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Abstract

Evapotranspiration and water availability are driven by changing climate and land

cover parameters. In the present study, climatological records and land cover data

were analysed simultaneously to accomplish the spatial distributions of climate

change effects on water resources in Varanasi district, north India. Humidity–
aridity was assessed by Lang's rain factor and De Martonne's aridity index, based

on mean monthly rainfall and air temperature from seven meteorological stations.

The climate change effect on water resources was evaluated using a 5 × 5 matrix

that includes water availability and the aridity index by considering two time

periods: 1941–1970 (1950s) and 1971–2000 (1980s). The methodology is based on

seasonal crop evapotranspiration (ETc) (initial, mid-season, end season and cold

season) and annual water availability calculations. The high values (≤ 1,045 mm)

of ETc were identified during the mid-season stage. Water availability indicates

decreases in the maximums from 718 to 636 mm during the two analysed periods,

with a negative impact at the spatial scale. Lang's rain factor (< 40) indicates an

arid climate in the northwest, west, east and central parts of the district and a

humid climate (Lang's rain factor > 40) in the south. De Martonne's aridity index

indicates rapid aridization from south to north (28.3 in the 1950s and 25.6 in the

1980s). The high and very high climate effects on water resources in Varanasi dis-

trict were found mainly in the crop lands, while in the urban areas the climate

effect is low. The much affected area by climate change and land cover was

depicted during the recent period (1980s). This statement was proved also by the

Mann and Kendall test, which indicates a negative trend for annual precipitation

at all stations (for the period 1941–2000), while the mean annual temperature had

a positive trend for four stations. These findings suggest that climate change had a

negative effect on water resources during the last 60 years in the study area.
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1 | INTRODUCTION

Climatic variables are in continuous change due to vari-
ation in global systems and could have a major impact
on water resources at the regional scale. Climate and
land cover are two components of the Earth's system,
which changes to a greater degree. Changes in vegeta-
tion and land-use patterns for urbanization and agricul-
tural practices contribute to the change in the water
resources quality–quantity status. In addition, the
Industrial Revolution in the latter half of the 18th cen-
tury led to unprecedented changes in land-use patterns
and influence the climate around the world
(Meinshausen et al., 2009). Last century witnessed a
substantial change in global mean temperature and sea
level. From the late 20th century, every passing decade
has been warmer than the preceding one (Frich et al.,
2002; Quirk, 2012); the last five decades are the succes-
sively hottest decades in 1,400 years of climate events’
recorded history.

At present, the warming climate is leading towards
less mean precipitation and higher mean temperatures.
Many of the worldwide debates are addressing the spatio-
temporal impacts (Chattopadhyay and Hulme, 1997;
Parry et al., 2004) of global warming on climatic variables
and dependent ecosystems. Various climatic and hydro-
logical parameters, rainfall, relative humidity, sunshine
and evapotranspiration are expected to face the unpleas-
ant consequences of climate change. According to Shaver
et al. (2000), owing to the changing climate, the Earth is
changing its weather conditions. In consequence, the
regional climatic conditions are also changed mainly for
rainfall and temperature (Shan et al., 2015). Different
regions of the world show differential responses to global
climate change. The changes in temperature and rainfall
patterns, combined with other complex anthropological
factors, govern the regional and local hydrological vari-
ables (Pr�av�alie, 2014; Pr�av�alie et al., 2014; Nistor et al.,
2018). Reduced precipitation coupled with high tempera-
tures could have a negative impact on surface waters and
groundwater (Loáiciga et al., 2000; Bachu and Adams,
2003; Brouyère et al., 2004; Nistor, 2019).

Various studies have been conducted regarding the
impacts of precipitation, potential evapotranspiration
(ET0) and actual evapotranspiration (AET0) on ecosys-
tems and the regional water balance (Allen, 2000; Gerrits
et al., 2009; Cheval et al., 2011; Pr�av�alie et al., 2014).
Many of them argued about AET0 and its use as an indi-
cator for climate change and water balance. Worldwide,
the ET0 over Taiwan (Yu et al., 2002), in various areas of
Iran (Tabari et al., 2011) and parts of the Mediterranean
(Espadafor et al., 2011; Palumbo et al., 2011) show an

increasing trend in the last couple of decades.
Papaioannou et al. (2011) reported a decreasing trend of
annual ET0 between 1950 and 1980 in Greece, but it
reverses after 1980 and continues increasing after that
point. Similarly, ET0 decreased abruptly during the 1990s
in the Wei River area of China and it has continued to
increase further ever since (Zuo et al., 2012).

In the South Asia, the climatic characteristics of the
rainfall regime are heterogeneous. Thus, rainfall vari-
ability indicates a declining trend of rainfall with a more
regular deficit monsoon (Watson, 2001; IPCC, 2013;
Jiménez Cisneros et al., 2014). The regional differences
in climate change impacts and warming trends in conti-
nental interiors are strongest in Asia. Rainfall increased
in the last century over Northern and Central Asia and
decreased over Southern Asia. Mean seasonal rainfall
in South Asia are declining perceptibly with the regular
occurrence of monsoon deficient seasons under spatial
irregularities. Over India, and in some regions of South
Asia, the number of heavy rainfall events is increasing at
the expense of decreasing low-intensity rainfall events
(Jiménez Cisneros et al., 2014).

In addition to climate change, human water demand
represents in various locations reasons for the water
crisis (Wang and Dickinson, 2012; Fu et al., 2014). The
change in water availability under climate change signals
the necessity for adaptation. In Varanasi district and in
the entire Uttar Pradesh state region, along with rapid
economic development and population growth, water
withdrawals from the main rivers’ basins (i.e. Ganga,
Yamuna, Ghaghra) have increased significantly. Various
studies have examined the changes in water supply
under climate change, but few have considered the joint
pressures from climate change, land cover and socioeco-
nomic development. It becomes indispensable to develop
a quantitative approach to evaluate future water scarcity
in a changing environment at the regional scale.

The importance of a crop evapotranspiration (ETc)
study is closely related to hydrological characteristics.
Thus, the water balance, water availability and effective
precipitation variation at the spatial scale over the long
term contribute to the evaluation of surface water dis-
charge oscillations and an assessment of groundwater
recharge. This kind of study has a high relevance on
groundwater, agriculture and the future management of
natural resources both for Varanasi district and for simi-
lar territories in South Asia.

The main objective of the present study is to assess
the climate change effect on water resources in Varanasi
district using climate and land cover data. Lang's rain fac-
tor, De Martonne's aridity index and water availability
were considered for spatio-temporal-scale analysis. The
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applied method is based on an inference 5 × 5 matrix,
which combines the aridity index with water availability
during the 1950s and 1980s to evaluate the climate effect
on water resources in these two time shifts. The approach
and analysis at the spatial scale were performed in an
ArcGIS environment.

2 | STUDY AREA

Varanasi, also known as Kasi or Banaras, is the religious,
cultural and educational capital of India. Varanasi district
is located in the middle Gangetic plain of the western
part of Uttar Pradesh (Figure 1). Its geospatial boundaries
spread between 82�390 and 83�110 E longitude and
between 25�100 and 25�34´ N latitude. The geographical
area is 1,535 km2; the total population is 3,676,841, with
a density of 2,395 individuals�km–2. In the study area,
about 43.44% of the population lives in the urban area,
while about 56.56% lives rurally.

The study area is mainly part of the Ganga, Varuna
and Gomati rivers (Rai and Mohan, 2014; Rai and Nat-
hawat, 2017). The media of groundwater is mainly com-
posed of sedimentary deposits. The favourable life
conditions such as fertile soil, a plain topography and
water availability make it able to bear a high population
density (Rai and Nathawat, 2017).

According to the Koppen Climate Classification,
Varanasi district has a humid subtropical climate (Cwa
or Cwb) class (Kottek et al., 2006). These climate types
are characterized by dry winters with main temperatures

that vary between 3 and 18�C; summers mainly have a
constant rainfall and mean temperatures > 22�C.

3 | MATERIALS AND METHODS

3.1 | Climate data

In the present study, a mean monthly air temperature from
1941 to 2000 is used to calculate the ET0. The precipitation
data from the same period were used to carry out the AET0
and water availability. The climate data were collected
from seven meteorological stations located in Varanasi dis-
trict and its surroundings. The source of the climate data is
the Indian Meteorological Department (IMD) in Pune
(http://www.imdpune.gov.in/). These climatic stations are
well distributed spatially, which can show the general char-
acteristics of the regional climate. The temperature and
precipitation data were homogenized and corrected for the
long-term period before being used in the study. The aver-
age data sets of the periods 1941–1970 (1950s) and
1971–2000 (1980s) were used in order to compared and
perceive any possible oscillations in the climate variables
and water availability. The term “water resources” here
refers to surface waters and groundwater.

3.2 | Land cover data

Land cover data belong the Oak Ridge National Labora-
tory (ORNL) Distributed Active Archive Center (DAAC)

FIGURE 1 Location of

Varanasi district (India) in

Western Asia
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and represent Decadal Land Use and Land Cover Classi-
fications across India. This data set comprises eight
classes which are classified as per the International
Geosphere–Biosphere Programme (IGBP) classification
scheme (Supporting Information Figure S1). Landsat data
for 1985 and 2005 were used for land cover extraction of
Varanasi district. These temporal data were classified
through a supervised classification method to prepare
land cover of the area.

The spatial resolution was set at 100 m resolution
(Roy et al., 2015). The study area is then extracted and
processed in an ArcGIS environment.

3.3 | Mann and Kendall test

Climate parameters of annual precipitation and mean
annual temperature used in the present study were
analysed separately for each station in order to understand
the variables’ trend over the period 1941–2000. The data
were homogeneously controlled and verified and then
inserted into the Mann and Kendall (1975) test. This is a
non-parametric test that focuses on the assessment of statis-
tical significance of the different trends. It is widely used in
climatology and hydrology because it performs on the time-
series data values (Gilbert, 1987; Hamed, 2008; Cervi and
Nistor, 2018). For the S-value equivalent to zero, the Mann
and Kendall test indicates no trend in the respective series.
The test assesses the time series considering if more recent
data are greater that the oldest ones. In this case, the S-
value is incremented showing a positive trend. Inversely, in
case the recent data value is lower than the oldest, the S-
values will decrease, and the negative trend is called.

Equation (1) expresses the Mann and Kendall statistic
(S) formula:

S=
Xn−1

k=1

Xn

j= k+1
sign x j−xk

� � ð1Þ

where
sign(xj − xk) = 1 if xj – xk > 0
sign(xj − xk) = 0 if xj – xk = 0
sign(xj − xk) = − 1 if xj – xk < 0.
The test follows two hypotheses: the zero hypothesis

that indicates the absence of the trend in the time series;
and the alternative hypothesis in which there is a statisti-
cally relevant trend in the time series for the given rele-
vance level (α). The p-value has a central role in the
Mann and Kendall test. The p-value determines the
hypothesis reliability level. If the p-value is smaller than
the selected α relevance level (commonly α = 0.05 or 5%).
Oppositely, if p is larger than the α relevance level, then
the hypothesis is adopted.

3.4 | Evapotranspiration and water
availability

3.4.1 | Potential evapotranspiration
(ET0)

The ET0 for Varanasi district during the period
1941–2000 was calculated using mean monthly air tem-
perature data by the Thornthwaite (1948) method
(Equation 2). This method is very valuable at the regional
scale, not only in climatological matters but also in
hydrogeological and agricultural studies, for a long-term
period (Zhao et al., 2013; Čenčur Curk et al., 2014;
Cheval et al., 2017). Dezsi et al. (2018) have used the
Thornthwaite method in a study on evapotranspiration
and water availability in Europe. Further, the ET0 is
multiplied by a crop co-efficient (Kc) to find the crop
evapotranspiration (ETc):

ET0 = 16bi
10Ti

I

� �α

mm �month – 1ð Þ ð2Þ

where ET0 is the potential evapotranspiration; bi is the
radiation parameter for specific latitude (Table 1); Ti is
the monthly air temperature; I is the annual heat index
(Equation 3); and α is the complex function of heat index
(Equation 4):

I =
X12

i=1

Ti

5

� �1:514

ð3Þ

α=6:75× 10−7I3−7:71× 10−5I2 + 1:7912× 10−2I +0:49239

ð4Þ

3.4.2 | Seasonal and annual crop
evapotranspiration (ETc)

In general, the Kc is used to calculate the ETc by multi-
plying the former by ET0. The

Kc is representative for different climatic zones;
hence, it differs with the place and crop types in the
area. At the same time, the Kc varies with the growth
stages, even for the same crop either in the same area or
in a different area. Crop growth period shows distinct
Kc values due to a change in land cover and vegetation
type (Allen et al., 1998; Grimmond and Oke, 1999).
Therefore, four developmental stages of crop growth in
one year were used in the present study. A specific Kc

was assigned to each land cover type for four seasons.
This approach is useful to calculate the ETc for long-
term period.
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The values of Kc are different at successive stages
of crop growth as follows: initial season (March–May),
mid-season (June–August), end of season (September–
November) and cold season (December–February).
Therefore, a particular Kc was used for every season:
the Kc ini for the initial season, the Kc mid for the
mid-season, the Kc end for the end season and the Kc

cold for the cold season (Supporting Information
Figure S2). The evapotranspiration rate for bare soil
and the urban areas of the United States was first
reported by Grimmond and Oke (1999). Land cover
classes and representative seasonal Kc co-efficients
for Varanasi district are illustrated in Table 2. Based
on monthly ET0 and Kc values, the seasonal ETc

was calculated for the four stages: ETc ini (Equation 5),
ETc mid (Equation 6), ETc end (Equation 7) and ETc cold

(Equation 8). The annual ETc was then calculated by
summing all four seasonal ETc (Equation 9):

ETc ini = ET0 ini ×Kc ini ð5Þ

ETcmid =ET0mid ×Kc mid ð6Þ

ETc end =ET0 end ×Kc end ð7Þ

ETc cold =ET0 cold ×Kc cold ð8Þ

AnnualETc =ETc ini +ETcmid +ETc late +ETc cold ð9Þ

3.4.3 | Actual crop evapotranspiration
(AETc)

The Budyko approach (Equation 10) (Budyko, 1974)
was used to calculate the AETc using the annual ETc

and precipitation data. Through Budyko's formula, the
water balance could be determined and this approach is
significant to know if the heat energy is enough to pro-
duce the evaporation from the precipitation data
(Gerrits et al., 2009; Čenčur Curk et al., 2014). The vege-
tation evapotranspiration was considered in the AETc

calculation by including ETc in the formula of aridity
index (Equation 11).

AETc
PP

= φtan
1
φ

� �
1−exp−φð Þ

� �0:5
ð10Þ

where AETc is the actual land cover evapotranspiration
(mm); PP is the total annual precipitation (mm); and φ is
the aridity index (Equation 11):T

A
B
L
E

1
Su

n
sh
in
e
pa

ra
m
et
er

(u
n
it
s
of

30
da

ys
of

12
h
r)

M
on

th
Ja
n
u
ar
y

F
eb

ru
ar
y

M
ar
ch

A
p
ri
l

M
ay

Ju
n
e

Ju
ly

A
u
gu

st
Se

p
te
m
be

r
O
ct
ob

er
N
ov

em
be

r
D
ec
em

be
r

bi
(2
5�

N
la
ti
tu
de
)

0.
93

0.
89

1.
03

1.
06

1.
15

1.
14

1.
17

1.
12

1.
02

0.
99

0.
91

0.
91

So
ur
ce
:T

h
or
n
th
w
ai
te

(1
94
8)
.

NISTOR ET AL. 5 of 16



φ=
ETc
PP

ð11Þ

3.4.4 | Water availability

Water availability was determined for the 1950s and
1980s from the difference in the annual precipitation and
the AETc calculated for the same subperiods.
The infiltration process for a long-term period could be
neglected (Čenčur Curk et al., 2014) considering that the
infiltration is a transitional function of permeability. The
mathematical calculations at the spatial scale (1 km2 res-
olution) for the annual and seasonal ETc, as well as water
availability (Equation 12), were performed using the Ras-
ter Calculator function available in Spatial Analyst Tools
from the ArcGIS environment.

Water availability mmð Þ=annual precipitation mmð Þ
−annual AETc mmð Þ

ð12Þ

3.5 | Climate indices

3.5.1 | Lang's rain factor

Lang (1915) could be considered the first scientist to pro-
pose the formula (Equation 13) for humidity–aridity in the
base of precipitation and temperature data (Moreau, 1938).
The concept of Lang's rain factor is based on the rise in tem-
perature that influences the water deficit and makes soil
sufficiently recharged by precipitation (Quan et al., 2013):

IDM =
PP
T

ð13Þ

where PP is the annual mean precipitation (mm); and
T is the annual mean air temperature (�C).

3.5.2 | De Martonne's aridity index

In order to characterize the climate of the area and to
determine the “humidity–aridity” at the regional scale, De
Martonne's aridity index (Deniz et al., 2011) was used
(Equation 14). The method was proposed by De Martonne
(1925, 1926) and is widely used for climatological, agricul-
tural and hydrological studies (Zambakas, 1992):

IDM =
PP

T +10
ð14Þ
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Table 3 reports the climate types according to De
Martonne's (1925) and Lang's (1915) classifications.

3.6 | Matrix method for assessing the
climate effect on water resources

De Martonne's aridity index indicates more classes for
climate classification, and for this reason it was chosen
to be used in the inference matrix together with the
water availability parameter. The inference matrix is
an approach used at the regional scale to evaluate
the climate change effects on water resources (Nistor
et al., 2016). For spatial scale determination, Nistor
and Mîndrescu (2019) bring forward an advance proce-
dure that combines the two parameters into the
ArcGIS using raster grid data. Practically, the approach
is based on five classes of climate effect that resulted
through a 5 × 5 matrix. The matrix is constructed from
the classes of De Martonne's aridity index and classes
of water availability, returning the effect classes as
following: very low, low, medium, high and very high
(Figure 2).

The classification of De Martonne's aridity index
was set accordingly to standard classes of this index
from extremely humid to Mediterranean class, while

water availability was classified following Nistor and
Mîndrescu's (2019) classes. The general frame of the
applied methodology is illustrated in Figure 3.

4 | RESULTS

4.1 | Variation of climate and annual
trends of PP and TT over the period
1941–2000

The climate of Varanasi district between 1941 and 2000
indicates a mean annual temperature at around 25�C.
Thus, during the 1950s, the mean annual temperature
varied between 25.29 and 25.89�C (Supporting Informa-
tion Figure S3a), and during the 1980s it varied between
25.22 and 25.76�C (Figure S3b). The annual precipita-
tion was between 1,014 and 1,135 mm (1950s) and
between 914 and 1,042 mm (1980s) (Figure S3c,d).
During the 1950s, the annual ET0 varied between 1800
and 1988 mm (Figure S3e), and during the 1980s it
varied between 1,765 and 1923 mm (Figure S3f). The
shifting in the ET0 values between the two periods is
more related to temperature increases in the respective
areas.

Overall, the climate variation over the period
1941–2000 would likely indicate a slight decrease in
mean annual temperature (about 0.1�C) and annual ET0
(about 65 mm). Precipitation decreased between the
1950s and the 1980s by about 100 mm, a fact that means
the study of evapotranspiration and water availability for
water resources is very important. These changes have a
negative influence on the water resources on the long
term in Varanasi district.

During the period 1941–2000, the Mann and Kendall
test indicates a negative trend (S < 0) in annual precipita-
tion for all analysed stations (alpha = 0.5) (Table 4). This
aspect is also shown in Figure 4a,c,e,g,i,k,m, where all
stations were found with a negative trend for annual pre-
cipitation. For all stations, it was found that the negative
precipitation trend is non-significant (p < 0.1).

According to the Mann and Kendall test, the mean
annual temperature has a positive trend (S > 0) for four
stations (Chandouli, Gazipur, Mirzapur and Sonbhadra)
and a negative trend (S < 0) for three stations
(Allahabad, Jaunpur and Varanasi) (Table 5). For the
mean annual temperature, the test indicates significant
trends (p > 0.1). Figure 4b,d,f,h,j,l,n illustrate the annual
variation of mean temperatures. Gazipur Station has a
slightly negative trend, which is contrary to the Mann
and Kendall test results (S = 14). However, Allahabad
and Jaunpur stations are located out of Varanasi district,
much in the interior of the continent, and for this reason

TABLE 3 Climatic classification

Lang's rain factor

Climate types Classes

Per-humid > 160

Humid 40–160

Arid < 40

De Martonne's aridity index (IDM)

Climate types Classes
Precipitation
(P) (mm)

Extremely
humid

> 55 P > 800

Very humid 35 ≤ IDM
≤ 55

700 ≤ P ≤ 800

Humid 28 ≤ IDM
< 35

600 ≤ P ≤ 700

Semi-humid 24 ≤ IDM
< 28

50 ≤ P < 600

Mediterranean 20 ≤ IDM
< 24

400 ≤ P < 500

Semi-dry 10 ≤ IDM
< 20

200 ≤ P < 400

Dry <10 P < 200
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the mean annual temperature trend could be negative,
while Varanasi Station has a S-value slightly < 0.

4.2 | Variation of evapotranspiration

Seasonal and annual ETc were determined for Varanasi
district including the vegetation layers. During the 1950s,
the seasonal ETc shows up to 805 mm for the ETc ini and

up to 766 mm for the ETc ini related to the 1980s. The ETc

mid recorded the highest values of the seasonal ETc in
both periods. Thus, the ETc mid varied from 259 to
1,099 mm during the 1950s, while in the 1980s the ETc
mid varied from 251 to 1,045 mm. At the end of the sea-
son, the ETc end indicate values from 83 to 449 mm
(1950s) and from 86 to 463 mm (1980s). For all three sea-
sons, the maximums of the ETc were found in the north
of the district, while the minimums were in the

0 - 100 101 - 200 201 - 400 401 - 600 > 600
Effect Very high High Medium Low Very low

Extremely humid > 55 Very low Medium Low Low Very low Very low
Very humid 35 ≤ IDM ≤ 55 Low High Medium Low Low Very low

Humid 28 ≤ IDM ˂ 35 Medium High High Medium Low Low
Semi-humid 24 ≤ IDM ˂ 28 High Very high High High Medium Low

Mediterranean 20 ≤ IDM ˂ 24 Very high Very high Very high High High Medium

Very high High  Medium Low Very low

Climate type De Martonne Index

Water availability (mm)

Climate change effect

FIGURE 2 Inference matrix used to assess the climate effect on the water resources of Varanasi district

FIGURE 3 Schematic diagram

illustrating the methodological

procedure
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southeast, mainly in the artificial and water bodies areas.
Supporting Information Figure S4 shows the spatial dis-
tribution of the seasonal ETc in Varanasi district.

The annual ETc varied from 452 to 2,352 mm (1950s)
and from 444 to 2,265 mm (1980s). The decreasing evapo-
transpiration in both seasonal and annual between the
two periods is due to the slightly decreasing mean
monthly and annual temperatures. The cropland of the
district resulted in a high evapotranspiration rate
(> 2000 mm) in the annual ETc in both periods.
Figure 5a,b illustrates the spatial distribution of the
annual ETc in Varanasi district.

Interestingly, the annual AETc indicates higher values
(> 900 mm) in the south of Varanasi district, especially
in the 1980s. This inversion between annual ETc and
annual AETc at the spatial scale is highly correlated with
the precipitation values. Thus, in the southern part of the
district, the precipitation is higher than in the northern
part and the AETc has higher values in the south. On the
contrary, owing to the lack of precipitation in the north,
the AETc records fewer values. For both analysed
periods, the lower values of AETc (around 400 mm) were
depicted in the urban areas and wasteland. Figure 5c,d
shows the spatial distribution of annual AETc in the
study area.

4.3 | Variation of water availability

The water availability in Varanasi district was deter-
mined based on the annual precipitation and annual
AETc during the 1950s and 1980s. During the first period
(1950s), the water availability ranged from 81 to 718 mm,
recording its higher values (> 700 mm) on the southeast-
ern sides of the district and lower values (< 100 mm) on
the northwestern side (Figure 6a). During the second
period (1980s), the water availability ranged from 62 to
636 mm, indicating the higher values (> 600 mm) in the
southeast with a few artificial areas, while the lower

values (< 100 mm) were in the central, north, west and
east parts of the district (Figure 6b).

The decreasing water availability in Varanasi dis-
trict is related to decreasing precipitation during the
1980s. Moreover, the extended territory with lower
water availability (< 100 mm) during the 1980s is larger
than during the 1950s. This is a negative aspect coming
from the climate change, both for temporal and spatial
scales.

4.4 | Variation of climate indices

Lang's rain factor indicates an arid climate (1950s) with
an index < 40 in the northwest of the region and a humid
climate with a factor > 40 in the south, west, east and
central parts (Figure 7a). The same factor indicates an
arid climate (1980s) in the north, west, east and central
parts, while a humid climate was identified in the south
(Figure 7b).

The spatial distribution of De Martonne's aridity
index in Varanasi district is shown in Figure 7c,d. During
the 1950s, the index is between 28.3 and 32.2, denoting a
humid climate. At a spatial scale, it is observed that the
lower values (close to 28) are extending in the north and
northwest parts of Varanasi district, while the higher
values (> 32) are extending in the south. During the
1980s, De Martonne's aridity index is between 25.6 and
29.6, denoting sub-humid and humid climates. Thus, the
northern, eastern, western and central parts are charac-
terized by a sub-humid climate, while the southern part
of the district is characterized by a humid climate. The
decreasing De Martonne's aridity index between the
1950s and 1980s, but also the spatial distribution over
Varanasi district, suggest that the humid climate class,
for the most of the northern part, is switched to a sub-
humid climate class. This detail indicates an aridization
in the northern part of Varanasi district due to climate
change.

TABLE 4 Mann–Kendall trend test statistic applied for annual precipitation

Test/station Chandouli Allahabad Jaunpur Gazipur Mirzapur Sonbhadra Varanasi

Kendall's tau −0.25 −0.20 −0.25 −0.35 −0.21 −0.22 −0.24

S −436.00 −355.00 −438.00 −620.00 −374.00 −390.00 −430.00

Var(S) 24,583.33 24,582.33 24,583.33 24,583.33 24,583.33 24,583.33 24,583.33

p-value (two-tailed) 0.01 0.02 0.01 < 0.0001 0.02 0.01 0.01

Alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05
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4.5 | Climate change effect on water
resources

Using a 5 × 5 matrix, the water availability was combined
with De Martonne's aridity index to determine the

climate change effects on water resources in Varanasi dis-
trict. The 1950s experienced a high climate change effect
in most of the territory, while the low and medium
effects were depicted in the east and southeast parts, yet
sparsely in the district. Interestingly, the very high impact

FIGURE 4 Annual trends of precipitation and temperature at meteorological stations during the period 1941–2000
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of climate change on water resources was not identified
during the 1950s (Figure 8a).

During the 1980s, the climate change effect indicates
a very high impact on water resources in the north, east,
west and central parts of the district, while the high

impact was depicted in the south. The medium climate
change effect results much in the peripheral areas and
sparsely in a few locations from the north and central
sides. The low effect extends in the southeast sides and
some locations from the south sides (Figure 8b). In both

TABLE 5 Mann–Kendall trend test statistic applied for mean annual temperature

Test/station Chandouli Allahabad Jaunpur Gazipur Mirzapur Sonbhadra Varanasi

Kendall's tau 0.02 −0.02 −0.03 0.01 0.02 0.10 0.00

S 42.00 −38.00 −48.00 14.00 42.00 172.00 −6.00

Var(S) 24,583.33 24,583.33 24,583.33 24,583.33 24,583.33 24,583.33 24,583.33

p-value (two-tailed) 0.79 0.81 0.76 0.93 0.79 0.28 0.97

Alpha 0.05 0.05 0.05 0.05 0.05 0.05 0.05

FIGURE 5 Spatial distribution of

annual crop evapotranspiration (ETc) and

actual crop evapotranspiration (AETc) in

Varanasi district: (a) annual ETc related to

the 1950s; (b) annual ETc related to the

1980s; (c) annual AETc related to the 1950s;

and (d) annual AETc related to the 1980s

FIGURE 6 Spatial

distribution of annual water

availability (WA) in Varanasi

district: (a) annual WA related

to the 1950s; and (b) annual

WA related to the 1980s
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periods, the high and very high effects are located in the
cultivated areas and in the lands where the water avail-
ability is lower.

The analysis carried out through the water availabil-
ity and De Martonne's aridity index in Varanasi district
indicates a negative impact of the climate change effect
on water resources. In addition, the decreasing precipita-
tion and aridity index would suggest a higher effect on
water resources and the possibility of depletion in the
surface and groundwater quantity status: rivers’ flow
reduction, a declining in groundwater table and springs’
discharge.

5 | DISCUSSION

The main goal of the present paper was to assess the cli-
mate change effect on water resources in the Varanasi

district of India. An analysis of the 60 year climate data
was completed by evapotranspiration and water availabil-
ity calculations. In addition, the survey included the land
cover and De Martonne's aridity index parameters. The
evaluation of the climate change effect during the long
term was completed through a 5 × 5 inference matrix by
combining water availability and De Martonne's aridity
index. The effect of climate change on water resources is
divided into five impact classes following the standard
procedure proposed by Nistor et al. (2016) and Nistor and
Mîndrescu (2019).

The strong correlation between mean temperature
and the ETc was verified at the spatial and temporal dis-
tributions in Varanasi district. The northern part of the
study area appears with higher mean temperatures
(> 25.7�C), and the seasonal and annual ETc maps indi-
cate higher values in the north sides, too. For these find-
ings, a contribution of crops’ distribution can be seen,

FIGURE 7 Spatial distribution of the Lang's rain factor and De Martonne's aridity index: (a) Lang's rain factor related to the 1950s; (b) Lang's

rain factor related to the 1980s; (c) De Martonne's aridity index related to the 1950s; and (d) De Martonne's aridity index related to the 1980s

FIGURE 8 Climate effect

assessment on water resources in

Varanasi district: (a) spatial

distribution of climate effect during

the 1950s; and (b) spatial

distribution of climate effect during

the 1980s
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which occupies a large area of Varanasi district. From the
analysis of temperature, precipitation and the ET0 vari-
ables, the absolute changes between 1941 and 1970 were
significant for the precipitation (a decrease by 100 mm)
and ET0 (a decrease by 65 mm), while for the future
period, the temperature rise plays a key role in the varia-
tion of the annual and seasonal ETc. However, the spatial
distribution of temperature and precipitation in Varanasi
district indicates that the northern area is drier and the
southern area wetter.

The present survey indicates that the most important
factor for water resources in Varanasi district is represen-
ted by the amount of precipitation. The analysis proves
that the slight decrease in the mean air temperature was
recorded between the 1950s and the 1980s, and a consis-
tent decrease in the precipitation was recorded in the
same periods of analysis in the Varanasi area. Owing to
this, the seasonal and annual ETc, but also the AETc,
values decreased slightly between these two periods. The
major impact came from the decreasing precipitation,
which further influenced the water availability in the
study area directly.

Another important parameter, which indicates the
aridization of Varanasi district, is De Martonne's aridity
index. It denoted humid climate during the 1950s and
both humid and sub-humid climates during the 1980s.
From the inference of the two parameters (water avail-
ability and De Martonne's aridity index), the climate
change effect was assessed at the spatial scale.

Čenčur Curk et al. (2014) show that the ET0 is around
1,000 mm for Southeast Europe during the period
1991–2050, while Cheval et al. (2017) give an ET0 up to
1,150 mm in Southeast Europe during the current cen-
tury. The present results are not so distant compared with
the previous studies from Europe, considering that Vara-
nasi district is situated at lower latitudes and the regional
climate conditions are showing the intense aridity of the
area. The methodology applied in the present study is
quite simple and easy to adapt to other study areas; for
these reasons the authors agree with the difference of the
results between Northern India and Southern Europe.

A few studies have tried to designate the main charac-
teristics of future climate change scenarios and develop-
ment pathways at the global scale (Elliott et al., 2014;
Schewe et al., 2014). In the study area, the maximum area
under Bundelkhand region (the southwestern part of
Uttar Pradesh) has come under a drought-prone area
where both surface and ground water conditions are con-
tinuously depleting.

The present study is not without its limitations. For
the calculations of ETc, the standard Kc values were used
instead of field data measurement owing to the lack of
historical data. Future investigations could be improved

by lysimeter or pan measurements in each specific land
cover type, water gauge measurements and hydrographs
analysis in real time. Considering that the present study
was focused on the long-term period, the standard Kc,
empirical calculations and geographical information sys-
tem (GIS) technology were assumed to fit better with the
aim of the study. Water demand in the urban areas and
the human factor were not considered in the present
study owing to uncertainty in the data for the entire
period. However, the main focus of the study was on the
climate change effect, which is a more important factor
regarding water resources. In addition, the spatial–
temporal method applied here through the inference
matrix offers good results at the district scale and may be
useful for making preliminary decisions regarding cli-
mate change and water management.

6 | CONCLUSIONS

The climate change effect on water resources in Varanasi
district of India was determined over the period
1941–2000 at the spatial scale. Calculations of seasonal
and annual crop evapotranspiration (ETc), including land
cover data, together with actual crop evapotranspiration
(AETc) were computed based on historical climate
records and land cover data for the area. Even though the
annual ETc and AETc decreased slightly between the
1950s and 1980s, precipitation and water availability
decreased in the 1980s, indicating a negative impact at
the spatial scale. In addition, the Mann and Kendall test
indicates a negative trend for all stations in the study
area. A positive trend was found for mean annual tem-
perature at major stations. The climate indices (Lang's
rain factor and De Martonne's aridity index) denoted
lower values for both indices for the recent period
(1980s), which suggests that the climate of Varanasi dis-
trict has a general tendency of aridization.

In order to assess the climate change effect on water
resources, the water availability and De Martonne's arid-
ity index were inserted into a 5 × 5 matrix. Through this
matrix, five classes of this effect were determined
between the two analysed periods in Varanasi district.
The high and very high effect were depicted in the agri-
cultural areas, mainly in the entire territory, while the
medium and low effect were depicted in the constructed
areas, artificial areas and wetlands.

Based on the present study, the agricultural and water
management plans could be drawn by considering the
more affected areas. The irrigation strategies and protec-
tion zones for water conservation could be delineated in
the base of original maps, which represent important
tools for the urban and rural planning of the study area.
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Moreover, the maps used in the present study complete
the spatial research gaps for Varanasi district with respect
to climate and hydrology. Future work may be designated
to the groundwater vulnerability calculation at the spatial
scale, considering both climate and land cover factors.
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