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ABSTRACT: This study provides the comprehensive analysis of changes in mean and extreme temperature indices of India
to assist the climate change mitigation and adaptation strategies and to add information for the global comparisons, using a
high-resolution daily gridded temperature data set (1° x 1°) during 1971-2005. In addition to the indices recommended by
the World Meteorological Organization/CLIVAR Expert Team on Climate Change Detection and Indices, few more indices
having social and agricultural implication are investigated at the seasonal and annual scales, utilizing widely adopted
statistical methodologies in climate research. The results show, in general, a robust signal of warming, broadly consistent
with what has been observed and predicted in other parts of the world in the context of global warming. The frequency
and intensity of warm extremes, especially representing the daily minimum temperature, have increased with simultaneous
decreases in cold extremes in large parts of the country, but the spatial distribution of the trend magnitude reflects the
complex natural climatic settings of India and its possible interaction with the anthropogenic forcing. Seasonal analysis
reveals a faster warming in day and night temperatures in winter affecting the major wheat crop. In summer, however, both
human and ecosystems appear to be more vulnerable to the increasing tendency of the heatwave occurrences, particularly
during night-time, since the 1990s. The relationship with the large-scale natural climatic modes indicates that the warming
indices tend to increase in the year following the El Nifio events as evident from the correlation with the NINO3.4
index, with a relatively higher association in the monsoon season. Moreover, the concurrent correspondence of the summer
heatwaves with the north Indian Ocean sea surface temperature suggests a degree of predictability of the heat stress episode.
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1. Introduction

The 20th century global warming with consequent occur-
rences in climate extremes is likely to increase in fre-
quency and intensity in future, as highlighted in the
successive Intergovernmental Panel on Climate Change
(IPCC) assessment reports (IPCC, 2007; Field etal.,
2012). Observations of some of the recent studies have
now become the subject of political and scientific atten-
tion, which point towards a climate-induced threat to
the world’s food, freshwater and biodiversity security
(Vorosmarty etal., 2010; Wheeler and von Braun, 2013).
Signature of global warming and its adverse impacts on
society and environment, through an accelerated hydro-
logical cycle, is more reflected in extreme indices than
in the mean states of climate (Easterling eral., 2000).
Therefore, numerous studies have been conducted at the
global, continental and subcontinental scales (Alexander
etal., 2006; Klein Tank etal., 2006; Brown etal., 2008;
Aguilar etal., 2009; Caesar etal., 2011; You etal., 2011,
Vincent etal., 2011; Donat etal., 2013a, 2013b; Santo
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etal., 2013). In particular, most of these studies have been
carried out with the special initiative of the World Meteo-
rological Organization (WMO) Joint Expert Team on Cli-
mate Change Detection and Indices (ETCCDI) through
the international collaborations for the development of
extreme indices and high-resolution data sets (Peterson
and Manton, 2008).

Consistent with the warming-induced changes in cli-
mate and ecosystems over large parts of the world,
the Indian subcontinent has been witnessing the adverse
impacts of global warming in recent decades. In partic-
ular, the monsoon rainfall, which is fundamentally gen-
erated from a thermal contrast between land and ocean,
has shown large variability in terms of frequency and
intensity of extreme events (Goswami et al., 2006; Krish-
namurthy efal., 2009; Jhajharia eral., 2012). This has
adversely affected the Indian agriculture, which is the
backbone of the country’s economy by ensuring liveli-
hood security to its over 1.2 billion populations (Krishna
Kumar etal., 2011; Auffhammer eral., 2012). More-
over, the ecosystems and the densely populated urban
establishments along the coastal track have been vul-
nerable to the warming-induced sea level rises from the
snow and glacier melting over the northern Himalayan
river basins, and that from coastal surges of the severe
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cyclonic storm and hurricane over the north Indian Ocean
(Hoyos etal., 2006; Unnikrishnan and Shankar, 2007;
Bolch etal., 2012). The projected future warming over
India suggests that the monsoon climate will intensify
with more droughts and heat stress, which could result
in food and water crisis, given the burgeoning population
(May, 2011; Wheeler and von Braun, 2013; World Bank,
2013).

Most of the previous studies in India have used the
seasonal and annual mean of daily maximum (7 pux),
minimum (7 pip), mean (7 pean) temperatures and diurnal
temperature range (DTR = T jyax — T'min) data sets, show-
ing an asymmetric nature of change in T, and 7T iy
at both the spatial and temporal scales. During the last
century, the observed warming in annual 7',e,, has been
due to the significant increases in T ax, as T min remained
non-significant or neutral, leading to an increasing pat-
tern in DTR (Rupa Kumar etal., 1994; Kothawale and
Rupa Kumar, 2005; Fowler and Archer, 2006). How-
ever, the reported warming in most parts of the world has
been due to the larger contribution from 7, in com-
parison with T,.«. In India, Teqan has experienced an
accelerated warming since the 1970s, characterized by
significant increases in both T, and Ty, (Kothawale
etal., 2010).

In recent years, the extreme states of day and night
temperatures in India have caused adverse impacts on
the major crops through changes in phenological develop-
ment and physiological processes. Rice and other cereals
showed a reduction in yield when T ;, increased beyond
a threshold limit (Welch etal., 2010), consistent with the
findings of Peng eral. (2004). Similarly, a significant
acceleration of wheat senescence, an important limitation
to grain filling, was observed when temperature exceeded
34°C in winter, with consequent yield losses in the
intensely grown wheat belt of India (Lobell ezal., 2012).
Notably, the Indian subcontinent is one of the global hot
spots of heat stress on agricultural crops (Teixeira etal.,
2013). Moreover, the heat and cold waves have increased
in recent years (De and Mukhopadhyay, 1998; Pai etal.,
2004). Nevertheless, there have been fewer studies to
evaluate the changes in extreme indices of daily tempera-
tures (Revadekar etal., 2009; Dash and Mamgain, 2011)
in spite of the fact that they provide key indication of dif-
ferent aspects of climate change with social and economic
relevance in India. It should also be mentioned that in
the recent global and continental scale studies, the Indian
subcontinent has been inadequately represented because
of the lack of well-calibrated data sets (Alexander etal.,
2006; Klein Tank etal., 2006; Brown etal., 2008; Cae-
sar etal., 2011; Perkins etal., 2012). A recent special
report by IPCC also highlighted that data gaps in many
parts of the globe, including India, leads to limitations
in understanding the changes in climate extremes (Field
etal., 2012).

The primary focus of this study is to identify and
quantify the changes in mean and extreme temperature
indices during the period 1971-2005 by using the
robust statistical tools. To this end, a high-resolution
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daily gridded temperature data set at 1° x 1° resolution
(Srivastava et al., 2009) is used to calculate the ETCCDI-
defined indices that are relevant to the Indian climatology.
As the mean and extreme temperature indices exhibit
strong warming trends since the early 1970s at the global
and national scales (IPCC, 2007; Morek etal., 2013), this
study period here is less likely to be influenced by the
trends of the preceding cooling phase of the last century.
In contrast to the regional patterns identified by Dash
and Mamgain (2011), this study assesses the grid scale
trends and also maps their magnitudes to understand the
spatial variability at high resolution in different seasons.
In addition, we investigate the changes in the degree-day
(DD) and in the degree-night (DN) indices representing
the frequency and magnitude of day- and night-time
heatwaves (Gershunov etal., 2009), as there has been a
growing heat-wave-induced human causalities in recent
decades (De etal., 2005). To further understand the heat-
induced yield losses in India (Lobell et al., 2012), changes
in the heat stress intensity (HSI) index during the winter
season is also explored (Teixeira etal., 2013). Finally,
the influence of the large-scale climatic modes, such as
the El Nino-Southern Oscillation (ENSO) and the north
Indian sea surface temperature (SST), is examined, since
they modulate the temperature extremes globally and also
that of the Indian subcontinent (Revadekar eral., 2009;
Arblaster and Alexander, 2012; Trenberth and Fasullo,
2012). Analysis of the high-resolution data set is expected
to improve the adaptation and mitigation strategies, given
the fact that the Indian subcontinent is one of the largest
emitter of the greenhouse gases.

2. Data and methods

2.1.

This study is based on the high-resolution daily grid-
ded temperature data set at 1° x 1° resolution, which
is developed by the Indian Meteorological Department
(IMD) using temperature data of 395 quality-controlled
stations (Srivastava etal., 2009). The station data were
interpolated into grids using the modified version of the
Shepard’s (1968) angular distance weighting algorithm,
an interpolation technique that was previously used by
New etal. (2000), Kiktev etal. (2003) and Caesar etal.
(2006) for developing gridded temperature data set. The
root mean square error (RMSE) was estimated for cross-
validation and found to be less than 0.5°C for most
parts of the country, with little exception over the north-
ern top. This data set was subjected to a comprehen-
sive set of quality assurance procedures, particularly to
check the possibility of artificial trends from stations of
different record length and stations, and found highly
correlated with other global gridded data sets (Srivas-
tava etal., 2009). Moreover, Dash and Mamgain (2011)
observed that this data set is homogeneous in space and
time, which has been used for the validation of cli-
mate model simulation and trend analysis (Pingale etal.,
2014).

Gridded data set and extreme indices
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This study uses the daily maximum (TX) and mini-
mum (TN) temperatures recorded over 329 grid points
representing the whole country during 1971-2005. Con-
sidering the agricultural and societal implication of the
mean and extreme temperature indices, analysis is car-
ried out for both the seasonal and annual scales. Based
on the Indian nomenclature, the summer season (March to
May, MAM), internationally known as the boreal spring,
is the warmest period characterized by the occurrence
of heatwaves, while temperatures of the monsoon season
(June to September, JJAS), internationally known as the
summer, influence the predominant agriculture produc-
tion of the country. The coldest period is boreal winter
(December to February, DJF), during which wheat, fruits
and vegetables are grown.

We mostly focus on the extreme temperature indices
recommended by the WMO/CLIVAR ETCCDI (avail-
able from http://cccma.seos.uvic.ca/ETCCDI). In order to
compare the changing climate of different regions of the
world and also to validate the climate model simulations,
these indices have been developed in the course of time
that represents diverse aspects of extreme temperature in
terms of intensity, frequency and duration (Peterson and
Manton, 2008; Zhang et al., 2011). Definitions of all these
indices are given in Table 1. While some of the ETCCDI
indices, such as the number of frost days (FD) and grow-
ing season length (GSL), are not relevant for the Indian
climate both in spatial and in seasonal context, others
like summer days over 25 °C (SU25) and tropical nights
(TR20) do not match the threshold for some seasons.
Therefore, we use additional locally defined thresholds,
such as the summer days over 30/40°C (SU30/SU40).
According to Alexander eral. (2006), these indices can
be grouped into different categories, such as the abso-
lute extreme indices, percentile-based indices, threshold
indices and duration indices. Although the absolute and
threshold-based indices are useful for impact assessment
and regional planning, the percentile-based indices have
relative advantage for climate change detection studies
and for comparison over a diverse climate (Klein Tank
and Konnen, 2003).

Although the spell-based temperature indices [i.e. cold
spell duration index (CSDI) and warm spell duration
index (WSDI)] provide important information and also
validate the occurrence of other extremes, they are
less effective to capture the heatwave frequency and
intensity, for the very reason that the six consecutive
days over the 90th percentile is less observed (Perkins
and Alexander, 2013). We, therefore, use the DD and
DN heatwave indices for the summer season which
capture the hottest 1% temperature for a duration of
at least one, two or three consecutive days or nights
(Gershunov eral., 2009). Because, a heatwave spell
of two consecutive days can significantly increase the
human mortality risk (Shakoor etal., 2005). In general,
the DD indices are important indicators of climate change
(You etal., 2013a). Moreover, it is reported that wheat
production in India, the third largest producer of the
world, has experienced serious challenges due to extreme
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temperatures in recent years (Lobell etal., 2012). Thus,
the HSI index defined by Teixeira eral. (2013) has
been used to assess the vulnerability of the winter
wheat.

2.2. Statistical methodology

We use two well-established statistical procedures to test
whether the temperature time series are non-stationary
(i.e. presence of trends) and to evaluate the magnitude of
non-stationarity. First, the nonparametric Mann—Kendall
test is used for the detection of monotone trends, which
has been applied frequently in analysing environmental
and climate data sets (Hipel and McLeod, 2005; Chandler
and Scott, 2011). The advantage of this test is that it does
not make any assumption about the distribution of the
data, and also is capable of handling the outlying obser-
vations, generally observed in the extreme indices, under
the assumption that data are independently distributed in
time. Second, it is also important to assess the rate of
changes over the study period, which has been carried out
by using the nonparametric Kendall’s slope estimator for
trend quantification (Sen, 1968). A number of recent stud-
ies that have assessed the changes in climatic variables
using these procedures include Alexander and Arblaster
(2009), Aguilar etal. (2009), Caesar etal. (2011), You
etal. (2011) and Dinpashoh eral. (2013). Analysis has
been carried out for both the seasonal and annual scales.
Significance of the trends is assessed at the 0.05 and 0.1
levels (p <0.05 and p <0.1), but the significant trends
at the 0.05 level (p <0.05) are mapped and interpreted
(unless mentioned otherwise). Furthermore, the inverse
distance weighted method (Daly, 2006) is used to inter-
polate the trend magnitudes.

Among the large-scale atmospheric patterns that drive
internal variability in the climatic system, the ENSO and
the north Indian SST influence the inter-annual variabil-
ity of the seasonal temperature in India (Chowdary etal.,
2013). To investigate their relationships with extreme
temperature indices, the Spearman’s rank correlation is
used. From the NOAA Extended Reconstructed Sea Sur-
face Temperature Version 3 (ERSST.v3b) data set (Smith
etal., 2008), the NINO3.4 index that represents the ENSO
is derived by averaging the SST anomalies over the Nifio
3.4 region (5°N-5°S, 120°W-170°W), while the north
Indian SST is derived by averaging the SST anomalies
over 10-25°N and 50— 100°E encompassing the Arabian
Sea and Bay of Bengal. Before computing the correla-
tion coefficients, the indices are de-trended. Using the
probability density functions (PDFs), a comparison has
also been made to understand the changes in the mean
and extreme temperature indices between the El Nifio (i.e.
1972, 1977, 1982, 1987, 1991, 1992, 1997 and 2002) and
La Nifa (i.e. 1970, 1971, 1973, 1975, 1988 and 1999)
years (Halpert and Ropelewski, 1992; Kothawale etal.,
2008). Moreover, the recent changes in the distribution of
extreme indices are discussed by comparing the PDFs for
the pre-1990 (1971-1989) and post-1990 (1990-2005)
periods.

Int. J. Climatol. 34: 3585-3603 (2014)
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Table 1. Definition of the ETCCDI and other relevant temperature indices used in this study.

Index (unit) Description

Definition

T max (°C) Mean daytime temperature
T min (°C) Mean night-time temperature
T mean CC) Mean average temperature
TXx (°C) Warmest day

TNx (°C) Warmest night

TXn (°C) Coldest day

TNn (°C) Coldest night

TX90p (%) Warm day frequency
TN90p (%) Warm night frequency
TX10p (%) Cold day frequency
TN10p (%) Cold night frequency
DTR (°C) Diurnal temperature range

Su25, SU30, SU40
TR20 (days)
WSDI (days)

Summer days
Tropical nights
Warm spell duration indicator

CSDI (days) Cold spell duration indicator

DDgF (1) (days) Degree-day heatwave frequency

DNgoF (n) (days) Degree-night heatwave frequency

DDg9gM/DNggM (°C)  Degree-day/night heatwave magnitude

HSI Heat stress intensity index

Seasonal or annual mean of daily maximum temperature (TX)
Seasonal or annual mean of daily minimum temperature (TN)
Seasonal or annual mean of daily average of TX and TN
Seasonal or annual highest of TX

Seasonal or annual highest of TN

Seasonal or annual lowest of TX

Seasonal or annual lowest of TN

Percentage of days when TX >90th percentile of the
1971-1990 baseline period

Percentage of days when TN >90th percentile of the
1971-1990 baseline period

Percentage of days when TX <10th percentile of the
1971-1990 baseline period

Percentage of days when TN < 10th percentile of the
1971-1990 baseline period

Seasonal or annual mean difference between TX and TN
Seasonal or annual count of days when TX >25, 30 and 35°C
Seasonal or annual count of days when TN >20°C

Seasonal or annual count of days with at least six consecutive
days when TX >90th percentile

Seasonal or annual count of days with at least six consecutive
days when TN <10th percentile

Summer season count of days with at least n =1, 2 or 3
consecutive days when TX >99th percentile

Summer season count of days with at least n =1, 2 or 3
consecutive days when TN >99th percentile

Summer season sum of the exceedance temperature when
TX/TN >99th percentile

The daily values of HSI is O if T pax < Terit [T eric 1S the
threshold temperature above which yield damage resumes
during the thermal-sensitive period (TSP) of wheat], and
(Tmax - Tcrit)/(Tlim - Tcril) if T crit < T'max < Tim and 1 if

T max > Thim- The average over the TSP is calculated to
represent the seasonal HSI, with T =27 °C and Ty, =40°C
for wheat crop

TX is the daily maximum temperature; TN is the daily minimum temperature.

3. Results and discussion

3.1.

Figure 1 displays the spatial distribution of daily maxi-
mum (daytime TX) and minimum (night-time TN) tem-
peratures averaged over the period 1971-2005, while
Figure 2 shows the inter-annual variability of the nation-
ally averaged time series at the seasonal and annual
scales, reflecting the diverse climatology of the Indian
subcontinent. Despite the occurrence of the warm and
cold years in terms of a large inter-annual variability,
the nationally averaged night-time temperatures (7 )
shows a significant (p <0.05) increasing trend of about
0.15°C decade™! in winter and summer, compared with
a non-significant increase in the corresponding daytime
temperature (7 ) at a rate of 0.07 and 0.11 °C decade™!,
respectively (Figure 2). At the annual scale, Ty, also
display a significant warming trend of 0.11 °C decade ™',
while T reflects the pattern of the summer season.
As the monsoon season 7T . and T in show no obvious
tendency (Figure 2), it can be inferred that the annual
pattern of T, is due to winter T ,. Furthermore, the

Changes in mean temperature
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average of daytime and night-time temperature (7 pean) in
winter and summer depicts more the pattern of 7, than
that of T ax. Overall, these results are consistent with the
reported warming at the global and regional scales con-
sidering different time frames since the 1950s (Easterling
etal., 1997; Vose etal., 2005; IPCC, 2007).

Figure 3 shows the grid-scale spatial pattern of trends
in Thax, Tmin and Tpean during 1971-2005 for the
summer (S), monsoon (M) and winter (W) seasons
and annual (A) scales. Although the frequency of the
increasing trends in mean daytime (7 p,x) and night-time
temperatures (7 pnin), which outnumber the corresponding
decreasing trends in high proportion, is similar in summer
and monsoon, the warming patterns in 7, are stronger
with more significant (p <0.05) trends compared with
those in T (Table 2 and Figure 3). In winter, the
frequency and magnitude of warming trends in 7y,
T min and Tpean show clear increases over those of the
other two seasons. Moreover, it is interesting to note
the contrasting spatial orientation of the daytime and
night-time significant warming trends in winter; while
T max has decreased in the northern Indo-Gangetic region,

Int. J. Climatol. 34: 3585-3603 (2014)
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Figure 1. Spatial distribution of the daily maximum (7 yax) and mini-
mum (7 yin) temperatures averaged over the period 1971-2005.

T min has decreased in the eastcentral and central parts of
India (Figure 3). It should also be noted that the spatial
distribution of trends in the mean temperature (7 pean) 1S
consistent with that in 7' .y and T ;, in winter and annual
scales only, whereas the summer and monsoon season
warming in 7, is less captured in 7 yeqn. In addition, the
annual trends in 7 'max, Tmin and T mean are contributed by
the winter trends as evident from the similarity in spatial
distributions, while the other two seasons are noticeably
less manifested. Moreover, the monsoon season increases
in Thax and T, (Figure 3) have not been captured in
the nationally averaged time series, possibly because of
the large spatial and temporal variability (Figure 2).

Although the Indian subcontinent is considered cli-
matologically tropical, the complex spatial and seasonal
differences observed in the mean day- and night-time
temperatures, consistent with the findings of the basin
scale studies (Bhutiyani etal., 2007; Singh etal., 2008;
Jhajharia et al., 2013), underscore the need of understand-
ing the swings in their extreme indices.

© 2014 Royal Meteorological Society
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3.2. Changes in extreme temperature indices

3.2.1. Changes in warm extremes

The temperatures of warmest days (TXx) and nights
(TNx) show a general warming trend in terms of fre-
quency and occurrence over many parts of the country,
with relatively stronger trends observed in TNx in sum-
mer and winter (Table 2 and Figure 4). It is, however,
interesting to see the contrasting spatial delineation of
the significant trends in different seasons. In summer
and winter, the maximum daytime temperatures (TXx)
are increasing significantly in the southern, central and
westcentral parts of India, while the maximum night-time
temperatures (TNx) are increasing significantly in north
and northeast India; in the monsoon season, however, sig-
nificant warming in TNx is observed over the south and
westcentral India. The nationally averaged TXx and TNx
indicate that the summer and winter TXx have increased
non-significantly at a rate of about 0.12°C decade™" in
comparison with a significant (p <0.1) decadal increase
of 0.22°C in winter TNx. Consistent with the absolute
extreme indices TXx and TNXx, the percentile-based fre-
quency of warm days (TX90) and warm nights (TN90)
also show a predominance of increasing trends, partic-
ularly the significant increases of TN90 in most parts
of the country in monsoon, winter and annual scales. In
winter, notably, both TX90 and TN90 are increasing at
a faster rate with the spatial congregation of significant
trends over a large domain, leading to a country-wide
significant increase of about 1.5% of days in a year per
decade.

The threshold-based warming indices, such as the
summer days over 25, 30 and 40 °C (SU25, SU30, SU40),
do not provide any clear signal of change as that of
the absolute- and percentile-based indices (Table 2). For
SU25, most of the days of summer and monsoon season
exceed the threshold temperature of 25°C, while the
winter and annual trends indicate a tendency towards
warmer climate. In summer, however, SU30, which is
the indicator of hot days in north India, show non-
significant increases over large parts of the country.
SU40, a relevant indicator of the summer hot days in
south and central India, also exhibits the occurrence of
more increasing trends. The non-significance of trends in
SU30 and SU40 for both the grid-scale and nationally
averaged time series (Figure 5(a)) is possibly due to the
large inter-annual variability. However, the occurrence
of such events in terms of positive anomaly might
have led to mortality risk, as reported in the mega-
cities of the world (Shakoor etal., 2005). The frequency
of trends in tropical night (TR20) suggests that, in
summer and annual time series, there are indications of
warming patterns, with considerable similarity to that of
the TNx and TN9Op trends (Figure 4). In monsoon and
winter, however, most of the time series appear to fall
short of the threshold value, although the frequency of
trends indicates an increased occurrence of the warming
patterns, with no conspicuous pattern in the national
average.

Int. J. Climatol. 34: 3585-3603 (2014)
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Figure 2. The nationally averaged seasonal and annual mean of daily maximum (7 y,,x) and daily minimum (7 i, ) temperature during 1971-2005.
The inscribed solid and dotted lines indicate the 5-year moving average for 7' max and T min, respectively.

WSDI in winter indicates the occurrence of a large
number of increasing trends across the country (not
shown), except some patches along the northeast coast
(Table 2). But, significant trends are very less, which
are observed along the westcoast tract, similar to the
spatial orientation of the annual WSDI (Table 2 and
Figure 4(d)). In summer and monsoon, it shows a
mixture of increasing and decreasing trends with few
significant trends, possibly due to the large inter-annaul
variability as observed in the nationally averaged WSDI
(not shown). Although the country-wide WSDI displays
the non-significant increases, it is worthwhile to mention
the increase in the warm spell duration at a rate of
10.5 days decade ™! in winter.

However, clear signals of increases in heatwaves of
the summer season are evident from the trends in DD
(DN) heatwave frequency DD99F (DN99F) (Table 2
and Figure 4(a)), which is not captured in the daytime
warm spells (i.e. WSDI). In particular, the summer nights
have experienced widespread increases in heatwaves fre-
quency and magnitude, as evident from the DN heatwave
frequency/magnitude of one day (i.e. DN99F/DN99IM),
spatially consistent with the other night-time warming
indices (i.e. TNx, TN90p and TR20). The frequency of
increasing trends in DD/DN heatwave frequency for two
and three consecutive days, DD99F (2,3)/DN99F (2,3),
is similar to that of one-day frequency (i.e. DD99F and
DN99F), but with fewer significant trends (Table 2).

© 2014 Royal Meteorological Society

Although all the nationally averaged heatwave indices
display a general rising pattern, the DN99F, DNO9F (2)
and DN99F (3) indices have increased significantly, sug-
gesting that the night-time warming is more conspicuous
than the daytime warming (Figure 5). However, it should
be noted that the unusual years of an extended heatwave
spell in Figure 5 (i.e. 1973, 1988 and 1998) have claimed
about 1000 human population with a highest death tool
of 1550 in 1998 (De etal., 2005). The 1998 heatwave
has also caused deaths in different parts of the world fol-
lowing the big 1997—-1998 El Nifo event (Fiissel, 2009;
Perkins etal., 2012).

The observed frequencies in high temperatures of
extended periods (i.e. WSDI) and the heatwave frequency
indices would not necessarily coincide with other warm
extremes discussed previously. However, a direct corre-
spondence would confirm in part the cause of the warm
extremes, as Perkins and Alexander (2013) observed that
the increases in Australian warm indices are associated
with an increasing frequency and intensity of some mea-
sures of heatwaves. In India, we also find that the summer
TXx, TNx, TX90, TN90 and WSDI have strong associ-
ations with all the DD and DN heatwave indices, with
significant (p <0.01) correlation coefficients (R) ranging
between 0.71 and 0.92. However, SU40 has a compara-
tively weaker association with the heatwave indices with
an average correlation coefficient of 0.6 (p <0.01) over
the rest of the warm extremes including the WSDI. This

Int. J. Climatol. 34: 3585-3603 (2014)
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Figure 3. The spatial pattern of trends (°C decade™") in mean maximum (7 yay), minimum (7' ;) and average (T mean) temperatures in summer
(S, MAM), monsoon (M, JJAS), winter (W, DJF) and annual (A) time scales during 1971-2005. Significant (p <0.05) positive/negative trends
are shown as up/down triangles.

suggests that a considerable proportion of the trend and
variability in summer warm extremes is explained by the
heatwave indices, consistent with the findings of Perkins
and Alexander (2013).

3.2.2. Changes in cold extremes

The trend results indicate that the cold extremes have
exhibited the tendencies that are generally consistent with
what one would expect based on the observed changes in
warm extremes (Table 2 and Figure 4). The coldest day

© 2014 Royal Meteorological Society

temperature (TXn) has increased substantially in sum-
mer and monsoon, with the significant monsoon warming
trends over the northeastern, northcentral and extreme
southwest parts of India (Figure 4(a) and (b)). It is, how-
ever, interesting to find the congregation of significant
decreasing trends in the Indo-Gangetic north India and
also in the parts of central India in the winter and annual
scale (Figure 4(c) and (d)). These decreases could be due
to the winter season surface cooling effects of the absorb-
ing aerosols over the Indo-Gangetic Basin (Krishnan and
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Table 2. Frequency of increasing (significant at p <0.05 and p <0.1 levels) and decreasing trends (significant at p <0.05 and
p <0.1 levels) in mean and extreme temperature indices observed from 329 grid boxes during 1971-2005.

Index Summer (MAM) Monsoon (JJAS) Winter (DJF) Annual
Positive Negative Positive Negative Positive Negative Positive Negative

T max 221 (11, 22) 104 (1,5) 257 (35, 51) 67 (0, 0) 249 (106, 127) 76 (18, 28) 232 (101, 125) 92 (15, 17)
T min 259 (106, 130) 70 (0,2) 272 (83, 119) 57 (1, 3) 264 (148, 163) 62 (4,7) 254 (146, 166) 73 (20, 26)
T mean 256 (14, 38) 68 (0, 0) 277 (39, 68) 45 (0, 0) 295 (132, 153) 32 (0, 0) 274 (131, 185) 54 (13, 18)
TXx 229 (44, 75) 98 (3,9) 178 (2, 14) 148 (29, 43) 219 (47, 81) 106 (7, 12) 212 (58, 87) 115 (5, 11)
TNx 219 (65, 90) 108 (1,2) 192 (32, 46) 132 (17, 33) 275 (64, 88) 523, 4) 198 (44, 63) 127 (3, 8)
TXn 246 (3, 17) 77 (0, 0) 224 (41, 70) 96 (0, 0) 127 (3, 9) 198 (36, 51) 121 (9, 17) 202 (35, 49)
TNn 295 (103, 142) 30 (0, 0) 278 (42, 71) 51 (0, 0) 254 (109, 140) 74 (5, 10) 257 (110, 141) 71 (5, 10)
TX90p 210 (27, 47) 110 (17,24) 172 (11, 30) 152 (0, 16) 263 (717, 96) 60 (0, 2) 176 (25, 54) 150 (12, 13)
TN9Op 240 (40, 78) 86 (0, 0) 225 (72, 99) 100 (6, 15) 261 (104, 135) 65 (1, 1) 217 (111, 124) 111 (5, 13)
TX10p 49 (0, 0) 278 (2, 12) 53 (0, 0) 273 (51, 86) 160 (46, 63) 166 (54, 65) 71 (3,5) 257 (91, 133)
TN10p 59 (0, 1) 269 (98, 119) 63 (21, 22) 265 (100, 130) 84 (13, 21) 245 (115, 147) 62 (9, 12) 263 (121, 141)
DTR 133 (15, 25) 192 (85, 106) 175 (30, 55) 148 (28, 37) 155 (34, 51) 167 (97, 105) 185 (64, 92) 143 (76, 89)
SU25 163 (0, 2) 48 (0, 0) 111 (9, 11) 68 (0, 1) 195 (16, 34) 100 (7, 10) 237 (24, 52) 86 (5, 8)
SU30 244 (0, 9) 79 (0, 0) N/A N/A N/A N/A N/A N/A
SU40 147 (4, 7) 89 (5,7 N/A N/A N/A N/A N/A N/A
TR20 217 (28, 49) 104 (3,5) 169 (23, 28) 82 (6, 11) 84 (11, 15) 53(0,0) 208 (46, 75) 120 (14, 21)
WSDI 192 (4, 17) 136 (4, 7) 181 (6, 13) 142 (0, 3) 266 (29, 60) 59 (0, 0) 189 (24, 31) 132 (2, 6)
CSDI 77 (0, 0) 246 (13, 40) 82 (6, 10) 243 (25, 44) 60 (0, 0) 264 (4, 13) 147 (6, 18) 176 (15, 31)
DDgoF 186 (11, 22) 136 (1, 3) N/A N/A N/A N/A N/A N/A
DNgoF 222 (50, 74) 104 (1, 2) N/A N/A N/A N/A N/A N/A
DDgyM 187 (13, 29) 141 (1, 4) N/A N/A N/A N/A N/A N/A
DNgoM 233 (12, 32) 93 (0, 0) N/A N/A N/A N/A N/A N/A
DDgoF (3) 168 (0, 1) 158 (0, 0) N/A N/A N/A N/A N/A N/A
DNyoF (3) 234 (1, 12) 63 (0, 0) N/A N/A N/A N/A N/A N/A
HSI N/A N/A N/A N/A 230 (102, 125) 75 (0, 0) N/A N/A

Ramanathan, 2002; Dey and Tripathi, 2008). Nationwide,
TXn shows a non-significant warming trend of 0.3 and
0.1°Cdecade™! in summer and monsoon, respectively,
compared with a non-significant cooling trend of about
0.1°Cdecade™! in winter and annual TXn. This coincides
with the aerosol-induced cooling trend of 0.3 °C during
the last three decades since the 1970s (Krishnan and
Ramanathan, 2002). The cold day frequency (TX10p),
consistent with the patterns in TXn, has decreased with
considerable spatial similarity albeit opposite trends.
However, the decrease in the monsoon and annual TX10p
has been widespread (Figure 4(b) and (d)), thus leading
to a nationwide significant decreasing trend of about 1%
of days in a year per decade. Notable is the significant
increases in winter TX10p over the Indo-Gangetic north
Indian belt, coinciding with the decreases in TXn.

The increases in the coldest night temperature (TNn)
have been more pronounced than those in the TXn
index in all the seasons, with relatively more significant
warming trends in summer and winter scattered over
large parts of the country except the eastern and southern
parts, driving a similar pattern also in the annual TNn
(Table 2 and Figure 4). This has led to a significant
nationwide trend of 0.4, 0.2 and 0.2°Cdecade™! in
the summer, winter and annual scales, respectively.
Consistently, we find the large scale decreases in the cold
night frequency (TN10p), whereas the north and northeast
India have experienced significant declining trends at
both the seasonal and annual scales. But, the nationally
averaged summer and winter TN10p exhibit a significant

© 2014 Royal Meteorological Society

downward trend of 1.1% of days in a year per decade. It is
worthwhile to mention that the decrease in the frequency
of cold nights (TN10p) is faster than the increase in the
frequency of warm nights (TN90p) (Table 2), leading to
a narrowing of the temperature distribution, as recently
observed by Donat etal. (2013b) for the Arabian region.
In general, this asymmetric change has decreased the
variance of the temperature distribution in the northern
hemisphere extra-tropics in contrast to an increase in low
latitude during the past 60 years (Donat and Alexander,
2012).

CSDI indicates the prevalence of decreasing trends in
large parts of the country irrespective of seasons (Table 2
and Figure 4), confirming a general increase in the daily
minimum temperature, although the observed tendency
in TNn and TN10p do not necessarily lead to a corre-
sponding decrease in CSDI. Moreover, the spatial dis-
tribution of CSDI trends correspond well with that of
TN10p through the same trend sign, and with that of
the TNn, WSDI and the summer DN heat spell indices
[DNgoF, DNgoF (2,3)] through the opposite trend sign
(Figure 4). While the trends in WSDI could not fully
capture the patterns in daytime warming indices, rela-
tively large decreasing trends in CSDI corroborates the
clear signals of a faster night-time warming, and thus
validates the simulated climate model prediction of an
intense night-time temperature (Rupa Kumar et al., 2000).
Indeed, the globally averaged extreme indices of min-
imum temperature are also warming at a faster rate
than the corresponding maximum temperature extremes
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Figure 4. The spatial pattern of trends (per decade) in extreme temperature indices in (a) summer, (b) monsoon, (c) winter and (d) annual time
scales during 1971-2005. Significant (p <0.05) positive/negative trends are shown as up/down triangles. For CSDI and DN99F, the positive
and negative trends are denoted by plus (4) and minus (—) signs, respectively.

(Donat et al., 2013a). It is reported that changes in the sur-
face characteristics and the boundary layer atmospheric
constituents may be responsible for the relatively rapid
increase in T i, (Christy etal., 2008).

Indeed, Perkins and Alexander (2013) noted that the
ETCCDI indices regarding hot temperature extremes
were deemed inappropriate when concerning the mea-
surement of heatwaves; in particular, the six consecutive
days above the 90th percentile which define WSDI and
CSDI are rarely identified, while a spell of half of this

© 2014 Royal Meteorological Society

length can have impacts on many different sectors. Con-
sistently, we observe that the spell-based indices (i.e.
CSDI and WSDI) and also the threshold-based indices
(i.e. SU25, SU30 and SU40) do not reflect the growing
heat and cold waves which led to the adverse impacts
on the human society and agriculture sector in India (Pai
etal. 2004; De et al., 2005; Met Office, 2011). In contrast,
the DD and DN heatwave indices, using the 99th per-
centile and three consecutive days criteria, provide some
evidence about the recurring heatwaves in summer, with
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Figure 4. Continued

relatively stronger trends during night-time, consistent
with the observed increases in minimum temperature and
their extreme indices (Table 2 and Figure 5). Similarly,
defining a heatwave as three consecutive days above
the 99th percentile, Bumbaco etal. (2013) observed an
accelerating frequency of night-time heatwaves in Pacific
Northwest since the 1990s, in contrast to the general
familiarity with daytime heatwaves. Moreover, You etal.
(2013b) reported an increase in heatwave duration index
in China.

© 2014 Royal Meteorological Society

In India, the heatwaves in 1991, 1994, 2000, 2002
and 2003 at the regional scales have also led to a large
number of human mortality (De ezal., 2005, Met Office,
2011), although these events are not captured in the
nationally averaged time series, but a noticeable increase
can be seen since the 1990s (Figure 5). In general, most
of the warmest year along with heatwave episodes has
occurred since the 1990s (Fiissel, 2009; Met Office,
2011). Figure 6 shows the corresponding changes in the
PDF observed in the summer mean and extreme temper-
ature indices during the pre-1990 (i.e. 1971-1989) and
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post-1990 (i.e. 1990-2005) periods, implying an increase
in warming tendency during the recent post-1990 phase.
However, a close visual inspection indicates that the
increases in warm night frequency (TN90p) along with
the decreases in cold night frequency (TN10p) have been
faster during the post-1990s in comparison with their cor-
responding daytime indices (Figure 6(b) and (c)). Indeed,
the PDF has shifted towards warming trends in most
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parts of the globe in recent decades, particularly in the
frequency of cool and warm nights (Donat and Alexan-
der, 2012). It should also be noted that a little change in
mean temperature (7' max and 7in) has high impacts on
the extreme indices, as observed in the changes in the
peaks and tails of distribution (Figure 6). The post-1990
changes in PDF of winter temperature indicate even a
faster warming (not shown) over other seasons, possibly
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driving the significant trends for the whole study period
as discussed above for different indices.

A relatively cooler night-time temperature acts like a
buffer for the human and ecosystems to withstand the
daytime heatwaves. The observed significant increases in
night-time heatwaves (Figure 5) and their high degree
of correspondence with the daytime heatwave indices
(R > 0.8) appears to have caused the recent human mor-
tality and vulnerability (De etal., 2005, Met Office,
2011), as a high night-time temperature can further exac-
erbates heatwave conditions (Trigo etal., 2005; Nicholls

© 2014 Royal Meteorological Society

etal., 2008). A faster rate of warming in night-time
temperature (7' min) since the 1990s was also reported by
Padma Kumari eral. (2007) and Kothawale and Rupa
Kumar (2005), which resulted in six of the ten warmest
years on record in India.

3.2.3. Changes in DTR and HIS (wheat)

In contrast to the reported decreasing trends in the
mean DTR over most of the areas of the world driven
by a larger increase in minimum temperature (7 p,)
(Easterling etal., 1997), we find occurrence of both the
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increasing and decreasing trends without showing any
clear signal of change (Table 2), but similar to the
DTR scenario over south Asia (Easterling etal., 1997,
Jhajharia and Singh, 2011; Revadekar eral., 2013). It is,
however, interesting to observe the spatial consistency
of DTR with that of the changes in the mean maximum
(T max) and minimum temperature (7' ,,) (Figures 3 and
4). Except for the monsoon season, relatively more
significant decreasing trends are found over the north and
northeastern parts of India (Figure 4), where T, has
decreased significantly (Figure 3). Similarly, the south
and western India have experienced more increases in
DTR, mainly due to the increases in T p.x. Overall,
the nationally averaged DTR shows a non-significant
increasing trend of about 0.08 °C decade™! in summer,
winter and annual scales, consistent with the global DTR
trend (Alexander etal., 2006).

The HSI index for the winter wheat crop in India
indicates pronounced increasing trends across the coun-
try except the north and northeastern parts (Table 2 and
Figure 4(c)); significantly rising trends are also observed
in high proportion. These trends appear to have con-
tributed the heat-induced yield losses of the winter wheat
in India (Lobell eral., 2012). Moreover, the spatial pat-
tern of HSI in this study is in agreement with the find-
ings of Teixeira etal. (2013) who predicted that a large
domain of suitable cropping area of India is under the
heat stress risk. Moreover, the observed warming in the
mean and extreme indices of minimum temperatures in
this study confirms the reduction in the yield of rice due
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to conspicuous increases in night-time temperature over
India and other parts of south Asia (Peng eral., 2004;
Welch etal., 2010).

4. The effect of ENSO and SST on the temperature
extremes

A comparison of changes in the PDF between the El Nifio
and La Nifla years in the mean and extreme temperature
indices indicates that the summer mean minimum and
maximum temperature (7, and Th.x) have decreased
in conjunction with the decreases in the warm day and
warm night frequency (TX90p and TNO9Op), and the
warmest day and night temperature (TXx and TNx)
during the El Nifio years in comparison with that during
the La Nifia years (Figure 7(a)), while the cold day and
cold night frequency (TX10p and TN10p) do not show
clear changes. In contrast, the monsoon season warm
extremes (TX90p, TN9Op, TXx, TNx) have increased
during the El Nifio years along with a clear increase in
T max and a decrease in TX10p (Figure 7(b)), suggesting
a cooler monsoon during the La Nifia phase. In winter,
although the mean minimum and maximum temperature
(Tmin and Tpay) displays a marginal increase during
the El Nifio years, the warm extremes, such as the
TX90p, TN90p, TXx and TNx indices, have decreased
marginally (Figure 7(c)). In general, the impact of El
Niflo on the air temperature in India is weak in winter,
although it peaks during this season (Chowdary etal.,
2013). The seasonal influence of ENSO observed here is

Int. J. Climatol. 34: 3585-3603 (2014)



3598

(a)o.zu .

0.15

Density

0.05

0.00

(©)

0.05

Density

]

PRE_TNSOP

PRE TX90P ———~ POST_TXGP — - —-
— — POST_TN3OP

D. K. PANDA et al.

(b)

Density

40

PRE_TX10P ———— POST_TX10P —-—- PRE_TNIOP
— — POST TNI1OP
(d)
020
015
=
2
g
Q 010
,‘ j
N
005 U b
i
A
000 ‘—""NT T
10 20 50
[ PRE_TXX ———— POST_TX{ — -—- PRE_TNX — — POST_TNX]
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frequency (TX90p and TN9Op) and (d) warmest day and night temperature (TXx and TNXx).

consistent with the findings of Revadekar eral. (2009),
although they observed that an El Nifio event leads to an
increase in extreme highest temperature during the post-
monsoon season (OND). Nicholls etal. (2005) reported
that the daytime and night-time warm extremes increase
substantially in the year after the onset of an El Nifio
event, as evident from the unusually high heatwave spell
and human mortality in 1973, 1988 and 1998 (Figure 5),
following the EI Nifio event of the previous year.
Moreover, the correlation coefficients (R) of the
NINO3.4 index (representing the ENSO) of the previous
year with the nationally averaged extreme temperature
indices of the current year in different seasons indi-
cates that, in summer, the daytime heatwave and warm
spell indices (DD99F, DD99F2, DD99F3, WSDI) have
significant (p <0.01) correlation of about 0.43, while
other warm indices (TXx, TX90p, T40) have relatively
weak correlation of about 0.39 (p <0.05). This sug-
gests a tendency towards the warm extremes in years
following an El Nifio event. In monsoon, however, a
comparatively high degree of correspondence (R 0.62,
p <0.01) is observed with both daytime and night-
time warming extremes, such as the TXx, TX90p, TNx

© 2014 Royal Meteorological Society

and TN9Op indices. For both the summer and mon-
soon seasons, although the cold day (TX10p), cold
night (TN10p) frequency and cold spell duration (CSDI)
exhibit anti-correlations with the NINO3.4 index, sug-
gesting decreases following the El Nifio events, they
are weak and statistically not significant. In winter, the
night-time warming, particularly the TNx, TN90p and
TR20 indices, tends to increase following the El Nifio
events as evident from the correlations (R 0.38, p <0.05),
along with a decreasing tendency in DTR (R = —0.38,
p <0.05). Using the percentile-based extreme tempera-
ture indices only, Nicholls etal. (2005) and Revadekar
etal. (2009) also observed similar correspondence with
the monthly NINO3.4 index for the east Asia—west
Pacific region and the Indian subcontinent.

Chowdary etal. (2013) noted that the temperature in
India is remotely influenced by the ENSO and locally
through the Indian Ocean SST. In particular, the high
north Indian Ocean SST, which peaks 3—7 months after
the peak in SST over the Nifio 3.4 region, results in
extreme temperatures and heatwaves primarily due to
latent heat release (Trenberth and Fasullo, 2012). In
summer, we also find a higher degree of correspondence
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Figure 7. The changes in the probability density function (PDF) for the mean temperatures (7 in and 7' max), cold day and night frequency (TX10p
and TN10p), warm day and night frequency (TX90p and TN90p) and warmest day and night temperature (TXx and TNx) between the El Nifio
and La Nifa years in (a) summer (MAM), (b) monsoon (JJAS) and (c) winter seasons during the study period.
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Figure 7. Continued

between the north Indian Ocean SST and the DD and
DN heatwave indices in concurrent years, with significant
(p <0.01) correlation coefficients ranging from 0.41 to
0.56. Moreover, other warming indices (i.e. TXx, TX90p,
TNx, TN90p and WSDI) also tend to increase with
the increases in the north Indian Ocean SST, having
relatively weak correlation coefficients ranging from 0.31
to 0.39. Noteworthy, however, is the concurrence of
strong heatwaves in 1973, 1988 and 1998 in India and the
anomalously high north Indian Ocean SST (time series
not shown). Our results suggest that it is feasible to
predict the heatwaves in the summer season from the
previous year NINO3.4 index and the current year north
Indian Ocean SST, to which both the human society and
ecosystems are highly vulnerable.

5. Conclusions

We present the spatiotemporal changes in the mean
and extreme temperatures of India using a broad range
of indices during 1971-2005. The results provide evi-
dence for an increase in extreme temperatures in terms
of decreases in cold extremes and increases in warm
extremes in most parts of the Indian subcontinent, gener-
ally consistent with the findings of previous studies at
the global scale (Alexander etal., 2006; Brown etal.,
2008; Field etal., 2012; Donat etal., 2013a) and also
with those of the reported trends for the Asian continent
(Klein Tank etal., 2006; Caesar etal., 2011). In partic-
ular, the winter season is warming at a faster rate in
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comparison with other seasons, while trends in minimum
temperature extremes have been more rapid than trends
in maximum temperature extremes, similar to the recent
findings of You eral. (2013b) for the adjacent country
China. Although attribution of these trends is beyond
the scope of this research, literature shows the effect of
an amplified radiative forcing of greenhouse gas due to
relatively less amount of water vapour in the air in win-
ter over other seasons (Aguilar etal., 2009). Similarly,
a relatively weak warming in monsoon could be due to
the modulation of air temperature from green revolution-
induced irrigation and agriculture activity (Roy etal.,
2007). Moreover, as expected under the climate change
scenario in large parts of the world (IPCC, 2007; Perkins
etal., 2012), the observed increases in DD and DN
heatwave indices provide evidence about the Indian
subcontinent.

Although most of the warm extreme indices are
significantly correlated with the ENSO variability, the
frequency and spatial extent of the observed warming
suggest that the larger part of trends and variability are
due to the anthropogenic forcing mechanisms. Both the
global and regional climate model simulations have also
predicted similar changes in temperature under elevated
greenhouse gas and aerosol emission (Rupa Kumar etal.,
2006; Kharin etal., 2007), although the observed spa-
tial and seasonal pattern of trends in this study may not
be simulated, as indicated by Alexander and Arblaster
(2009) for the Australian climate. Since economic liber-
alization of the 1990s, the Indian subcontinent achieved
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a dramatic economic growth characterized by a rapid
urbanization, carbon-intensive industrialization and other
land-use changes, while the country also experienced
more climate extremes with more vulnerable popula-
tion (Philander, 2012). Consistently, we also find an
increased rate of warming and heatwave occurrence since
the 1990s. In order to safeguard the increased agricul-
tural vulnerability and the emerging food insecurity under
the warming scenarios (Lobell eral., 2012; Wheeler and
von Braun, 2013), the spatial delineation of trends in
this study can be used for mitigation and adaptation
strategies. Future research should focus on the response
of the hydrological cycle to the changing patterns of tem-
perature extremes at the sub-regional scales, as water is
going to be the critical input for the sustenance of a pop-
ulous country like India.
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