 308
21 Ganganagar 29.92 73.88 178

Data collected

Daily maximum and minimum temperature data of twenty
two locations, viz., Manali, Shimla, Sloan, Chandigarh, Ambala,
Saharanpur, Delhi, Karnal, Patiala, Ludhiana, Rohtak, Bathinda,
Hisar, Narnauk, Ganganagar and Jaipur for the year 1980 to 2014
and at Srinagar, Palampur, Rancheria, Rancheria, Sirsa, Bawl from
1985 to 2014, respectively were used for the study. These data
were collected from India Meteorological Department), Central
Research Institutes for Dry Land Agriculture (CRIDA), revenue
departments state agricultural universities (SAUs), Regional
(RRS), Regional Horticultural
Stations etc. From the maximum and minimum temperatures

Research Stations Research
data the monthly mean temperature was calculated for each
station which was used in the Thornthwaite method [20] for the
computation of potential evapotranspiration.

Calculation of PET

Computation of PET for a given climate is essentially required
to arrive at a meaningful and scientific conclusion before taking
any agricultural decision. Thornthwaite [21] who first replaced
the early surrogates of moisture demands (pan evaporation
and air temperature) and coined a climatologically meaningful
new term called as potential evapotranspiration [22]. There
are many ways of determining potential evapotranspiration
[23,24]. Several direct and indirect methods exist to estimate
potential evapotranspiration, which includes the use of
lysimeter, soil water balance and use of empirical formulae.
High cost and unavailability restrain the use of lysimeter while
soil moisture balance method is laborious and time consuming
and also needs sophisticated instruments. Thus, evaluation
of evapotranspiration by empirical method has great appeal
because PET is estimated from standard meteorological data
as input. The Thornthwaite method [20] is the best among
different empirical approaches as used by many workers for
estimation of PET over several location of India [25,26]. This is
a shortcut of replacing a comprehensive atmospheric model as

well as some interactions by presenting observed temperature
and precipitation [27] also easy to calculate as it requires only
monthly mean temperature data which was available at all the
meteorological stations used in this study:

PET = 1.6(10T/)?(D/12)(N/30)

For a month consisting 30 days and 12 hours a day, the above
equation can be written as:

E=16(10T/1)°
Where,
E = Unadjusted PET, cm/month
T = Mean air temp, °C

I = Annual heat index. It is the summation of 12 values of
monthly heat indices i.

i= (T/5)151

a = an empirical exponent computed by an expression given
as,

a=6.75x107 I3-7.71x10°° I?+1.79x107?l + 0.49239
For daily computation the equation is modified as:
PET = (kxEx10)/30 (mm/day)

Where, K = Adjustment factor

Calculation of statistical measures

Statistical measures like normal (long period average)
standard deviation, coefficient of variation, slope, standard
error, t-values, significance (probability) and regression
coefficient were computed using ‘OP Stat” software from daily
Potential evapotranspiration of more than 30 years at each
station. Monthly annual and seasonal statistical measures were
computed for each station, hills, plains and north-west India,
respectively.
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Calculation of percent share

Percentile shares of a particular station in the normal PET
(called PSPET) of all the stations were worked out by dividing
the normal PET of a given station by the summation of all the
formal’s and multiplied by hundred as: PSPET = (Normal PET of
a particular station x100) /Y. Norma'’s PET of 22 stations.

Results and Discussion
Annual PET

The annual normal potential evapotranspiration ranged
from 500-800mm for Srinagar, Manali, Shimla, Palampur, Sloan
and Rancheria and from 1000-1800 mm for remaining sixteen
stations. The coefficient of variation was between 5 & 11%
for Manali, Jammu, Chandigarh, Ambala, Saharanpur, Delhi,
Patiala, Ludhiana, Rohtak, Bathinda, Hisar, Sirsa, Bawl, Narnauk,
Ganganagar, Jaipur and 2-5 for six stations (Table 2). The slope

values (mm/year) were positive for all the stations except
two stations Rancheria (-0485) and Narnauk (-0.513). It was
between 2&8mm/year for Manali, Sloan, Saharanpur, Ludhiana,
Rohtak, Sirsa, Ganganagar and Jaipur and was less than 2Zmm/
year for the remaining stations. The standard error was highest
for Saharanpur (6.4mm) and lowest for Shimla (0.29mm). The
normal evaporation computed was 679.1 + 25.0mm for hills 1395
+105.4mm for plains and 1192.4 * 83.3mm for north-west India
with the coefficient of variation of 3.7, 7.4 &6.4%, respectively.
The slope was positive having values of 0.79, 1.97 and 1.65mm/
year for hills, plains and north-west India with standard error of
0.56,2.15 & 1.73mm, respectively. The significance level (p) of
slope was 0.160 for hills, 0.330 for north-west India and highest
0.389 for the plains. Similarly, Chattopadhyay & Hume [28]
concluded that future warming seems likely to lead in general to
increased potential evapotranspiration over India, although this
increase will be unequal between regions and seasons.

Table 2: Statistical measures for annual potential evapotranspiration at different stations, Hills, plains and north-west India.

Station PSPET SD CV(%) Intercept Slope (Rate) S.E. ‘t’ Value p R?
Srinagar 2.26 18.6 3.1 587.2 0.35 0.49 0.7 0.472 0.02
Manali 2.53 38.4 5.8 618.9 2.48 0.49 5.08 0 0.439
Shimla 2.46 211 3.3 619.7 1.47 0.29 5.05 0 0.451
Palampur 2.95 21.9 2.8 763.2 1.06 0.99 1.07 0.271 0.067
Solan 2.93 31.3 4.1 738 2.37 0.68 3.48 0.001 0.336
Ranichauri 2.41 18.9 3 638.8 -0.49 0.39 -1.23 0.213 0.051
Jammu 4.7 102.6 8.3 1208.3 1.72 2.42 0.71 0.484 0.019
Chandigarh 5 79.6 6.1 1285.4 1.61 1.45 1.11 0.276 0.038
Ambala 4.92 69.4 5.4 1267.5 1.21 1.06 1.14 0.261 0.036
Saharanpur 4.25 55.5 5 1099.8 2.74 6.4 0.43 0.645 0.022
Delhi 5.38 90.7 6.4 1406.1 0.27 1.85 0.15 0.886 0.001
Karnal 4.75 55.2 4.4 1225 0.96 0.67 1.44 0.158 0.048
Patiala 4.95 69.5 5.4 1286 0.77 1.41 0.54 0.592 0.01
Ludhiana 4.78 73.7 5.9 1183.5 4.66 1.4 3.32 0.002 0.29
Rohtak 5.69 129.8 8.7 1448.3 2.09 1.7 1.23 0.228 0.037
Bathinda 5.46 126.9 8.9 1408.8 1.45 2.71 0.53 0.585 0.01
Hisar 5.22 94.7 6.9 1358.6 0.41 1.1 0.38 0.709 0.003
Sirsa 5.65 127.6 8.6 1366.8 7.49 2.35 3.2 0.002 0.267
Bawal 5.44 116 8.1 1409.1 1.11 2.25 0.49 0.626 0.008
Narnaul 5.45 143.8 10.1 1438.6 -0.51 2.16 -0.24 0.808 0.002
Ganganagar 6.68 176.6 10.1 1615 8.03 2.95 2.73 0.01 0.193
Jaipur 6.16 172 10.6 1512.1 5.83 2.74 2.13 0.041 0.121
Hills 20.79 25 3.7 664.7 0.79 0.56 2.36 0.16 0.207
Plains 42.71 105.4 7.4 1350 1.97 2.15 1.24 0.389 0.127
NW India 36.5 83.3 6.4 1163 1.65 1.73 1.52 0.33 0.146

PSPET: percent share in PET, p: probability of error; ‘' = 2.750 at 1% and 2.042 at 5%.
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Seasonal PET
Effective growing season (EGS)

The normal PET was less than 1000mm for Srinagar, Manali,
Shimla, Palampur, Sloan and Rancheria and between 1000 &
1300mm for Jammu, Chandigarh, Ambala, Saharanpur, Karnal,
Patiala and Ludhiana and between 1300 & 1800 for Delhi, Rohtak,
Bathinda, Hisar, Sirsa, Bawl, Narnauk, Jaipur and Ganganagar
being the highest for Ganganagar (1703.1mm) and lowest for
Shimla (501mm). The coefficient of variation was highest for
Jaipur (11.1%) and lowest (2.9%) for Shimla (Table 3). It was
less than 6% for ten stations (Srinagar, Manali, Shimla, Palampur,
Sloan, Rancheria, Ambala, Saharanpur, Karnal and Patiala) and
varied from 6-12% for twelve stations (Jammu, Chandigarh,
Delhi, Ludhiana, Rohtak, Bathinda, Hisar, Sirsa, Bawl, Narnauk,
Ganganagar and Jaipur). The slope was negative at four stations
(Srinagar, Palampur, Rancheria and Narnauk) but positive at rest

of the eighteen stations ranging from 0.119mm per year (Karnal)
to 8.24 mm per year (Ganganagar). The standard error (mm)
was highest (6.0) at Saharanpur and lowest (0.07) for Karnal.
The confidence level of significance (p) of R? was more than 0.70
for Palampur, Delhi, Hisar, Narnauk and less than 0.70 for rest of
the stations. The normal evapotranspiration during the effective
growing season was 550.2mm for hills 1329.2mm for plains and
116.8mm for north-west India with coefficient of variation of
4.1, 7.9 & 7.4%, respectively (Table 3). The slope value (mm/
year) was positive for hills (0.42), plains (1.79) and north-west
India (1.94). Similarly, Chakravarty et al. [29] also reported
an increasing trend in ET during rabbi season at Jabalpur. The
standard error was higher for plains (2.11) as compared to hills
and north-west India. The confidence level of significance (p) of
R? was 0.379 for plains, 0.334 for north-west India and 0.214
for hills.

Table 3: Statistical measures for potential evapotranspiration during effective growing at different stations, hills, plains and north-west India.

Station PSPET SD CV (%) Intercept Slope (Rate) S.E. ‘t’ Value (p) R?
Srinagar 2.12 219 4.2 1325.2 -0.54 0.18 -3.04 0.004 0.278
Manali 2.22 324 5.9 513.6 1.74 0.46 3.79 0.001 0.303
Shimla 2.04 14.7 29 487.2 0.81 0.23 3.53 0.001 0.286

Palampur 2.5 21.6 3.5 614.7 -0.02 1.01 -0.02 0.981 0
Solan 2.53 30.4 49 608.6 1.03 0.78 1.32 0.183 0.067
Ranichauri 2.02 14.8 3 504.6 -0.48 0.31 -1.57 0.114 0.081
Jammu 4.78 104.2 8.9 1141.6 2.19 2.45 0.9 0.378 0.03
Chandigarh 5.08 78.5 6.3 1217.9 1.81 1.42 1.27 0.213 0.05
Ambala 5.02 68.1 5.5 1206.9 1.37 1.04 1.32 0.196 0.047
Saharanpur 4.31 51.8 49 1044.7 2.37 6 0.4 0.671 0.019
Delhi 5.51 92.1 6.8 1345.5 0.51 1.88 0.27 0.789 0.003
Karnal 4.84 54.6 4.6 129.4 0.12 0.07 1.63 0.11 0.061
Patiala 5.05 69.8 5.6 1230.2 0.73 1.42 0.51 0.612 0.009
Ludhiana 49 72.8 6.1 1132.8 4.66 1.38 3.38 0.002 0.297
Rohtak 5.83 130.7 9.1 1389.4 2.04 1.72 1.19 0.242 0.035
Bathinda 5.63 130.6 9.4 1357.9 1.58 2.79 0.57 0.563 0.011
Hisar 5.37 95.5 7.2 1310.1 0.42 1.11 0.38 0.708 0.003
Sirsa 5.84 128.2 8.9 1314 7.72 2.33 3.31 0.002 0.281
Bawal 5.63 116.3 8.4 1366 1.04 2.26 0.46 0.648 0.007
Narnaul 5.59 146.1 10.6 1380.7 -0.34 2.19 -0.15 0.875 0.001
Ganganagar 6.93 177.7 10.4 1563 8.24 2.95 2.79 0.009 0.201
Jaipur 6.27 171.4 11.1 1436.2 5.76 2.73 2.11 0.043 0.119
Hills 18.36 22.6 4.1 675.6 0.42 0.49 0.67 0.214 0.169
Plains 44.36 105.5 7.9 1191 1.79 211 1.27 0.379 0.111

NW India 37.27 82.9 7.4 1073.6 1.94 1.67 1.11 0.334 0.1

PSPET: percent share in PET, p: probability of error; ‘' = 2.750 at 1% and 2.042 at 5%.
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Dormant season (DS)

The normal potential evapotranspiration varied from 118-
135mm for Manali, Shimla, Palampur, Sloan and Rancheria, from
50-80mm for Srinagar, Jammu, Chandigarh, Ambala, Saharanpur,
Delhi, Karnal, Patiala, Ludhiana, Rohtak, Narnauk and Jaipur and
from 40-50mm for Bathinda, Hisar, Sirsa, Bawl, and Ganganagar
during dormant season. The coefficient of variation was highest
for Palampur (56.7%) and varied from 10-20% for Srinagar,

Manali, Shimla, Sloan, Jammu, Chandigarh, Ambala, Delhi,
Karnal, Ludhiana, Rohtak, Bathinda, Hisar, Sirsa, Bawl, Narnauk,
Ganganagar, Jaipur and was less than 10% for Shimla, Rancheria,
Saharanpur and Patiala (Table 4). The slope value was negative
for Rancheria, Jammu, Chandigarh, Ambala, Delhi, Karnal,
Bathinda, Hisar, Sirsa, Narnauk and Ganganagar and positive for
Srinagar, Manali, Shimla, Palampur, Sloan, Saharanpur, Patiala,
Ludhiana, Rohtak and Bawl.

Table 4: Statistical measures for potential evapotranspiration during dormant season at different stations hills, plains and north-west India

Station PSPET SD CV (%) Intercept | Slope (Rate) S.E. ‘t’ Value p R?
Srinagar 4.24 10.8 15.3 63.2 0.55 0.27 2.07 0.04 0.152
Manali 7.13 13.3 11.2 105.4 0.74 0.19 3.98 0 0.324
Shimla 8.63 13.7 9.6 132.5 0.66 0.23 291 0.007 0.214
Palampur 9.54 12.5 56.7 148.5 1.09 0.52 21 0.039 0.215
Solan 8.86 15.3 10.4 129.3 1.34 0.3 4.4 0 0.447
Ranichauri 8.06 11 8.2 134.2 -0.01 0.24 -0.03 0.977 0
Jammu 3.59 9.8 16.4 66.7 -0.48 0.21 -2.22 0.035 0.16
Chandigarh 3.85 7.3 11.5 67.4 -0.2 0.13 -1.5 0.145 0.067
Ambala 3.47 6.9 12 60.7 -0.15 0.11 -1.47 0.151 0.058
Saharanpur 3.43 5.1 9 55.1 0.37 0.58 0.64 0.495 0.048
Delhi 341 7.8 13.7 60.6 -0.24 0.15 -1.58 0.125 0.079
Karnal 3.45 6.2 10.8 20 -0.04 0.03 -1.51 0.139 0.053
Patiala 3.39 5 8.8 55.8 0.04 0.1 0.39 0.702 0.005
Ludhiana 3.05 5.6 11.1 50.7 0 0.13 0.02 0.987 0
Rohtak 3.6 7.4 12.3 58.9 0.05 0.1 0.47 0.641 0.006
Bathinda 2.94 6.5 13.4 50.9 -0.13 0.14 -0.95 0.336 0.031
Hisar 291 6.4 13.2 48.6 -0.01 0.07 -0.09 0.933 0
Sirsa 2.97 8.1 16.3 52.9 -0.23 0.17 -1.35 0.174 0.061
Bawal 2.66 7.8 17.5 43.4 0.07 0.15 0.46 0.65 0.007
Narnaul 3.27 7.7 14.2 57.9 -0.18 0.11 -1.56 0.118 0.063
Ganganagar 291 7.2 14.8 52 -0.21 0.13 -1.66 0.108 0.081
Jaipur 4.63 10.6 13.8 75.8 0.07 0.18 0.39 0.696 0.005
Hills 49.52 12.8 9.9 118.9 0.73 0.29 2.57 0.177 0.225
Plains 21.4 7.2 13 54.8 -0.08 0.16 -0.72 0.402 0.045
NW India 29.08 8.7 11.5 72.3 0.14 0.19 0.18 0.341 0.094

PSPET: percent share in PET, p: probability of error; ‘t' = 2.750 at 1% and 2.042 at 5%.

PET was increasing at a rate of 108.5mm/100 years at
Palampur followed by Sloan 133.7mm per 100 years and
decreasing with a rate of 47.6mm per 100 years at Jammu
followed by Delhi 24mm per 100 years. The standard error was
less than 0.5mm for all the stations except Saharanpur (0.58mm)
and Palampur (0.52mm). The significance level of confidence
for R? (p) was more than 0.60 for Rancheria, Patiala, Ludhiana,
Rohtak, Hisar, Bawl, and Jaipur and less than 0.20 for Srinagar,
Shimla, Palampur, Jammu, Chandigarh, Ambala, Delhi, Karnal,
Sirsa, Narnauk, Ganganagar, Manali and Sloan.

The normal PET for hills was 128.9mm, for plains was
55.7mm and for north-west India was 75.7mm with coefficient

of variation of 9.9, 13-11.5 per cent, respectively. The slope was
positive 0.73mm per year in hills followed 0.14mm/year in NW
India but it was negative for plains and decreasing with a rate of
8mm per 100 years. Kindra (2015) reported a decreasing trend
in monthly pan evaporation over a period of 44 years during
most of the months except March and April at Ludhiana. The
confidence level of significance for R? (p) was 0.402 for plains,
0.341 for north-west India and 0.177 for hills.

Spatial distribution of PET

Spatial variation in annual PET of the area under study
is depicted in Figure 2, which indicates that potential
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evapotranspiration decreased towards north but the lowest was
in the central part where the highest rainfall was observed. The
study area was divided into five zones (<600, 600-700, 700-
1100, 1100-1400 and >1400mm) based on annual potential
evapotranspiration. It was more than 1400mm in south-west
hot desert and less that 700mm in north-west cold desert. The
normal annual potential evapotranspiration in north-west India
was 1192.4mm. It varied spatially from about 1751.5mm in the
south-west area to 591.9 mm toward north-east of the study

area.
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Figure 2: Spatial distribution of annual potential
evapotranspiration.

Discussion

The annual normal evapotranspiration was comparatively
lower 500-800mm for Srinagar, Manali, Shimla, Palampur,
Sloan and Rancheria as compared to for Jammu, Chandigarh,
Ambala, Saharanpur, Delhi, Karnal, Patiala, Ludhiana, Rohtak,
Bathinda, Hisar, Sirsa, Bawl, Narnauk, Ganganagar and Jaipur
which ranged between 1000-1800mm. This might be due to
lower temperatures prevailed in hills as compared to plains. PET
showed increasing trend for all the stations except Rancheria
(-48.5mm/100years) and Narnauk (-51.3mm/100years). The
increasing rate was from 209 to 803mm/100years for Manali,
Sloan, Saharanpur, Ludhiana, Rohtak, Sirsa, Ganganagar and
Jaipur, from 106-185mm/100years for Shimla, Palampur,
Jammu, Chandigarh, Ambala, Bathinda, Bawl and less than
100mm/100years for Srinagar, Delhi, Karnal, Patiala and Hisar.
Theincrease in PET was probably due to regional warming. Mehta
& Pandey [30] observed regional variation in evapotranspiration
over Gujarat.

The normal PET on regional basis was 679.1mm for hills,
1395mm for plains, and 1192.4mm for north-west India with the
coefficient of variation of 3.7, 7.4&6.4 percent, respectively. The
PET showed an increasing rate of 0.79 mm/years, 1.97mm/years
and 1.65 mm/years for hills, plains and north-west India with
standard error of 0.56, 2.15 and 1.73 respectively. The potential
evapotranspiration was higher in plains due to higher normal
temperature prevailed in plains 23.6°C and 15.1°C in hills.
Madhu et al. [31] reported an increasing rate of 2.9mm/decade
over India in evapotranspiration over the past 107 years (1901
to 2007). The increasing trend of PET over north-west India was
also reported by Goyal [32] in which the PET showed a 0.5mm/
year increment for the last 100 years. During effective growing
season the potential evapotranspiration was 550.2mm for hill
1329.2mm for plains and 116.8mm for north-west India with
coefficient of variation of 4.1, 7.9 and 7.4% respectively. The rate
of change was observed positive for hills (4.2/decade), plains
(17.9/decade) and north-west India (19.4/decade). Similar
trend was observed in PET during dormant season except in
plains where it where decreasing trend.

There are many ways of determining potential
evapotranspiration [23] but the Thornthwaite [20] method is
the best [25,26,33,34]. Spatial variation of annual potential
indicates that it
decreased towards north but was minimum in the central part
where the highest rainfall was observed. Based on variation in
annual potential evapotranspiration, the study area was divided
into five zones (<600, 600-700, 700-1100, 1100-1400 and
>1400mm). The LPA of annual potential evapotranspiration in
NW Indiawas 1192.4mm and varied from 1751.5mm in the south-
west to 591.9mm in north-east of the study area. The higher PET
values in SW area of study was because of higher temperatures
prevailed in this region, which directly contributed in PET as

evapotranspiration in north-west India

compared to north-east area. Madhu et al. [31] and Goyal [32]
reported an increasing rate of 2.9 mm/decade 5.0mm/decade in
evapotranspiration over India and NW India, respectively.

Conclusions

a) PET showed increasing trend for all the stations
except Rancheria (-48.5mm/100years)
(-51.3mm/100years). The increasing
209-803mm/100years for Manali, Sloan, Saharanpur,
Ludhiana, Rohtak, Sirsa, Ganganagar and Jaipur and 200mm
/100 years at rest of the stations.

and Narnauk

rate was from

b) The normal PET on regional basis was 679.1, 1395,
and 1192.4mm with the coefficient of variation of 3.7, 7.4
and 6.4% and showed an increasing rate of 0.79mm/years,
1.97mm per years and 1.65mm per years for hills, plains and
north-west India, respectively.

c¢) During effective growing season the normal value
of PET was 550.2, 1329.2 & 116.8mm with coefficient of
variation of 4.1, 7.9 & 7.4% and showed an increasing rate
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0f 4.2,17.9 & 19.4mm per decade for hills, plains and north-
west India, respectively.

d) The normal PET was 128.9, 55.7 & 75.7mm for hills,
plains and north-west India and it was increasing at the rate
of 73 & 14mm/100 years for hills and north-west India, but
it was decreasing at the rate of 8 mm/100 years in plains
during dormant season.
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