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Key Messages

e Annual mean, maximum and minimum temperatures
averaged over India during 1986-2015 show significant
warming trend of 0.15 °C, 0.15 °C and 0.13 °C per
decade, respectively (high confidence), which is consis-
tent with dendroclimatic studies.

e Pre-monsoon temperatures displayed the highest warming
trend followed by post-monsoon and monsoon seasons.

e The frequency of warm extremes over India has increased
during 1951-2015, with accelerated warming trends
during the recent 30 year period 1986-2015 (high confi-
dence). Significant warming is observed for the warmest
day, warmest night and coldest night since 1986.

e The CORDEX mean surface air temperature change over
India for the mid-term (long-term) period 2040-2069
(2070-2099) relative to 1976-2005 is projected to be in
the range of 1.39-2.70 °C (1.33-4.44 °C) across green-
house gas warming scenarios. The ranges of these Indian
mean temperature trends are broadly consistent with the
CMIP5 based estimates.

e The frequency and intensity of warm days and warm
nights are projected to increase over India in the next
decades, while that of cold days and cold nights will
decrease (high confidence). These changes will be more
pronounced for cold nights and warm nights.

e The pre-monsoon season heatwave frequency, duration,
intensity and areal coverage over India are projected to
substantially increase during the twenty-first century
(high confidence).

2.1 Introduction

Temperature is an essential climate quantity that directly
affects human and natural systems. The global mean surface
temperature is a key indicator of climate change because it
increases quasi-linearly with cumulative greenhouse gas
emissions as documented in multiple assessment reports of
the Intergovernmental Panel on Climate Change (IPCC)
including the most recent Fifth Assessment Report (ARS;
IPCC 2013). This chapter assesses observed and projected
changes in the mean and extreme temperature over India.
The surface air temperature, typically measured at 2 m
above the ground, varies from one region to another within
India. This temperature also fluctuates naturally in interan-
nual and decadal time scales in the background of
human-induced changes in the climate. One of the important
contributors of the observed changes in temperature not
caused by human activities is the natural internal climate

J. Sanjay et al.

variability, which refers to the chaotic short-term fluctua-
tions around the mean climate over a region or at a location.
This includes phenomena such as the variability in the El
Nino—Southern Oscillation (ENSO). The presence of internal
variability places fundamental limits on the accuracy with
which future temperature can be projected. The internal
variability becomes larger when averaging results over
smaller areas, which may lead to larger uncertainty in pro-
jections at the Indian country scale, relative to that at a
global scale (Collins et al. 2013).

The temperature projections are obtained by driving cli-
mate models with different future forcing scenarios. These
projections include the response of the climate system to
external forcing (e.g. changing greenhouse gas concentra-
tions), internal variability and uncertainties associated with
differences between models. The multi-model ensemble
mean averages out the internal variability and model dif-
ferences to a large extent and provides an estimate of the
response of the climate system to forcing.

2.2 Observed Temperature Changes Over
India

A significant observed warming trend in all India averaged
annual mean surface air temperature for the long-term period
1901-2010 was assessed using the estimates derived from
the India Meteorological Department (IMD) gridded
monthly station data (Srivastava et al. 2017). This assess-
ment also documented several past studies which reported
the variability and trends in temperature over India. In this
section, the observed temperature changes over India for the
more recent three decades between 1986 and 2015 are
assessed using the estimates derived from the IMD gridded
daily station data.

2.2.1 Mean Temperature

The mean temperature over India has warmed from the
mid-twentieth century (Fig. 2.1), with an increased rate of
warming of 0.15 °C, 0.15 °C and 0.13 °C per decade for the
annual mean, maximum and minimum temperatures,
respectively, between 1986 and 2015 (Table 2.1).

The warming is not uniform across the seasons, with
considerably more warming in the pre-monsoon season
(March-May; MAM) than in other seasons. The rate of
warming of 0.26 °C, 0.29 °C and 0.20 °C per decade for the
pre-monsoon season mean, maximum and minimum tem-
peratures, respectively, between 1986 and 2015 are rela-
tively higher than that for the respective annual values (see
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Fig. 2.1 Time-series of all India averaged (top panel) annual and
(bottom panels) seasonal a mean, b maximum, and ¢ minimum surface
air temperatures between 1951 and 2015. Estimates are derived from
the IMD daily gridded station data. Recent changes are computed based

on linear trends (dashed red line) over the 30-year period 1986-2015.
The rate of warming during this period in °C per decade is shown
below the trend lines. The 90% confidence intervals for these trend
estimates are assessed in Table 2.1

Table 2.1 Observed changes in India land mean annual and seasonal surface air temperature between 1986 and 2015

Season Temperature trends 1986-2015 (°C per decade)

Mean Maximum Minimum
Annual 0.15"+ 0.09 0.15"+ 0.10 0.13"+ 0.10
Winter (Dec—Feb) 0.05 £ 0.16 0.03 £ 0.20 0.07 £ 0.18
Pre-monsoon (Mar—May) 0.26"+ 0.17 0.29"+ 0.20 0.20°+ 0.16
Monsoon (Jun—Sep) 0.11 £ 0.12 0.10 £ 0.17 0.11°+ 0.08
Post-monsoon (Oct—Nov) 0.17 &£ 0.17 0.14 + 0.22 0.19 + 0.20

Estimates are derived from the IMD gridded station data. Changes are represented by linear trend” estimates (°C per decade) and 90% confidence
intervals. Bold values with star sign (*) indicate that trend is significant (i.e. a trend of zero lies outside the 90% confidence interval)
A linear trend model that allows for first-order autocorrelation in the residuals is adopted following IPCC AR5 (Hartmann et al. 2013)

Fig. 2.1 and Table 2.1). These changes in temperatures are
statistically significant at the 90% confidence level. This
behaviour of temperature changes is broadly consistent with

the long-term variations and trends among the various global
and regional gridded temperature estimates derived with
different approaches (see Fig. 2.2 and Table 2.2).
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Fig. 2.2 Indian annual average
land surface air temperature
anomalies relative to 1981-2010
climatology in the observed
datasets (see details in Table 2.2)
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Table 2.2 Observed annual
warming in India averaged
surface air temperature in various
global and regional datasets
during 1986-2015

Temperature dataset

India Meteorological Department
(IMD; Srivastava et al. 2017)

Climate Research Unit (CRU; Harris

et al. 2014)

University of Delaware (UDEL;
Peterson et al. 1998)

Berkeley Earth (BEST; Rhode et
2013)

Global Meteorological Forcing Dataset

(GMFD; Sheffield et al. 2006)

Indian Institute of Tropical

Meteorology (IITM; Kothawale et al.

2010a, b)

Asian Precipitation—Highly Resolved
Observational Data Integration Towards

l l . l -1.0
1980 1990 2000 2010

Year

l l
1960 1970

Indian annual mean
temperature trends (°C
per decade) 1986-2015

Data resolution

1951-2015; daily; 395 stations 0.15
over India; 1.0° x 1.0° gridded
1901-2016; monthly; global; 0.20
0.5° x 0.5° gridded
1901-2014; monthly; global; 0.13
0.5° x 0.5° gridded

al. 1750-2017; monthly; global; 0.13
1.0° x 1.0° gridded
1948-2016; daily; global; 0.19
blended reanalysis with
observations; 0.25° x 0.25°
gridded

1986-2007

1901-2007; monthly; 121 0.26
stations over India; 0.5° x 0.5°
gridded
1961-2007; daily; over Asia; 0.21

0.25° x 0.25° gridded

Evaluation (APHRODITE; Yasutomi

et al. 2011)

These long-term changes in surface air temperature over
India during the twentieth century also broadly agree with
earlier assessments (e.g. Rupa Kumar et al. 1994; Sen Roy and
Balling 2005; Kothawale and Rupa Kumar 2005; Srivastava
etal. 2009; Kothawale et al. 2010a; Jain and Kumar 2012; Rai
et al. 2012; Vinnarasi et al. 2017; Kothawale et al. 2016;
Kulkarni et al. 2017; Srivastava et al. 2017, 2019). Indian
annual mean land surface air temperatures have warmed by
0.6 °C century ' between 1901 and 2018 (Srivastava et al.

2019). All India mean annual tropospheric temperature mea-
sured by radiosonde stations also showed an increasing trend
from the surface to 500 hPa during the period 1971-2015
(Kothawale and Singh 2017). A similar warming trend is
revealed by dendroclimatic studies over the eastern Himalaya
including Sikkim and Bhutan in recent decades (Krusic et al.
2015; Yadava et al. 2015; Borgaonkar et al. 2018). Further
details on the long-term changes of temperature over India
based on paleoclimatic proxies are provided in Box 2.1.
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Box 2.1 Trends Based on Tree-Ring Proxies
Palaeoclimatic records of temperature over monsoon
Asia are limited and mainly based on the tree-ring
proxies from the Himalayan region. Tree-ring based
reconstructions of summer climate (temperature and
rainfall) of Indian Himalaya, Nepal, Tibet, Karakoram
region of Himalaya did not show significant increasing
or decreasing trend during the past three to four cen-
turies (Esper et al. 2002; Hughes 2001; Borgaonkar
et al. 1994, 1996; Pant et al. 1998; Yadav et al. 1999;
Cook et al. 2003; Thapa et al. 2015; Wu and Shao
1995). These reconstructions also indicated that the
Little Ice Age (LIA) phenomenon was not prominent
over this part of the Himalaya. However, few warm and
cold epochs were observed over the region. A millen-
nium-long mean summer temperature reconstruction
from the monsoon-shadow zone in the western Hima-
laya (Yadav et al. 2011) indicated warming (Eleventh—
fifteenth century) and cooling episodes (Fiftieth—nine-
teenth century) followed by a warming trend in the
twentieth century. Higher growth in recent few decades
detected in the high altitude tree-ring chronology has
been noticed coinciding with the warming trend and
rapid retreat of the Himalayan glaciers (Borgaonkar
et al. 2009, 2011).

Dendroclimatic studies over the eastern Himalaya
including Sikkim and Bhutan have indicated a warming
trend in recent decades (Yadavaet al. 2015; Borgaonkar
et al. 2018; Krusic et al 2015). The reconstructed mean
late-summer (July—August—September) temperature
showed warming since the 1930s, with 1996-2005
being the warmest in context of the past ~ 150 years
(Yadava et al. 2015). Figure 2.3 shows the recon-
structed late-summer temperature of Sikkim with a
slight cooling trend since 1705 C.E. and noticeable
increasing trend from 1850 C.E.

25

On a longer time scale, the first evidence of cooling
during the Younger Dryas was provided by mineral
magnetic susceptibility data and elemental concentra-
tions that reveal a high around 13 £ 2 to 11 &+ 1 ka
(Juyal et al. 2009). The biochemical data of the
Mansar Lake sediments, Lesser Himalaya indicated a
hot and wet climate regime during the early Holocene
and a dry and cold one during the late Holocene period
(Das et al. 2010).

The observed warming is also unevenly distributed across
India (Fig. 2.4). The largest increase in the annual mean
temperature of more than 0.2 °C per decade are observed in
some areas of north India between 1986 and 2015. The
warming is much weaker in the southern peninsula, with mean
temperature increase in some parts of the west coast lesser
than 0.1 °C per decade. The winter warming is limited to
peninsular India. The pre-monsoon season shows predomi-
nant warming of more than 0.5 °C per decade over north
India. The summer monsoon season warming is confined to
the eastern parts of the Indo-Gangetic plains and adjoining
central India. The post-monsoon season warming pattern is
similar to the pre-monsoon season, but with smaller magni-
tude and more uniformly distributed across the country than
for other seasons. These estimates of warming across India
based on simple linear trends are found to be, in general,
similar to the earlier assessments of the temperature trends
derived using non-stationary approach (Vinnarasi et al. 2017).

The all India averaged annual mean temperature increases
due to greenhouse gas forcing outweighs the observed
decrease in solar radiation (solar dimming; Padma Kumari
et al. 2007). The radiative forcing is more effective in
altering the strength of hydrological cycle than thermal
forcing due to changes in the greenhouse gases (Padma
Kumari and Goswami 2010; Soni et al. 2012; Padma Kumari
et al. 2013).
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Fig. 2.3 Reconstructed late-summer (July—September) temperature of
Sikkim from 1705-2008 C.E. (Brown line). The blue line indicates
low-frequency variations at the decadal scale. Green- and red-dotted

lines indicate a trend for full reconstructed period and for the period
1850-2008 C.E., respectively (Borgaonkar et al. 2018)
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Fig. 2.4 Spatial distribution of observed annual and seasonal trends
(°C per decade) for (top panel) mean, (middle panel) maximum and
(bottom panel) minimum temperatures in (left to right panels) annual
(ANN), winter (December—February, DJF), pre-monsoon (March—-May,

The amount of water vapour in the atmosphere is
expected to increase at a rate governed by the Clausius—
Clapeyron (~7% °C™") under conditions of warming
(Willett et al. 2007; Boucher et al. 2013). The all India
averaged annual and seasonal mean specific humidity and
relative humidity are found to be increasing significantly for
both gridded observations (HadISDH, Willet et al. 2014) and
reanalysis (ERA-Interim, Dee et al. 2011) datasets during the
period 1979-2015 (Fig. 2.5 and Table 2.3).

The estimated magnitude of the annual specific humidity
trend is similar for both datasets and is found to be com-
parable with the earlier assessment using IMD station data
(Mukhopadhyay et al. 2017). The significant increasing
trend in specific humidity assessed during the pre-monsoon
season is consistent with the largest surface warming trend
found for this season (see Table 2.1). Past studies had also
reported a rise in the moisture content of the atmosphere

0 041

0.2 0.3 0.4 0.5 °C/decade

MAM), monsoon (June-September, JJAS) and post-monsoon
(October—November, ON) seasons during the period 1986-2015. The
grid boxes are hatched where the trends are insignificant (i.e. a trend of
zero lies inside the 95% confidence interval)

associated with warming over the Indian region (Krishnan
et al. 2016; Mukhopadhyay et al. 2017). This increased
water vapour under conditions of regional warming may
lead to significant positive feedback on human-induced cli-
mate change, as water vapour is the most important con-
tributor to the natural greenhouse effect (Willett et al. 2007;
Boucher et al. 2013).

2.2.2 Causes of Observed Changes

The surface air temperature changes over India between
1956 and 2005 are attributed to anthropogenic forcing
mostly by greenhouse gases and partially offset by other
anthropogenic forcings including aerosols and land use land
cover change (Dileepkumar et al. 2018). The observed
changes in maximum temperature during the post-monsoon
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Fig. 2.5 Time-series of all India 15 70
averaged annual (left panels) (a) HadISDH Specific Humidity (b) HadISDH Relative Humidity
specific humidity and (right 68 1
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Tal?le 2.3 Observed changes in Season Specific humidity trends 1979- Relative humidity trends 1979—
India land mean annual and 2015 (g kg™ per decade) 2015 (% per decade)
seasonal surface specific humidity — —
and relative humidity between HadISDH ERA-interim HadISDH ERA-interim
1979 and 2015 Annual 0.27°+ 0.13 0.27"+ 0.07 0.69"+ 0.48 0.65"+ 0.40
Winter (Dec—Feb) 0.20"+ 0.10 0.20"+ 0.10 0.86"+ 0.54 0.75"+ 0.60
Pre-monsoon (Mar-May) 0.37°+ 0.11 0.36"+ 0.11 0.79°+ 0.58 0.85"+ 0.64
Monsoon (Jun—Sep) 0.22"+ 0.11 0.25"+ 0.09 0.47 £+ 0.60 0.45 + 0.51
Post-monsoon (Oct-Nov) 0.33°+ 0.25 0.37°+ 0.16 1.00 + 1.08 0.86"+ 0.79

Estimates are derived from the HadISDH dataset and ERA-Interim reanalysis. Trends and significance have
been calculated as in Table 2.1. Bold values with star sign (¥) indicate that trend is significant (i.e. a trend of
zero lies outside the 90% confidence interval)

and minimum temperature during the pre-monsoon and
monsoon seasons in South India during 1950-2005 are
assessed to be detectably different from natural internal cli-
mate variability, and these temperature changes are attrib-
uted with confidence to climate change induced by
anthropogenic effects (Sonali et al. 2018). These assessments
are based on detection and attribution studies using obser-
vational datasets and the multiple atmosphere—ocean cou-
pled general circulation model (AOGCM) outputs of
historical simulation experiments conducted in the fifth
phase of the Coupled Model Intercomparison Project

(CMIP5; Taylor et al. 2012), from which human and natural
causes of climate change could be identified and quantified.

2.2.3 Temperature Extremes

The all India averaged annual frequency of warm days and
nights have increased, and cold days and nights have
decreased since 1951 (Fig. 2.6 and Table 2.4). These
extreme temperature indices are defined from daily temper-
atures as days when daily maximum (daytime) and mini-
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Fig. 2.6 Time-series of all India averaged annual frequency of a cold
nights (TN10p), b cold days (TX10p), ¢ warm nights (TN90p), and
d warm days (TX90p); and annual intensity of e coldest night (TNn),
f coldest day (TXn), g warmest night (TNx) and h warmest day
(TXx) estimated from the IMD daily gridded maximum and minimum
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surface air temperature datasets for the period from 1951 to 2015. The
dashed blue and red lines indicate the linear trends for the periods
1951-2015 and 1986-2015, respectively. The rates of changes during
these two periods are shown below the trend lines. The 90% confidence
intervals for these trend estimates are assessed in Tables 2.4 and 2.5
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Table 2.4 Observed changes in India land mean annual and seasonal frequency indices of daily extreme temperatures for the periods 1951-2015

and 1986-2015

Season Linear trends 1951-2015 (days per decade) Linear trends 19862015 (days per decade)
Cold nights Cold days Warm Warm days Cold nights Cold days Warm Warm days
(TN10p) (TX10p) nights (TX90p) (TN10p) (TX10p) nights (TX90p)
(TN90p) (TN9Op)
Annual -144+23 -14't1.1 31°+22 74+ 1.7 -69"°+38 —-12+28 17+64 99"+ 64
Winter (Dec— -024+05 02+04 0.6 + 0.6 22"+ 0.7 -05+12 05+14 13+ 14 33+ 20
Feb)
Pre-monsoon -024+06 —044+05 02407 1.5"+ 0.6 -26+£12 -1.0+14 14+22 25"+ 24
(Mar-May)
Monsoon -03+09 —0.6+04 17°+09 247+ 0.8 -3.0°+15 —06+11 31°+3.0 1.9 + 3.3
(Jun—Sep)
Post-monsoon —0.6"+£04 —0.6"£05 0.7°+06 13"+ 0.6 -08+08 —01+11 19+19 22+24
(Oct=Nov)

Estimates are derived from the IMD gridded station data. Trends and significance have been calculated as in Table 2.1. Bold values with star sign
(*) indicate that trend is significant (i.e. a trend of zero lies outside the 90% confidence interval)

mum (nighttime) temperatures are above the 90th (warm) or
below the 10th (cold) percentile (see more details in
Box 2.2).

Box 2.2 Frequency and Intensity Indices of Daily
Temperature Extremes

The all India averaged annual frequency and intensity
indices of daily extreme temperatures observed over
India during the periods 1951-2015 and 1986-2015
are estimated using the IMD daily maximum and
minimum surface air temperature gridded datasets.
The percentile indices representing the occurrence of
cold nights (TN10p), cold days (TX10p), warm nights
(TN90p) and warm days (TX90p) are defined fol-
lowing Zhang et al. (2011), and describe the threshold
exceedance rate of days where daily minimum or daily
maximum temperature is below the 10th or above the
90th percentile, respectively. The thresholds are based
on the annual cycle of the percentiles calculated for a
5-day sliding window centered on each calendar day in
the base period 1951-1980. The absolute indices
representing the intensity of coldest night (TNn),
coldest day (TXn), warmest night (TNx) and warmest
day (TXx) are also defined following Zhang et al.
(2011), and are presented as annual anomalies from
the 1951-1980 climatological mean.

The significant annual increase of warm days (about
7.4 days per decade) is found to be higher than that of warm
nights (about 3.1 days per decade) during the period 1951—
2015. The magnitude of the significant annual decrease of
cold days (about —1.4 days per decade) is weaker than that
of the annual increase in the frequency of warm extremes for
this long-term period. The seasonal frequency of warm days

and warm nights also increased significantly since 1951,
except for warm nights in the pre-monsoon season
(Table 2.4). The increase in frequency of warm days during
monsoon (about 2.4 days per decade) and winter (about
2.2 days per decade) seasons contribute largely to the
highest annual increase in the number of warm days over
India since 1951. The recent 30-year period (1986-2015)
shows a significant acceleration in the all India averaged
annual increase of warm days (about 9.9 days per decade)
and warm nights (about 7.7 days per decade) and decrease of
cold nights (about —6.9 days per decade). In recent decades,
the significant increase of winter season warm days (about
3.3 days per decade) largely contributes to the accelerated
annual increase in number of warm days over India since
1986. The significant decreases in the frequency of cold
nights during monsoon (about —3.0 days per decade) and
pre-monsoon (about —2.6 days per decade) seasons con-
tribute largely to the accelerated annual decrease in number
of cold nights over India in this recent period (Table 2.4).
The significant increase of pre-monsoon season warm days
(about 2.5 days per decade) assessed for the recent period
1986-2015 is consistent with the earlier assessments of a
gradual increasing trend in all India averaged warm day
frequency during 1970-2005 period (Kothawale et al.
2010b; Revadekar et al. 2012). However, the decreasing
trend in cold day frequency reported in these past studies is
not significant between 1986 and 2015 (see Table 2.4).
The all India averaged annual intensity of warmest day
shows a significant increasing trend (about 0.07 °C per
decade) between 1951 and 2015 (Fig. 2.6 and Table 2.5).
The recent 30-year period (1986-2015) shows significant
acceleration for the annual increase in the intensity of
warmest day (about 0.21 °C per decade) and warmest night
(about 0.12 °C per decade), and decrease in the intensity of
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Table 2.5 Observed changes in India land mean annual and seasonal intensity indices of daily extreme temperatures for the periods 1951-2015

and 1986-2015

Season Linear trends 1951-2015 (°C per decade) Linear trends 19862015 (°C per decade)
Coldest night | Coldest day Warmest night = Warmest day | Coldest night = Coldest day Warmest night = Warmest day
(TNn) (TXn) (TNx) (TXx) (TNn) (TXn) (TNx) (TXx)
Annual 0.00 £ 0.07 | -0.01 £0.06 —0.02=£0.05 0.07°+£005 |0.13°+£0.12 002£0.13 0.12°+0.10 021"+ 0.11
Winter (Dec— -0.01 £ 0.08 | —0.09"+ 0.08 —0.01 £ 0.08 0.02 % 0.09 —0.08 £0.19 —0.10 & 0.28 0.17"% 0.14 0.26"+ 0.18
Feb)
Pre-monsoon -0.02 +£0.09 | —0.02 4 0.10 —0.09"+0.07 0.05+0.07 0.28"+020 —0.03+032 0.10+0.16 0.29°+ 0.18
(Mar-May)
Monsoon (Jun— —0.01 £0.05 0.04 = 0.05 —-0.02 £ 0.04 0.09°+0.06 0.5+ 0.09  0.10 £ 0.15 0.05 + 0.09 0.12 £ 0.20
Sep)
Post-monsoon 0.05 £0.09 | 0.04 &+ 0.09 0.03 £ 0.08 0.10£0.10 1 0.19+0.19 0.01 £025 020+ 0.22 0.17 £ 0.26
(Oct—Nov)

Estimates are derived from the IMD gridded station data. Trends and significance have been calculated as in Table 2.1. Bold values with star sign (¥)
indicate that trend is significant (i.e. a trend of zero lies outside the 90% confidence interval)

coldest night (about 0.13 °C per decade). The significant
increase in the intensity of warmest day during pre-monsoon
(about 0.29 °C per decade) and winter (about 0.26 °C per
decade) seasons contribute largely to the accelerated annual
increase in the intensity of the warmest day over India in the
recent period (Table 2.5). The annual increase in the inten-
sity of the warmest night is dominated by the significant
increases in the winter season (about 0.17 °C per decade).
The significant decrease in the intensity of coldest night
during the pre-monsoon (about 0.28 °C per decade) and
monsoon (about 0.15 °C per decade) seasons contribute to
the accelerated annual decrease in the intensity of the coldest
night over India during the recent period 1986-2015.
Significant increasing (decreasing) trends in heatwaves
(cold waves) are observed during the hot (cold) weather
season over most parts of India (Rohini et al. 2016, 2019;
Ratnam et al. 2016; Pai et al. 2017). These periods con-
taining consecutive extremely hot days (cold nights) are
defined when departure in daily maximum (minimum)
temperature exceeds (are below) the objectively defined
threshold value (Pai et al. 2017). The observed frequency,
total duration and maximum duration of heat waves during
the hot summer months (April-June) are increasing over
central and north-western parts of India (Rohini et al. 2016).
The increase in the number of intensive heat waves between
March and June in India over a recent-past decade was
attributed to the presence of an upper-level cyclonic anomaly
over the west of North Africa and a cooling anomaly in the
Pacific (Ratnam et al. 2016). A significant decadal variation
was observed in the frequency, spatial coverage and area of
the maximum frequency of heat (cold) wave events over
India (Pai et al. 2017). The variability of heat waves over
India was found to be influenced by both the tropical Indian
Ocean and central Pacific sea surface temperature anomalies.
A noticeable increase (decrease) in the frequency of

heatwave days was observed during the El Nino (La Nina)
events. It is also assessed that the spatial extent affected by
concurrent meteorological droughts and heatwaves is
increasing across India during the period 1981-2010 relative
to the base period 1951-1980 (Sharma and Mujumdar
2017).

2.3 Projected Temperature Changes Over
India

The projected future changes in temperature over India are
assessed using the recently available high-resolution regio-
nal climate information from CORDEX South Asia and
NEX-GDDP datasets generated by downscaling the
CMIP5 AOGCM global-scale climate change projections
using dynamical (i.e. regional climate modelling) and sta-
tistical (i.e. empirical) methods, respectively, (see more
details in Box 2.3). The downscaled future projections in
temperature are assessed over the Indian land area, by
masking out the oceans and territories outside the geo-
graphical borders of India, and are reported for two 30-year
future periods: 2040-2069 and 2070-2099 relative to the
reference baseline period: 1976-2005, representing the
mid-term and long-term changes in future climate over India.

Box 2.3 Downscaled High-Resolution CORDEX
South Asia and NEX-GDDP Climate Change
Projections

The coupled Atmospheric-Ocean General Circulation
Models (AOGCMs) are the primary tools used to
assess the nature and extent of the anthropogenic
changes that are leading to global climate change since
1950s (Bindoff et al. 2013). The AOGCMs
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numerically represent the global climate system, and
simulate historical and future climate projections. The
most recent Fifth Assessment Report of [IPCC (ARS;
IPCC 2013) was based on multiple AOGCM outputs
that participated in the fifth phase of the Coupled
Model Intercomparison Project (CMIP5; Taylor et al.
2012) of the World Climate Research Program
(WCRP). The CMIP5 AOGCMs projected distinct
increases in temperature over South Asia during the
twenty-first century, especially during the winter sea-
son (Christensen et al. 2013). These AOGCMs with
coarse horizontal resolution (~ 100 km) were assessed
to have good skill in simulating the regional
synoptic-scale circulation pattern and smoothly vary-
ing climate variables like temperature. However, the
temperature biases were assessed to be larger in few
specific regions, particularly at high elevations over
the Himalayas (Flato et al. 2013). Also, the assessment
of a wide range of regional climate processes and
features that are important for capturing the com-
plexity of the Indian summer monsoon rainfall indi-
cated that the performance of the individual AOGCMs
varied in the CMIPS5 historical experiments depending
on which aspect of a model simulation was evaluated
(Singh et al. 2017).

The recent developments to generate high-
resolution regional-scale climate information by
downscaling the CMIP5S AOGCM based global-scale
climate change projections using statistical (i.e.
empirical) and dynamical (i.e. regional climate mod-
elling) methods are used to assess the future changes
in temperature over India in Sect. 2.3.

The statistical downscaling approach derives
empirical relationships linking large-scale atmospheric
variables (predictors) and local/regional climate vari-
ables (predictands). These relationships are then
applied to equivalent predictors from AOGCMs.
The NASA Earth Exchange (NEX) Global Daily
Downscaled Projections (GDDP) dataset uses the
Bias-Correction  Spatial Disaggregation (BCSD)
method (Thrasher et al. 2012) to correct the systematic
bias of the CMIP5 AOGCM daily maximum and
minimum temperature historical data through com-
parisons performed against the Global Meteorological
Forcing Dataset (GMFD; Sheffield et al. 2006), and
spatially interpolates the adjusted AOGCM data to the
finer resolution grid of the 0.25° GMFD data.
The BCSD approach used in generating this down-
scaled dataset inherently assumes that the relative
spatial patterns in temperature observed from 1950
through 2005 will remain constant for future climate
change under the RCP4.5 and RCP8.5 emission

scenarios. The limitation of the NEX-GDDP dataset is
that other than the higher spatial resolution and
bias-correction this dataset does not add information
beyond what is contained in the original CMIP5 sce-
narios, and preserves the frequency of periods of
anomalously high and low temperature (i.e. extreme
events) within each individual CMIP5 scenario.

The dynamical downscaling derives regional cli-
mate information using physical-dynamical relation-
ships by embedding a high-resolution regional climate
model (RCM) within a coarse-resolution AOGCM.
The WCRP regional activity Coordinated Regional
climate Downscaling Experiment (CORDEX; http://
www.cordex.org/) has generated an ensemble of
regional climate change projections for South Asia
with a high spatial resolution (50 km) by dynamically
downscaling several CMIP5 AOGCM outputs using
multiple RCMs. Section 2.3 assess the future changes
in the annual mean, maximum and minimum surface
air temperature over India using the CORDEX South
Asia dynamically downscaled historical simulations
and future projections of climate change till the end of
the twenty-first century available from the CORDEX
data archives on the Earth System Grid Federation
(ESGF). This multi-RCM ensemble consists of six
simulations with IITM-RegCM4 RCM and ten simu-
lations with SMHI-RCA4 RCM, respectively, under
the future RCP4.5 and RCPS8.5 emission scenarios,
and five simulations with SMHI-RCA4 RCM under
the future RCP2.6 emission scenario (see more details
in Table 2.6). These dynamically downscaled CMIP5
future temperature projections for India are also
compared in Sect. 2.3 with the NEX-GDDP statisti-
cally downscaled daily maximum and minimum tem-
perature projections under the RCP4.5 and RCP8.5
emission scenarios available from the NEX-GDDP
data archives for the 10 CMIPS5 host models that were
used to provide lateral and ocean surface boundary
conditions for the CORDEX South Asia RCMs (see
Table 2.6).

The performance of the CORDEX South Asia
multi-RCM historical temperature simulations have
been evaluated in several studies (e.g. Mishra 2015;
Sanjay et al. 2017a, b; Nengker et al. 2018; Hasson
et al. 2018). These dynamically downscaled RCM
simulations showed added value relative to their
driving CMIP5 AOGCMs in simulating the climato-
logical seasonal and annual spatial patterns of surface
air temperature over the South Asia land region, and
the climatological amplitude and phase of the annual
cycle of monthly mean temperature over central India
(Sanjay et al. 2017a). The spatial pattern of
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temperature climatology over the Himalayas for the
present climate was simulated exceptionally well even
though these RCMs showed a significant cold bias
(Nengker et al. 2018). These RCMs showed larger
uncertainty of 1-3.6 °C for simulated temperature in
the CORDEX South Asia historical experiments than
that of the observations in the Himalayan water towers
(e.g. Indus, Ganges and Brahmaputra river basins;
Mishra 2015). This evaluation also showed that the
RCMs exhibited large cold bias (6—8 °C) and were not
able to reproduce the observed warming in the
Himalayan water towers. The downscaled seasonal
mean temperature in this multi-RCM ensemble was
found to have relatively larger cold bias than their
driving CMIP5S AOGCMs over the hilly sub-regions
within the Hindu Kush Himalayan region (Sanjay
et al. 2017b). Also, these downscaled CORDEX South
Asia RCMs and their driving CMIP5 AOGCM
experiments consistently showed substantial cold (6—
10 °C) biases for the observed climatology of tem-
perature over the Himalayan watersheds of Indus basin
(Jhelum, Kabul and upper Indus basin; Hasson et al.
2018).

2.3.1 Mean Temperature

The CORDEX South Asia multi-RCM ensemble mean
projected long-term (2070-2099) annual warming exceeds
4 °C over most parts of India except the southern peninsula,
relative to the reference period 1976-2005 under the high
(RCP8.5) emission scenario, with relatively higher change
exceeding 5 °C projected in the semi-arid north-west and
north India (Fig. 2.7).

The geographical patterns of long-term change remain
below 2 °C relative to the reference period under the low
(RCP2.6) emission scenario over most parts of India. The
projections of mid-term (2040-2069) change in these
CORDEX South Asia multi-RCM ensemble mean indicate
modest sensitivity to alternate RCP scenarios over the Indian
land area. The projected mid-term annual warming exceed
1 °C over most parts of the country, with higher warming
exceeding 2 °C projected in the north-west and north India
under the medium (RCP4.5) emission scenario (Fig. 2.7).
The summer monsoon temperature projections by a small
subset of the CORDEX South Asia RCMs had indicated
mean warming of more than 1.5 °C over the central and
northern parts of India for the period 2031-2060 under this
medium emission scenario (Sanjay et al. 2017a).
The CORDEX South Asia multi-RCMs had provided
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relatively better confidence than their driving CMIPS
AOGCMs in projecting the magnitude of seasonal warming
for the hilly sub-region within the Karakoram and
north-western Himalaya, with a higher projected change of
5.4 °C during winter than of 4.9 °C during summer mon-
soon season by the end of the twenty-first century under the
high (RCP8.5) emissions scenario (Sanjay et al. 2017b).
The CORDEX South Asia RCMs and their ensemble had
projected statistically significant strong rate of warming
(0.03-0.09 °C per year) across all seasons and RCPs over
the Indian Himalayan region (Dimri et al. 2018a). The sea-
sonal response to warming with respect to elevation was
found to be substantial with December—January season fol-
lowed by October—-November showing the highest rate of
warming at higher elevation sites such as the western
Himalayas and northern part of central Himalayas.

The earlier assessment of temperature projections for
India using the CMIP5 multi-model and multi-scenario
ensemble had also suggested that generally in future the
northern part of the country will experience higher warming
compared to the southern peninsula (Chaturvedi et al. 2012).
It was assessed that the areas in the Himalayas and Kashmir
will be particularly subject to large warming to the tune of
8 °C in RCP8.5 by 2099 relative to the pre-industrial base-
line (the 1880s). It was concluded that this assessment of a
broad range of temperature projections for India, ranging
from 1 to 8 °C during the period 1880-2099 under different
RCP scenarios indicated that these regional climate change
projections were associated with a range of limitations and
uncertainties—driven mainly by the climate model and
future scenario uncertainties (Chaturvedi et al. 2012). Also,
an earlier study using multiple CMIP5 model outputs toge-
ther with a single model ensemble assessed that for tem-
perature in most regions within India the component of
uncertainty due to model spread tends to be larger than that
arising due to natural internal variability, and tends to grow
with time (Singh and AchutaRao 2018).

A consistent and robust feature across the downscaled
CORDEX South Asia RCMs is a continuation of warming
over India in the twenty-first century for all the RCP sce-
narios (Fig. 2.8). The CORDEX South Asia historical RCM
simulations capture the observed interannual variations and
the warming trend reasonably well. The all India averaged
annual surface air temperature increases are similar for all
the RCP scenarios during the first decade after 2005. The
warming rate depends more on the specified greenhouse gas
concentration pathway at longer time scales, particularly
after about 2050. The multi-RCM ensemble mean under
RCP2.6 scenario stays around 1.5 °C above 1976-2005
levels throughout the twenty-first century, clearly demon-
strating the potential of mitigation policies. The ensemble
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Table 2.6 List of the 16 CORDEX South Asia RCM simulations driven with 10 CMIP5 AOGCMs

CORDEX RCM description Contributing CORDEX
South Asia modelling center
RCM

II'TM-RegCM4
(6 members)

The Abdus Salam International
Centre for Theoretical Physics
(ICTP) Regional Climatic Model
Version 4 (RegCM4; Giorgi et al.

Change Research
(CCCR), Indian

India

SMHI-RCA4
(10 members)

Rossby Centre Regional

Atmospheric Model Version 4

(RCA4; Samuelsson et al. 2011)
(SMHI), Sweden

mean annual India warming exceeds 2 °C within the
twenty-first century under RCP4.5, and the warming exceeds
4 °C by the end of the twenty-first century under RCP8.5
scenario. The spread in the minimum to maximum range in
the projected warming among the CORDEX South Asia
RCMs for each RCP scenario (shown as shading in Fig. 2.8)
provides a simple, but crude, measure of uncertainty.

Centre for Climate

Institute of Tropical
2012) Meteorology (IITM),

Rossby Centre, Swedish
Meteorological and
Hydrological Institute

Driving CMIP5 AOGCM (see
details at https://verc.enes.org/
data/enes-model-data/cmip5/
resolution)

CCCma-CanESM2

NOAA-GFDL-GFDL-ESM2M

CNRM-CM5

MPI-ESM-MR

IPSL-CM5A-LR

CSIRO-MKk3.6

ICHEC-EC-EARTH

MIROC-MIROCS

NCC-NorESM1

MOHC-HadGEM2-ES

CCCma-CanESM2
NOAA-GFDL-GFDL-ESM2M
CNRM-CM5

MPI-ESM-LR
IPSL-CM5A-MR
CSIRO-MK3.6
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Contributing CMIP5
modelling center

Canadian Centre for
Climate Modelling and
Analysis (CCCma), Canada

National Oceanic and
Atmospheric
Administration (NOAA),
Geophysical Fluid
Dynamics Laboratory
(GFDL), USA

Centre National de
RecherchesMete”
orologiques (CNRM),
France

Max Planck Institute for
Meteorology (MPI-M),
Germany

Institut Pierre-Simon
Laplace (IPSL), France

Commonwealth Scientific
and Industrial Research
Organization (CSIRO),
Australia

Irish Centre for High-End
Computing (ICHEC),
European Consortium (EC)

Model for Interdisciplinary
Research On Climate
(MIROC), Japan Agency
for Marine-Earth Sci. &
Tech., Japan

Norwegian Climate Centre
(NCC), Norway

Met Office Hadley Centre
for Climate Change
(MOHC), United Kingdom

CCCma, Canada
NOAA, GFDL, USA
CNRM, France
MPI-M, Germany
IPSL, France
CSIRO, Australia

A reliable quantitative estimate of all India averaged
annual surface air temperature changes and the associated
uncertainty range of future temperature projections for India
are obtained by incorporating individual model performance
and model convergence criteria within a reliability ensem-
ble averaging (REA) methodology (see more details in
Box 2.4).
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Fig. 2.7 CORDEX South Asia multi-RCM ensemble mean projec-
tions of annual average surface air temperature changes (in °C) over
India for the mid-term (2040-2069) and long-term (2070-2099) climate

relative to 1976-2005 under RCP2.6, RCP4.5 and RCP8.5 emission
scenarios. The estimates of all India averaged ensemble mean projected
changes are shown in each panel

Box 2.4 Climate Model Projections and Weighting
The climate change projections for the twenty-first
century at the regional or subcontinental spatial scales
are based on transient simulations with coupled
atmosphere—ocean  general circulation  models
(AOGCMs) including relevant anthropogenic forc-
ings, for example, due to greenhouse gases (GHG) and
atmospheric aerosols. These projections have been
characterized by a low level of confidence and a high
level of uncertainty deriving from different sources:
estimates of future anthropogenic forcings, the
response of a climate model to a given forcing, the
natural variability of the climate system. One of the
major sources of uncertainty in future temperature
projections is that the different AOGCMs respond
differently to the same forcing resulting in differences
in the projected changes. These differences are due to

the differences in representing the real climate system
through a set of mathematically approximated physi-
cal, chemical, and biological processes. A recent study
assessed that the component of uncertainty due to
CMIP5 model spread tends to be larger than that
arising due to natural internal variability for tempera-
ture in most regions within India, and the model
spread tends to grow with time (Singh and AchutaRao
2018). Therefore, a comprehensive assessment of
regional change projection needs to be based on the
collective information from the ensemble of AOGCM
simulations.

A quantitative method called “reliability ensemble
averaging” (REA) was introduced by Giorgi and
Mearns (2002) for calculating the average, uncertainty
range and collective reliability of regional climate
change projections from ensembles of different
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Fig. 2.8 Time series of Indian annual mean surface air temperature (°C) anomalies (relative to 1976-2005) from CORDEX South Asia
concentration-driven experiments. The multi-RCM ensemble mean (solid lines) and the minimum to maximum range of the individual RCMs
(shading) based on the historical simulations during 1951-2005 (grey), and the downscaled future projections during 2006-2099 are shown for
RCP2.6 (green), RCP4.5 (blue) and RCP8.5 (red) scenarios. The black line shows the observed anomalies during 1951-2015 based on IMD
gridded station data

AOGCM simulations. This method takes into account
two reliability criteria: the performance of the model in
reproducing present-day climate and the convergence
of the simulated changes across models. The REA
average was estimated as the weighted average of the
AOGCM ensemble members. The uncertainty range
was measured as the root-mean-square difference
around the REA average. In the REA method, a model
projection is reliable when both its present-day bias
and distance from the ensemble average are within the
natural variability. When compared to simpler
approaches, the REA method estimated a reduction of
the uncertainty range in the simulated seasonal tem-
perature and precipitation changes over land regions of
subcontinental scale (Giorgi and Mearns 2002).
The REA method reduces the uncertainty range by
minimizing the contribution of simulations that either
performed poorly in the representation of present-day
climate over a region or provided outlier simulations
with respect to the other models in the ensemble, thus
extracting only the most reliable information from
each model (Giorgi and Mearns 2002). The use of
REA methodology reduced the overall CMIPS model

uncertainty range compared to simpler ensemble
average approach for the future projections of surface
air temperature and precipitation during the Indian
summer monsoon season (Sengupta and Rajeevan
2013). The estimated REA average projected mean
monsoon warming was also characterized by consis-
tently high-reliability index in comparison with par-
ticipating individual CMIP5 AOGCMs.

The results of applying this REA methodology to
the dynamically downscaled CORDEX South Asia
multi-RCMs and the statistically downscaled
NEX-GDDP all India averaged annual surface air
temperature changes under the three different RCP
scenarios are assessed in Sect. 2.3.1. A measure of
natural variability is estimated following Sengupta and
Rajeevan (2013) as the difference between the maxi-
mum and minimum values of the 30 years moving
average of the time series of all India averaged surface
air temperature data available from the Indian Institute
of Tropical Meteorology (IITM, Pune, http://www.
tropmet.res.in) for the period 1901-2005, after linearly
detrending the data (to remove century-scale trends).
The natural variability in the observed all India
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averaged annual mean, maximum and minimum sur-
face air temperatures are estimated to be 0.347 °C,
0.513 °C and 0.213 °C respectively.

The projected REA estimates of warming for the
mid-term (2040-2069) ranges between 1.39 °C under
RCP2.6 scenario to 2.70 °C under RCP8.5 scenario (see
Table 2.7). The natural variability in the observed all India
annual mean surface air temperature is 0.347 °C (see more
details in Box 2.4) while the REA based temperature
increases are well above this natural variability estimate. The
uncertainty range defined by the root-mean square difference
varies in the mid-term between 0.17 and 0.37 °C for the
three RCP scenarios, with the RCP4.5 mid-term warming of
1.92 °C indicating the maximum uncertainty of 15.6% (see
Table 2.7). The proper weighting of individual CORDEX
South Asia RCMs based on their present-day performance
by the REA method has resulted in the REA warming under
RCP2.6 scenario to be 1.33 °C above 1976-2005 levels till
the end of the twenty-first century, which is slightly higher
than that defined by multi-RCM ensemble mean shown in
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Fig. 2.8. However, this estimate of annual warming well
below 2 °C by the end of the twenty-first century for RCP2.6
is found to be associated with the highest uncertainty of 18%
among all the RCP scenarios. The REA estimates of
long-term (2070-2099) warming are 2.44 + 0.41 °C and
4.44 £+ 0.45 °C under RCP4.5 and RCPR.5 scenarios,
respectively (see Table 2.7). The assessment of 4.44 °C
warming by the end of the twenty-first century under
RCPS8.5 scenario is highly reliable as it is associated with the
lowest uncertainty (of 10.1%) among the three RCP sce-
narios. These CORDEX South Asia multi-RCM
ensemble-based temperature projections for India are gen-
erally in line with earlier estimates. The CMIP5 ensemble
based on 18 models had projected warming of 1.5 °C, 2.8 °
C and 4.3 °C under the RCP2.6, RCP4.5 and RCP8.5 sce-
narios, respectively, for the 30 year average of 2071-2100
relative to the 1961-1990 baseline (Chaturvedi et al. 2012).

The forced signal of warming occurs not only in the
annual mean of daily mean surface air temperature but also
in the annual means of daily maximum and daily minimum
temperatures (see Tables 2.8 and 2.9). The CORDEX South

Table 2.7 CORDEX South Asia multi-RCM ensemble mean (CDX-ENS) and reliability ensemble average (CDX-REA) estimates of projected
changes in annual mean surface air temperature over India relative to 1976-2005, and the associated uncertainty range

Emission scenario Model ensemble (members)

RCP2.6 CDX-ENS(5)
CDX-REA(5)

RCP4.5 CDX-ENS(16)
CDX-REA(16)

RCP8.5 CDX-ENS(15)

CDX-REA(15)

Annual mean temperature (°C)

2040-2069

1.38 £ 0.17 (12.3%)
1.39 £ 0.18 (12.9%)
1.92 £ 0.30 (15.6%)
2.03 £ 0.28 (13.8%)
2.66 £ 0.37 (13.9%)
2.70 £ 0.31 (11.5%)

2070-2099

1.31 + 0.24 (18.3%)
1.33 + 0.24 (18.0%)
2.34 £ 0.44 (18.8%)
2.44 + 0.41 (16.8%)
431 £ 0.56 (13.0%)
4.44 £ 0.45 (10.1%)

The values in parenthesis of columns 3 and 4 show the uncertainty range (in %) measured as the root-mean-square difference around the respective

ensemble mean

Table 2.8 CORDEX South Asia multi-RCM ensemble mean (CDX-ENS) and reliability ensemble average (CDX-REA), and NEX-GDDP
reliability ensemble average (NEX-REA) estimates of projected changes in annual mean of daily maximum surface air temperature over India

relative to 1976-2005, and the associated uncertainty range

Emission scenario Model ensemble (members)

RCP2.6 CDX-ENS(5)
CDX-REA(5)

RCP4.5 CDX-ENS(16)
CDX-REA(16)
NEX-REA(10)

RCPS.5 CDX-ENS(15)

CDX-REA(15)
NEX-REA(10)

The values in parenthesis of columns 3 and 4 show the uncertainty range (in %) measured as the root-mean-square difference around the respective

ensemble mean

Annual maximum temperature (°C)

2040-2069
1.29 4 0.14 (10.9%)
1.29 + 0.14 (10.9%)
1.79 + 0.29 (16.2%)
1.88 + 0.26 (13.8%)
1.91 + 0.28 (14.7%)
2.44 + 0.34 (13.9%)
2.59 4 0.36 (13.9%)
2.51 4 0.46 (18.3%)

2070-2099

1.23 £ 0.22 (17.9%)
1.25 £ 0.23 (18.4%)
2.14 £ 0.39 (18.2%)
2.33 £ 0.37 (15.9%)
2.35 £ 0.42 (17.9%)
3.93 £0.53 (13.5%)
4.10 £ 0.45 (11.0%)
4.38 £ 0.65 (14.8%)
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Table 2.9 CORDEX South Asia multi-RCM ensemble mean (CDX-ENS) and reliability ensemble average (CDX-REA), and NEX-GDDP
reliability ensemble average (NEX-REA) estimates of projected changes in annual mean of daily minimum surface air temperature over India

relative to 1976-2005, and the associated uncertainty range

Emission scenario Model ensemble (members)

RCP2.6 CDX-ENS(5)
CDX-REA(5)

RCP4.5 CDX-ENS(16)
CDX-REA(16)
NEX-REA(10)

RCP8.5 CDX-ENS(15)

CDX-REA(15)
NEX-REA(10)

Annual minimum temperature (°C)
2040-2069

1.49 + 0.28 (18.8%)

1.45 + 0.24 (16.6%)

2.09 £ 0.38 (18.2%)

2.24 £+ 0.29 (12.9%)

2.10 £+ 0.30 (14.3%)

2.92 £ 045 (15.4%)

2.90 £+ 0.25 (8.6%)

2.79 £+ 0.40 (14.3%)

2070-2099
1.42 4 0.31 (21.8%)
1.33 + 0.27 (20.3%)
2.58 & 0.54 (20.9%)
2.66 + 0.38 (14.3%)
2.38 + 0.41 (17.2%)
477 + 0.70 (14.7%)
471 £ 0.35 (7.4%)

4.87 +0.55 (11.3%)

The values in parenthesis of columns 3 and 4 show the uncertainty range (in %) measured as the root-mean-square difference around the respective

ensemble mean

Asia REA estimate of warming for the two 30 year future
periods are lower (higher) for the annual means of daily
maximum (minimum) temperature than the respective
warming assessed for the annual mean of daily mean tem-
perature under all three RCP scenarios. The REA changes
for annual minimum temperature of 4.71 + 0.35 °C (see
Table 2.9) is more pronounced than that of 4.10 & 0.45 °C
and 4.44 £ 0.45 °C increases estimated for all India annual
maximum (see Table 2.8) and mean (see Table 2.7) tem-
peratures respectively by the end of the twenty-first century
under the high (RCP8.5) emission scenario. The assessment
of 4.71 °C warming for annual mean of daily minimum
surface air temperature by the end of the twenty-first century
under RCP8.5 scenario is highly reliable as it is associated
with the lowest uncertainty (of 7.4%) among not only the
three RCP scenarios for this variable but also for the annual
mean and maximum statistic shown in Tables 2.7 and 2.8.
This finding illustrates that the dynamically downscaled
CORDEX South Asia RCMs based regional climate pro-
jections do certainly bring more confidence to future tem-
perature projections for India than the regional climate
change information provided by the statistically downscaled
NEX-GDDP dataset.

These CORDEX South Asia multi-RCMs had also pro-
jected statistically significant higher warming rate (0.23—
0.52 °C/decade) for both minimum and maximum air tem-
peratures over the Indian Himalayan region under RCP4.5
and RCP8.5 scenarios (Dimri et al. 2018b).

2.3.2 Temperature Extremes

The CORDEX South Asia multi-RCMs project that all India
averaged annual frequency of warm nights and warm days
will increase from about 10% in the reference base period
(1976-2005) to 80% and 65%, respectively, by the end of

the twenty-first century under the high (RCPS8.5) emission
scenario (Fig. 2.9). The future changes in the percentile
indices based on minimum temperature (warm nights and
cold nights) are more pronounced than those based on
maximum temperature (warm days and cold days). The
downscaled future temperature projections under the high
(RCP8.5) emission scenario also indicate that by the end of
the twenty-first century there will be virtually no cold nights
and cold days over India as defined for the reference base
period (1976-2005). The spread among the RCMs (shading
in Fig. 2.9) generally becomes smaller as the projection
approaches the zero exceedance rates as more models sim-
ulate fewer cold nights and cold days. The largest decreases
in cold nights and largest increases in warm nights projected
over India are typical for tropical regions that are charac-
terized by small day-to-day temperature variability so that
changes in mean temperature are associated with compara-
tively larger changes in exceedance rates below the 10th and
above the 90th percentiles.

The CORDEX South Asia multi-RCMs project robust
increase (decrease) in the all India averaged annual intensity
of warm (cold) temperature extremes by the end of
twenty-first century, with the magnitude of the changes
increasing with increased anthropogenic forcing (Fig. 2.9).
The coldest night of the year warms (about 5.5 °C) more
than the warmest day (about 4.7 °C) over India by the end of
the twenty-first century relative to the reference base period
(1976-2005) under the high (RCPS8.5) emission scenario.
This tendency is consistent with the assessment that the
increases in the frequency of warm nights are greater than
increases in the frequency of warm days.

The CORDEX South Asia multi-RCM ensemble simulate
about one heatwave event with an average total duration of
about 5 days per summer season (April to June) over India
during the historical period 1976-2005 (Fig. 2.10). These
heatwave characteristics are identified based on the 90th



J. Sanjay et al.

25 (a) Cold Nights (TN10F) 20 (0] Cold Days (TX10P)

_HIST [IRCP26 [ RCP45 [ |RCPBS [ |HisT IRCcP26 EEMRCP4s | | RCPBS

o —IMD

o
I

Exceedance Rate (%)
2
1

n
L

0= T T T T T T 0
1960 1980 2000 2020 2040 2080 2080
Year
) Warm Nights (TN3OP| d) Warm D, P
100 L Ioees (T .’ - 100 100 il mm' 100
|HIST Il RCP26 [ RCP45 | |RCP8S |HIST IIRCP26 [ RCP4S [ |RCPBS
a0 H —IMD : {90 20 — D i i 90

Exceedance Rate (%)
Exceedance Rate (%)

(e) Coldest Night (TNn)

10 . 10 10 10
| |HIST [[UIRCP26 [RCP45 | | RCP85 RCPB5 ]
9 ——IMD 9 N
8- -
74 ]
6 i

Anomaly (°C)

N W s @ w @ ©

0@ night (Thx) 10 10— day (TXx) 10
_____ |HIST [EIRCP26 [ RCP45 | |RCP85 [ HIST [I0IRcP26 [EMRCP45 | |RCPBS
94 — [WAD i 94 —IMD 9
81 8
19 7
46
- _ 5
2 &
H > 4
§ : X
2z
2
2 T T T T T T 2
1960 1980 2000 2020 2040 2060 2080




2 Temperature Changes in India

39

<« Fig. 2.9 India averages of temperature indices over land as simulated
by the CORDEX South Asia multi-RCM ensemble (see more details in
Table 2.6) for the RCP2.6 (green), RCP4.5 (blue), and RCPS8.5
(red) displayed for the annual percentile frequency indices a cold
nights (TN10p), b cold days (TX10p), ¢ warm nights (TN90p), and
d warm days (TX90p); and for the annual absolute intensity indices
e coldest night (TNn), f coldest day (TXn), g warmest night (TNx) and
h warmest day (TXx). Changes for the percentile frequency indices are

Fig. 2.10 Time series of all

displayed as absolute exceedance rates (in %). By construction the
exceedance rate averages to about 10% over the base period 1976—
2005. Changes for the absolute intensity indices are displayed as annual
anomalies relative to the base period 1976-2005. Solid lines show the
ensemble mean and the shading indicates the range among the
individual RCMs. The black line shows the observed indices based on
IMD gridded station data. Time series are smoothed with an 11-year
running mean filter

(a) HWF

India averaged CORDEX South 8
Asia multi-RCM projections of
the summer (April-June)
heatwave a frequency (HWF;
events per season) and b total
average duration (HWD; days per
season) for the CORDEX South
Asia RCM ensemble mean (solid
lines) and the minimum to
maximum range of the individual
RCMs (shading) based on the

Events

HIST [ RCP45

RCP85

historical simulations during
1951-2005 (grey), and based on
the future projections during
2006-2099 under RCP4.5

1980 2010 2040 2070

(b) HWD

scenario (blue) and RCP8.5
scenario (red)

Days

percentile threshold of daily maximum air temperature from
each CORDEX model outputs after applying a quantile
mapping bias-correction following Lafon et al. (2013),
which was based on an empirical distribution correction
method (Wood et al. 2004). These findings compare
well with the heatwave climatology estimated using the
CMIP5 multi-model ensemble and IMD observations
over north-west India for the present period (Rohini et al.
2019).

The CORDEX multi-RCM ensemble mean project that
all India averaged frequency of summer heatwaves will
increase to about 2.5 events per season by the mid-twenty-
first century (2040-2069), with a further slight rise to about
3.0 events by the end-twenty-first century (2070-2099)
under the medium (RCP4.5) emission scenario (Fig. 2.10).
The average total duration of summer heatwaves is projected
to increase to about 15 and 18 days per season during the
mid- and end-twenty-first century respectively under this
future scenario. The projected increase in these all India
averaged summer heatwave characteristics are similar to the

2010 2040

Year

1980

assessment based on CMIP5 multi-model ensemble over
north-west India in the period 2020-2064 under the RCP4.5
scenario (Rohini et al. 2019). The CORDEX ensemble mean
projects that India averaged frequencies of summer heat-
waves will increase to about 3.0 and 3.5 events per season
during the mid- and end-twenty-first century, respectively
under the high (RCP8.5) emission scenario (Fig. 2.10). The
future rise in heatwave frequencies under this high emission
scenario is marginally higher than the increase in the number
of summer events under the RCP4.5 scenario for the corre-
sponding periods. The average total duration of summer
heatwaves in India under the RCP8.5 scenario is assessed to
be substantially higher than that under RCP4.5 scenario,
with about 25 and 35 heatwave days per season during the
mid- and end-twenty-first century respectively (Fig. 2.10).
The projected CORDEX ensemble mean change in the fre-
quency of heatwaves for the mid- and end-twenty-first
century under RCPS8.5 scenario relative to the historical
reference period (1976-2005) are higher over the north-west
region (more than 3 days per summer season) compared to
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Fig. 2.11 CORDEX South Asia multi-RCM ensemble mean projec-
tions of changes in the summer (April-June) heatwave a—c frequency
(HWF; events per season) and d—f total average duration (HWD; days
per season) during the b, e mid-term (2040-2069) and ¢, f long-term

other parts of India (Fig. 2.11). The CORDEX ensemble
members consistently project a substantial increase in the
average total duration of heat waves of more than 40 days
per summer season relative to the historical reference period
over north-west India by end of the twenty-first century
under this high emission scenario.

These findings are consistent with results based on the
CMIP5 multi-model ensemble assessments that the heat-
wave frequency, duration, intensity and areal coverage over
India will substantially increase during the twenty-first
century (Murari et al. 2015; Im et al. 2017; Mishra et al.
2017; Russo et al. 2017; Dosio et al. 2018; Rohini et al.
2019). The CMIP5 ensemble had projected that the future
warm season (March to June) severe heat waves in India
(based on the IMD criteria) will be more intense, with longer
durations and will likely occur at a higher frequency and
earlier in the year (Murari et al. 2015). The southern India,
currently not influenced by heatwaves, is expected to be
severely affected by the end of the twenty-first century.
Rohini et al. (2016) reported that in near future more fre-
quent and long lasting heatwave events are projected to

(2070-2099) climate under RCP8.5 scenario relative to the a, d climate
for a historical reference period 1976-2005. The projected ensemble
mean changes based on 12 CORDEX South Asia RCM are statistically
significant at p-value <0.05

affect the Indian sub continent in response to the warming of
the tropical Indian Ocean (Roxy et al. 2014, 2015) and the
increasing frequency of extreme El Nino events (Cai et al.
2015). A CMIP5 multi-model ensemble-based assessment
projected 40 times rise in the frequency of severe heat waves
over India than in the present climate by the end of the
twenty-first century under the RCPS8.5 scenario with a
heatwave index that captures both duration and magnitude
estimated using CMIP5 model projections of all India
averaged daily maximum air temperature without
bias-correction (Mishra et al. 2017). This study also assessed
using a global earth system model ensemble that the pro-
jected frequency of severe heatwaves by the end of the
twenty-first century will be about 2.5 times lesser (than for
RCPS8.5 scenario) if the global mean temperature is limited
to the low-warming scenario of 2.0 °C above pre-industrial
conditions. However an assessment of the projected popu-
lation exposure in India due to heat stress (Im et al. 2017)
differed considerably from the findings of Mishra et al.
(2017) based on a heatwave index without considering the
effect of humidity in heatwave estimations.
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The projected future heatwaves based on the extremes of
wet-bulb temperature, which includes the effect of humidity,
are found to be concentrated around densely populated
agricultural regions of the Ganges and Indus river basins (Im
et al. 2017). The human populations in these regions highly
vulnerable to heat stress are assessed to experience maxi-
mum daily wet-bulb temperatures exceeding 31 °C by 2100
under RCP4.5 scenario, considered dangerous levels for
most humans (Im et al. 2017). These extreme wet-bulb
temperatures are likely to approach and, in few locations,
exceed 35 °C by the 2070s under RCP8.5 scenario, con-
sidered as an upper limit on human survivability (Coffel
et al. 2018). The annual probability of occurrence of heat
waves with magnitude greater than the one in Russia in 2010
(the most severe of the present era) at 1.5 and 2 °C global
warming above pre-industrial levels is assessed using
CMIP5 ensemble to be different than zero in few parts of
India when measured by means of an heatwave index, which
takes into account both temperature and relative humidity
(Russo et al. 2017). The yearly probability of occurrence of a
heatwave at 4° global warming with magnitude greater than
this most severe event in the present period will be greater
than 10% in many parts of India, with the southern peninsula
expected to experience such type of humid heatwaves with
an annual probability greater than 50%, corresponding to an
average return period of two years (Russo et al. 2017).

2.4 Knowledge Gaps

To improve the assessment of India’s observed and projected
warming and its impacts, the following gaps would need to
be addressed:

e The uneven spatial distribution of temperature observa-
tion sites over India may lead to errors in the assessment
of present-day temperature changes, particularly over the
northern parts of the country with a very sparse network.

¢ Confidence in the assessed long-term temperature trends
may be constrained by the data inhomogeneity due to
changing observation site locations.

e There has been an increase in costly extreme temperature
events (e.g. heat waves) across India. Hence urgent
research studies are needed on event attribution that
evaluates how the probability or intensity of a heatwave
event, or more generally, a class of extreme temperature
events, has changed as a result of increases in atmo-
spheric greenhouse gases from human activity.

e The CMIP5 multi-model ensemble members sampling
structural uncertainty and internal variability cannot be
treated as purely independent because some climate
models have been developed by sharing model compo-
nents leading to shared biases. This implies a reduction in
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the effective number of independent CMIPS models.
The CORDEX South Asia ensemble consists of two
RCMs driven by a subset of CMIP5 AOGCMs, implying
a very little effective number of independent members in
this multi-RCM ensemble.

e The contribution of natural internally generated variabil-
ity to the total uncertainty in the sub-regional/local tem-
perature projections need to be quantitatively assessed
using an ensemble of high-resolution future climate pro-
jections for India. The existing ensemble of dynamically
downscaled temperature projections from CORDEX
South Asia multi-RCMs does not sample initial condi-
tions, which are needed to quantify the contribution of
internal variability to the total uncertainty at smaller
spatial scales.

e More research is needed to understand whether the
increased water vapour under conditions of regional
warming is leading to significant positive feedback on
human-induced climate change, as water vapour is the
most important contributor to the natural greenhouse
effect.

e Assessment of joint projections of multiple variables over
India are needed to understand the key processes relevant
to future projected significant increases in temperature
variability and extremes, for example, projected changes
by combining mean temperature and precipitation; link-
ing soil moisture, precipitation and temperature mean and
variability; combining temperature, humidity, etc.

2,5 Summary

In summary, the annual mean, maximum and minimum
temperatures averaged over India as a whole show signifi-
cant warming trend of 0.15 °C, 0.15 °C and 0.13 °C per
decade respectively since 1986 (high confidence). The
maximum warming trend is seen during the pre-monsoon
season for the recent 30-year period 1986-2015. It is very
likely that all India averaged annual and seasonal
near-surface air specific humidity have increased since the
1980s. The significant increasing trend in specific humidity
assessed during the pre-monsoon season is consistent with
the largest surface warming trend found for this season.
The observed surface air temperature changes over India
are attributed to anthropogenic forcing (medium confidence).
The maximum temperature during the post-monsoon and
minimum temperature during the pre-monsoon and monsoon
seasons are attributed with confidence to climate change
induced by anthropogenic effects (medium confidence).
The all India averaged frequency of warm extremes has
increased since 1951 with accelerated warming trends during
the recent 30 year period 1986-2015. The annual increase in
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the number of warm days is higher than warm nights, with a
relatively milder decrease in number of cold days since
1951. Increase in frequency of warm days during monsoon
and winter seasons largely contributed to the observed
highest annual increase in number of warm days over India
from the mid-twentieth century. The accelerated annual
increase in number of warm days and warm nights, and
decrease in number of cold nights are observed during 1986—
2015. Increase in frequency of warm days during winter
season resulted in the highest annual increase in number of
warm days over India during this recent 30 year period.
Significant annual warming is observed for the warmest day,
warmest night and coldest night since 1986. The warming
during pre-monsoon and winter seasons contributed to the
strongest warming of the warmest day over India after about
1986.

The all India mean surface air temperature change for the
mid-term period 2040-2069 relative to 1976-2005 is pro-
jected to be in the range of 1.39-2.70 °C, and is larger than the
natural internal variability. This assessment is based on a
reliability ensemble average (REA) estimate incorporating
each RCM performance and convergence and is associated
with less than 13% uncertainty range. All India mean surface
air temperature is projected to increase in the far future (2070-
2099) by 1.33 4+ 0.24 °C under RCP2.6, 2.44 + 0.41 °C
under RCP4.5 and 4.44 £ 0.45 °C under RCP8.5 scenario,
respectively. These changes are relative to the period 1976—
2005. The semi-arid north-west and north India will likely
warm more rapidly than the all India mean. The REA changes
for all India annual minimum temperature of 4.71 £ 0.35 °C
is more pronounced than that of 4.10 £ 0.45 °C and
4.44 £ 0.45 °C increases estimated for the respective annual
maximum and mean temperatures, respectively by the end of
the twenty-first century under RCP8.5 scenario. The frequency
and intensity of warm days and warm nights are projected to
increase over India in the next decades, while that of cold days
and cold nights will decrease (high confidence). The changes
will be more pronounced for cold nights and warm nights. The
pre-monsoon season heatwave frequency, duration, intensity
and areal coverage over India are projected to increase sub-
stantially during the twenty-first century (high confidence).
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