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Abstract

Due to climate change, rapid warming and its further intensification over different parts of the globe have been recently
reported. This has a direct impact on human health, agriculture, water availability, power generation, various ecosystems,
and socioeconomic conditions of the exposed population. The current study thus investigates the frequency and duration of
heatwaves, human discomfort, and exposure of the human population to these extremes using the high-resolution regional
climate model experiments under two Representative Concentration Pathways (RCP2.6, RCP8.5) over India. We find that
more than 90% of India will be exposed to uncomfortable warm nights by the end of the 21st century with the highest rise
over western India, Madhya Pradesh (MP), Uttar Pradesh (UP), Punjab, and the Haryana region. States like Odisha, Chhat-
tisgarh, eastern parts of MP and UP, and some parts of J&K will be the worst hit by the intense and frequent heatwaves
and human discomfort followed by the densely populated Indo-Gangetic plains under RCP8.5. Strict enforcement of the
stringent policies on stabilization of population growth, improvement of local adaptive capacities, and economic status of
the vulnerable population along with enforcing effective measures to curb greenhouse gas emissions are important to reduce
human exposure to future heat stress. We demonstrate that a proper mitigation-based development (RCP2.6) instead of a
business-as-usual scenario (RCP8.5) may help to reduce 50-200 heatwave days, 3—10 heatwave spells, and 10-35% warm
nights over the Indian region. Consequently, this can avoid the exposure of 135-143 million population to severe discomfort
due to extreme heat conditions by the end of the 21st century.
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The frequency and intensity of extreme heat events are
increasing all around the world, and these have both direct
and indirect impacts on the comfort and health of living
beings and various ecosystems (Luan et al. 2019; Nitschke
etal. 2011; Russo et al. 2017; Zhang et al. 2017; Frich et al.
2002). One of the main reasons for the accelerated warming
of the earth in recent times is attributed to the increase in
concentrations of greenhouse gases (GHGs) from anthro-
pogenic sources (Fischer et al. 2004). Extreme heat events
are physical hazards that can cause health issues (Kent et al.
2014; Singh et al. 2021a) and also contribute to the earth’s
regional warming process (Pattnayak et al. 2017; Perkins-
Kirkpatrick and Lewis 2020).

The rapid urbanization and the use of existing technolo-
gies are energy demanding, which is mostly obtained from
fossil fuels. This further leads to heating of the atmosphere
and manifests increase in the heatwaves and warm night
which causes human discomfort (Koteswara Rao et al. 2020;

School of Ecology and Environment Studies, Nalanda
University, Bihar, India

Department of Environment Studies, DCAC, University
of Delhi, Netaji Nagar, New Delhi, India

National Centre for Atmospheric Sciences, University
of Reading, Reading, UK

Earth System Physics Section, The Abdus Salam
International Centre for Theoretical Physics, Trieste, Italy

Department of Earth and Atmospheric Sciences, National
Institute of Technology Rourkela, Rourkela, India

Centre for Atmospheric and Climate Physics Research,
University of Hertfordshire, Hertfordshire, UK

Centre for Climate Change Research, University
of Hertfordshire, Hertfordshire, UK

Centre for Future Societies Research, University
of Hertfordshire, Hertfordshire, UK

Department of Geography, Shaheed Bhagat Singh College,
University of Delhi, Delhi, India

Published online: 15 December 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-023-04788-4&domain=pdf

P. Maharana et al.

Mohan et al. 2020; Nageswararao et al. 2020) and adverse
health effects (Fischer et al. 2004; Luan et al. 2019). Since
the average temperature is constantly increasing since the
last few decades, it results in the severe and frequent heat-
wave events. The extreme heat events have resulted in sev-
eral casualties throughout the world (Fischer et al. 2004;
Im et al. 2017; Zhao et al. 2019) with more severity over
India in the recent times (Dhillon 2023). These increasing
temperature extreme events may lead to a rise in mortal-
ity rates in the future (Mishra et al. 2017; Hu et al. 2019).
Medical conditions caused by heatwaves can typically range
from heat cramps and heat exhaustion due to dehydration
and heatstroke and death in extreme cases. Further, the ris-
ing temperature increases the occurrence of the warm nights,
which again leads to human discomfort due to the disruption
in the sound sleep and sleeping hours.

Over India, heatwaves tend to occur during March to
July, mostly in the pre-monsoon season (Nageswararao et al.
2020). It was found that the northern, northwestern, central,
and northeastern peninsulas of India are worse affected by
the heatwaves (Nageswararao et al. 2020; Pai et al. 2013;
Singh et al. 2021b; Mukherjee and Mishra 2018). Areas
likely to experience the most extreme heat episodes are the
agricultural fields, where a large chunk of the population
spends considerable time working outdoors, making them
more vulnerable to extreme heat episodes (Im et al. 2017;
Rohini et al. 2016; Sokhi et al. 2021). Humidity is an
important variable to look at when assessing heat waves.
The combined impact of temperature and humidity is
measured using heat index (HI) and a high HI means the
body struggles to release heat through evaporation, causing
discomfort (Delworth et al. 1999; Koteswara Rao et al.
2020; Mishra et al. 2020; Nageswararao et al. 2020). Recent
studies suggest that India already experiences extreme
humid heat events based on the wet bulb temperatures (Im
et al. 2017) and the heat wave conditions would continue
to be common unless stringent measures are implemented
(Perkins-Kirkpatrick and Lewis 2020; Saeed et al. 2021). A
number of studies reported that the maximum temperature,
heatwave duration, frequency, and intensities are projected
to increase at the end of the century under higher GHG
emission scenario and might engulf the regions which are
unaffected from heatwaves at present (Murari et al. 2015;
Koteswara Rao et al. 2020; Perkins-Kirkpatrick and Lewis
2020; Dubey et al. 2021; Das and Umamahesh 2022; Rohini
et al. 2019). Koteswara Rao et al. (2020) found an increase
of 20 to 30% of the extreme caution and danger category
of the heat stress in the middle and end of the century,
respectively. Mishra et al. (2017) found a projected increase
of 30 times in the frequencies of the severe heatwave by the
end of the century under RCP8.5, while the exposure of the
population to the same increases from 15 to 92% by mid to
end of the century. Similarly, an increase of the order of
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one heatwave spell per decade has been also noticed in the
last seven decades (Perkins-Kirkpatrick and Lewis 2020).
The projected increase in the area impacted by extreme
heat wave events ranges between 2 and 50% under various
climate change scenarios (Das and Umamahesh 2022).
Subsequently, Dubey et al. (2021) examined the heatwave
characteristics and reported that the projected heatwave
frequency will be twofold, while the duration will enhance
by 8 to 12 days and the intensity will escalate by 2-3 °C
at the end of the century. A few studies found regional
variability in the high-temperature days, which increases in
the recent time period over northern, western, and southern
parts of India by 3%, 5%, and 18%, respectively (Jaswal
et al. 2015; Pai et al. 2013). The heatwave projection over
east Asian region reflects an increase of heatwave events
from 5 to around 37%, while the magnitude is stronger by
1.4 to 9 times for different climate change scenarios (Kim
et al. 2023). The northern Indian region is more prone to
pre-monsoon heat stress days and its number may be as
high as 30 days in the future. Rohini et al. (2019) found
a projected rise of heatwave frequency (0.5 events) and
duration (4-7 days) per decade over central and northern
parts of India. Further, Singh et al. (2021a) used multiple
model experiments to study the projected heatwaves over
India and concluded that the bias-corrected downscaled
regional climate models perform better than the model
experiments without bias correction. With the available
scientific studies, it is clear that although the heatwaves
are projected to increase in numbers and intensify in
terms of their persistence, there is a lot more uncertainty
associated with their magnitude and how it might impact
the large populated regions of India. The present work
thus aims to investigate the projected changes in the
temperature extremes and associated human discomfort (in
terms of form of heatwaves and warm nights) in the future
scenarios. A set of new-generation high-resolution climate
model simulations from the Coordinated Regional Climate
Downscaling Experiment-Coordinated Output for Regional
Evaluations (CORDEX-CORE; Coppola et al. 2021)
framework are employed here to understand the changes in
the extreme heat and associated population exposure by the
end of the century. Further, critical information regarding
the impact on the projected population due to temperature
extremes is also derived. The study also emphasized the
role of climate policy formulation and their implementation
in reducing the population exposure to the temperature
extreme. The study fills the gap on the population exposure
to the heat extremes under future using the state-of-the-
art high-resolution model projections, which has not been
carried out previously over the Indian region. The data and
methodology are provided in the next section. Section 3
then discusses the results and conclusions are given in
Section 4.
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2 Data and methodology

We used the recently compiled CORDEX-CORE dataset
for investigating the future (2074-2099) response of heat-
wave characteristics over India. The simulations are part of
CORDEX-CORE South Asia domain. The lateral boundary
conditions and prescribed sea surface temperature are taken
from three different CMIP5 GCM models (i) MPI-ESM-
MR, (ii) MIROCS, and (iii) NorESM1-M for driving the
ICTP’s regional climate model, RegCM4. For comparing
the climate projections, we use two different greenhouse
gas scenarios, namely, RCP2.6 and RCP8.5. The end of the
century climate (2070-2099) for both the scenarios has been
compared with the historical period (1976-2005) to assess
the change.

In the CORDEX-CORE experiments (~25 km horizontal
resolution), the RegCM4 main physics adopted the Tiedtke
(Tiedtke 1989) over ocean and MIT (Emanuel 1991) convec-
tive schemes over land, SUBEX (Pal et al. 2000) for large-
scale precipitation. The planetary boundary layer and radia-
tion transfer scheme are represented through Grenier and
Bretherton (2001) and Kiehl et al. (1996), respectively. The
land model surface and biosphere interactions are taken care
of by coupling RegCM4 with the community land surface
model, CLM4.5 (Oleson et al. 2013). Over South Asia, the
model has shown reasonably good performance in a wide
variety of climate studies (Maharana et al. 2021; Shahi et al.
2021; Tiwari et al. 2017). The model output is utilized to
prepare the annually averaged heatwave (duration and spells)
and percentage of the warm nights following Expert Team
on Climate Change Detection and Indices (ETCCDI: http://
etccdi.pacificclimate.org/list_27_indices.shtml). In order to
investigate the changes in the human discomfort, Thom’s
index is computed following the equation from Maftei
and Buta (2017). The details and definitions are provided
(Table 1).

DI =T — (0.55 — 0.0055  RH) (T — 14.5) )

where DI represents Thom’s discomfort index, 7' is the mean
monthly temperature in °C, and RH denotes the monthly

Table 1 The definition of extreme indices used in the study

mean relative humidity of air (%). The heatwave spells, their
duration, and the percentage of warm night indices for the
historical climate and its projection at the end of the century
are computed.

3 Results and discussion

We evaluate the RegCM4 experiments for their spatial repre-
sentation of mean temperature over India against the ERAS
reanalysis dataset as shown in Fig. Sla—e. RegCM4 quite
effectively captures the annual climatological temperature
across India during the historical period in each model
experiment. However, there exists a cold bias (~3°C) in the
Himalayas, while the bias is much shallower over the main-
land except for the MPI_RegCM4 experiment (Fig. S1f-i).
The cold bias over the mountains could be attributed to
excessive snow (Das et al. 2020) and improper representa-
tion of regional energy balance (Maharana and Dimri 2014).
Further, the probability distribution function (PDF) of the
spatially distributed temperature for the ERAS reanalysis
closely resembles the experiments in terms of mean and
extremes over the Indian region during the historical period
(Fig. S2). Further, the PDF of the maximum (minimum)
temperature slightly overestimates (underestimates) as com-
pared to the ERAS reanalysis (Fig. S3, S4). The ensemble
mean of the model experiments (ENS_Hist) is the closest
of all, reflecting the confidence to use the ensembled tem-
perature data for studying the heatwaves during the histori-
cal period and its future projections over India. Following
the evaluation of model experiments and the ensemble, we
investigate different extreme temperature indices under the
future climate scenarios in the subsequent paragraphs.

3.1 Heatwaves

The occurrence of the heatwaves has been studied in terms
of two different metrics (i.e., heatwave duration and fre-
quency). From the climatological perspective, the model
simulates at least 2—7 days of heatwaves per year across the

Parameters

Definition

Heatwave (spells and duration)

A period during which the daily maximum temperature exceeds the normal

maximum temperature by 5°C for more than 6 consecutive days, the “nor-
mal” period is defined as historical period (1980-2005) for the present study
(World Meteorological Organization definition)

Warm night (percentage)

The percentage of times where the minimum temperature exceeds the 90th

percentile of daily minimum temperatures for the historical period, which is
used as a reference period for the present study

Thom’s index

Indicator of thermal stress considering both temperature and relative humidity

@ Springer
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Indo-Gangetic plains and eastern parts of the Indian land-
mass (Fig. 1a). A similar spatial pattern over most parts of
the country is found at the end of the century under RCP2.6.
However, Odisha, Chhattisgarh, the eastern parts of Mad-
hya Pradesh (MP) and Uttar Pradesh (UP), and some parts
of the Jammu and Kashmir (J&K) will experience 5-30
days of heatwave days (Fig. 1b). If no measures are taken to
curb greenhouse gas (GHG) emissions (business as usual),
then it projects a very pessimistic scenario represented by
RCP8.5 with the maximum global to regional temperature
rise. It is apparent that RCP8.5 projects a greater number
of heatwave days at the end of the century throughout the
Indian landmass (Fig. 1¢). Interestingly, the model ensemble
projects the lowest increase in the heatwave number over
the southern Indian region (10-50 days/year). It gradually
increases towards the north (100-150 days/year) over the
western part of India, the Telangana region, and southern
Odisha. The most populated states such as the UP, Bihar,
along with Odisha, Chhattisgarh, and MP show around
150-200 days of heatwave days per year by the end of the
century (Fig. 1c¢), which has been the hotspot of the heat-
waves (Nageswararao et al. 2020). We further examined and
compared the increase in the heatwave duration following
both scenarios with respect to the historical period. At the
end of the century, the heatwave duration is projected to
increase by 1-10 days with the highest increase over Odisha
and parts of Chhattisgarh and Madhya Pradesh along with
J&K under RCP2.6, which is statistically significant at 0.05
level (Fig. 1d). However, under the RCP8.5 scenario, the
amplified greenhouse effect increases the heatwave dura-
tion significantly throughout the country with a maximum
increase over the populated north India and central to eastern
states (~150-200 days) and relatively lesser over the south-
ern parts of India (Fig. le). Interestingly, the difference of
heatwave days between RCP8.5 and RCP2.6 at the end of
the century ranges from 50 to 200 days across the country
(Fig. 1f); and thus, better planning and adaptation measures
may be required at the climate policy level to reduce the
vulnerabilities under the future climate.

The Indian landmass experiences at least one heatwave
spell in the model ensemble during the historical period
(Fig. 2a). The rise in heatwave days leads to the increase
in the heatwave spells (~2) over Odisha and eastern parts
of MP and UP and some parts of the J&K under RCP2.6
(Fig. 2b) showing an almost similar spatial pattern as seen
in Fig. 1. In contrast, there is a sharp rise in the frequency of
heatwave spells across the country under RCP8.5 (Fig. 2¢).
Similar to the heatwave duration, there is a gradient in the
rise of heatwave spells from south India (~1-5) to north
India (~10) through the central Indian states (~8-9). There
is a relatively smaller rise in the heatwave spells by the end
of the century under RCP2.6, i.e., between 1 (over most parts
of the country) and 3 (Odisha, Chhattisgarh, and J&K) as
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seen in Fig. 2d. While there is a profound increase in heat-
wave spells across the country with a maximum ~8—10 over
central and north India, the rest of India experience an aver-
age of 2—7 spells/year. Such findings corroborate the ear-
lier studies where the frequency of heatwave spells across
India is reported to increase in the future (Mishra et al. 2017;
Koteswara Rao et al. 2020; Perkins-Kirkpatrick and Lewis
2020). The spatial patterns of the difference of heatwave
spells between RCP8.5 and RCP2.6 follow an almost simi-
lar pattern with a statistically significant rise (at 0.05 level)
of ~3—10 spells across the entire Indian landmass (Fig. 2f).
Such a finding is consistent with the previous works of
Mishra et al. (2017) where the rise in heatwave frequency
under RCP8.5 is 2.5 times larger than RCP4.5. A consistent
increase in the occurrence of heatwaves with a rate of one
spell per decade in the last seven decades has been reported
(Perkins-Kirkpatrick and Lewis 2020), while Koteswara
Rao et al. (2020) identified the increasing summer time heat
stress days by 40-60 under RCP4.5 and RCPS.5 scenarios,
respectively.

3.2 Warm night percentage

Warm nights cause discomfort and hamper sound sleep and
hence are a vital indicator of human discomfort. The east
coast (e.g., Odisha, Andhra Pradesh), southeast (e.g., Tamil
Nadu), and part of northeast India are highly vulnerable with
almost 40-45% warm nights already in the historical period
(Fig. 3a). This may be attributed to the proximity of these
regions to the sea as well as the humid atmosphere attributed
to the geographical locations, while the relatively arid/semi-
arid regions like Rajasthan, Gujarat, Haryana, Delhi, Punjab,
and J&K regions have warm night percentages ranging from
30 to 40% during the present climate. The relatively higher
cooling in the desert and mountains leads to fewer num-
bers of warm nights. Interestingly, a significant rise in the
percentage of warm nights is noticed by the end of RCP2.6
and has a N-S asymmetry with central and southern parts
of India being projected to experience a higher number of
warm nights (up to 70-80%). This also includes a strong
rise in the percentage of warm nights over the southern,
northeast, and coastal regions of India (Fig. 3b). Such asym-
metry gives rise to a condition where central, southern, and
northeast India experiences a higher percentage of warm
nights (75-95 %) while over the northwestern and northern
regions it may extend up to 40-70%.

Likewise, RCP8.5 forcing’s led to an intense rise in
air temperature, and hence, most parts of India will expe-
rience more than 90% warm nights per year (Fig. 3c).
Interestingly, the rise of warm nights under RCP2.6 over
eastern, central, northeast India along with western India
Gujarat and most parts of Rajasthan and J&K is around
30-40% (Fig. 3d). The percentage rise in warm nights over
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Fig. 1 Heatwave duration (days/year) for the model ensemble from a historical period and end of the century for b RCP2.6 and ¢ RCP8.5 and d,
e their differences. The dotted regions show change at 0.05 significance level

the western Rajasthan, Punjab, Haryana, and western UP
ranges up to 25-30%. The largest rise is found over the
western ghats regions and southern parts of India, which
ranges between 40 and 45%. Although there is a higher
number of warm nights in RCP8.5, the spatial pattern
with respect to the historical period is exactly opposite to

RCP2.6. It shows that the rise in warm night percentage is
the highest (>60%) over western India, western MP and
UP, Punjab, and Haryana region (Fig. 3e), which is com-
parable (~70%) to the earlier finding (Sanjay et al. 2020).
This is followed by the eastern Indo-Gangetic Plain (IGP),
western parts of Odisha, Jharkhand, southern Maharashtra,
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Fig.2 Heatwave spells (spells/year) for the model ensemble at a his-
torical period and end of the century for b RCP2.6 and ¢ RCP8.5 and
d—f their differences. The first color bar (close to the figure) repre-

and Karnataka where it increases by 55-60%. The least
percentage rise (~50-55%) is found over the east coast and
southern northeast. The difference between the increase
in the percentage of warm nights RCP8.5 and RCP2.6
reflects that the western regions of India will experience
the highest increase (~30-35%) followed by central India
(~20-30%). The least rise is projected (~10-20%) for the
eastern coast, some parts of the northeast, and the southern
Indian region (Fig. 3f); however, the results are not statisti-
cally significant at 0.05 level.
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sents a—c and the second color bar reflects the value of d—f. The dot-
ted regions show change at 0.05 significance level

3.3 Thom’s index

Thom'’s index is an expression of human discomfort, which
takes into account both temperature and humidity (Delworth
et al. 1999; Koteswara Rao et al. 2020; Nageswararao et al.
2020). Based on the numerical values, Thom’s index is cat-
egorized into different types such as no discomfort (NDC
< 21), under 50% of the population feels discomfort (U50
21-24), above 50% of the population feels discomfort (A50
25-27), most of the population suffers discomfort (MPD
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28-29), everyone feels severe discomfort (SD 30-32), and
state medical emergency (SME > 32). The spatial distribu-
tion of Thom’s index over India shows that the mountainous
regions mostly do not experience thermal discomfort in the
historical period (Fig. 4a). The states of Rajasthan, Punjab,
Haryana, western UP, MP, Jharkhand, and western coast are
the regions with the discomfort range in the U50, while the
eastern coast, Bihar, eastern UP, Telangana, and Gujarat
have the discomfort in the A50 range. A similar analysis,
at the end of the century, under RCP2.6 illustrates that the
mountainous regions have not undergone any significant

70 75 80 85 90 95

sents a—c and the second color bar reflects the value of d—f. The dot-
ted regions show change at 0.05 significance level

changes in terms of thermal discomfort (Fig. 4b). Interest-
ingly, most parts of the Indian mainland show an increase in
thermal discomfort. For example, the states like Rajasthan,
Punjab, Haryana, MP, and Chhattisgarh have migrated to
AS50 from U50, while the rest of the country remains in the
discomfort range of U50. Under RCPS8.5, Thom’s index is
still in the range of no discomfort over the mountainous
regions (Fig. 4c). However, there is a drastic change in the
discomfort projected across the country (e.g., the east coast,
western UP, and a few parts of Gujarat that would experi-
ence the highest discomfort in the category of MPD, which

@ Springer
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ferences. The first color bar (close to the figure) represents a—c and

used to be in the A50). The rising temperature due to global
warming increases evaporation and the water holding capac-
ity of the atmosphere or humidity following the Clausius-
Clapeyron relationship (Trenberth et al. 2003) which ulti-
mately leads to an increase in moist heat events (Koteswara
Rao et al. 2020). Apparent positive feedback between
increasing temperature-evaporation-atmospheric moisture
possibly leads to high moist heat events under a warming
climate. The difference plots indicate that the severity of the
index is going to be high in the future; however, the differ-
ences are not statistically significant (Fig. 4d—f).
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the second color bar reflects the value of d—f. The dotted regions
show change at 0.05 significant level

3.4 Impact on the human population

The present study also examines the impact of thermal dis-
comfort on the projected human population across the coun-
try under two shared socioeconomic pathways (SSPs) such
as SSP1 and SSP5. There is an equivalence between RCPs
and SSPs, where SSP1 has an equivalence with RCP2.6 and
SSP5 has an equivalence with RCP8.5 (e.g. Meinshausen
et al. 2020). The rural population is quite high across the
Indian landmass during the historical period, while the
urban population mostly lies across the IGP, some parts of
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south India, and the Maharashtra region, and hence, it is also
reflected in the total population (Fig. S5).

During the historical period, the population in the NDC
range is around 10 million and this is projected to decrease
with the temperature rise during RCP2.6 (~4 million) and
RCP8.5 (~2 million). Similarly, the number of populations
under U50 also declines from the historical period (~102
million) to ~46 and ~4 million under RCP2.6 and RCP8.5,
respectively. On the other hand, the population in millions
under A50 increases from 143 (historical) to 238 (RCP2.6)
and 148 (RCPS8.5). Around 135 million population will be
exposed to MPD under RCP8.5 while the historical period
and RCP2.6 will not have this extreme discomfort (Fig. 5a).
The maximum population following RCP2.6 is under the
AS50 category compared to RCP8.5 implying proper mitiga-
tion of GHGs by following a sustainable path will reduce the
extreme moist heatwave exposure to the population, espe-
cially for the A50 (143 million) and MPD (135 million) cat-
egory. The human population around 142 million and 174
million are exposed to 20-40% and 40-60% warm nights,
respectively, during the historical period. Even following
RCP2.6, the percentage of warm night exposure to the popu-
lation is still projected to increase and almost 10 million
more will be exposed to ~40-60% of the warm nights. This
further increases in most parts of the country, and around
182 million and 98 million will be exposed to 60-80% and
80-100% of the warm nights (Fig. 5b). However, the extreme
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rise of temperature under the RCP8.5 has serious impacts on
the human population and will increase the discomfort level,
where almost 272 million of the population will be in the
worst category of warm nights (80-100%) while the lower
categories will not be experienced all across India. This
indicates that controlling the GHG emission under the most
conservative scenario (RCP2.6) can reduce the exposure of
174 million population to the extreme 80-100% category
when compared against RCP8.5.

The population (248 million) across the Indian region
currently experiences the heatwave duration in the cat-
egory (<10 day per year) which would still be the case with
RCP2.6 but an additional 34 million will experience higher
heatwave duration in the range of ~10-30 per year. How-
ever, RCP8.5 will lead to a situation where the 7, 13, 22,
18, 29, and 66 million of the population will be exposed to
<10, 10-30, 30-50, 50-70, 70-100, and 100-150 number
of heatwaves days per year, respectively (Fig. 5¢). Similarly,
248 and 282 million populations experience only less than 2
heatwave spells per year in the historical period and RCP2.6.
During RCP8.5, 13, 26, 40, 57, 149, and 30 million of the
population will be exposed to <2, 2-4, 4-6, 6-8, 8-10, and
>10 heatwave spells, respectively (Fig. 5d).

As discussed earlier, the prolonged exposure to the heat
stress has several negative impacts on the human health,
agriculture, water availability, power generation, ecosys-
tems, and socioeconomic conditions of the vulnerable
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Fig.5 The impacted projected population (in millions) at the end of the century at RCP2.6 and RCP8.5 for a Thom index, b warm night, ¢ heat-

wave duration, and d heatwave spells
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people (Jaswal et al. 2015; Rohini et al. 2019). These adverse
consequences could be reduced through the provision and
implementation of state-of-the-art and updated early warn-
ing system, the enhancement of healthcare professionals’
capacity, raising public awareness, and conducting com-
munity outreach programs. The human exposure to this
extreme heat stress can be managed through the policies
with special focus on the stabilization or negative popula-
tion growth, improving local adaptive capacities, improv-
ing economic status of the vulnerable population, taking
effective measures to curb GHG emissions in order to limit
the global temperature rise to 1.5 °C (Dubey et al. 2021;
Mishra et al. 2017; Perkins-Kirkpatrick and Lewis 2020; Das
and Umamahesh 2022). Therefore, the meaningful interac-
tion and exchange of ideas become very important between
various stakeholders (i.e., common citizens, scientists, local
administrators, town planners, national and state level poli-
cymakers, and implementing agencies) involved in the adap-
tation and mitigation process to curb the human exposure to
rising heat stress condition. The study illustrates that proper
implementation of proper adaptation and mitigation strate-
gies will reduce the exposure of almost 155 million people to
the higher number of heatwave days and 195 million popula-
tion to a higher number of heatwave spells (Fig. 5).

4 Conclusions

The present study focuses on the extreme heat indices such
as the projected heatwave spells and their duration at end of
the 21st century (2074-2099) under RCP2.6 and RCP8.5.
It also includes the human discomfort in terms of the per-
centage rise in warm night indices and Thom’s indices on
the projected population. The study considered an ensem-
ble from RegCM4 driven by three CMIP5 models at 25 km
under the CORDEX-CORE framework over the South Asian
region. The main conclusions are as follows:

1) The increase in heatwave durations (~150-200 days/year)
and their spells (~2—10) will be more prominent in RCP8.5
compared to RCP2.6 by the end of the 21st century. The
eastern coast (Odisha) will be the worst affected followed
by the north (e.g., UP) and central parts (MP) of India
whereas the least affected region could be south India.

2) Drastic changes (>90 %) in the warm nights are expected
in RCP8.5 across all of India compared to (65-90%) in
RCP2.6. More vulnerable regions include the western
Indian states of Rajasthan, Punjab, parts of MP, and UP,
whereas the least vulnerable region could be south India
with ~5-20%.

3) Thom’s index reflects that the mountainous regions will
be mostly free from thermal discomfort. Most popula-
tions in eastern UP, Bihar, and the eastern coastal states

@ Springer

such as Odisha and Andhra Pradesh would experience
severe discomfort.

4) Following a sustainable path (RCP2.6), the exposure of
135 million population to severe MPD and 143 million
to A50 categories could be avoided. Overall, we show
that the eastern parts of the Indian region, i.e., Odisha,
Chhattisgarh, Jharkhand, and eastern Madhya Pradesh,
are the most vulnerable areas under future heat extreme
followed by the densely populated IGP.

5) To reduce the projected exposure of heat stress to the
population, informed adaptation and mitigation meas-
ures with proactive approaches are inevitable.

For the future piece of studies, we aim to understand the
compounding of these extremes and their drivers at different
time scales over the Indian region. This will not only be use-
ful to understand the processes leading to such changes in the
heat extremes but will also provide a comprehensive assess-
ment in order to translate the better adaptation and mitigation
measures across a range of spatial and temporal scales.
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