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Spatio-temporal variability of temperature and potential
evapotranspiration over India
P. Sonali and D. Nagesh Kumar

ABSTRACT

Worldwide, major changes in the climate are expected due to global warming, which leads to
temperature variations. To assess the climate change impact on the hydrological cycle, a spatio-
temporal change detection study of potential evapotranspiration (PET) along with maximum and
minimum temperatures (Tmax and Tmin) OVer India have been performed for the second half of the
20th century (1950-2005) both at monthly and seasonal scale. From the observed monthly
climatology of PET over India, high values of PET are envisioned during the months of March, April,
May and June. Temperature is one of the significant factors in explaining changes in PET. Hence
seasonal correlations of PET with Tax and Tmin Were analyzed using Spearman rank correlation.
Correlation of PET with Trax Was found to be higher compared to that with T.nin. Seasonal variability
of trend at each grid point over India was studied for Tmax, Tmin @nd PET separately. Trend Free
Pre-Whitening and Modified Mann Kendall approaches, which consider the effect of serial
correlation, were employed for the trend detection analysis. A significant trend was observed in Tmin
compared to Tmax and PET. Significant upward trends in Tmax, Tmin @nd PET were observed over most
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INTRODUCTION

Accurate hydro-climatological change detection study is essen-
tial, and has been considered as an emerging research field for
the past couple of decades (Chattopadhyay & Hulme 1997;
Hobbins et al. 2004; Espadafor ef al. 2011; Fu et al. 2013).
Long term spatio-temporal hydro-climatological change pat-
terns provide valuable information for modeling various
processes in hydrology, climatology, forestry and agriculture.

Evapotranspiration, which is one of the most significant
components of the hydrological cycle, is influenced by
meteorological conditions directly or indirectly. It is the
union of evaporation and transpiration. Changes in meteor-
ological variables due to climate change will affect
evapotranspiration, which affects the crop water require-
ment, and subsequently water allocation for agriculture
and food production (Zhang et al. 2011). Evapotranspiration

doi: 10.2166/wcc.2016.230

is affected differently in different regions due to global
warming. Determining the evaporation rate is essential for
efficient management of water resources in a country like
India. Long-term changes in potential evapotranspiration
(PET) can have profound implications on hydrological pro-
cesses as well as on agricultural crop performance (Hobbins
et al. 2004). Liang et al. (2010) manifested the usefulness of
study based on the temporal variation of PET in hydrologi-
cal modeling, irrigation planning and water resources
management.

As per Doorenbos & Pruitt’s (1977) definition, ‘the PET
is the one that takes place when the ground is completely
covered by actively growing uniform green grass of eight
to fifteen centimeters tall in abundance of soil moisture’.
Factors affecting PET are climatological data, crop factor
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and moisture level in the soil. Climatological data consist of
surface air temperature, percentage of sunshine hours, wind
speed, humidity, etc.

The fifth Intergovernmental Panel on Climate Change
(IPCC) assessment report states that almost all regions of
the world have experienced a heating process over the
past half century (IPCC 2013). The fourth IPCC assessment
report states that the surface air temperature has increased
by 0.74 + 0.18 °C during 1906 to 2005, and is also likely to
increase during the 21st century (IPCC 2007). This could
cause changes in the hydrological cycle (Bates et al. 2008).
PET may be going to rise in most parts of the world in
future because the water holding capacity of the atmosphere
increases with higher temperature, i.e. about 7% per 1°C
warming (Trenberth 2011), but relative humidity is not pro-
jected to change markedly. Consequently, the evaporation
rate is likely to go up due to water vapor deficit. Thus histori-
cal PET analysis is of significant importance in the hydro-
climatological perspective.

Extensive research has been carried out in different parts
of the world (such as Australia, China, Gulf of Mexico, North-
ern Eurasia and Beijing) to assess the likely impact of climate
change on PET (Helfer ef al. 2012; Huo ef al. 2013; Liu et al.
2013, 2014; Haijun et al. 2014). These studies reported that in
the recent past the evapotranspiration change rate has
increased considerably. Espadafor et al. (2o01) found a signifi-
cantincrement in PET in southern Spain and inferred that the
changes are mainly due to an increase in air temperature,
solar radiation and a decrease in relative humidity. Tabari
et al. (2o1) ascertained the presence of a significant positive
trend in annual evapotranspiration in the western half of
Iran. They concluded that trend magnitudes are more intense
in winter and summer compared to other seasons, and these
variations are primarily because of significant increase in
temperature. Zhang et al. (2013) inferred that the main
causes for the decrease in reference evapotranspiration
during 1960-1992 in China were the decrease in solar radi-
ation in humid regions and decrease in wind speed in arid
and semi-arid regions. Few studies ascertained that the effects
of intensified temperature on evapotranspiration can be
offset by the impact of other climatic variables (Chattopad-
hyay & Hulme 1997; Hobbins et al. 2004; Ramirez et al. 2005).

Roderick ef al. (2007) mentioned that PET is an impor-
tant indicator of global climate and environmental change

owing to its close connection with key physical factors
such as temperature, wind speed, solar radiation and humid-
ity. A significant declining trend of surface solar radiation
was observed over India during 1981-2004 (Kumari ef al.
2007). Similarly, several studies focused on variations of
solar radiation over different parts of the world and deter-
(Wild
Chattopadhyay & Hulme (1997) reported decreasing trends

mined a decline of solar radiation 2009).
both in pan evaporation and PET in India from 1960 to
2000 in spite of an increment in temperature in the second
half of the 20th century. But they also indicated that PET
is going to rise unevenly in different seasons and regions
of India in the future. Generally, an increasing trend is
expected with increase in surface temperature. Despite the
temperature increases, a large number of studies indicated
a declining trend in PET (Jiang et al. 201; Fu et al. 2013).
This is known as the ‘pan evaporation paradox’ (Brutsaert
& Parlange 1998; Hobbins ef al. 2004). From literature, it
can be inferred that the increase in relative humidity and
decrease in radiation might be the main sources for this
declining trend in PET over a few regions, whereas warming
might cause a significant increasing PET trend in future.

Goyal (2004) detected that over the arid zone of
Rajasthan in India, change in PET was highly sensitive to
surface temperature followed by radiation, wind speed and
vapor pressure during the last three decades of the 20th cen-
tury. Nandagiri & Kovoor (2006) evaluated the performance
of several approaches for reference evapotranspiration esti-
mation both at daily and monthly timescales over different
ranges of Indian climate. Their results were closer to the esti-
mation by the Food and Agriculture Organization-56
Penman-Monteith approach. They reported that tempera-
ture based approaches have performed better than others,
and the temperature-related variables appeared to be the
most crucial inputs for evapotranspiration estimation
across all Indian climates.

Bandyopadhyay et al. (2009) attributed the declining
trend in wind speed to tall construction works. Decrease
in reference evapotranspiration at annual and seasonal
scales is observed in the north-east region of India (Jhajharia
et al. 2012). A recent study by Jain (2012) on India’s water bal-
ance and evapotranspiration suggested that the estimated
evapotranspiration in India was much lower than antici-
pated with respect to changes in climate and land use,
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which may have major implications for India’s water
resources management.

The evaporative demand, a central process of the climate
system, is expected to be altered along with the change in cli-
mate. In order to efficiently manage water resources, the
amount of water used for irrigation needs to be properly orga-
nized. For this purpose, actual evapotranspiration (AET)
assessment is needed. Although a lysimeter can be used for
accurate measurement of evapotranspiration it is quite
costly, which limits its usage. PET scores higher than AET
in analyzing future changes as it can be obtained using a
meteorological dataset. Evapotranspiration may vary per-
ceptibly year to year with changing climate. Investigation
on spatial and temporal variations of historical PET is
useful in guiding present and future water management.

A few studies such as Khaliq ef al. (2009) and Sonali &
Nagesh Kumar (2013) have extensively reviewed various
approaches for trend detection, and summarized the
strengths and weaknesses of each of those approaches separ-
ately. Parametric, non-parametric, Bayesian and non-
parametric with resampling approaches are generally used
for performing trend analysis of time series data. Proper
interpretation of data and relevant test assumptions are
essential for conducting any statistical test. Parametric
trend detection approaches require both independent and
a particular (normal) distribution in the data, while non-
parametric approaches only require the data to be indepen-
dent. Hence non-parametric approaches have been widely
used in trend detection analysis during the last couple of
decades. But not all non-parametric approaches satisfy the
independence assumption, and the presence of serial corre-
lation enhances the type-I error. An improper assumption of
independent observations could result in erroneous con-
clusions. So the effect of serial correlation should be
considered in the case of hydrologic and climatic variables,
which generally are serially correlated. Analysis by Khaliq
et al. (2009) and Sonali & Nagesh Kumar (2013) strongly sup-
port the consideration of the effect of serial correlation in
usual trend detection practice which is missing in most of
the literature concerning India. But here a trend detection
method, which considers the effect of serial correlation, is
employed to deflect from spurious conclusions.

In spite of changing climate conditions, it is noticed that
only a few studies are focusing on spatio-temporal change

detection of PET over the whole of India compared to other
parts of the world. Usually the influence of meteorological
variables on PET change rate is region-specific. Moreover,
in recent decades there has been a considerable increase in
night time Ty,;, compared to day time Tp.x. A consistent
increasing trend was detected in T,,,;,, for most of the regions
over India during the last three decades (Sonali & Nagesh
Kumar 2013). Sonali & Nagesh Kumar (2016) found that
most of the changes in Ty, lie above the bounds of natural
internal climate variability. This significant trend in T,
during recent decades could be considered as a signature of
climate change over the whole of India (Sonali et al. 2016).
Tmax and Ty, are among the six most commonly used vari-
ables for climate change impact assessment studies (IPCC
2001). Hence all these studies were motivated to analyze
PET along with Ty,x and Tp,. The present study mainly
focused on long term spatio-temporal change detection.
Short length data may lead to spurious conclusions in trend
analysis. Based on the above discussion and availability of
data (of different meteorological variables), the PET response
to the changing climate from 1950 through 2005 (the second
half of the 20th century) using Tp,.x and Ty, is studied.
Correlation assessments of PET with T,,.x and Ty, are
demonstrated. A spatio-temporal change detection study is
performed separately for Tpax, Tmin and PET during each
of the seasons. This study could provide useful information
for improving the simulation of regional hydrometeorology.
It could also be helpful for the policy-maker in the layout,
development, utilization, management and protection of
water resources in a sustainable and reasonable way.

Study region and data used

The whole of India is taken as the subject for the present
study. Due to the non-availability of a historical dataset
from the India Meteorological Department (IMD) (Srivas-
tava et al. 2009), for the considered time period (i.e. 1950-
2005), gridded historical monthly time series of Tiax, Trmin
and PET from the latest version of the CRU3.21 dataset
(developed by the Climatic Research Unit, which is a com-
ponent of the university of East Anglia) has been used in
this study (http://badc.nerc.ac.uk/browse/badc/cru/data/
cru_ts/cru_ts_3.21, Harris et al. 2014). Data of these vari-
ables are available at 0.5x 0.5 ° resolution.
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The CRU3.21 data were interpolated to IMD grid points
(which are available at 1x1° resolution), and absolute
gridded average differences were obtained at annual, seaso-
nal and monthly scales for both T, and Ty;,. One of the
most common spatial interpolation techniques, inverse dis-
tance weighting, is used here (Raju et al. 2016; Sonali et al.
2016; Sonali & Nagesh Kumar 2016). This is a standard deter-
ministic interpolation approach in geographic information
science, with easy and fast computation. The division into
seasons considered here is based on conventional meteoro-
logical seasons defined by IMD (http://www.imdpune.gov.
in/weather_forecasting/glossary.pdf), i.e. January-February
(winter), March-May (pre monsoon), June-September
(monsoon), October-December (post monsoon). Using
these re-gridded datasets, the correlations and absolute
gridded average differences were computed between the
CRU3.21 and IMD datasets. This exercise was also repeated
for all the months and all the seasons for both T,ax and Tpin.
Consistently better correlation and lesser absolute gridded
average differences are ascertained at all the grid points
except a few (>30 ° North and >88 ° East), both at monthly
and the seasonal timescale (Sonali ef al. 2016). The same pat-
tern has been observed for all seasons and months. The
threshold of difference for excluding grids is more than 5
Kelvin (Sonali ef al. 2016). Due to the significant differences,
those grids were not considered further. In this analysis all
the grid points, excluding the grid points beyond 30°
North and 88 ° East, are considered. Most of the excluded
grid points are located in the Western Himalaya region
and partially in the north-east temperature homogenous
region of India. Hence, in this study, the observed Tpax
and T,,;, dataset obtained from the CRU3.21 is used as a
proxy to the IMD dataset.

None of the observed datasets are freely available for the
validation of the gridded CRU3.21 PET dataset over the
whole of India. But the CRU3.21 Ty.x and T, dataset
has ascertained better correlation with the IMD dataset
(as explained above). Both Ty and Ty, are among the
most important parameters used in PET estimation. Hence
the CRU3.21 PET dataset is used for the present analysis.
The CRU3.21 PET dataset has been derived from a variant
of the Penman-Monteith method (Allen et al. 1994).
Gridded monthly averaged daily maximum, minimum and
mean temperatures, vapor pressure and cloud cover datasets

have been used for the estimation of the CRU3.21 PET data-
set (Ekstrom et al. 2007).

METHODOLOGY

Initially the variations of PET climatology with respect to
different months are obtained. Then Spearman rank corre-
lation is used to assess the correlation of PET with Tp.x
and T, Finally grid wise trend detection study is con-
ducted to locate any significant changes in different
considered variables. Depending on the availability and
importance of the variable (as explained in the introduction
section), spatio-temporal change detection of PET along
with Tax and T, have been analyzed for whole of India.
PET is also sensitive to climatic variables such as solar radi-
ation, relative humidity and wind speed along with
temperature. Hence these different contributory sources to
PET changes can be identified and studied in detail at differ-
ent months and seasons in the future over the whole of India
upon availability of data.

The most preferred statistical approaches from literature
(in the presence of serial correlation) viz. Trend Free Pre-
Whitening Mann Kendall (referred to as TFPW-MK), Modi-
fied Mann Kendall by Hamed & Rao (1998) (referred to as
MMK-CF1) and Modified Mann Kendall by Yue & Wang
(2004) (referred to as MMK-CF2) are employed for the pre-
sent analysis. In both MMK-CF1 and MMK-CF2, the
variance of the MK test statistic is multiplied by a correction
factor, and hence they are known as variance correction
approaches. All the trend detection approaches are evalu-
ated at 5% significance level (o). Brief descriptions of the
employed approaches are provided below.

MK test

The non-parametric rank based MK approach has been
employed mostly to detect monotonic (linear/non-linear)
trends in hydro-climatological time series (Mann 1945; Ken-
dall 1975).

In this test, the null hypothesis of no trend is used to
check against the alternative hypothesis of significant
increasing/decreasing trend. The test statistic (S,.;z) is
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defined as

n i-1
Sme =Y > _sign (xi — %))

i=2 j=1

where 7 is the length of the data series, x; and x; are the
sequential data in the series and

-1 for(x; —x;) <0
0 for(xi—x;)=0
1 for(x; —x;) >0

sign(x; — x;j) = {

For sample size #>10, MK test statistics are assumed to
follow normal distribution. Mean and variance of S, are
defined by

E[Sur] =0

Variance(Syy,) = n(n—1)2n+5) = 35 4 k(e = V(26 +5)

18

where f, is the number of ties for the k™ value and g is the
number of tied values. In the above formula for variance of
Sk, the second part of the numerator takes care of tied cen-
sored data.

The standardized test statistic Z,,,, is defined as

Smr — 1

———  ifS,x> 0
Variance (Syk)

Lk = 0 if S =0

Sme + 1 if S, < 0

Variance (Sy)

The significance level (o) is taken as a criterion for rejec-
tion of the null hypothesis. The null hypothesis, rejected at «
level of significance in a two-sided test, implies that the stan-
dardized test statistic Z,, is greater than Z,,,,;_,/2) obtained
from the standard normal cumulative distribution tables.

Yue et al. (2002) found that pre-whitening alters the true
slope present in the time series, and suggested TFPW to take
care of the serial correlation effect in trend detection
approaches. Hamed & Rao (1998) reported that the presence
of serial correlation in a time series does not falsify either
the asymptotic normality or mean of the MK test statistic
Sk, but the variance changes. Hence correction factors

are proposed to correct the variance of S, using only
those samples which are uncorrelated.

Sen'’s slope test

Similar to the parametric linear regression approach, Qs,, from
the non-parametric Sen’s slope (SS) approach shows both
direction and magnitude of the trend in a time series (Sen
1968). The magnitude of the slope can be obtained as follows:

Qsen = Median [(Z’%l]g)] for allj < i

where Y; and Y; are data at time points 7 and j, respectively. If the
total number of data points in the series is 7, then there will be
M slope estimates. The test statistic Qs.,, is the median
of all the slope estimates. Positive and negative signs of the test

statistic represent increasing and decreasing trends, respectively.
TFPW-MK test

The TFPW-MK approach was suggested by Yue et al. (2002).
This approach works with the assumption of the AR(1) process.
In this approach, the slope (linear trend) of the time series using
SS is calculated initially. Then the linear slope from the time
series is de-trended. If the lag-1 correlation coefficient of the
de-trended time series is significant at a defined level, then
the MK test is applied to the de-trended pre-whitened series
recombined with the estimated slope (using the SS approach),
else the MK test is directly applied to the original series.

MMK-CF1 and MMK-CF2

The presence of positive (negative) serial correlation results
in an increase (decrease) in the variance of MK test statistic
S..x- Hence, the variance correction approaches MMK-CF1
and MMK-CF2 were proposed by Hamed & Rao (1998) and
Yue & Wang (2004), respectively. The modified variance of
the MK test statistic is given by

Var(S,r)*x = CE«Var(Syi)

where CF is the correction factor. CFs proposed by Hamed
& Rao (1998) and Yue & Wang (2004) are denoted as CF;
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and CF,, respectively, and explained below.

=
—

2
Chi=14 =g

x(n—k—2)rk

(n—kyn—k-1)
1

x>
Il

n—1 k
CF2=1+2 (177)7‘;{
k=1 n

where r, and rR are the lag-k serial correlation coefficients of
data and ranks of data, respectively, and 7 is the total length
of the series. In this study both the MMK approaches are
applied with the assumption of the AR(1) process.

RESULTS AND DISCUSSION

Results and discussion are explained in three parts.

Monthly climatology of PET

Climatology is the averaged weather condition over a
period of time. The magnitude and spatial distribution of
global PET is highly uncertain (Douville et al. 2013). For
the present analysis, the monthly climatology study of
PET is the first step. The climatology of PET with respect
to the considered period (1950-2005) has been obtained
for each month individually. Results are shown in Figure 1
for each of the 12 months, i.e. January to December sep-
arately. PET rates are expressed in millimetres per
month. It can be seen that in the months of March,
April, May and June, rates of PET are high compared to
other months, whereas in the months of November and
December these are lower. In north central, north-west
and some portions of the interior peninsular regions,
PET rates are very high compared to other parts of
India during the months of April, May and June. Uncer-
tainty in PET has been manifested during the second
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Figure 1 | PET (mm per month) variation in different months (January-December) during 1950-2005.
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half of the 20th century in India, which is evident from
the plots in Figure 1. Hence further evaluation of the
spatio-temporal variability of PET is essential for effective
water resources management.

Correlations: PET and Tmax and PET and Tin

In the second step, the study analyzes the correlation of PET
with T and T, to assess their linkages and to observe

(a) 70°E 75°E 80°E 85°E 90°E 95°E (b) T0°E 75°E 80°E 85°E 90°E 95°E
35°N S 350N 35°N = 350 N
1
30° N 30°N 30°N 0.8
250N 25° N 25°N || 0.6
\
20°N 20°N seon | 0.4
0.2
15° N 15°N 15°N
0
10°N 10°N w~ W g5
‘ ‘ ‘ ‘ 5N N | , A : ‘ soN
70°E 75°E 80°E 85°E 90°E 95°E 70°E 75°E 80°E 85°E 90°E 95°E
Figure 2 | Correlation between (a) PET and Tpnax and (b) PET and  Tpin.
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Figure 3 | Correlation between PET and Tmax during different seasons viz. winter (a), pre monsoon (b), monsoon (c) and post monsoon (d).
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the patterns in different seasons and regions over the whole
of India. Correlation is determined individually for Ty,.x and
Tmin With PET by considering all months together and also
for the considered four seasons. The non-parametric Spear-
man rank correlation is used to conduct the correlation
analysis. This is less sensitive to outliers (as it considers
rank instead of magnitude) compared to the Pearson corre-
lation. It measures the monotonic relationship (either linear
or non-linear). It takes care of duplicate values existing in
the time series.

The results of correlation analysis are shown in Figure 2,
considering the whole time series (all months’ data
together). Subplots ‘a’ and ‘b’ in Figure 2 are, respectively,
for Tax and Ty, for their correlations with PET at monthly
timescale. Although both T,.x and T, possess significant
correlation with PET, Tp,.x is better correlated compared
to Thin-

Similar analysis has been conducted individually for
each season. Results from seasonal correlation analysis for
Tmax and Ty, are shown in Figures 3 and 4, respectively.

In both these figures, sub plots ‘@’, ‘b’, ‘¢’ and ‘d’ are for
different seasons, viz. winter, pre monsoon, monsoon and
post monsoon, respectively. For all the seasons, PET has a
better correlation with T,,x compared to Tp,;,. The corre-
lation between PET and Tp,.x is very high during all the
seasons except for the monsoon season. The hydro-climato-
logical pattern during monsoon season is highly uncertain in
nature. It is tough to interpret, as it represents dynamic inter-
actions between atmosphere, ocean and continents.

Grid wise temporal variability of PET, Tmax and Tmin

Analysis of PET trends and its driving climatic factors can pro-
vide scientific insights for improving water management,
especially under predicted climate change. Assessment of
Tmax, Tmin @and PET spatio-temporal variabilities is useful in
terms of hydro-climatological perspective. Here in the third
step, trends in PET, T,,.x and Ty, are investigated through
TFPW-MK and MMK approaches. Using the Kolmogorov-
Smirnov test, it is observed that none of the time series
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Figure 4 | Correlation between PET and Ty, during different seasons viz. winter (a), pre monsoon (b), monsoon (c) and post monsoon (d).
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(over all the grid points) are following a normal distribution.
Hence there is no scope of parametric approaches for this
trend detection analysis. Trend detection analysis was con-
ducted individually for the three considered parameters, viz.
Tmax, Tmin and PET, for the same time period (1950-2005).
This exercise is repeated for four different seasons separately.
As mentioned earlier, 5% significance level is considered for
all trend detection approaches.

Analysis is repeated using each of the three considered
trend detection approaches. Good agreement is found
between all the implemented approaches. In all the correc-
tion approaches, i.e. MMK-CF1, MMK-CF2 and TFPW-MK,
proper care has been taken to locate both positive and nega-
tive correlations. As discussed, pre-whitening has a problem

in maintaining the important feature of a statistical test, the
nominal significance level. It also affects the magnitude of
true slope of a time series (Khaliq et al. 2009). Hence
TFPW-MK, an improved version of pre-whitening developed
for serial correlated data, is employed in this study.

Trend detection analysis results are shown in Figures 5-7,
respectively, for Tiax, Tmin and PET. Subplots ‘a’ to ‘d’ rep-
resent different seasons, viz. winter, pre monsoon, monsoon
and post monsoon, respectively. In Figures 5-7, the maroon
color indicates a significant upward (positive) trend, the
yellow color indicates no trend and the cyan color indicates
a significant downward (negative) trend (the full color ver-
sion of this figure is available in the online version of this
paper, at http://dx.doi.org/10.2166/wcc.2016.230).
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Figure 5 | Trend in Tmax during different seasons viz. winter (a), pre monsoon (b), monsoon (c) and post monsoon (d). The full color version of this figure is available in the online version of

this paper, at http://dx.doi.org/10.2166/wcc.2016.230.
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Figure 6 | Trend in Tmin during different seasons viz. winter (a), pre monsoon (b), monsoon (c) and post monsoon (d). The full color version of this figure is available in the online version of

this paper, at http://dx.doi.org/10.2166/wcc.2016.230.

There are more grid points with significant upward
trend for T,,;, compared to Tp,.x and PET in all the seasons
except post monsoon. In post monsoon, the number of grid
points with significant upward trend is greater compared to
the other seasons for both T,,., and PET.

The total number of grid points with significant upward
trend is fewer in winter for Ty,;, compared to other seasons.
Significant upward trends in Tpax, Tmin and PET are
observed over most of the grid points covering the interior
peninsular region of India during all four seasons, except
PET in the monsoon and pre monsoon seasons. Grid
points with significant downward trend are fewer for Ty,
than for PET in all four seasons. In pre monsoon and mon-
soon, the number of grid points with significant upward

trend is very high for Ty,;,. Temperature is one of the signifi-
cant factors in explaining changes in PET. In spite of the
high seasonal correlation between PET and Tp.. the
spatio-temporal variability patterns do not entirely match.
Tmax Vvaries greatly during post monsoon, but no pro-
portional change is observed in PET.

Significant upward trends in Ty, establish a signature of
climate change that has already been verified by the previous
studies by Kothawale & Rupa Kumar (2005) and Sonali &
Nagesh Kumar (2013). Even though there is a significant rise
in both Tp,.x and Ty, PET has declined over some of the
grids. This tendency may be because of a decrease in wind
speed, net radiation and to some extent due to the saturation
vapor pressure deficit, which has already been reported in
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Figure 7 | Trend in PET during different seasons viz. winter (a), pre monsoon (b), monsoon (c) and post monsoon (d). The full color version of this figure is available in the online version of

this paper, at http://dx.doi.org/10.2166/wcc.2016.230.

many former studies for different parts of the world along with
India (Chattopadhyay & Hulme 1997; Zhang et al. 2013). In
future, wind speed, net radiation and saturation vapor
pressure can also be considered for a detailed assessment of
change in PET over India. Currently, due to unavailability of
these datasets, spatio-temporal change in PET is studied
with respect to only Ty,ax and Tiyin.

CONCLUSIONS

Change in climate is likely to have a profound effect on differ-
ent components of the hydrological cycle. Evapotranspiration
is one among them. Evapotranspiration is likely to be affected

by global warming because of its dependence on surface
temperature. As explained, PET is the amount of evapotran-
spiration in an abundance of water supply. Changes in PET
over space and time provide a clearer picture about the move-
ment of the water cycle (Bates ef al. 2008). Evaluation of the
spatio-temporal variability of PET, Tyax and Ty, was the pri-
mary focus of this study. Long-term gridded datasets of PET
along with Ty, and Ty, from CRU were used to perform
the spatio-temporal change detection analysis over all India,
except most parts of the Western Himalaya and the north-
east region.

Monthly climatology patterns for PET were obtained.
The results confirmed a higher PET rate during the
months of March, April, May and June. A high correlation
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of PET with T,,.x was observed both at monthly as well as
seasonal scales. Hence, temperature is one of the significant
factors in explaining changes in PET. The change in PET,
Tmax and Ty, from 1950 to 2005 in India was analyzed
for all four seasons (winter, pre monsoon, monsoon and
post monsoon) using MMK and TFPW-MK approaches. A
significant trend was observed in T,;, when compared
with Tphax and PET. The present assessment, in line with pre-
vious studies, concluded that even though there is a
significant increase in both Ty.x and Ty (Tmin being
greater), grid points with significant upward trend are
fewer in number in the case of PET. Major changes in var-
ious components of the hydrological cycle are expected in
response to global warming (Huntington 2006). But the
effect of temperature is offset by other significant parameters
that influence PET. Significant positive trends in Tpax, Tiin
and PET were observed over most of the grid points in the
interior peninsular region. Overall, the trend in PET
showed substantial spatial and temporal heterogeneities
over all India during the second half of the 20th century.
This study provides a broad vision of water resources plan-
ning and management by analyzing the change in PET
along with temperature. These historical correlation assess-
ment results might hold good in the future, and can be
used further for future projections with respect to different
scenarios. Also, findings from this analysis could be utilized
further in hydro-climatological study, and can also provide
extra inputs for optimized estimation of crop water require-
ment at a broad scale during different seasons.

REFERENCES

Allen, R. G., Smith, M., Pereira, L. S. & Perrier, A. 1994 An update
for the calculation of reference evapotranspiration. ICID
Bulletin 43 (2), 35-92.

Bandyopadhyay, A., Bhadra, A., Raghuwanshi, N. S. & Singh, R.
2009 Temporal trends in estimates of reference
evapotranspiration over India. J. Hydrol. Eng. 14, 508-515.

Bates, B. C., Kundzewicz, Z. W., Wu, S. & Palutikof, J. P. 2008
Climate Change and Water. Technical Paper of the
Intergovernmental Panel on Climate Change, IPCC
Secretariat, Geneva, p. 210.

Brutsaert, W. & Parlange, M. B. 1998 Hydrologic cycle explains
the evaporation paradox. Nature 396, 29¢30.

Chattopadhyay, N. & Hulme, M. 1997 Evaporation and potential
evapotranspiration in India under conditions of recent and
future climate change. Agr. Forest. Meteorol. 87, 55-73.

Doorenbos, J. & Pruitt, W. O. 1977 Guidelines for Predicting
Crop Water Requirements. Irrigation and Drainage Paper
No 24, 2nd edn. Food and Agriculture Organization, Rome,
p. 156.

Douville, H., Ribes, A., Decharme, B., Alkama, R. & Sheftfield, J.
2013 Anthropogenic influence on multidecadal changes in
reconstructed global evapotranspiration. Nat. Clim. Change
3, 59-63.

Ekstrom, M., Jones, P. D., Fowler, H. J., Lenderink, G., Buishand,
T. A. & Conway, D. 2007 Regional climate model data used
within the SWURVE project-1: projected changes in
seasonal patterns and estimation of PET. Hydrol. Earth Syst.
Sci. 11, 1069-1083.

Espadafor, M., Lorite, L. J., Gavilan, P. & Berengena, J. 201 An
analysis of the tendency of reference evapotranspiration
estimates and other climate variables during the last 45 years
in Southern Spain. Agric. Water Manage. 98, 1045-1061.

Fu, A. H., Chen, Y. N., Li, W. H,, Li, B. F,, Yang, Y. H. & Zhang, S.
H. 2013 Spatial and temporal patterns of climate variations in
the Kaidu River Basin of Xinjiang, Northwest China.
Quatern. Int. 311, 117e122.

Goyal, R. K. 2004 Sensitivity of evapotranspiration to global
warming: a case study of arid zone of Rajasthan (India). Agric.
Water Manage. 69, 1-11.

Haijun, L., Yan, L., Tanny, J., Ruihao, Z. & Guanhua, H. 2014
Quantitative estimation of climate change effects on potential
evapotranspiration in Beijing during 1951-2010. J. Geogr. Sci.
24, 93-112.

Hamed, K. H. & Rao, A. R. 1998 A modified Mann-Kendall trend
test for autocorrelated data. J. Hydrol. 204, 219-246.

Harris, I, Jones, P. D., Osborn, T. J. & Lister, D. H. 2014 Updated
high-resolution grids of monthly climatic observations - the
CRU TS3.10 Dataset. Int. . Climatol. 34, 623-642.

Helfer, F., Lemckert, C. & Zhang, H. 2012 Impacts of climate
change on temperature and evaporation from a large
reservoir in Australia. J. Hydrol. 475, 365-378.

Hobbins, M. T., Ramirez, J. A. & Brown, T. C. 2004 Trends in pan
evaporation and actual evaporation across the conterminous
U.S.: paradoxical or complementary? Geophys. Res. Lett. 31,
L13503.

Huntington, T. G. 2006 Evidence for intensification of the
global water cycle: review and synthesis. J. Hydrol. 319,
83-95.

Huo, Z., Dai, X,, Feng, S., Kang, S. & Huang, G. 2013 Effect of
climate change on reference evapotranspiration and aridity
index in arid region of China. J. Hydrol. 492, 24-34.

IPCC 2001 The Scientific Basis: Third Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK.

IPCC 2007 The Physical Science Basis: Fourth Assessment Report
of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK.


http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000006
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000006
http://dx.doi.org/10.1038/23845
http://dx.doi.org/10.1038/23845
http://dx.doi.org/10.1016/S0168-1923(97)00006-3
http://dx.doi.org/10.1016/S0168-1923(97)00006-3
http://dx.doi.org/10.1016/S0168-1923(97)00006-3
http://dx.doi.org/10.1038/nclimate1632
http://dx.doi.org/10.1038/nclimate1632
http://dx.doi.org/10.5194/hess-11-1069-2007
http://dx.doi.org/10.5194/hess-11-1069-2007
http://dx.doi.org/10.5194/hess-11-1069-2007
http://dx.doi.org/10.1016/j.agwat.2011.01.015
http://dx.doi.org/10.1016/j.agwat.2011.01.015
http://dx.doi.org/10.1016/j.agwat.2011.01.015
http://dx.doi.org/10.1016/j.agwat.2011.01.015
http://dx.doi.org/10.1016/j.quaint.2013.08.041
http://dx.doi.org/10.1016/j.quaint.2013.08.041
http://dx.doi.org/10.1016/j.agwat.2004.03.014
http://dx.doi.org/10.1016/j.agwat.2004.03.014
http://dx.doi.org/10.1007/s11442-014-1075-5
http://dx.doi.org/10.1007/s11442-014-1075-5
http://dx.doi.org/10.1016/S0022-1694(97)00125-X
http://dx.doi.org/10.1016/S0022-1694(97)00125-X
http://dx.doi.org/10.1002/joc.3711
http://dx.doi.org/10.1002/joc.3711
http://dx.doi.org/10.1002/joc.3711
http://dx.doi.org/10.1016/j.jhydrol.2012.10.008
http://dx.doi.org/10.1016/j.jhydrol.2012.10.008
http://dx.doi.org/10.1016/j.jhydrol.2012.10.008
http://dx.doi.org/10.1029/2004GL019846
http://dx.doi.org/10.1029/2004GL019846
http://dx.doi.org/10.1029/2004GL019846
http://dx.doi.org/10.1016/j.jhydrol.2005.07.003
http://dx.doi.org/10.1016/j.jhydrol.2005.07.003
http://dx.doi.org/10.1016/j.jhydrol.2013.04.011
http://dx.doi.org/10.1016/j.jhydrol.2013.04.011
http://dx.doi.org/10.1016/j.jhydrol.2013.04.011

822 P. Sonali & D. Nagesh Kumar | Spatio-temporal variability of temperature and PET over India

Journal of Water and Climate Change | 07.4 | 2016

IPCC 2013 Working Group Contribution to the IPCC Fifth
Assessment Report. Climate Change, The Physical Science
Basis, Summary for Policymakers.

Jain, S. K. 2012 India’s water balance and evapotranspiration. Curr.
Sci. 102, 964-967.

Jhajharia, D., Dinpashoh, Y., Kahya, E., Singh, V. P. & Fakheri-Fard,
A. 2012 Trends in reference evapotranspiration in the humid
region of northeast India. Hydrol. Process. 26, 421-435.

Jiang, T., Fischer, T. & Lu, X. X. 2011 Larger Asian rivers: climate,
hydrology and ecosystems. Quatern. Int. 244, 127e129.

Kendall, M. G. 1975 Rank Correlation Methods. Charles Griffin,
London.

Khalig, M. N., Ouarda, T. B. M. J., Gachon, P., Sushama, L. & St.-
Hilaire, A. 2009 Identification of hydrologic trends in the
presence of serial and cross correlations. A review of selected
methods and their application to annual flow regimes of
Canadian rivers. J. Hydrol. 368, 117-130.

Kothawale, D. R. & Rupa Kumar, K. 2005 On the recent changes
in surface temperature trends over India. Geophys. Res. Lett.
32, L18714.

Kumari, P. B., Londhe, A. L., Daniel, S. & Jadhav, D. B. 2007
Observational evidence of solar dimming: offsetting surface
warming over India. Geophys. Res. Lett. 34, 1.21810.

Liang, L., Li, L. & Liu, Q. 2010 Temporal variation of reference
evapotranspiration during 1961-2005 in the Taoer river basin
of Northeast China. Agric. Meteorol. 150, 298-306.

Liu, M., Tian, H., Yang, Q., Yang, J., Song, X., Lohrenz, S. E. &
Cai, W. J. 2013 Long-term trends in evapotranspiration and
runoff over the drainage basins of the Gulf of Mexico during
1901-2008. Water Resour. Res. 49, 1988-2012. doi: 10.1002/
wrer.20180.

Liu, Y., Zhuang, Q., Pan, Z., Miralles, D., Tchebakova, N., Kicklighter,
D., Chen,]., Sirin, A., He, Y., Zhou, G. & Melillo, J. 2014 Response
of evapotranspiration and water availability to the changing
climate in Northern Eurasia. Clim. Change 126 (3), 413-427.

Mann, H. B. 1945 Nonparametric tests against trend. Econometrica
13, 245-259.

Nandagiri, L. & Kovoor, G. M. 2006 Performance evaluation of
reference evapotranspiration equations across a range of
Indian climates. J. Irrig. Drain. Eng. 132, 238-249.
doi:10.1061/(ASCE)0733-9437(2006)132:3(238).

Raju, K. S., Sonali, P. & Nagesh Kumar, D. 2016 Ranking of
CMIP5 based global climate models for India using
compromise programming. Theor. Appl. Climatol. doi:
10.1007/s00704-015-1721-6.

Ramirez, J. A., Hobbins, M. T. & Brown, T. C. 2005 Observational
evidence of the complementary relationship in regional
evaporation lends strong support for Bouchet’s hypothesis.
Geophys. Res. Lett. 32, L15401.

Roderick, M. L., Rotstayn, L. D., Farquhar, G. D. & Hobbins, M. T.
2007 On the attribution of changing pan evaporation. Geophys.
Res. Lett. 34, L17403.

Sen, P. K. 1968 Estimates of the regression coefficient based on
Kendall’s tau. J. Am. Stat. Assoc. 63, 1379-1389.

Sonali, P. & Nagesh Kumar, D. 2013 Review of trend detection
methods and their application to detect temperature changes
in India. J. Hydrol. 476, 212-227. doi:10.1016/j. jhydrol.2012.
10.034.

Sonali, P. & Nagesh Kumar, D. 2016 Detection and attribution of
seasonal temperature changes in India with climate models
in the CMIP5 Archive. J. Water Clim. Change 7 (2), 83-102.

Sonali, P., Nagesh Kumar, D. & Nanjundiah, R. S. 2016
Intercomparison of CMIP5 and CMIP3 simulations of the
20th century maximum and minimum temperatures over
India and detection of climatic trends. Theor. Appl. Climatol.
doi: 10.1007/s00704-015-1716-3.

Srivastava, A. K., Rajeevan, M. & Kshirsagar, S. R. 2009
Development of a high resolution daily gridded temperature
data set (1969-2005) for the Indian region. Atmos. Sci. Let.
10, 249-254.

Tabari, H., Marofi, S., Aeini, A., Talaee, P. H. & Mohammadi, K.
201 Trend analysis of reference evapotranspiration in the
western half of Iran. Agr. Forest. Meteorol. 151, 128-136.

Trenberth, K. E. 2011 Changes in precipitation with climate
change. Clim. Res. 47, 123-138.

Wild, M. 2009 Global dimming and brightening: a review.

J. Geophys. Res. 114, DO0D16.

Yue, S. & Wang, C. Y. 2004 The Mann-Kendall test modified by
effective sample size to detect trend in serially correlated
hydrological series. Water Res. Manage. 18, 201-218.

Yue, S., Pilon, P., Phinney, B. & Cavadias, G. 2002 The influence of
autocorrelation on the ability to detect trend in hydrological
series. Hydrol. Process. 16, 1807-1829.

Zhang, X., Chen, S., Sun, H., Shao, L. & Wang, Y. 2o Changes in
evapotranspiration over irrigated winter wheat and maize in
North China Plain over three decades. Agric. Water Manage.
98, 1097-1104.

Zhang, D., Liu, X. & Hong, H. 2013 Assessing the effect of climate
change on reference evapotranspiration in China. Stoch.
Environ. Res. Risk Assess. 27, 1871-1881.

First received 25 September 2015; accepted in revised form 1 April 2016. Available online 25 April 2016


http://dx.doi.org/10.1002/hyp.8140
http://dx.doi.org/10.1002/hyp.8140
http://dx.doi.org/10.1016/j.jhydrol.2009.01.035
http://dx.doi.org/10.1016/j.jhydrol.2009.01.035
http://dx.doi.org/10.1016/j.jhydrol.2009.01.035
http://dx.doi.org/10.1016/j.jhydrol.2009.01.035
http://dx.doi.org/10.1029/2005GL023528
http://dx.doi.org/10.1029/2005GL023528
http://dx.doi.org/10.1029/2007GL031133
http://dx.doi.org/10.1029/2007GL031133
http://dx.doi.org/10.1016/j.agrformet.2009.11.014
http://dx.doi.org/10.1016/j.agrformet.2009.11.014
http://dx.doi.org/10.1016/j.agrformet.2009.11.014
http://dx.doi.org/10.1002/wrcr.20180
http://dx.doi.org/10.1002/wrcr.20180
http://dx.doi.org/10.1002/wrcr.20180
http://dx.doi.org/10.1007/s10584-014-123
http://dx.doi.org/10.1007/s10584-014-123
http://dx.doi.org/10.1007/s10584-014-123
http://dx.doi.org/10.2307/1907187
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:3(238)
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:3(238)
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:3(238)
http://dx.doi.org/10.1007/s00704-015-1721-6
http://dx.doi.org/10.1007/s00704-015-1721-6
http://dx.doi.org/10.1007/s00704-015-1721-6
http://dx.doi.org/10.1029/2005GL023549
http://dx.doi.org/10.1029/2005GL023549
http://dx.doi.org/10.1029/2005GL023549
http://dx.doi.org/10.1029/2007GL031166
http://dx.doi.org/10.1080/01621459.1968.10480934
http://dx.doi.org/10.1080/01621459.1968.10480934
http://dx.doi.org/10.1016/j.jhydrol.2012.10.034
http://dx.doi.org/10.1016/j.jhydrol.2012.10.034
http://dx.doi.org/10.1016/j.jhydrol.2012.10.034
http://dx.doi.org/10.2166/wcc.2015.072
http://dx.doi.org/10.2166/wcc.2015.072
http://dx.doi.org/10.2166/wcc.2015.072
http://dx.doi.org/10.1007/s00704-015-1716-3
http://dx.doi.org/10.1007/s00704-015-1716-3
http://dx.doi.org/10.1007/s00704-015-1716-3
http://dx.doi.org/10.1016/j.agrformet.2010.09.009
http://dx.doi.org/10.1016/j.agrformet.2010.09.009
http://dx.doi.org/10.3354/cr00953
http://dx.doi.org/10.3354/cr00953
http://dx.doi.org/10.1023/B:WARM.0000043140.61082.60
http://dx.doi.org/10.1023/B:WARM.0000043140.61082.60
http://dx.doi.org/10.1023/B:WARM.0000043140.61082.60
http://dx.doi.org/10.1002/hyp.1095
http://dx.doi.org/10.1002/hyp.1095
http://dx.doi.org/10.1002/hyp.1095
http://dx.doi.org/10.1016/j.agwat.2011.02.003
http://dx.doi.org/10.1016/j.agwat.2011.02.003
http://dx.doi.org/10.1016/j.agwat.2011.02.003
http://dx.doi.org/10.1007/s00477-013-0723-0
http://dx.doi.org/10.1007/s00477-013-0723-0

