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Abstract: Changes in extreme human bioclimate conditions are accepted evidence for and serve as a
broad measure of anthropogenic climate change. The essential objective of the current study was
to investigate past and future thermal bioclimate conditions across West Bengal (WB), India. The
daily physiologically equivalent temperature (PET) was calculated by considering definite climate
variables as inputs. These meteorological variables were captured from the Coordinated Regional
Downscaling Experiment (CORDEX)-South Asia. The initial results from this research work present
the mean monthly distribution of each PET class over the considered stations of WB during the period
(1986–2005) and three future time periods: (i) near future (2016–2035), (ii) mid-future (2046–2065),
and (iii) far future (2080–2099). It was observed that the months from April to June comprise heat
stress months in terms of human thermal perception, whereas thermally acceptable conditions begin
in November and continue until March for most stations. Results from future PET changes over WB
in the context of the reference period (1986–2005) reveal a prominent increase in warm and hot PETs
for all future time periods in two different greenhouse gas emission scenarios. During the far-future
time period, stations within a kilometer of the Bay of Bengal such as Digha, Diamond Harbour,
Canning, and Baruipur account for the highest percentage in the warm PET class (35.7–43.8 ◦C) in
high-end emission scenarios. Simultaneously, during the period from 2080 to 2099, Kolkata, Dum
Dum, Kharagpur, and Siliguri will experience a PET greater than 43.8 ◦C for close to 10% of the days
in the year and more than 10% in Sriniketan, Malda, Asansol, and Birbhum. During the far-future
period, a negative change in the very cool PET class (<3.3 ◦C) indicating a decrease in cold days was
the largest for Darjeeling.

Keywords: West Bengal; physiologically equivalent temperature (PET); RayMan model; climate
model; CORDEX-South Asia

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) report and the
prediction from climate models, there will be an increase in global air temperature in the
future [1–4]. The variation in the mean air temperature may cause a rise in extreme temper-
atures [5,6]. Similarly, changes in the trends and patterns of other climate variables along
with extreme air temperatures have a cumulative impact on human health, agriculture, and
national economies [7,8]. Recent studies report that extreme heat episodes are increasing
across almost all land regions across the globe [9–13]. India has also shown significant
warming trends in tune with the global warming pattern [14–17]. Studies related to the
heat wave in India based on the daily maximum temperature identified a few stations from
north, northwest, and central India with a significant increase in heat wave trends [18–21].
West Bengal (WB), a state from eastern India, stretches from the Himalayas in the north to
the Bay of Bengal in the south and is protected by the progressive delta of the Sundarbans
mangrove forest. There are many states in India, including Gangetic WB, that register heat
wave spells for 8 days on average [22–24]. Every year, hundreds of citizens are admitted
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to hospitals due to heat-related illnesses in India [25]. Rapid changes in temperature may
also alter the balance between humans and parasites and thereby increase the chances of
mosquito-borne diseases such as malaria and dengue [26]. Human thermal perception
comprises the capacity to accommodate the body temperature within certain limits. If the
human body confronts a situation beyond these limits, the thermoregulation system tries
to balance out the additional heat gain or heat loss. Under extreme thermal conditions,
the thermoregulation system breaks down with changes in the body’s core temperature
(37 ◦C) and causes human thermal stress that may lead to human thermal discomforts such
as muscle cramps, exhaustion, and life-threatening heat strokes [27–30].

Human bioclimate conditions could be estimated with air temperature, relative hu-
midity, wind speed, and mean radiant temperature. Furthermore, cloud cover plays
an important role in computing the mean radiant temperature [31–35]. Several stud-
ies reported that personal parameters on a personal level such as age, gender, clothing,
and activity levels influence human thermal stress [36,37]. Human thermal perception
should be estimated by complex models due to food and beverage intake and clothing
insulation [38–40].

In recent years, multiple human bio-meteorological indices were recognized based
on human heat budget models to categorize and scale human thermal stress. Some well-
documented bioclimate indices are physiologically equivalent temperature (PET) [30,41,42],
perceived temperature (PT) [29,43], standard effective temperature (SET) [28,44], and the
recently developed Universal Thermal Climate Index (UTCI) [33,35]. These indices improve
the cumulative effects of all thermal, physical, and physiological parameters to advance
the evaluation of ambient conditions [34]. PET has been extensively used and categorized
for the estimation of human bio-meteorological conditions and other aspects, such as
worldwide tourism [45–47]. Amongst these indices, PET and UTCI have been broadly
employed in recent studies due to their simple, sophisticated, and economical approach.
The PET, in particular, proved efficient in different climate zones [48], and also against
UTCI, its value can be estimated at zero wind speeds.

Due to the close association between the thermoregulatory system of the human body
and weather, climate change modifies the number of heat stress days in most land areas
of the world [49]. In the past decade, heat waves caused more deaths compared to other
natural disasters in India, and in the year 2022, heat waves were responsible for at least 90
deaths across India and Pakistan [50]. A recent study reported that a few coastal subtropical
locations experienced extremely humid heat episodes, and in terms of frequency, they have
doubled in the last four decades [51]. Most of the research work conducted on bioclimatic
environments over WB is limited for a short time period [52–56]. However, research studies
focused on the validation of long-term trends of regional human thermal stress over WB
are scarce. The maximum (in May) and minimum (in December and January) values of
the mean monthly PET were reported by Bhattacharya, Biswas [57] for Kolkata and by
Jaswal, Padmakumari [20] for the Indian subcontinent. The presence of hot stress days at
the end of the twentieth century and the beginning of the twenty-first century was noted in
urban stations. However, the observed station data of Diamond Harbour from 2018 to 2020,
situated a few hundred kilometers from Kolkata, confirmed heat stress conditions. This
impression of stations close to the Bay of Bengal being exposed to enhanced heat stress has
also been observed by Jaswal, Padmakumari [20] and Rao, Kumar [58]. The former study
identified the Indo Gangetic plain during monsoons as vulnerable to conditions inducing
human thermal discomfort [20]. A recent study also projected heat stress over India under
different emission scenarios and reported that the east coast region suffers more heat stress
days than the western coastal regions [58].

Therefore, this present research concentrates on the human bio-meteorological envi-
ronment in WB, which is reproduced from the climate model during past and future time
scales. Furthermore, the spatial extent of human thermal comfort in terms of PET across
15 different stations of WB under different carbon dioxide emission concentration pathway
scenarios is presented. The results will potentially advise local administrators in mak-
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ing policies for improving human health, urban design, planning, population migration,
tourism development, social culture, and economy.

2. Study Regions

WB is situated in the eastern part of India (20◦31′–27◦12′ N and 85◦50′–89◦52′ E) and
comprises an area of approximately 88,752 sq. km (Figure 1). It is the second most densely
populated state in India, with a population of more than 80 million people. In the North,
it is bordered by the Himalayan Mountains. To the west lies the Chhotanagpur plateau,
and the Southeast region comprises the plains of the Ganga–Brahmaputra delta, which
culminates in the Bay of Bengal. The state shares international borders with Bangladesh
in the east, Bhutan in the north, and Nepal in the northwest. Within India, WB shares its
borders with the states of Bihar in the west, Orissa in south, Sikkim in the north, and Assam
in the northeast.
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Figure 1. The considered 15 investigated sites are inscribed on the orography map of WB (WB). Inset:
the political map of India. WB is highlighted (red) in the India map.

Based on Koppen’s classification, the climate pattern of WB is classified into one of
three types. The major parts of the Sub-Himalayan WB experiences sub-tropical monsoons
and mild and dry winters, followed by hot summers (Cwa). The Gangetic WB and neigh-
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boring southern parts of the Sub-Himalayan WB belong to the following type: hot tropical
savanna, with seasonally dry winters (Aw). However, with respect to the northern-most
parts of the Sub-Himalayan WB, viz., Darjeeling observed a tropical upland climate charac-
terized by mild and dry winters and short summers (Cwb). The stations included in the
Gangetic WB region for this study include Digha, Diamond Harbour, Canning, Baruipur,
Alipore (Kolkata), Dum Dum, Kharagpur, Chinsurah, Krishnanagar, Sriniketan, Asansol,
and Birbhum. The stations included for the Sub-Himalayan WB include Malda in the south
and Darjeeling and Siliguri in the north [59].

WB’s climate can be classified into four major seasons: winter: (December to February);
summer: (March to May); southwest monsoon: (June to September); retreating southwest
monsoon: (October to November). During the summer season, the daily temperature varies
between 24 ◦C and 40 ◦C. During winter, the temperature varies from 7 ◦C to 26 ◦C. A
few western districts in WB endure frequent heat waves in the summer months when the
maximum temperature rises to 45 ◦C or above, whereas northern hilly districts experience
infrequent snowfall when the minimum temperature reaches sub-zero.

May and April are the hottest months in the Gangetic and Sub-Himalayan WBs, with
mean maximum temperatures of 35.6 ◦C and 33.8 ◦C, respectively. January is the coldest
month in the state when the mean minimum temperatures for the Gangetic WB and Sub-
Himalayan WB are 13.3 ◦C and 10.5 ◦C, respectively. The relative humidity is generally
high during the period from July to September. The morning humidity levels reach 80%
in June, which then rises to about 83–85% in July, August, and September. The period
from December to March has sparse cloud cover. During the monsoon season from June
to September, the skies are heavily clouded, particularly during July and August, when
approximately 6 oktas of the sky is covered with clouds. Beginning in October, the cloud
cover in the state decreases to a great extent [59,60].

The total annual recorded rainfall increases from 142 cm over the southern plains of
WB to 371 cm over the northern parts while it decreases to 116 cm over the northwestern
parts of Gangetic WB. The amount of rainfall varies significantly in the foothills of the
Himalayas (205 cm to 405 cm). The southwest monsoon sets in over the state around the
first week of June and covers the entire state by the second week of June. July is the rainiest
month in the Sub-Himalayan WB and Gangetic WB. The Southwest Monsoon is the primary
rainy season when the plains of WB receive 74–83% of the annual rainfall amount while
the hills of WB receive 73–87%. Rainfall in the winter season accounts for approximately
3% of the annual total rainfall in Gangetic WB and 5% for the hills of WB. The withdrawal
of the southwest monsoon begins from the northern parts of the state towards the end of
the first week of October, and by the second week, the monsoon withdraws from the entire
state [59]. The descriptive statistics for temperature, relative humidity, wind speed, and
cloud cover for the 15 different locations across WB that were considered for the present
study are presented in the Supplementary Tables.

3. Data

The long-term characteristics of anthropogenic thermal stress in WB have been in-
spected in the past using PET. This was performed by using the daily mean values of air
temperature (◦C), relative humidity (%), wind speed (ms−1), and cloud cover (octas). To
estimate the daily human thermal stress, PET changes were estimated for the period from
1986 to 2005 for all the selected sites and by using the daily meteorological variables ob-
tained from the suite of the Coordinated Regional Downscaling Experiment (CORDEX) [61].
The future evolution of PET under the two representative concentration pathways (RCPs),
RCP4.5 and RCP8.5, were also extracted from CORDEX. The two RCPs detail the feasi-
ble limits of the radiative forcing of greenhouse gases in the twenty-first century, with
a +4.5 and +8.5 W per sq m, respectively. The CORDEX project consists of 13 unique
domains. The present study used the South Asian domain of CORDEX. The South Asian do-
main consists of the geographical areas falling under the coordinates of 19.25◦ E–116.25◦ E
and 15.75◦ S–45.75◦ N. The CORDEX models have a 0.44-degree arc spatial resolution,
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which allows for a better account of topographic details, thereby producing quality out-
puts for the atmospheric variables of the near-surface temperature (K), surface relative
humidity (%), total cloud cover (%), and near-surface wind speed (ms−1). The time series
of each variable for a given station was reproduced after selecting the nearest grid that
corresponded to the coordinates defined in Table 1. Global climate models are used for
wide-scale spatial analysis in the long-term projection of climate trends. However, they lack
detailed information for local levels, which need to be fed into the model. With regard to the
current study, the data quality of CORDEX for the entire domain of WB is comparable to the
Era-Interim reanalysis for the period from 1979 to 2005 (illustrated in Figure 2). The boxplot
(Figure 2) represents the descriptive statistics of temperature, relative humidity, cloud
cover, wind speed, and PET between CORDEX and Era-Interim. It can be observed that the
comparison clearly exhibits a good agreement for all variables between the two datasets.
Hence, the mean PET values estimated from imported meteorological variables exhibit a
difference of 1.8 ◦C between CORDEX and Era-Interim. A recent study investigated the
PET variation for a few sites in WB at 1130 h and 1730 h by using the Era-Interim and Indian
Meteorological Department datasets and confirmed the concurrence between the datasets
(Bal and Matzarakis [60]). Therefore, removing the bias from CORDEX datasets could
allow the classification of PET under the same thermal comfort category. Furthermore,
the highest correlation coefficient value was observed to be 0.9 for temperature, 0.6 for
relative humidity, 0.4 for cloud cover, and 0.3 for wind speed. Several studies on the im-
pact of climate change on human bioclimate conditions have been performed on different
geographical areas by using the output from a wide spectrum of regional climate models.
CORDEX-East Asia and EURO-CORDEX have been successfully implemented in China
and Europe, respectively, for studying the human bio-meteorological environment [62,63].

Table 1. List of the 15 selected stations with position coordinates along with their altitudes in WB for
this study.

Sl. No. Station Abbreviated
Station Code Longitude Latitude Altitude (m)

1. Digha DGH 87.50◦ E 21.62◦ N 6

2. Diamond
Harbour DHR 88.20◦ E 22.17◦ N 4

3. Canning CAN 88.67◦ E 22.25◦ N 4

4. Baruipur BRP 88.44◦ E 22.38◦ N 9

5. Alipore (Kolkata) KOL 88.32◦ E 22.52◦ N 6

6. Dum Dum DMM 88.45◦ E 22.63◦ N 6

7. Kharagpur KGP 87.32◦ E 22.32◦ N 61

8. Chinsurah CNH 88.44◦ E 22.90◦ N 200

9. Krishnanagar KNG 88.49◦ E 23.41◦ N 14

10. Sriniketan SRN 87.70 ◦ E 23.63◦ N 59

11. Asansol ASN 86.95◦ E 23.67◦ N 111

12. Birbhum BRM 87.59◦ E 23.81◦ N 71

13. Malda MLD 88.12◦ E 25.02◦ N 31

14. Siliguri SGR 88.43◦ E 26.48◦ N 122

15. Darjeeling DRJ 88.27◦ E 27.05◦ N 2128
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Figure 2. Represents the descriptive statistics of daily temperature, daily relative humidity, daily
cloudy cover, daily wind speed, and daily PET extracted from Era-Interim (ERA) and CORDEX
(HIST) over WB during the period from 1979 to 2005.

4. Applied Methodology

In this study, select atmospheric variables of air temperature, relative humidity, wind
speed, and cloud cover were used to compute the PET in 15 stations across WB for dif-
ferent time periods by using RayMan Pro Model Version 3.1 [64,65]. PET is based on the
Munich Energy-Balance Model for Individuals (MEMI), a two-node thermo-physiological
heat-balance model. It is defined as the air temperature at which, in reference to an environ-
ment’s setting, balancing occurs between the heat budget of the human body and the skin
temp under complex outdoor conditions [66]. This model is also endorsed by German VDI
Guideline 3787, Part 2. In the present study, the mean radiant temperature was estimated
from cloud cover data due to the non-availability of solar radiation station data as an input
variable in the RayMan model [40,67]. This approach of calculating the mean radiant tem-
perature from cloud cover has been successfully reported in a past study [68]. Furthermore,
the physiological aspects of the human body, such as clothing, gender, and age, play an
important role in estimating PET [42]. Personal data such as height, weight, age, and sex
were pre-determined as 1.75 m, 75 kg, 35 years, and male, respectively. The variables of
clothing, activity, and position were pre-determined as 0.60, 80, and standing, respectively.
A past study noted that slight changes in personal data did not modify the PET values when
considering larger scales [55]. Keeping the personal data intact for each simulation, the
daily PET was obtained for all 15 stations for the period of 1986–2005 and the future period
of 2016–2099. The data are highlighted in Table 1. The PET class limit that is considered
to be significant is characterized, especially for regional or local studies. In the initial
stages of fixing the neutral temperature of PET, its ranges were delineated based on the
European climate. Researchers had to modify the PET classes in different climatic regions.
For example, the neutral PET range for the hot arid climate in Cairo, Egypt, was noted to
be between 24.3 and 29.5 ◦C [69], while for the Mediterranean climate in Crete, Greece, the
PET’s neutral temperature limit was 20–25 ◦C [70]. Another study conducted for the city of
Dhaka, which possesses a hot and humid tropical climate, reproduced PET ranges based
on the hypothesis of Lin and Matzarakis [71]. The aforementioned studies adjusted the
PET ranges using a two-step process. In the first step, the mean thermal sensation vote for
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each 1 ◦C was calculated, followed by fixing the thermally acceptable range corresponding
to the mean thermal sensation vote in step two. Several recent studies have adapted this
method to update the temperature limit of each thermal class for several indices in different
climatic zones. In recent studies focussing on India, modified PET ranges have been noted.
This study also adopted a recent study’s corrected PET classification, which was adjusted
for Kolkata [52], the data for which are presented in Table 2. To capture the relative changes
in future PET and its classes under different emissions conditions for all 15 sites in WB,
three future periods were considered with respect to the past period (1986–2005). The three
future periods were (i) near future (2016–2035), (ii) mid-future (2046–2065), and (iii) far
future (2080–2099). The present study aimed to investigate the changes in PET for a time
span of 20 years based on the methodology of a past study [58]. Additionally, the mean
monthly PET differences for all three future periods in the context of the past years are
presented under RCP4.5 and RCP8. The relative changes in each PET class and the mean
monthly PET differences [52] are expressed as (∆PET)class and (∆PET), respectively, for
all three future time periods. As the temperature has significant weightage in deciding
bioclimatic indices, the difference in mean monthly temperature (∆Temp) for any station
was compared to the difference in mean monthly PET for all three future time periods
under RCP4.5 and RCP8.5. The changes in PET and Temperature are expressed as follows:

∆PETclass = PETclass, STN,PERIOD − PETclass,STN,REFERENCE (1)

∆PET = PETSTN,PERIOD − PETSTN,REFERENCE (2)

∆Temp = TemperatureSTN,PERIOD − TemperatureSTN,REFERENCE (3)

• class = Cold, Cool, Slightly cool, Neutral, Slightly warm, Warm, Hot;
• STN = Digha, Diamond Harbour, Canning, Baruipur, Alipore (Kolkata), Dum Dum,

Kharagpur, Chinsurah, Krishnanagar, Sriniketan, Asansol, Birbhum, Malda, Silig-
uri, Darjeeling;

• PERIOD = 2016–2035, 2046–2065, 2080–2099;
• REFERENCE = 1986–2005.

Table 2. Categorized PET equivalent temperatures as a function of the thermal sensation for
Kolkata [52], Taiwan [71], Western European cities [72–74], and Dhaka [75]. This present study
used the PET classification of Kolkata [52].

Thermal Sensation
PET Range for
Western European
Cities (◦C)

PET Range for
Taiwan (◦C)

PET Range for
Dhaka (◦C)

PET Range for
Kolkata (◦C)

Very cold <4 <14

Very cool/Cold 4–8 14–18 <3.31

Cool 8–13 18–22 23.5–26.5 3.31–11.42

Slightly cool 13–18 22–26 26.5–29.5 11.42–19.48

Neutral 18–23 26–30 29.5–32.5 19.48–27.59

Slightly warm 23–29 30–34 32.5–35.5 27.59–35.73

Warm 29–35 34–38 35.5–38.5 35.73–43.83

Hot 35–41 38–42 >38.5 >43.83

Very Hot >41 >42

5. Results
5.1. Monthly Variation of PET

The monthly frequency spectrum of PET for all the considered stations in WB during
the historical period (1986–2005) depicts various PET classes starting from very cool to hot
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conditions (as illustrated in Figure 3). Heat stress conditions in terms of slightly warm,
warm, and hot classes together registered a minimum share of 80% during the period from
April to August in all stations, except in Krishnanagar, Chinsurah, and Darjeeling. The
80% share of the minimum heat stress remained intact for two or more months, i.e., July
and August, except for the stations of Chinsurah and Krishnanagar. Darjeeling is situated a
few thousand meters above the mean sea level; therefore, the monthly PET distribution
exhibited acceptable human thermal conditions for the period from March to September.
Extreme heat stress conditions, designated as the hot class with a PET value of more than
43.83 ◦C, were observed in June with the following percentage shares: Sriniketan (8%),
Kharagpur (6.8%), Birbhum (8.2%), Asansol (6.5%), Kolkata (3.2%), and Dum Dum (3.5%).
In the near-future time period (2016–2035), under the RCP4.5 scenario (Supplementary
Figure S1, left graph), the percentage share of hot conditions (>43.8 ◦C) in June decreased
in a few urban stations, which was indicative of decreased anthropogenic forcings. In the
near future, in the RCP8.5 scenario (Supplementary Figure S1, right graph), the number of
days with a hot PET class increases slightly in comparison to the RCP4.5 scenario for all
noted hot condition stations. The aforementioned changes were noted to increase further
towards the end of the 21st century (Supplementary Figure S2). In the far future (2080–2099),
under the RCP4.5 scenario (Supplementary Figure S3, left graph), the percentage share of
hot stress conditions was (>43.83 ◦C) 7.2 % in May and 12% in June for Kolkata; 7.4% in
May and 13.3% in June for Dum Dum; 12.4% in May and 17.2% in June for Kharagpur;
20.3% in May and 23.6% in June for Sriniketan; 20.8% in May and 22.3% in June for Asansol;
21.1% in May and 23.3% in June for Birbhum; 9.3% in May and 16.2% in June for Malda;
and 9.8% in June and 7.4% in July for Siliguri, respectively. In the higher emission scenario,
the aforementioned stations could potentially experience a two-to-three-fold increase in
hot stress conditions (Supplementary Figures S4–S6).
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5.2. Future Changes in PET against the Past Period under Different RCP Scenarios

The results obtained in this study accounted for the spatial variability of the monthly
biothermal conditions in WB. The current study also evaluated the future changes in PET
classes (in %) relative to the reference period of 1986–2005. Three future time periods of
(i) near future (2016 to 2035), (ii) mid-future (2046 to 2065), and (iii) far future (2080 to 2099)
were considered with respect to two emission scenarios. Figure 4 illustrates the changes in
the three different future periods’ PET values for the fifteen stations investigated under
the RCP4.5 and RCP8.5 scenarios. The overall relative PET classes highlighted that in
the time period from near future to far future, thermal stress conditions comprised slight
warm, warm, and hot, with all three conditions exhibiting a significant increase except for
Darjeeling. The maximum decrease in the very cool stress values calculated for Darjeeling
towards the end of this century was 22%. Consequently, the magnitude of the percentage
change was found to increase during the transition from near future to far future relative
to the reference period. Even the percentage change in thermal stress conditions was
found to be higher in the RCP8.5 scenario compared to the RCP4.5 scenario for each future
time period. During the far future time period under the RCP8.5 scenario, Sriniketan,
Asansol, Birbhum, and Malda could potentially experience prominent hot conditions of
10–12.5%. Hot conditions could potentially occur in the urban stations of Kolkata, Dum
Dum, Kharagpur, and Siliguri (6.2–8.8%). Stations such as Digha, Diamond Harbour,
Canning, and Baruipur, which are close to the Bay of Bengal, would potentially experience
the most unpleasant warm thermal conditions. Hot conditions were not observed in the far
future for the stations of Darjeeling, Chinsurah, and Krishnanagar. The largest decrease in
any thermal condition was observed in Darjeeling with regard to very cool stress conditions
under the RCP8.5 scenario, especially during the last decade of the century.
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5.3. Differences in Monthly Temperature and PET under Different RCP Scenarios

In this section, changes in the mean monthly PET and temperature between the three
future time periods are presented for two emission scenarios in comparison to the historical
period for all stations. The results for the first two future periods are discussed and
illustrated in Supplementary Materials. In the RCP4.5 scenario, it can be observed that the
mean monthly differences for the near future PET had two peaks: one during February
and one in October. For each emission scenario, the PET changes for the near future were
accompanied by changes in temperature, and the results show that for every 1 ◦C change
in temperature influence, there was a two-fold increase in the PET. Similarly to the near-
future time period, the mean PET and temperature differences for each month during the
mid-future period (2046–2065) observed a PET increase during November, which reached
a maximum in March and decreased until October, with a second peak appearing in July
and August. In Darjeeling, the maximum PET changes occurred in July with constant
temperature changes. The PET changes, particularly in Malda and Siliguri during the
monsoon months, were not associated with an increase in temperature changes. This could
be attributed to humidity. The maximum PET changes for each station under the RCP4.5
scenario vary between 3 and 4 ◦C and during the period from March to April. In the RCP8.5
scenario, the highest PET changes ranged between 4 and 5 ◦C during post-winter months.
The mean monthly differences of PET and temperature for the far future (2080–2099) time
period compared to the historical (1986–2005) time period for all stations are illustrated
in Figure 5. It can be observed that the PET changes increased along with an increase in
temperature from January while reaching a maximum during March and April. In the
RCP4.5 scenario, for the period of January to April, the PET varied between 2.4 ◦C and
4.8 ◦C and was likely caused by a positive increment in temperature, which ranged between
2 ◦C and 3.4 ◦C. The mean monthly PET and temperature changes in the RCP8.5 scenario
during the end of the twenty-first century followed a similar pattern when compared to
the RCP4.5 scenario. However, the PET magnified two-fold under the RCP8.5 scenario in
comparison to the RCP4.5 scenario. The largest PET changes occurred from January to April
and varied between 5 and 9 ◦C, and the change was forced by temperature changes between
4.9 and 7.0 ◦C. The highest PET changes close to 9 ◦C were observed in Sriniketan, Asansol,
Birbhum, Malda, Kolkata, Dum Dum, Kharagpur, Chinsurah, Krishnanagar, and Siliguri.

5.4. Importance of Data Quality in Estimating Human Bioclimate Conditions

To establish the importance of data quality, a correlation study has been conducted by
using two different data sources, i.e., ERA-5 and the Indian Monsoon Data Assimilation
and Analysis (IMDAA) reanalysis. IMDAA is a regional atmospheric reanalysis over the
Indian subcontinent with a horizontal resolution of about 12 km [76]. The fifth-generation
reanalysis popularly known as ERA-5 (spatial resolution ~31 km), released by ECMWF,
is an upgraded version of Era-Interim (spatial resolution ~79 km) in terms of spatial
resolution [77]. In this data quality test, we chose three stations, namely Alipore (Kolkata),
Diamond Harbour, and Darjeeling. Kolkata is an urban station; Diamond Harbour lies
close to the sea; Darjeeling is a high-altitude station. In order to calculate the correlation
coefficient, we chose the daily observed station data, provided by the Indian Meteorological
Department (IMD), for the period from 2020 to 2021 at 0830 h (IST) and 1430 h (IST). The
descriptive statistics of air temperature, relative humidity, wind speed, and cloud cover and
the computed PET for the mentioned period during mornings and afternoons are presented
in Tables 3 and 4, respectively. The correlation coefficient value and confidence interval
in brackets for each variable between ERA-5 and IMDAA against IMD are illustrated in
Table 5. The highest agreement was observed for air temperature, followed by relative
humidity, wind speed, and cloud cover. The correlation values in Table 4 strongly indicate
that ERA-5 is better than IMDAA.
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Table 3. Comparison of the descriptive statistics for temperature, relative humidity, wind speed, and
cloud cover from ERA-5, IMDAA, and IMD. PET has been calculated by RayMan using daily data
from 2020 to 2021 at 0830 h (IST). Three stations, namely Alipore (Kolkata), Diamond Harbour, and
Darjeeling, have been chosen for this comparative study.

IMD 0830 h ERA5 0830 h IMDAA 0830 h

Variables Station Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean

Temperature (◦C) Alipore
(Kolkata) 14 33.4 25.9 14.1 34.2 25.9 13.6 35.3 25.9

Diamond
Harbour 14 34 25.8 14.3 34.5 26.2 15.1 33.9 26.6

Darjeeling 2.4 30.2 13.3 7.3 27.7 18.6 8.4 28.4 19

Relative
Humidity (%)

Alipore
(Kolkata) 40 100 78.6 41 100 78.7 37.4 99.3 76.7

Diamond
Harbour 57 100 87 41.2 100 79.5 36.8 99.5 76.6

Darjeeling 39 100 85.6 41.5 100 79.5 44.7 98.1 78.3
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Table 3. Cont.

IMD 0830 h ERA5 0830 h IMDAA 0830 h

Variables Station Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean

Wind
Speed (ms−1)

Alipore
(Kolkata) 0 4.6 1.2 0.1 9.3 2.5 0.1 9.2 2.6

Diamond
Harbour 0 5.1 0.2 0.1 9.1 2.6 0.1 12.8 3.5

Darjeeling 0 0.1 0.04 0 2.4 0.7 0.1 2.5 1

Cloud
Cover (Octas)

Alipore
(Kolkata) 0 8 3.8 0 8 1.6 0 7.9 0.8

Diamond
Harbour 0 8 3.8 0 8 1.8 0 7.8 0.7

Darjeeling 0 8 4.2 0 8 2.9 0 8 1.5

PET (◦C) Alipore
(Kolkata) 12.5 48.1 33.1 12.7 45 30 10.5 43.4 29.9

Diamond
Harbour 11.5 51.1 35.8 12.8 45.7 30.2 10.9 44.6 29.9

Darjeeling 2.1 46.4 22.9 5.3 42.8 25.5 4 41.7 23.4

Table 4. Comparison of the descriptive statistics for temperature, relative humidity, wind speed, and
cloud cover from ERA-5, IMDAA, and IMD. PET has been calculated by RayMan using daily data
from 2020 to 2021 at 1430 h (IST). Three stations, namely Alipore (Kolkata), Diamond Harbour, and
Darjeeling, have been chosen for this comparative study.

IMD 1430 h ERA5 1430 h IMDAA 1430 h

Variables Station Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean

Temperature (◦C) Alipore
(Kolkata) 17.4 39.0 30.2 18.2 39.5 30.8 17.5 41.0 30.9

Diamond
Harbour 17.6 37.6 30.5 18.2 39.2 30.8 16.7 39.6 30.0

Darjeeling 5.0 25.0 16.2 9.5 29.4 22.1 10.2 28.6 21.3

Relative
Humidity (%)

Alipore
(Kolkata) 19.0 99.0 60.8 16.8 95.9 60.5 11.8 93.8 54.2

Diamond
Harbour 28.0 100 71.5 13.9 99.5 61.4 16.2 90.8 59.3

Darjeeling 35.0 100 77.1 29.0 10 73.1 28.3 99.4 72.9

Wind
Speed (ms−1)

Alipore
(Kolkata) 0.0 17.5 1.3 0.3 12.7 2.7 0.0 7.9 0.6

Diamond
Harbour 0.0 5.7 0.4 0.2 13.9 2.8 0.4 23.9 4.1

Darjeeling 0.0 0.1 0.04 0.1 2.5 1.3 0.1 3.5 1.7

Cloud
Cover (Octas)

Alipore
(Kolkata) 0.0 8.0 4.2 0.0 8.0 1.4 0.0 7.9 0.6

Diamond
Harbour 0.0 8.0 3.6 0.0 8.0 1.4 0.0 7.7 0.5

Darjeeling 0.0 8.0 5.8 0.0 8.0 3.2 0.0 8.0 1.2

PET (◦C) Alipore
(Kolkata) 14.9 50.9 37.8 15.4 49.5 36.1 17.5 47.9 35.9

Diamond
Harbour 21.1 52.9 41.9 16.0 50.1 36.0 12.5 48.9 33.7

Darjeeling 5.6 40.6 28.0 9.7 40.7 25.6 5.6 40.2 24.3
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Table 5. Correlation coefficient values for air temperature, relative humidity, wind speed, cloud cover,
and PET variables from ERA-5 and IMDAA against observed data measured by IMD. The period of
analysis is over daily data from January 2020 to December 2021 at 0830 h (IST) and 1430 h (IST).

Variables Station at
0830 h ERA5 IMDAA Station at

1430 h ERA5 IMDAA

Temperature (◦C) Alipore
(Kolkata)

0.98
(0.982–0.987) 0.97 (0.964–0.973) Alipore

(Kolkata)
0.95

(0.937–0.953) 0.91 (0.897–0.923)

Diamond
Harbour

0.99
(0.983–0.987) 0.96 (0.958–0.969) Diamond

Harbour
0.92

(0.908–0.931) 0.88 (0.856–0.892)

Darjeeling 0.97
(0.963–0.973) 0.90 (0.899–0.927) Darjeeling 0.83

(0.804–0.851) 0.82 (0.787–0.839)

Relative
Humidity (%)

Alipore
(Kolkata)

0.74
(0.701–0.770) 0.66 (0.614–0.700) Alipore

(Kolkata)
0.90

(0.887–0.915) 0.86 (0.843–0.881)

Diamond
Harbour

0.59
(0.544–0.641) 0.50 (0.445–0.557) Diamond

Harbour
0.84

(0.813–0.859) 0.82 (0.790–0.840)

Darjeeling 0.40
(0.331–0.456) 0.43 (0.368–0.490) Darjeeling 0.68

(0.641–0.722) 0.57 (0.520–0.623)

Wind
Speed (ms−1)

Alipore
(Kolkata)

0.61
(0.559–0.654) 0.56 (0.506–0.611) Alipore

(Kolkata)
0.49

(0.427–0.542) 0.41 (0.347–0.473)

Diamond
Harbour

0.45
(0.384–0.504) 0.37 (0.308–0.438) Diamond

Harbour
0.37

(0.301–0.431) 0.37 (0.304–0.435)

Darjeeling 0.13
(0.056–0.202)

−0.08
(−0.156–−0.008) Darjeeling −0.05

(−0.126–0.025)
−0.269

(−0.339–−0.196)

Cloud
Cover (Octas)

Alipore
(Kolkata)

0.50
(0.440–0.554) 0.26 (0.183–0.326) Alipore

(Kolkata)
0.49

(0.427–0.542) 0.18 (0.108–0.254)

Diamond
Harbour

0.49
(0.433–0.546 0.30 (0.227–0.364) Diamond

Harbour
0.54

(0.488–0.594) 0.24 (0.172–0.314)

Darjeeling 0.57
(0.522–0.622) 0.18 (0.106–0.251) Darjeeling 0.27

(0.200–0.339)
0.098

(0.021–0.173)

PET (◦C) Alipore
(Kolkata)

0.84
(0.817–0.862) 0.81 (0.780–0.834) Alipore

(Kolkata)
0.86

(0.834–0.874) 0.80 (0.769–0.824)

Diamond
Harbour

0.76
(0.721–0.786) 0.70 (0.662–0.739) Diamond

Harbour
0.69

(0.648–0.727) 0.60 (0.546–0.644)

Darjeeling 0.57
(0.516–0.617) 0.51 (0.458–0.567) Darjeeling 0.58

(0.529–0.630) 0.52 (0.461–0.573)

6. Discussion

Human thermal conditions in 15 stations across WB were computed using a time
series of air temperature, relative humidity, wind speed, and cloud cover by using the
RayMan model. This was performed for the past period and three future time periods. The
monthly PET varied from very cool to hot conditions. Heat stress conditions comprised
slightly warm, warm, and hot classes, which began in April, with all stations exhibiting
more than 80% share except for Darjeeling. The present results evolved from intra-annual
PET class variations across WB. The results obtained in this study concurred with the
results of recent studies conducted in eastern India using different thermal indices, which
identified December and January as the most comfortable months. On the other hand,
March and April were identified as the most stressful months in terms of human thermal
comfort [20,55]. The frequency spectrum of thermal stress categories was computed from
the 15 sites across WB, and the data obtained suggested a spatial variability of PET in
this part of the country. Simultaneously, this study targeted 15 sites across WB in order to
delineate the future human bioclimate conditions. Furthermore, the projected PET changes
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influenced by temperature changes in each month were investigated to discern the influence
of temperature on PET. It was observed that under a high-emission scenario during the
period from 2080 to 2099, stations close to the Bay of Bengal such as Digha, Diamond
Harbour, Canning, and Baruipur exhibited the largest positive warm stress changes. A
similar pattern of heat stress conditions was also reported in previous studies by Rao,
Kumar [58] and Jaswal, Padmakumari [20]. The latter study recognized the Southeast
coastal regions as being the most vulnerable in summer months and the northwest coastal
regions and Indo-Gangetic plains as being vulnerable during monsoons [20]. Recent
studies have also projected heat stress over India under different emission scenarios and
have reported that the eastern coastal region would suffer from more heat stress days in
comparison to western coastal regions [50,51,58].

Extreme thermal conditions designated as hot conditions in PET exhibited the highest
positive changes in Sriniketan, Asonsol, Birbhum, Malda, Kolkata, Dum Dum, Kharagpur,
and Siliguri. This observation of thermal discomfort could be attributed to the urban sprawl
in these sites. Past studies have noted that an unchecked spread in human settlements
can result in an increase in population share, which further increases the surface heat
capacity and finally adds to the mean surface temperature [56,78,79]. Studies have also
noted that the absorption and re-emission of particles by anthropogenic activities activated
the growth of cloud condensation nuclei, thereby leading to increased air humidity [80,81].
One study also observed that reduced wind speeds due to dense and high-rise settlements
drastically depreciated human thermal conditions [82]. The mean values of the driving
variables along with their descriptive statistics for the past period and future years are
highlighted in Tables S1–S3 in the Supplementary Materials section. Future intense heat
episodes that critically influence human health are projected to occur often and more
acutely in the regions selected for this study. As a result, there is a need to extend the scope
of the current study by accounting for the consequences of short-term acclimatization, the
impact on different age groups, the living status of an individual, indoor environment,
and building designs and the materials they are constructed with. These criteria will assist
in future assessments and play a vital role in implementing improvement measures with
respect to reducing thermal stress. To inhibit the detrimental aspects of thermal stress, the
presence of an accurate and timely heat-health warning system is crucial. At present, the
majority of WB is currently experiencing a rapid urbanization process. Therefore, small-
scale environmental planning at the town level should be upgraded to reduce the significant
impacts of extreme human bioclimate conditions in WB. Past studies have suggested the
potential steps of using cool roofing, green terraces, paving materials, tree planting, and
vegetable cultivation, ensuring more water bodies in open spaces, etc., as means of reducing
negative impacts [80,83,84]. The outcome of this present study highlights the utility of PET
signatures for the bioclimatic forecast, which consequently could serve as an input for urban
planners, public health policy makers, the tourism industry, and outdoor event organizers.
A past study noted that in order to focus on the comprehensive spatial distribution of
the human thermal environment, a bioclimatic mapping comprising urban and suburban
micrometeorological observations should be given the highest priority [85]. Building upon
this, two other studies observed that this would help in distinguishing between acceptable
or less acceptable human thermal conditions, particularly in human settlements [52,55].

7. Conclusions

The present study investigated the thermal bioclimate conditions for fifteen stations
across WB during the period (1986–2005) and for three future time periods. The conflict in
separating the most unpleasant towns in WB by existing climate models might be due to the
coarse grid in the existing model. For example, the time series of the atmospheric variables
for neighboring stations are homologous and do not separate human bio-environment
conditions. This could be attributed to the fact that these stations lie in the same grid box.
It can be stated that with a high-quality data input, the model was capable of computing
realistic human bioclimate conditions. Therefore, future research should consider data
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sources comprising climate projections using improved resolutions over the proposed
study region. Furthermore, the hourly data of each day were deemed essential for ex-
pressing the diurnal variation in health-related thermal conditions. As a result, additional
bioclimate indices that are based on human heat budget models similar to PET and SET
should be employed by concerned departments for providing trustworthy statistics and
recommending responsible measures. Future research should also emphasize upgrading
thermal comfort indices such as mPET and should be adapted by local administrators to
take necessary measurements for citizens.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/atmos14030505/s1. Figure S1: Intra-annual frequency diagram
of different PET classes over the investigated stations extracted from the CORDEX under RCP4.5
condition during 2016–2035, Figure S2: Intra-annual frequency diagram of different PET classes over
the investigated stations extracted from the CORDEX under RCP4.5 condition during 2046–2065,
Figure S3: Intra-annual frequency diagram of different PET classes over the investigated stations
extracted from the CORDEX under RCP4.5 condition during 2080–2099, Figure S4 to S6: Intra-annual
frequency diagram of different PET classes over the investigated stations extracted from the CORDEX
under the RCP8.5 condition during (2016–2035), (2046–2065), and (2080–2099). Figure S7 to S8: Mean
monthly differences of PET and temperature for 15 considered stations in WB under RCP4.5 and
RCP8.5 from CORDEX with respect to the reference period during (2016–2035) and (2046–2065). Table
S1 to S3: Descriptive statistics for all variables for the period from 1986 to 2005 and the future periods
of (2016–2035), (2046–2065), and (2080–2099) under both emissions scenarios.
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