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ABSTRACT

India is highly vulnerable to climate change and is going to increase its average annual temperature over the next
few decades. The impact of heatwaves and related mortality is a concern for the country. In this paper, we aim to study
the heatwaves and heat stress-related Heat Index vulnerability using heat index temperature. In this analysis, a heat in-
dex temperature is calculated based on temperature and relative humidity for six different states (Delhi, West Bengal,
Punjab, Uttar Pradesh, Andhra Pradesh, and Madhya Pradesh) of India to determine the heat stress vulnerability for
which heat cramps and heat strokes are possible. Our analysis shows that most of the heatwaves and severe heatwaves
occurred during 2010 for all the states. The heatwaves are observed only in the summer months. All the states of our
study reached the Extreme Caution category of the Heat Index showing the Danger to Extreme Danger category dur-
ing April to June. Future projection scenarios show an increase in heat stress-related vulnerability. SSP2-4.5 scenario
showed that Delhi, Punjab, and West Bengal reached an Extreme Danger state during June for which death due to heat
strokes is possible under continued exposure to heatwaves. The HI related vulnerability of SSP5-8.5 is like SSP2-4.5
except for Andhra Pradesh which shows an Extreme Danger state in May and June during which heat strokes are possi-
ble under continued exposure to heatwaves. This study provides spatial variability of heat stress and Heat Index vulner-
ability which may help adopt future strategies for heat-related policy implication.
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1. Introduction

Heatwaves and heat stress are increasingly becoming
significant concerns for the environment and public health

[1-7

in the age of global climate change !'”. The global mean
temperature has warmed by 0.89°C in this century due to
anthropogenic activity and the increase in annual mean
temperature for India is 0.85°C " The frequency, inten-
sity, and duration of heatwaves have been rising worldwide
and are expected to increase by 30 times compared to the
present climate by the end of the 21st century """, which
will have detrimental effect on agriculture, infrastructure,
economy, and human health "*'¥ The effect of temperature
on mortality rates varies with location and population " In-
dia has experienced multiple heatwaves that have intensified
in frequency over the past decades *”. Particularly, northern
India has shown many heatwaves . Frequent and intense
heatwaves occurred across north-western India, encompass-
ing Rajasthan, Punjab, Haryana, and Madhya Pradesh. Das
et al. and Kumar et al. analysed the fact that the number of
heatwave events in Delhi is higher than in Kolkata ***"),
Research indicates that by 2100, the heatwave frequency,
severity, and duration will increase across different world

2425

regions, including the Indian region “***. Heatwaves are

expected to have an increasing impact on death rates and
severe illnesses among older and urban poor people *'** ",
They affect thermal comfort and are linked with a rise in the
mortality rate and potential disruptions to infrastructure =",
Heatwave-induced mortality has increased by 62.2% in the
last 20 years with a 60% rise in the fatality rate attributed
to heatwaves in Andhra Pradesh **. Heat exposure can re-
sult in heat stroke and hyperthermia **'. Naskar et al. (2024)
found that a significant increase in both temperature and
humidity will increase the likelihood of accidents and fa-
talities brought on by heat stress conditions “**. Heatstroke
fatalities in India were predominantly recorded in larger
states, including Uttar Pradesh, West Bengal, and Andhra
Pradesh ",

The feel-like temperature is referred to scientifi-
cally as the Heat Index (HI), which considers both actual

3 HI is a key index for en-

temperature and humidity '
vironmental health research related to thermal comfort %,
It can be considered a biometeorological index linked to

the thermal perception of humans informing on their well-

being conditions and about the risk to human health due
to extreme temperature events, which is why it has been
applied in the investigation of adverse health impacts due

B+ Human exposure to high temperatures

to heat stress
and relative humidity can lead to heat stress, heat stroke,
and dehydration. People living in urban environments may
be at greater risk than those living in rural areas due to
higher heat indexes due to a combination of humidity and
temperature " **, Mohan et al. (2013) conducted a study
using the HI to assess thermal comfort conditions across
five metropolitan cities in India *”. Various indices exist in
the literature for assessing heat stress. For instance, Dash
et al. (2017) used various heat indices and stated that they
varied from region to region “". They also stated that HI is
very close to the Universal Thermal Climate Index (UTCI)
and humidex for Delhi, Mumbai, and Chennai, whereas,
for the case of Kolkata, HI values are very close to Wet-
bulb Globe Temperature (WBGT). An analysis of these
four metropolitan cities using UTCI revealed that great-
to-severe discomfort categories were observed in Kolkata
and Chennai as compared to other cities . Additionally,
Bernard and Theanacho (2015) demonstrated that HI can be
a useful surrogate for WBGT to screen for potential heat
stress exposure .

Goyal et al. (2023) have determined the impact of
future climate Shared Socioeconomic Pathways (SSP) sce-
narios, specifically SSP2-4.5 and SSP5-8.5, on the charac-
teristics of heatwaves over the homogenous temperature
zones of India and found that the coastal, Interior Penin-
sular and North-Central regions are expected to experi-
ence more intense and frequent heatwaves under both the
scenarios °*. The heat index is projected to rise by the end
of the century under both scenarios (SSP2-4.5 and SSP5-
8.5) with a more pronounced increase under the SSP5-8.5
scenario **. Norgate et al. (2024) highlighted that SSP5-
8.5 is considered the most extreme scenario in terms of
emission and may be useful for successful mitigation ef-
forts to decrease the occurrence and duration of heatwaves
experienced in India by the end of the century %!,

One of the primary motivations for studying heat-
waves and heat stress is their profound impact on public
health. By understanding the patterns and effects of heat-
waves, we can develop effective public health interven-

tions, early warning systems, and community outreach
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programs to mitigate these risks and protect the most vul-
nerable members of society ****. By studying heatwaves
and heat stress, we can develop heat-resistant crop varie-
ties, improve agricultural practices, and implement strate-
gies to protect livestock, thereby ensuring food security

B73¥ The economic impact

and the livelihoods of farmers
of heatwaves and heat stress is substantial. The strain on
energy systems due to increased air conditioning use can
result in power shortages and infrastructure damage. Un-
derstanding the economic implications of heatwaves can
help businesses and governments plan and invest in resil-
ience measures, minimising financial losses "> %",
Therefore, the primary objective of this research is
to investigate the vulnerability related to heat stress for

March, April, May, and June for the present scenario

Study Region

(2001-2024) and to evaluate the vulnerability during fu-
ture scenarios (2025-2049) using Climate Model Inter-
Comparison Project: Phase 6 (CMIP6) data for the states
of Punjab, Delhi, West Bengal, Uttar Pradesh, Madhya
Pradesh and Andhra Pradesh, aiming to better prepare dur-

ing heatwave and severe heatwave conditions.

2. Study Regions, Datasets and
Methodology

2.1. Study Regions

The study regions are the six states of India: Punjab,
Delhi, West Bengal, Uttar Pradesh, Madhya Pradesh, and
Andhra Pradesh (Figure 1).
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Figure 1. Geographical Locations of the Study Regions. The Enlarged Versions of the Six States of India are Shown Along with All

India Maps.

2.2. Datasets

The hourly dataset for temperature and relative hu-
midity for the present scenario (2001-2024) is taken from
the fifth-generation European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis (ERAS) of the

global climate having a grid resolution of 0.25° x 0.25° [*],

These data are publicly accessible through the Copernicus
Climate Data Store (CDS).
The CMIP6 climate change projections for the fu-

ture include four SSP scenarios that address the growing
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demands of the climate science community ">/, Based
on the comparison among the different models, the Centre
National de Recherches Meteorologiques: Climate Model
Version 6 (CNRM-CM6-1) performs best for spatial
temperature over India and is used in our study for SSP2-
4.5 & SSP5-8.5 scenarios for the future period (2025—
2049) ®Y. These datasets are available via the Earth System
Grid Federation (ESGF) portal.

2.3. Methodology

2.3.1. Calculation of Heatwaves

Heatwaves have been calculated based on the IMD
criteria based on the Normal Maximum Temperature
(T,..)- Heatwaves or severe heatwaves are defined by di-

urnal 7

max

thresholds. The climate normal (average of 30

years) of diurnal 7,,,, has been calculated using

o

n

O

where i = 1,2,3...... 365 in days, j = 1,2,3,4...... 30, and

n=30""". The heatwaves or severe heatwaves in the plains

may be classified as stated in Table 1, which is used in our
(23]

study .

Table 1. Classification of Heatwaves as per IMD Criteria .

Heatwaves: If diurnal Tmax is 5 °C or 6 °C >
from Normal Tmax.

Severe heatwave: If diurnal Tmax is 7 °C >
from Normal Tmax.

Normal of T,,,,, is
less than 40 °C

Heatwaves: If diurnal Tmax is 4 °C or 5 °C >
from Normal of Tmax.

Severe heatwave: If diurnal Tmax is 6 °C >
from Normal Tmax.

Normal of T,,,, is

max

greater than 40 °C

Source: IMD Criteria Document.

2.3.2. Calculation of Heat Index Temperature

HI is the measure of heat stress and is calculated based
on the ambient air temperature and relative humidity. Gen-
erally, the National Weather Service (NWS) equation '*>*!
is used to estimate temperature and the level of danger as-
sociated with varying relative humidity percentages. The
Rothfusz equation for HI is used in this study considering
the criteria of air temperature (>26°C) and humidity (>39%)

as used by earlier studies over India and given by

HI=—42.379 + 2.049015237+10.1433127R — 0.2247554TR
— 6.8378%107°T* — 5.481717x10 *R*+ 1.22874x10°T*R
+8.5282x10 *TR* — 1.99x10 °T°R’ )

where 7 is the ambient dry air temperature ( F) and R is the

relative humidity in percentage %

The heat index in terms of temperature and corre-
sponding categories of fatality shown in Table 2 is used in

this study P>,

Table 2. Categories of Heat Stress-Related Problems Based on
HI (see NWS Heat Index Guide).

Celsius Categories
Caution: fatigue is possible with prolonged exposure

27-32°C and activity. Continuing activity could result in heat
cramps.

3241 °C Extreme Caution: heat cramps and heat exhaustion are
possible. Continuing activity could result in heat stroke.

41-54 °C Danger: heat cramps and heat exhaustion are likely;
heat stroke is probable with continued activity.

Over 54 °C  Extreme Danger: heat stroke is imminent.

3. Results and Discussion

In this study, we mainly focus on the identification
of Heatwaves and Heat Index Temperatures in Delhi, West
Bengal, Punjab, Uttar Pradesh, Madhya Pradesh, and Andhra
Pradesh. The future projection of heatwaves and heat stress
based on HI is also analysed using CMIP6 model SSP2-
4.5 and SSP5-8.5 scenarios. The result section is divided
into two sub-sections. Identification of heatwaves based on
T,.. were carried out in Section 3.1. Analysis of HI and re-

max

lated heat stress categories has been carried out in Section 3.2.

3.1. Heatwaves and Its Characteristics

The present scenario heatwave has been identified
for the study region using the maximum temperature (black
line) along with the climatology of maximum temperature
(blue line) and different categories of heatwave threshold
limits (green-coloured lines as heatwaves and red-coloured
lines as severe heatwaves) are shown in Figure 2 to Fig-
ure 6. The prominent variability of a severe heatwave over
the 90th percentile threshold has been shown in the red-
shaded area. The IMD heatwaves category based on the
classification of normal maximum temperature (Table 2)

has been used here.
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Present Scenario heatwaves and severe heatwaves in Delhi
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Figure 2. Yearly Variations of Heatwave (Mark Red) and Severe Heatwave (Mark Magenta) for the Present Scenario ((a)—(x): 2001—
2024) for the Summer Months (March—June) for Delhi. The Meaning of the Colour Lines is Provided in the Legend at the Top.
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Present Scenario heatwaves and severe heatwaves in West Bengal
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Figure 3. Yearly Variations of Heatwave (Mark Red) and Severe Heatwave (Mark Magenta) for the Present Scenario ((a)—(x): 2001—
2024) for the Summer Months (March—June) for West Bengal. The Meaning of the Colour Lines is Provided in the Legend at the Top.
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Figure 4. Yearly Variations of Heatwave (Mark Red) and Severe Heatwave (Mark Magenta) for the Present Scenario ((a)—(x): 2001-
2024) for the Summer Months (March—June) for Punjab. The Meaning of the Colour Lines is Provided in the Legend at the Top.
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Present Scenario heatwaves and Severe heatwaves in Uttar Pradesh
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Figure 5. Yearly Variations of Heatwave (Mark Red) and Severe Heatwave (Mark Magenta) for the Present Scenario ((a)—(x): 2001—
2024) for the Summer Months (March—June) for Uttar Pradesh. The Meaning of the Colour Lines is Provided in the Legend at the
Top.
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Present Scenario heatwaves and severe heatwaves in Madhya Pradesh
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Figure 6. Yearly variations of heatwave (mark red) and severe heatwave (mark magenta) for the Present Scenario ((a)—(x): 2001—
2024) for the Summer Months (March—June) for Madhya Pradesh. The Meaning of the Colour Lines is Provided in the Legend at the

Top.

Figure 2 shows the monthly variations of T,,,, heat-

waves, and severe heatwaves for the Delhi region in the
summer months (March—June). In Figure 2a—c, where the
maximum temperature was captured starting in the middle
of April and reached the threshold of 4 to 5 degrees Celsius
above the normal of T,,, in May, which is when a heat-

wave occurred. There has been a variation in the pattern

in 2004, with heatwaves being detected in March (Figure
2d) and meeting the criteria of the normal of maximum
temperature less than 40 °C as mentioned in Table 1. The
heatwave occurrence happened in March and followed
the same patterns of heatwaves in Figure 2a—c when
compared to previous years for May. As stated above, the

maximum temperature for 2005 (Figure 2e) showed a sig-

189



Journal of Environmental & Earth Sciences | Volume 07 | Issue 06 | June 2025

nificant decline. The heatwaves were observed in June and
met the criteria of the normal of maximum temperature
less than 40 °C. For 2006 (Figure 2f), the highest tempera-
ture was recorded above 40 °C and there was a heatwave,
but a significant drop in temperature was observed in
June. Figure 2g demonstrates that in 2007, the maximum
temperature began to decline in early March and endured
heatwaves in June and there is a frequent rise that has
been observed for heatwaves when the normal maximum
temperature is less than 40 °C, but the value of maximum
temperature has reached approximately 45 °C. During
2008 (Figure 2h), a heatwave occurred in March, and a
drop-in temperature was seen in mid-May, which was be-
low 40 °C.

At the beginning of 2009 (Figure 2i), the highest
temperature was recorded in March. This was followed by
a change in the number of heatwaves, which occurred in
June. In March 2010 (Figure 2j), more episodes of heat-
waves and severe heatwaves were observed, particularly
during April, May, and June. In May 2011 (Figure 2k),
a high temperature of more than 40 °C and the normal
maximum temperature is also approaching 40 °C. At the
end of May and June 2012 (Figure 2I), there was a heat-
wave, with a high temperature of more than 40 °C fulfill-
ing the criteria of the normal of maximum temperature less
than and greater than 40 °C. In 2013, temperatures reached
a maximum temperature of 45 °C and a heatwave in May
(Figure 2m) when the normal of T, is ~40°C. Heatwave
also hit in the middle of June 2014, as seen in Figure 2n,
changing the pattern of temperature. For Figure 20 in May
of 2015, as in previous years, there was a regular increase
in temperature, and in June, there was a significant fall. The
frequency of the highest temperature increased in April 2016
(Figure 2p). However, 2017 shows that heatwaves with
temperatures over 40 °C occurred in April and June (Figure
2q). Figure 2r shows that in 2018 there was a quick change
in weather conditions, and heatwave episode was recorded
in March for low temperatures under 40 °C. During 2019
(Figure 2s) and 2023 (Figure 2w) show no heatwave event,
but heatwave events are observed in 2020 (Figure 2t) dur-
ing May, in 2021 (Figure 2u) during March, and in 2022
(Figure 2v) during March and April. Heatwave events are

also observed in May and June during 2024 (Figure 2x).

Heatwaves and severe heatwaves, along with maxi-
mum temperature variations for West Bengal, are shown in
Figure 3. The climatological maximum temperatures be-
gan to decline in early March (Figure 3a) for all the years.
In April, maximum temperatures were frequently rising
and had reached 40 °C. This was followed by a sharp
decline in maximum temperatures in June (Figure 3b).
When the highest temperature reached 45 °C, in contrast
to the normal maximum temperature of less than 40 °C, a
heatwave was noticed. The occurrence of a heatwave for
2003 (Figure 3c) is nearly identical to that in 2002 (Fig-
ure 3b). For 2004 (Figure 3d), the onset of heatwaves has
been moved to March, where the maximum temperature is
higher than the normal of maximum temperature and fol-
lowed the deviation of 5 °C from the normal of maximum
temperature was observed (Figure 3e). A sudden drop in
maximum temperature was seen in the middle of April,
and a heatwave was seen in the middle of May, followed
by episodes of severe heatwaves, which reached a devia-
tion of 7 °C from the normal of maximum temperature less
than 40 °C.

Figure 3f shows that no heatwaves occurred in 2006;
instead, the maximum temperature rose in April. Figure
3g shows instances of heatwaves that occurred in June of
2007 and had maximum temperatures of more than 40 °C.
According to the normal maximum temperature, no heat-
waves have been reported for 2008 (Figure 3h), 2011 (Fig-
ure 3k), and 2013 (Figure 3m) but a heatwave occurred in
2014 (Figure 3n). The pattern of heatwave occurrence has
changed, peaking during June with severe heatwaves in
2009 (Figure 3i). The more frequent heatwaves between
April and the end of June had been accompanied by a rapid
drop in maximum temperature observed in 2010 (Figure
3j). In 2012 (Figure 31), heatwaves are more common in
June and early July, when the normal of maximum tem-
perature is below 40 °C. In 2015 (Figure 30), the occur-
rence of heatwaves was observed in June when the normal
maximum temperature was less than 40 °C. For 2016 and
2018, a frequent rise in temperature in May and June has
been experienced as shown in (Figure 3p—r). Heatwave
during 2019 (Figure 3s) is observed in June only. There is
no heatwave event in 2020 (Figure 3t). Heatwave events

are observed during mid-April in 2021 (Figure 3u), during
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end of April and mid-June in 2022 (Figure 3v), but severe
heatwaves occurred during June in 2023 (Figure 3w) and
2024 (Figure 3x). Therefore, in the case of West Bengal,
most of the heatwaves have happened based on the normal
of maximum temperatures less than 40 °C, but the values
of maximum temperatures are rising extremely regularly
and are getting close to 45 °C.

The variations of heatwaves and severe heatwaves
for different years (2001-2024) in the Punjab region are
shown in Figure 4. During 2001 and 2002, when the nor-
mal maximum temperature was higher than 40 °C and the
maximum temperature was close to 40 °C in May, there
was almost a comparable change in the pattern as high-
lighted in both years (Figure 4a,b). As indicated in Figure
4c, the frequency of heatwaves in 2003 has altered and
been transferred to June compared to 2002, when tem-
peratures typically reach beyond 40 °C. The occurrence
of heatwaves has been noticed in March and May for all
the years analysed here, but when compared to 2003 (Fig-
ure 4c), a sharp decline in the maximum temperature has
been observed as reflected in 2004 (Figure 4d). For, 2005
a sharp decline in the temperature for May has been ob-
served for heatwave in June in 2005 (Figure 4e). As dem-
onstrated in (Figure 4f), 2006 saw a rise in the maximum
temperature combined with a heatwave in April and May.
In 2007, the heatwave began in the middle of April (Figure
4g), where the average maximum temperature is less than
40 °C. Heatwaves occurred in March in each of the years
2008 and 2019; following this, the maximum temperature
has increased (Figure 4h,i). The severity of heatwave
events from March to June has been approaching, with
many episodes of severe heatwaves observed in April and
May, characterised by frequent temperature rises to 45°C,
as captured in 2010 (Figure 4j).

It has been observed that during the years (2011-
2013), heatwaves were observed in May (Figure 4k—m),
where the normal maximum temperature is greater than
40 °C. For the years 2014 and 2015, almost similar chang-
es in maximum temperature along with heatwaves were
observed for 2014 in June (Figure 4n) and at the end of
April in 2015 (Figure 40). In 2016, Punjab experienced

a heatwave during mid-May when the value of maximum

temperature approaching 45°C (Figure 4p). A frequent
rise in temperature has been observed for heatwave during
April and May followed by severe heatwave conditions
(Figure 4q) in 2017. Increased intensity of heatwave in
March along with the rising temperature followed by heat-
wave in May are observed in 2018 (Figure 4r). Almost
negligible heatwave events are observed in 2020 (Figure
4t), 2021 (Figure 4u) and 2023 (Figure 4w), but number
of heatwaves and severe heatwaves observed during March
to April in 2022 (Figure 4v), and during May to June in
2019 (Figure 4s) and 2024 (Figure 4x). Therefore, in the
case of Punjab, most heatwaves have happened based on
the normal of maximum temperatures more than 40 °C,
and the values of maximum temperatures are rising ex-
tremely regularly and are getting close to 45°C.

The monthly variations of maximum temperature,
heatwave, and severe heatwaves for Uttar Pradesh are
shown in Figure 5. The years, 2001 and 2002, experienced
the same temperature change in May and June, where the
value of maximum temperature and normal maximum
temperature is greater than 40 °C (Figure 5a,b). The tem-
perature started rising in April 2003 when the maximum
temperature approached 45°C and a heatwave was experi-
enced in June (Figure 5¢). For 2004, March experienced
heatwaves based on a maximum temperature approaching
40 °C and a temperature rise experienced in the starting of
June month (Figure 5d). A declining pattern of maximum
temperature in May and an increasing pattern of tempera-
ture for June where the value of normal of maximum tem-
perature crossed 40 °C for 2005 (Figure 5e). A frequent
rise in the mid of April and May has been observed, where
the normal of maximum temperature is more than 40 °C
for 2006 (Figure Sf).

In 2007, an increase in temperature of more than
45 °C for June and has been observed and a heatwave oc-
curred based on the deviation of 5 °C from the normal
maximum temperature (Figure 5g). Consecutively, 2008
(Figure 5h) experienced maximum temperature in April
and a declining pattern of maximum temperature has been
observed based on the normal of maximum temperature
and 2009 has shown variability in the maximum tempera-

ture and has attained the maximum temperature for June
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contributing to the heatwave (Figure 5i). The most fre-
quent heatwaves for all the months had occurred in 2010
(Figure 5j), where the value of maximum temperature has
approached more than 45 °C in mid-April and persists dur-
ing May and June. A declining maximum temperature pat-
tern has been observed (Figure 5k,l) and for 2012, a rise in
maximum temperature of more than 40 °C was observed in
June. Furthermore, for 2013 a frequent decrease in maxi-
mum temperature was observed in mid-April followed by

an increase in mid-May (Figure 5m); for 2014, again a
frequent rise in temperature was observed at the start of

May an increase in temperature up to 45 °C has been ob-
served followed by a heatwave in mid-June (Figure 5n).
For year 2015, a declining pattern in the maximum heat-
waves has been observed. A steep increase for 2016 has
been observed based on the normal Maximum Temperature
and has attained 45°C mid-May (Figure 5p). In compari-
son to (Figure Sn—p), an increasing pattern of maximum
temperature has been observed for 2017 in April (Figure
5q). For 2018, in mid-May, the maximum temperature
has obtained the same value as the normal of maximum
temperature, followed by frequent rise in maximum tem-
perature (Figure Sr). No heatwaves are observed during
the years 2015-2018 (Figure So-r) and 2020-2023 (Fig-
ure St-w). Heatwave events were observed during mid-
June in 2019 (Figure 5s) but in 2024 it is observed during
April, June and the end of May (Figure 5x). Therefore, in
the case of Uttar Pradesh, most heatwaves have happened
based on the normal of maximum temperatures more than
40 °C, and the values of maximum temperatures are rising
extremely regularly and are getting close to 45 °C.

For the Madhya Pradesh state (Figure 6), the maxi-
mum temperature from 2001, along with that climatology,
has experienced the heatwave based on maximum tem-
perature more than 40 °C (Figure 6a) and has shown the
different variability when compared with Punjab (Figure
4a) and Delhi (Figure 2a). For 2002, the maximum tem-
perature has been increased to 40 °C in June, and it has
been reported that maximum variations in temperature fre-
quently occur following the same pattern that accompanied
the 2001 heatwave (Figure 6b). For the month of June, a
maximum temperature of 45 °C was reached (Figure 6c¢).

From March through June in 2004, the maximum tempera-

ture increased significantly (Figure 6d). The same temper-

ature pattern was shown for March and April as well, with
a dramatic rise in temperatures in June and a subsequent

heatwave (Figure 6e). Following the severity of the peak
temperatures in mid-May and mid-June, a dramatic fall in
temperature for March has been noted for 2006 (Figure
6f). For the year 2007, the maximum temperature has got-
ten close to the maximum temperature climatology, then
dropped significantly in June (Figure 6g). Maximum Tem-
perature of more than 40 °C has been observed in April
and May followed by a sharp decline in the maximum tem-
perature for the month of June (Figure 6h). A sudden rise
in temperature has been recorded for 2009, with the high-
est temperature recorded for the month of June exceeding
45°C and being followed by a heatwave (Figure 6i).

In contrast to Punjab and Delhi, Madhya Pradesh
had a heatwave in the middle of April, mid-May, and June
based on a deviation from the average of maximum tem-
peratures of more than 40 °C for 2010 (Figure 6j). A simi-
lar pattern of maximum temperature matching maximum
temperature climatology has been seen in 2011 (Figure
6k), which was followed by an abrupt decline in tempera-
ture in June. A considerable increase in the maximum tem-
perature for the month of June has been seen, along with a
similar pattern of temperature through March and April as
in 2012 (Figure 6l1). May experienced a strong rise in tem-
perature, which was followed by a sharp rise in tempera-
tures for the entire year of 2013 (Figure 6m). The highest
temperature for 2014 has been getting closer to 45°C since
April (Figure 6n). However, a severe heatwave in 2015
occurred when the highest temperature has attained 45°C
and deviation from normal of maximum temperature has
been observed (Figure 60). In Madhya Pradesh, during
2016 compared to the other years indicated above, heat-
waves occurred since they exceed 40 °C at their highest
(Figure 6p). No heatwave events occurred during the years
2017-2018 (Figure 6q,r) and 2020-2023 (Figure 6t—w),
but it occurred in 2019 during mid-June (Figure 6s) and
in 2024 during end of May (Figure 6x). Therefore, in the
case of Madhya Pradesh, most heatwaves have happened
based on the normal of maximum temperatures more than
40 °C, and the values of maximum temperatures are rising

extremely regularly and are getting close to 45 °C.
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Andhra Pradesh witnessed its highest tempera-
ture on record beginning in 2001 (Figure 7a). Ad-

ditionally, the state’s climatology recorded a heat-
wave based on a maximum temperature of more than
40 °C, and it showed distinct variability when compared
to other states considered for the study. Andhra Pradesh is
meeting the IMD criterion for heatwaves based on actual
maximum temperature, exhibiting the climatology of max-
imum temperatures beginning above 35°C and reaching
40 °C starting in April. Although Andhra Pradesh experi-
enced similar patterns in maximum temperatures for 2002,

the state was labelled as experiencing a heatwave in May
after exceeding the normal maximum temperature range of
4 to 5 °C (Figure 7b). Similarly, for years 2003 and 2005,
heatwaves have occurred in June and have also attained
the maximum temperature more than 40 °C and 4 °C to
5 °C deviation from normal of maximum temperature
(Figure 7c,e). A severe decline in the maximum tempera-
ture of May has been observed based on the climatology of
maximum temperature for 2004 (Figure 7d). An increase
in the maximum temperature based on the climatology has
been observed for 2006-2007 followed by a sharp decline
in the maximum temperature for June (Figure 7f,g). Con-
sidering, 2008 in comparison to the previous years, a sharp
decline in maximum temperature has been observed for
March and June (Figure 7h). A changing pattern of maxi-
mum temperature has been observed and the occurrence of
heatwaves in June along with the rise in maximum temper-
ature has been noticed for 2009 (Figure 7i). 2010 and 2011
(Figure 7j,k) attained the same maximum temperature
same as the normal of maximum temperature in May, fol-
lowed by a declining pattern of maximum temperature for
June based on the normal of maximum temperature. Again,
the variation for 2012 (Figure 71) has been observed where
the value of maximum temperature has approached 45 °C
and had experienced a heatwave in June based on the nor-
mal maximum temperature equal to 40 °C. A step increase
in the maximum temperature was observed in mid-May
and then followed the declining pattern of maximum tem-
perature for June month for 2013 (Figure 7m). A decline

in maximum temperature has been observed followed by

an increase in the maximum temperature for 2014 (Figure
7n). A distinct temperature pattern has been observed for
2015, and the heatwave has been noticed when the normal
of maximum temperature is more than 40 °C along with
maximum temperature (Figure 70). A frequent rise in tem-
perature based on climatology has been noticed for March,
April and May followed by a declining pattern in June for
(Figure 7p). For the years 2017-2018, the maximum tem-
perature has approached the normal of maximum tempera-
ture and has shown the rise in May (Figure 7q,r). Sev-
eral heatwave events were observed in 2019 (Figure 7s)
throughout the summer months. Few events are observed
during the years 2020-2023 (Figure 7t-w). During the
summer months of 2024, a series of heatwave and severe
heatwave events occurred (Figure 7x). Most heatwaves
that happened in the state of Andhra Pradesh are based on
the normal maximum temperatures is less than 40 °C, and
the values of maximum temperatures are rising extremely
regularly and are getting close to 45 °C.

Analysis of spatial variations of Tmax shows that
the maximum temperature is below 40 °C during March
for Delhi, Punjab, Uttar Pradesh, and Madhya Pradesh in
the present scenario but in the future scenarios, it is more
than 40 °C for all the above states except Delhi (Figures
8a—c, 9a—c, 10a—c, and 11(a—c)). During the other summer
months (April-June) for all scenario temperatures near
or more than 40 °C (Figures 8 and 12b,c). West Bengal
and Andhra Pradesh show temperatures near or more than
40 °C for all the summer months for all scenarios (Figures
12a—c and 13a-c). It is to be noted that maximum tem-
perature increases for all the summer months and nearing
or more than 40 °C for all states except March for Delhi
for future scenarios (Figure 8b, ¢) indicating that high-
temperature summer months going to be longer and starts
early in future scenarios for all the states except Delhi.
Spatial variation of the trends of maximum temperature
shows positive trends ranging from 0.01 °C/year to 0.3
°Clyear for all the states for all the summer months in the
future scenarios although negative trends are observed for
the present scenario in March to May (Supplementary
Materials, Figures S1-S6).
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Present Scenario heatwaves and severe heatwaves in Andhra Pradesh
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Figure 7. Yearly Variations of Heatwave (Mark Red) and Severe Heatwave (Mark Magenta) for the Present Scenario ((a)—(x): 2001—

2024) for the Summer Months (March—June) for Andhra Pradesh. The Meaning of the Colour Lines is Provided in the Legend at the
Top.
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Figure 8. Maximum Temperature for March, April, May, and June from (a) Present, (b) Future SSP2-4.5, and (c¢) Future SSP5-8.5

Scenarios for the Delhi Region.
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Figure 9. Maximum Temperature for March, April, May, and June from (a) Present, (b) Future SSP2-4.5, and (c¢) Future SSP5-8.5
Scenarios for the Punjab Region.
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Figure 10. Maximum Temperature for March, April, May, and June from (a) Present, (b) Future SSP2-4.5, and (¢) Future SSP5-8.5
Scenarios for the Uttar Pradesh Region.
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Figure 11. Maximum Temperature for March, April, May, and June from (a) Present, (b) Future SSP2-4.5, and (c¢) Future SSP5-8.5
Scenarios for the Madhya Pradesh Region.
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Figure 12. Maximum Temperature for March, April, May, and June from (a) Present, (b) Future SSP2-4.5, and (¢) Future SSP5-8.5
Scenarios for the Andhra Pradesh Region.
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Figure 13. Maximum Temperature for March, April, May, and June from (a) Present, (b) Future SSP2-4.5, and (¢) Future SSP5-8.5

Scenarios for the West Bengal Region.

Heatwave characteristics (frequency, duration, and
intensity) were also investigated to understand the climate
change impacts for the six Indian states of our study for
the present scenario (Figure 14) and future SSP scenarios
(Figures 15a—f & 16a—f). In the present scenario, the max-
imum frequency of heatwaves is observed for Delhi, West
Bengal, and Punjab (Figure 14a—c) but, less frequency is
observed for Uttar Pradesh and Madhya Pradesh (Figure
14d—e). In the future SSP scenarios, the frequency of heat-
waves increased for all the states with the highest in Delhi,
followed by Punjab and Uttar Pradesh but the least in
Andhra Pradesh (Figures 15 & 16). The duration of heat-

waves in the present scenario is maximum for Punjab (Fig-

ure 14¢) followed by Delhi, West Bengal, Andhra Pradesh,
Uttar Pradesh, and Madhya Pradesh (Figure 14a,b,d-f).
Duration of heatwaves increased for all the states for future
scenarios with the highest for Delhi followed by West Ben-
gal, Punjab, Uttar Pradesh, Madhya Pradesh, and Andhra
Pradesh (Figures 15 & 16). The intensity of heatwaves
ranges from 4 °C to 9 °C during present scenario with
highest for Delhi followed by Punjab, West Bengal, Uttar
Pradesh, Andhra Pradesh and Madhya Pradesh (Figure
14). But intensity ranges increased to 5 °C to 11 °C during
future scenarios with highest for Punjab followed by Delhi,
West Bengal, Uttar Pradesh, Madhya Pradesh and Andhra
Pradesh (Figures 15 & 16).
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Heatwave Duration, Intensity and Frequency (Present Scenario)
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Figure 14. Yearly Variations of Present Scenario Heatwave Characteristics for the Six Different States ((a) Delhi, (b) West Bengal, (c)
Punjab, (d) Uttar Pradesh, (e) Madhya Pradesh, and (f) Andhra Pradesh) of India During Summer Months.
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Figure 15. Yearly Variations of Future SSP2-4.5 Scenario Heatwave Characteristics for the Six Different States ((a) Delhi, (b) West
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Heatwave Duration, Intensity and Frequency for Future Scenario (SSP5-8.5)

@ Delhi 200 60 b West Bengal 200 60
30 17.5 30 t17.5
50 50
201 15.0 40 b15.0
~ 40w —~ 40w
- . I - w
5 sy 5y 1259 &
£ 301 . T £30 -
5, 10.0 Eraoé 5 L 10.0 -Epoé
=z g = £ g =
204 75 = = = 20 r7.5 = =
=202 =205
5.0 5.0
104 10 10 10
2.5 +2.5
L 0.0 Lo 0 L 0.0 0
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year
(c) Punjab (d) Uttar Pradesh
20,0 60 20,0 r60
501 50
17.5 F17.5
50 50
401 15.0 40 +15.0
~f40% 407
z 12.55}: s -12.5}3: £
5 301 Elaz 830 = -
=c| 10.0 -5-30 s =cl -10.0-;_ 30.2
2 5 = 2 5 =
R 2014 7.5 g 5 a 20 t7.5 = =
=205 =202
5.0 L 5.0
101 10 10 10
2.5 2.5
0- 0.0 “0 [1] 0.0 1]
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year
© Madhya Pradesh ® Andhra Pradesh
adnya Frades 20.0 60 ndnra rrades 20.0 60
50
17.5 t17.5
k50 50
40 15.0 t15.0
~t40 % ~1a0’s
. 12.5?(: 5 -12.5;: :_;
g 30 | ‘E - i’
= 10.0 =30 5 +10.0 =t 30 5
z = = = =
= g £ 7.5 g £
= 7.5 = r7. =
o =205 =205
5.0 5.0
10 F10 10
2.5 r2.5
0i= - . - . ~£0.0 lo T . - . . 0.0 0
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year
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3.2. Heat Index (HI) Temperature and Heat
Stress Categories

The heat index which is a measure of heat stress and
the corresponding hazard level of heat stress categories
(Table 2) for the six different cities of India are discussed
here. The analysis was performed for the present as well as
for the future scenarios of the summer months of March,
April, May, and June. Average HI vulnerability for present
(Figure 17) and future scenarios (Figures 18 & 19) are

discussed for a better understanding of the heat stress cat-

egory experienced by different Indian states of our study
and may be useful for future planning. It is observed from
the heat index during summer that heat-related vulnerabil-
ity can go from caution to extreme caution states for the
Delhi region. Extreme caution is observed during June. A
similar case can be observed in West Bengal, but extreme
caution is observed from April. Caution to extreme cau-
tion conditions are observed for Punjab, Uttar Pradesh,
and Madhya Pradesh, similar to those in the Delhi region.
Andhra Pradesh region experiences extreme caution to

Danger conditions.
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HI1 Vulnerability Future Scenario (S5P2-4.5)
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HI Vulnerability Future Scenario (SSP5-8.5)
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The average HI for the Delhi region for March, April,
May, and June has been depicted in Figure 17a, showing
the average heat index temperature for the present scenario
(2001-2024) along with future climate projection sce-
narios (2025-2049) of SSP2-4.5 and SSP5-8.5 in Figure
18a and Figure 19a, respectively. During March, Delhi
is under both caution and no caution state spatially, but in
April the average heat index ranges between 36.43 °C and
40.79 °C which is extreme caution to danger state. In May
and June, HI is even higher than in April ranging from
41.18 °C —55.19 °C and 46.53 °C — 56.36 °C, respectively,
which is the danger to extreme danger state (Figure 17a).

For the SSP2-4.5 scenario, Delhi experiences no caution,

extreme caution, danger, and extreme danger states for
March, April, May and June, respectively (Figure 18a).
However, for the SSP5-8.5 scenario, no caution, caution,
danger, and extreme danger states are experienced in Delhi
for March, April, May and June, respectively (Figure
19a). In contrast, June exhibits the higher average HI val-
ues approaching to higher extreme danger state for future
scenarios for Delhi compared to present scenario. The
average HI of the West Bengal region for the present sce-
nario (Figure 17b) shows that March is under no Caution
state, and April experiences the average heat index ranging
between 37.16 °C to 46.70 °C which is Extreme Caution

to Danger state. May and June experience even higher heat
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index temperatures ranging from 40.97 °C-56.35 °C and
40.28 °C-53.50 °C, which represent the Danger to Extreme
Danger and Danger states, respectively. For future SSP
scenarios (Figures 18b & 19b), March and April are in
Caution and Extreme Caution states, but during May and
June exhibit higher average Heat index values approaching
to Extreme Danger state.

The average HI temperature of Punjab for the pre-
sent scenario shows no Caution state for March but April
experiences the average heat index ranging between
35.75 °C — 47.90 °C which is an Extreme Caution to Dan-
ger state (Figure 17¢). While in May and June, Punjab re-
gion experiences even higher heat index temperature rang-
ing from 49.05 °C — 55.38 °C and 48.72 °C — 56.34 °C,
which are the Extreme Caution to extreme Danger, and
Danger to Extreme Danger states, respectively (Figure
17¢). However, future projections under different SSP sce-
narios (Figures 18¢c & 19c¢) indicate that March is under
the Caution State, while April, May and June exhibit high-
er average Heat index values approaching Extreme Cau-
tion, Danger, and Extreme Danger state, respectively. The
average HI of the Uttar Pradesh region for March, April,
May, and June for the present scenario is presented in Fig-
ure 17d. March shows no Caution state, April records the
average HI ranging between 37.05 °C — 47.92 °C which
is Extreme Caution to Danger state; May and June experi-
ence even higher heat index temperatures ranging from
42.18 °C —55.05 °C and 45.10 °C — 56.89 °C, respectively,
which is Danger to Extreme Danger state (Figure 17d).
The future projection under different SSP scenarios (Fig-
ures 18d & 19d) shows Caution State during March, with
April, May and June exhibiting the higher average HI val-
ues approaching Extreme Caution, Danger, and Extreme
Danger states, respectively (Figures 18d & 19d).

Madhya Pradesh region shows no Caution state
during March and extreme Caution to Danger states dur-
ing April when the average HI values are in the range of
37.21 °C-44.18 °C in the present scenario (Figure 17e).
However, during May and June, Madhya Pradesh region
experiences Danger state as HI values are in the ranges of
40.70 °C—49.18 °C and 43.10 °C-50.17 °C (Figure 17e).
During the projections under different SSP scenarios, Cau-
tion state is observed during March. In contrast, April,

May, and June exhibit higher average HI values approach-

ing Extreme Caution, Danger, and Extreme Danger states,
respectively (Figures 18e & 19e). The average HI for the
Andhra Pradesh region shows Extreme Caution to Dan-
ger states for March and April in the present scenario, but
the months of May and June experience even higher HI
values which represent Danger to Extreme Danger state
(Figure 17f). The future projections under SSP scenarios
show Caution state during March, but April, May and June
months exhibit higher average HI values approaching Ex-
treme Caution, Danger, and Extreme Danger state, respec-
tively (Figures 18f & 19f).

It is seen that in the present scenario in Delhi for
March and April, there is a threat to the human body due
to Extreme Caution to Danger states, which may cause
fatigue with prolonged exposure and activity, and could
result in heat cramps if outdoor activity continues. In con-
trast, for May and June, the Danger to extreme Danger
states are observed in which heat cramps and heat exhaus-
tion are likely, and even death due to heat strokes is pos-
sible with continued exposure to heatwaves (Figure 17).
Similar observations are also observed for the states of
Punjab, Uttar Pradesh, and Andhra Pradesh. For Madhya
Pradesh and West Bengal, similar vulnerability due to heat
stress is observed except for West Bengal in the Month of
May when Extreme Danger state is seen for which death
due to heat strokes is possible if continued exposure to
heatwaves occurs (Figure 17). For the SSP2-4.5 scenario,
the vulnerability related to heat stress is similar for Mad-
hya Pradesh and Uttar Pradesh for all months, but for
Delhi, West Bengal, Punjab are different for the months
of March and April (Figure 18), when compared to the
present scenario (Figure 17). During the Months of June,
the states of Delhi, Punjab, West Bengal reached Extreme
Danger state and even the death due to heat strokes is pos-
sible if continued exposure to heatwaves occurs (Figure
18) compared to present scenario (Figure 17). Similar HI
vulnerability is observed for SSP5-8.5 scenario except for
Andhra Pradesh for which intense Extreme Danger state
is seen for the months of May and June (Figure 19) for
which heat strokes are possible for continued exposure

compared to SSP2-4.5 scenario.

4. Conclusions

The analysis of heat index and related health prob-
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lems has been analysed for the six states of India for the
summer month using the available datasets for present and
future climate change scenarios. We have also analysed
the heatwave characteristics (frequency, duration, and in-
tensity) to understand the vulnerability for the present and
future scenarios related to heatwave and heat stress. The
frequency of heatwaves is expected to rise in the future,
making it crucial to identify heat risk zones at the national
level and evaluate them using suitable indices for the de-
velopment of early warning systems and mitigation strate-
gies . Our analysis shows that during March and April,
Delhi experienced Extreme Caution to Danger condition of
HI vulnerability for which fatigue is possible during pro-
longed exposure. Danger to Extreme Danger conditions of
HI vulnerability are possible in May and June, which may
lead to heat cramps and heat exhaustion, and continued
exposure to heatwaves can cause heatstroke-related deaths.
Similar observations are also observed for the states of
Punjab, Uttar Pradesh, and Andhra Pradesh. However, for
the states of Madhya Pradesh and West Bengal, vulnerabil-
ity due to heat stress is observed as seen in Punjab, Uttar
Pradesh, and Andhra Pradesh. For May, West Bengal has
prevailed in the condition of Extreme Danger which may
result in death due to heat strokes.

The vulnerability related to heat stress for Madhya
Pradesh and Uttar Pradesh during the summer months is
similar to the SSP2-4.5 scenario. However, Delhi, West Ben-
gal, and Punjab are like the present scenario for March and
April. SSP2-4.5 scenario also showed that Delhi, Punjab,
and West Bengal reached an Extreme Danger state for which
death due to heat strokes is possible if continued exposure
to heatwaves occurs during June. The HI related vulner-
ability is similar to the SSP5-8.5 scenario except for Andhra
Pradesh which shows an intense Extreme Danger state in
May and June during which heat strokes are possible if con-
tinued exposure to heatwaves occurs compared to SSP2-4.5.

Death due to heat strokes is highly possible in the fu-
ture in May and June for West Bengal, Uttar Pradesh, and
Andhra Pradesh but in June for Delhi, Punjab, and Madhya
Pradesh as seen from our analysis. Although the datasets
used in this study are coarse, the key findings of this study
provided a base of spatial variability of heat stress-related
vulnerability for the six different states of India. At present,

there seems to be a lack of resources for heat health pre-

paredness in South Asia, and only a small number of early
warning systems have been established ", Addressing
heat stress would mitigate its impact on sustainability. En-
hancing the liveability and functionality of cities has been
discussed in previous studies "*"*. Adopting the mitigation
related to the heat strategies helps in improving the ther-
mal comfort conditions. Implementation of heat mitigation
strategies creates an opportunity for policymakers of gov-
ernmental agencies, and geographers will help to develop
sustainable cities "

Indeed, several cities and countries around the world
have adopted heatwave preparedness plans *. In regions
like India where the population is large with varying cli-
matic conditions, the need for a wider preparedness strat-
egy related to heat stress is extremely crucial. Thus, our
analysis will help to take necessary precautionary meas-
ures for the local government agencies from heat stress-

related vulnerability in the future.
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