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significantly impact outdoor thermal comfort (Ren et al. 
2023) and the elevated temperatures in urban set-up, result-
ing in significant health issues (Chen and Ng 2012; Jiang et 
al. 2019). Hence, it is essential to understand the variation 
in outdoor thermal comfort over cities. Several indices are 
developed over the globe, such as Heat Index (HI) (Roth-
fusz 1990), wind chill index (WCT) (Siple et al. 1945), 
wet bulb globe temperature (WBGT) (Yaglou and Health 
DM-AI 1957), physiological equivalent temperature (PET) 
(Höppe 1999) Universal Thermal Climate Index (UTCI) 
(Jendritzky 2008), standard effective temperature (SET) 
(Nishi and Gagge 1977) and Physiological subjective tem-
perature and physiological strain (PST, Psh) based on man-
environment heat exchange (MENEX) (Błażejczyk 1994) 
model first published in 1994 is used to assess thermal com-
fort conditions. According to (Blazejczyk et al. 2012; Zare 
et al. 2018), several human heat budget models (PET, SET, 
PST, PhS) showed a strong correlation with UTCI. Indices 
derived from simpler formulas (HI, WBGT, WCT) had a 
weaker correlation with UTCI, where as HI, and WCT do 
not include radiation options in their formulas. However, 

Introduction

According to World Bank data, India has witnessed enormous 
urban growth in the past decade (https://data.worldbank.
org/indicator/SP.URB.TOTL.IN.ZS?%20locations=IN). 
This data shows almost 35% urban expansion till 2017 and 
more than 45% urban growth by 2030. This drastic rise in 
urban expansion and associated land use and land cover 
(LULC) changes may lead to a rise in land surface tempera-
ture (LST) and urban heat island (UHI) over urban regions. 
Some early studies, such as (Kadaverugu 2023; Sultana and 
Satyanarayana 2023) have reported urban impacts of (UHI) 
and surface energy exchanges and analyzed basic meteoro-
logical variables over urban regions. These UHI zones will 
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Abstract
Rapid urbanization increases urban air temperature, considerably affecting health, comfort, and the quality of life in urban 
spaces. The accurate assessment of outdoor thermal comfort is crucial for urban health. In the present study, a high-resolu-
tion mesoscale model coupled with a layer Urban Canopy Model (WRF-UCM) is implemented over the city of Hyderabad 
(17.3850° N, 78.4867° E) to simulate urban meteorological conditions during the summer and winter period of 2009 and 
2019. The universal thermal climate index (UTCI) has been estimated using the model-derived atmospheric variables and 
a human biometeorology parameter to assess the linkages between the outdoor environment and thermal comfort. Results 
revealed that during summer, the city experiences nearly 50 h of very strong thermal stress, whereas about 120 h of 
slight cold stress are experienced during winter. The urban area in Hyderabad expanded from 5 to 15% during the study 
period, leading to a 2.5℃ (2.8 ℃) increase in land surface temperature, and a 1.2 (1.9 ℃) rise in air temperature at 2 m 
height and 1.5 (2.5 ℃) UTCI during summer (winter) time. The analysis reveals that the maximum UTCI values were 
noticed over built-up areas compared to other land classes during daytime and nighttime. The results derived from the 
present study have shown that the performance of WRF-UCM-derived UTCI reasonably portrayed the significant impact 
of urbanization on thermal comfort over the city and provided useful insights with regard to urban comfort and welfare.
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non-radiation equation such as WBGT is more commonly 
used in bioclimatic research than their radiation counter-
parts. The analysis of synoptic and microclimatic data sug-
gests that specific indices accurately represent bioclimatic 
conditions only under certain circumstances. In contrast, 
UTCI is a versatile index that effectively represents a vari-
ety of climates, weather conditions, and locations.

Thus, most of the studies include physiological responses 
by utilizing different biophysical parameters to address out-
door thermal comfort. In general, energy budget models 
(Farajzadeh et al. 2015) show a strong upper hand by taking 
precise human physiological responses in the estimation of 
thermal comfort.

Recently few studies (Park et al. 2014; Elraouf et al. 
2022; Kotharkar and Dongarsane 2024), reported changes 
in UTCI due to urban morphology by considering ENVI-
met software. In these studies, the MRT will be estimated 
in urban set-up by longwave and shortwave refections due 
to urban canopy by simulations. Study by (Kotharkar and 
Dongarsane 2024) showed differences in thermal comfort 
over different LCZs (Local Climate zones) and stated that 
sparsely built areas experience extreme thermal stress dur-
ing the daytime and moderate stress during the nighttime.

The aforementioned studies utilized the local scale mod-
els (ENVI-met) but in order to study city-scale outdoor 

thermal comfort, some studies (Hamed et al. 2023; Naskar 
et al. 2024; Zeng et al. 2020) utilized the ERA5-Heat and 
ERA5-interim data is used. Those studies UTCI variations 
over cities and also in the study (Hamed et al. 2023) decadal 
change is reported and its rise about 0.1 to 0.6 ℃.

Along with reanalysis and modelled UTCI, some of 
the prominent and recent research over India on outdoor 
thermal comfort includes (Das and Das 2020; Kumar and 
Sharma 2022a, b; Sen and Nag 2019), but all these models 
lack in synoptic scale modelling over entire cities.

Though the mentioned research not exclusively reported 
LULC (Urban expansion) impacts on outdoor thermal com-
fort, few studies (Kusaka et al. 2012; Dutta et al. 2021; Zhao 
et al. 2021), mainly focused on changes in LULC reported 
there is an increment in the air temperature about 0.8 to 1.2 
℃ in a decade and due to the increase of impervious land 
surface and LULC change to the summer UHI intensity is 
increased about 0.76 ℃.

Therefore, the present study mainly focuses on employ-
ing energy budget models based on the Universal Ther-
mal Climate Index (UTCI) to evaluate outdoor thermal 
comfort, incorporating the physiological response of indi-
viduals with weather research and forecast model (WRF). 
Recent advancements in scientific methods allow us to esti-
mate energy budget models by mesoscale simulations like 

Fig. 1 a) Model domain b)LULC 
of Model innermost domain D04 
of 2009 and c) same as (b) but for 
2019 and d) administrative zones 
(Mandals) of Hyderabad city
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WRF-UCM (Di Napoli et al. 2021) Thus, an attempt is made 
to estimate the outdoor thermal comfort using an energy 
budget model such as UTCI by WRF-UCM with high spa-
tial resolution. For the estimation of UTCI, the information 
of major meteorological parameters T2m (°C) (air tempera-
ture at 2 m), RH (%) (relative humidity), and WS (ms− 1) 
(wind speed) along with critical physical quantity MRT 
(mean radiant temperature) is required. The MRT (°C) is a 
vital measurement that reflects how people perceive radia-
tion. The inclusion of UTCI in the study of outdoor thermal 
comfort has a great advantage because UTCI is independent 
of both spatial and temporal scales. To the best of the cur-
rent literature, the proper spatial estimation of UTCI over 
different LULC classes, especially with mesoscale models 
in India, has not been reported extensively. By considering 
all the above aspects, this study attempts to estimate UTCI 
using WRF-UCM simulated with a high-resolution spatial 
resolution over the metropolitan city of Hyderabad, India.

Materials and methods

Study area

Hyderabad (17.38° N, 78.48° E) serves as the capital of 
the state of Telangana, India. It is the fourth most populous 
city in India, with approximately 6.8 million inhabitants, an 
area of 1136.2 km2 (Sultana and Satyanarayana 2018) and 
is characterized by the presence of multiple artificial lakes, 

such as Hussain Sagar (17.4239° N, 78.4738° E) and Osman 
Sagar (17.3763° N, 78.2989° E), along with various water 
tanks and ponds. Hyderabad is currently experiencing rapid 
urban development. The city’s climate is predominantly 
tropical with wet-dry conditions, occasionally leaning 
towards slightly semi-arid conditions (Norman 1995). In the 
summer months (March to June), the maximum temperature 
often surpasses 40 °C, while the winter months (November 
to February) the observed minimum temperatures ranging 
from 15 to 20 °C (source: https://www.worldweatheronline.
com/hyderabad-weather-averages/andhra-pradesh/in.aspx). 
From Fig. 1b and c, a substantial urban region increment 
(5 to 15%) is observed. Most of the cultivated/vegetation 
turned to built-up, and the from the rest of the LULC which 
contains cultivated (∼ 70%)/deep vegetation (14%) has been 
converted to are land (5 to 13%). Most of the urbanization 
took place in the southern side of Hyderabad. Though most 
vegetative land is presented in Hyderabad, our regions are 
mostly cultivated (about 70%), which means having lesser 
NDVI, no substantial forest, or deep vegetation is found.

Data

In this study, the performance of the WRF and WRF-UCM 
models in simulating urban meteorological parameters for 
the Hyderabad metropolitan city. The model initial condi-
tions are taken from the National Centres for Environmental 
Prediction (NCEP) FNL (Final) Operational Global Analy-
sis, with a resolution of 0.25° × 0.25° over Hyderabad. In 
the present study the model derived air temperature, relative 
humidity, and wind speed, are used for estimating the Uni-
versal Thermal Climate Index (UTCI). The representative 
dates of summer 2009 and 2019 are 29-03-2009 to 05-04-
2009 and 10-04-2019 to 18-04-2019, similarly for winter 
27-01-2010 to 03-02-2010 and 29-01-2020 to 05-02-2020 
are chosen for the study which contain a total of 32 days. 
The above dates are chosen very meticulously so that there 
are no thunderstorms/heavy rains, or highly hazy condi-
tions. In summer (winter) 2009, 133 (137) hours are fair, 
and the remaining hours are partly cloudy. Whereas in 2019 
summer (winter), 82 (73) hours are fair 79 (69) hours are 
partly cloudy, about 30 h are foggy, only 1 h is rainy, and the 
remaining hours are a bit hazy and cloudy mixed conditions. 
So, these fair and partly cloudy hours won’t much impact the 
analysis to compare between 2009 and 2019. The detailed 
data is given in supplementary for further verification.

Model description

In the present study, the Weather Research Forecasting 
model (WRF) (version 4.0 UG) with and without a single-
layer urban canopy model developed by the National Center 

Table 1 The WRF and WRF-UCM model’s data, resolution and 
parameter’s descriptions
Column1 Column2
Dynamics Non-hydrostatic
Data NCEP FNL
Inner most domain Hyderabad
Resolution Domain 1: 12 km × 12 km Domain 2: 

4 km × 4 km
Domain 3: 1.3 km × 1.3 km Domain 3: 
0.3 km × 0.3 km

Horizontal grid system Arakawa C-grid
Integration time step 60 s
Vertical coordinates Hybrid-hydrostatic pressure vertical 

coordinate (HVC) with 32 vertical levels
Time integration scheme 3rd-order Runge–Kutta scheme
Microphysics Lin scheme (Yuh-Lang Lin 1983)
Cumulus 
parameterization

Kain-Fritsch scheme (Kain 2004)

Short-wave radiation Dudhia scheme (Jimy Dudhia 1989)
Long-wave radiation RRTM scheme (Mlawer et al. 1997)
Surface layer Pleim-Xiu (Pleim 2006)
Planetary boundary layer MYJ (Janjic 2002)
Surface layer 
parameterization

Noah land surface model (Tewari 2004)

Urban surface WRF = 0, WRF-UCM = 1 (single layer)
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meteorological parameters, the calculation of MRT is not 
straightforward. The estimation of MRT is always problem-
atic (Kántor and Unger 2011). Recent studies, such as (Di 
Napoli et al. 2020), successfully demonstrated the calcula-
tion of MRT from NWP models.

The MRT is a critical physical quantity representing how 
the human body experiences thermal load when attempting 
to maintain thermal equilibrium with the surroundings.

MRT from numerical weather prediction models can be 
computed in the step-by-step algorithm. At first, the calcula-
tion of the surface projection factor fp .

fp = 0.308cos
(

γ

(
0.998 − γ2

50, 000

))
 (2)

Here γ is the complementary angle to the solar zenith angle 
(γ in degrees). In the second step, the thermal and solar 
radiation will be calculated. These two radiations have two 
components again. There are five components, namely, 
the downwelling thermal component from the atmosphere 
(Ldn

surf ) and the upwelling thermal component from the 
ground (Lup

surf ) and direct components from the sun (I∗ ) 
and a diffuse component of the isotropic diffuse solar radia-
tion flux Sdn,diff

surf  and the surface-reflected solar radiation 
flux Sup

surf . This computation’s details are described by (Di 
Napoli et al. 2020).

The MRTequation proposed by (Staiger and Matzara-
kis 2010) has been rewritten by (Di Napoli et al. 2020) as 
follows.

MRT =
[

1
σ

(
faL

up
surf + faL

dn
surf +

(aair

ε

)

(faS
dn,diff
surf + faS

up
surf + fpI

∗)]0.25 − 273.15
 (3)

Where I∗  is calculated from the diffuse component of the 
isotropic diffuse solar radiation flux and cosine of solar 
zenith angle

I∗ =
Sdn,diff

surf

cos (θ0)
 (4)

The MRT derived from NWP models was validated 
throughout the globe with proper sun’s position across the 
time periods. The sun’s position and its effect were included 
by the solar zenith angle (θ0)in Eqs. 2 and 4. To calibrate the 
performance of the above equation, they validated it with 
radiation monitoring stations and showed a coefficient of 
determination greater than 0.88; the average bias was equal 
to 0.42 °C.

In (Di Napoli et al. 2020; Napoli et al. 2021) study, 
ERA5-HEAT was compared to observations from 177 
meteorological stations in the surface synoptic observations 

for Atmospheric Research (NCAR) was utilized to assess 
the performance evaluation of simulating the urban bound-
ary layer parameters. Four nested domains are considered 
for the Hyderabad city region in the present study with a 
spatial resolution of 12 km for the parent domain (D01), 
4 km for the first nested domain (D02), and 1.34 km for 
the second nested domain (D03) and 0.45 km the innermost 
nested domain (D04) containing the city region, as shown 
in Fig. 1a. The inner domain is centered at 17.3850° N, 
78.4867° E, and consists of 240 × 240 grids (which means 
240 × 240 pixels and each pixel contains area 0.45 km2). 
Figure 1b and c depict the LULC classification for 2009 
and 2019 in the innermost domain D04 taken from ISRO-
derived IRS-P6 AWiFS gridded data. Figure 1d represents 
the administrative boundary of the city and the mandals (the 
zones of the city) for analysis purposes. The model schemes 
and parametrizations are considered based on earlier studies 
such as (Bhati and Mohan 2018; Sultana and Satyanarayana 
2023). The model details are given in Table 1.

UTCI model

UTCI is defined as the air temperature (Ta) obtained by bal-
ancing the energy of actual meteorological variables with 
reference values. The offset deviation of UTCI from air tem-
perature depends on several actual meteorological variables 
such as of air temperature, MRT, WS, and RH, expressed as 
water vapor pressure (Vp) orRH. (Bröde et al. 2012a)

UTCI (Ta, MRT, WS, RH) = Ta + offset (Ta, MRT, WS, RH) (1)

In the current study, the UTCI-based thermal comfort cat-
egory is utilized. Accordingly, if the magnitude of UTCI 
is > 46 is considered as extreme heat stress; 38 to 46 very 
strong heat stress; 32 to 38 strong heat stress; 26 to 32 mod-
erate heat stress; 9 to 26 no thermal stress; and 0 to 9 slight 
cold stress.

UTCI is an energy budget model that states the heat 
exchanges between the surrounding environment and the 
human body, including physiology and clothing insulation 
(Havenith et al. 2012a). UCTI estimation is based on the 
UTCI-fiala model (Fiala et al. 2012; Havenith et al. 2012b) 
that relies on a dynamic multi-node thermoregulation model 
of the human body applies for any spatial and temporal 
scales.

So, UCTI is extensively used over the globe for cur-
rent and future scales (Bröde et al. 2012b; Coccolo et al. 
2016; Błażejczyk et al. 2018). Despite the potential uses 
of UTCI assessment for a better understanding of thermal 
comfort in bio-meteorological aspects, it involves complex 
calculations. The parameters involved in the estimation of 
UTCI are T2m, RH, WS, and MRT. In the aforementioned 

1 3



International Journal of Biometeorology

Results and discussion

Evaluation of WRF and WRF-UCM simulated surface 
meteorological parameters

The diurnal as well as day-to-day variation of the air tem-
perature simulated by WRF and WRF-UCM, and ERA-5 
data at the city location, RGI airport (17.2370° N, 78.4300° 
E), are depicted along with the available observations dur-
ing the summertime of 2009 and 2019 in Fig. 2a and b, 
respectively. The model simulations reasonably captured 
the diurnal as well as diurnal patterns as seen in the obser-
vations. It is noticed that the WRF- UCM and ERA-5 values 
reasonably match the observations, whereas WRF values 
are overestimated, especially during local noon and night 
hours. (Sultana and Satyanarayana 2023), have reported 
that WRF overestimates the air temperature compared with 
WRF-UCM, as seen in our results. It is seen that the peak 
temperatures during the study period have been in the range 
of 36 to 38 ℃ in 2009 and have been raised to 38 to 40 ℃ 
in 2019. In terms of statistical analysis. Whereas in win-
ters (Fig. 2c and d), the peak temperatures over the 8 days 

(SYNOP) network. These SYNOP stations were carefully 
selected outside forested areas and with elevations simi-
lar to those represented in the model (with a difference of 
less than 5 m). The observations included 2-meter air tem-
perature, 2-meter dew point temperature, wind speed at 
10 m, and total cloud cover for the year 2018. These data 
were then input into the RayMan Pro software (version 3.0 
Beta) to calculate the observed MRT and the UTCI at each 
SYNOP station. To assess the agreement between observed 
data (oi) and reanalysis data (mi) extracted from the grid 
cells where the stations are located, the RMSE is used: The 
majority of stations exhibited an R-squared value above 0.6, 
with the deviation RMSE of MRT and UTCI reanalysis data 
from observed values are observed. On average, MRT devi-
ated by 8.6 ± 2.5 °C, while UTCI deviated by 5.2 ± 2.5 °C.

Fig. 2 Validation of WRF and 
WRF-UCM simulations with the 
observation data at RGI airport 
(rural location); (a, b, c, d) the 
diurnal variation of air tempera-
ture; (e, f, g, h) relative humidity 
on summer and winter time in 
2009 and 2019, respectively over 
Hyderabad
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The simulations of relative humidity in the summertime 
of 2009 and 2019 are validated with the observations at RGI 
airport and presented in Fig. 2e and f. The pattern of mod-
eled diurnal variations reasonably matches well with the 
observations. The WRF model and ERA-5 clearly under-
estimate peak time humidity levels where, whereas WRF-
UCM has shown improvement compared to observations. 
The peak humidity over the 8 days is noticed to be 50 to 

slightly increased from 27 to 29 ℃ in 2009, whereas in 
2019, the temperature is observed to be 30 to 32 ℃.

The RMSE of WRF and WRF-UCM is 4 and 3.67 ℃ in 
the summer-2009 and 3.76 and 3.29 ℃ in the summer-2019, 
respectively, showing the improved simulations by WRF-
UCM. Similarly, the RMSE of WRF and WRF-UCM is 4 
and 3.67 ℃ in winter-2009, and 3.76 and 3.29 ℃ in win-
ter-2019 is reported.

Fig. 4 Land surface Temperature 
bias between WRF and WRF-
UCM with MODIS

 

Fig. 3 Validation of WRF and 
WRF-UCM simulations with the 
observation data at Begumpet 
airport (urban location); (a, b, 
c, d) the diurnal variation of air 
temperature; (e, f, g, h) relative 
humidity on summer and winter 
time in 2009 and 2019, respec-
tively over Hyderabad
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78.47E) region, a large water body, B2 is Kasu Bramhanada 
Reddy Park (B2, 17.42 N, 78.41E), B3 (urban region) and 
B4 (dominated by barren land region) over the city.

Figure 5a and b represent the spatial variation of UTCI 
during the daytime (mean of 00UTC to 12 UTC) in the sum-
mer of 2009 and 2019, respectively.

The cooling effect is noticed near the water bodies over 
blocks B1 during the summer of 2009 and 20,019, as shown 
in Fig. 5a and b. The ability of water bodies to cool the 
nearby environment is reasonably good in terms of urban 
health. A similar effect of such urban cool patches is reported 
in the literature (Sultana and Satyanarayana 2019, 2022; 
Prasad and Satyanarayana 2023). The B2 region UTCI val-
ues showed an increase from 2009 to 2019. The B3 region 
is the most urban region, and the B4 region is a combined 
urban and barren (Prasad and Satyanarayana 2023). These 
two regions exhibited moderate/strong comfort in 2009 to 
strong/very strong heat stress in 2019 summer.

Figure 5c and d represent the spatial variation of UTCI 
during the daytime (00 UTC to 12 UTC) in winter 2009 
and 2019, respectively. Interestingly B1 region is exhibit-
ing lesser cooling in contrast to summertime. The B2 region 
is the northwestern part of the city, exhibiting lesser UTCI 
in both 2009 and 2019. The B3 and B4 regions show an 
increase in the magnitude of UTCI from 2009 to 2019 but 
still fall under moderate thermal stress to moderate stress 
conditions. In general, it is noticed that the summertime 
UTCI in Hyderabad falls under the very strong thermal 
stress category, whereas in winter, the city falls under no 
thermal stress to moderate stress conditions. The range of 
UTCI is about 35 to > 39 ℃, in summer, which is a highly 
intolerable limit. Similar high thermal stress is reported by 
(Kumar and Sharma 2022c; Shukla et al. 2022). The anal-
ysis reveals that the different land surfaces over the city 
exhibited varying thermal comfort.

Night time

Figure 5e and f represent the spatial variation of UTCI dur-
ing the nighttime (13 UTC to 23 UTC) during the sum-
mertime of 2009 and 2019. The summer nighttime UTCI 
in Hyderabad falls under the moderate to no thermal stress 
category. The range of UTCI is about 24 to 29 ℃ (in 2009) 
and > 30 ℃ (in 2019), which is moderately comfortable. 
In contrast to the daytime cooling effect of waterbodies B1 
region, there is a slightly elevated UTCI near water bodies 
during the nighttime of winter 2009 and 2019. Since the heat 
capacity of water (Hamoodi et al. 2019) is high compared to 
other land covers, slight warming conditions have prevailed 
at night. This unique phenomenon portrays the importance 
of water bodies within the city by making it cool during 
the day and slightly warmer at night, which provides highly 

60% in 2009, whereas in 2019, the humidity is observed to 
be 80%.

The statistical analysis reveals the RMSE of WRF and 
WRF-UCM is 16.70% and 15.74% in 2009 and 15.21% 
and 13.87% in 2019. Similar patterns are noticed in win-
ter times in the relative humidity, as shown in Fig. 2g and 
h. It is noticed that the RMSE of WRF and WRF-UCM is 
16.70% and 11.80% in 2009 and 20.08% and 18.67% in 
2019, respectively.

The WRF and WRF-UCM simulated temperatures in 
2009 and 2019 are validated with observations along with 
ERA-5 data at a built-up and city centre location, Begum-
pet airport (17.4496° N, 78.4712° E), and ERA-5 data are 
depicted in Fig. 3a and b. The diurnal patterns match the 
observations well. The WRF showed a similar overestima-
tion in peak time temperatures compared to WRF-UCM. 
The range of temperatures is slightly higher at 1 to 2 ℃ at 
the Begumpet to RGI airport location. In terms of statistical 
analysis, the RMSE of WRF and WRF-UCM is 1.67 and 
1.60 ℃ in 2009 and 1.83 and 1.78 ℃ in 2019. Similarly, in 
winter (Fig. 3a and b), the RMSE of WRF and WRF-UCM 
is 1.49 and 1.40 ℃ in 2009 and 1.54 and 1.21 ℃ in 2019, 
respectively. The simulated relative humidity in the summer 
seasons of 2009 and 2019 are validated with the observa-
tions at Begumpet airport (Fig. 3e and f). The model simu-
lations capture the diurnal variations of relative humidity 
well, as seen in the observations. The WRF model clearly 
underestimates peak time humidity levels, similar to those 
of rural stations. The peak humidity levels range from 80 
to 100% in both winters. In terms of statistical analysis, the 
RMSE of WRF and WRF-UCM is 10.67% and 10.51% in 
2009 and 13.01% and 9.07% in 2019. From Fig. 3g and h, 
a similar behavior of WRF (underestimation at noon and 
late night times) is observed. In terms of statistical analysis, 
the RMSE of WRF and WRF-UCM is 9.26% and 9.01% in 
2009 and 11.38% and 9.97% in 2019.

From Fig. 4, the mean bias errors between MODIS and 
WRF (WRF-UCM) are 3.29 (2.52), 3.11 (2.32), 3.00 (2.14), 
4.72 (3.18) ℃ for summer 2009, winter 2009, summer 2019 
and winter 2019 respectively. From which WRF-UCM 
shows almost 1–2℃ upper handover WRF, and for further 
verification, bias plots are given in supplementary.

Spatial variation of UTCI during 2009 and 2019 
during summer and winter

Daytime

In this section, four block regions, B1, B2, B3, and B4, over 
Hyderabad city are considered to represent four different 
land classifications to analyze the variation in the outdoor 
thermal capacity. Block B1 is Hussain Sagar (17.42 N, 
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Mandal-wise variation of UTCI during summer and 
winter during 2009 and 2019

Hyderabad city has 16 Mandal regions, as shown in Fig. 1, 
and all these zones fall under varying land use classes. In 
this section, the change in the outdoor thermal comfort over 
these mandals from 2009 to 2019 during summer (Fig. 6a) 
as well as winter (Fig. 6b). Figure 6a depicts the category 
of UTCI in a 8 days for each hour of the 2009 and 2019 

comfortable conditions. From Fig. 5g and h, the range of 
UTCI on winter nights is 16 to 22℃, which makes highly 
comfortable conditions. At night times, regions B2 and B3 
became moderate stress from no thermal stress from 2009 
to 2019 in the summer. The B4 regionally exceeded > 26 
℃ (moderate heat stress) from 2009 to 2019. In winter, all 
study regions come under no thermal stress.

Fig. 5 Spatial variation of UTCI 
during, (a, b, c, d) daytime of 
summer and winter during 2009 
and 2019; and, (e, f, g, h) night-
time of summer and winter dur-
ing 2009 and 2019, respectively, 
over Hyderabad
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Fig. 7 Mean diurnal variation of UTCI and T2m during (a) summer and (b) winter over different land classes; MRT and UTCI (c) summer and 
(d) winter

 

Fig. 6 Variation of UTCI during 
(a) summer and (b) winter over 
various Mandal regions of Hyder-
abad during 2009 and 2019
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Impact of urbanization on thermal comfort and 
other meteorological variables

Figure 8a and b represent urban fractions in 2009 and 2019, 
and Fig. 8C represents urban growth (10%) from 2009 to 
2019. So, as urban areas in Fig. 8a and b are taken as refer-
ence and calculated mean urban temperatures and Tsk and 
UTCI over time.

In order to distinguish the change in heat stress due to 
urbanization, but not limited to local climate change, we 
have conducted two numerical experiments with WRF-
UCM. In the first simulation, we have not considered any 
change of LULC during the study period and hence consid-
ered the same LULC of 2009 (as shown in Fig. 1b) for the 
2019 simulation. The second simulation by considering the 
LULC change as depicted in Fig. 1c.

The first simulation, where no change in LULC revealed 
an increase of 1.8 ℃ in skin temperature, 0.3 ℃ in UTCI 
and 0.01 ℃ in T2m in summer (Fig. 8d). Similarly, in the 
winter season, it is seen that an increase of 2.0 ℃ in skin 
temperature, 1.7 ℃ in UTCI and 1.5 ℃ in T2m (Fig. 8e). 
These changes are mainly attributable to local climate 
change over the study region without any increase in urban 
fraction.

The second simulation, where the change in LULC 
and increase in urban fraction are considered, revealed an 
increase of 2.5 ℃ in skin temperature, 1.4 ℃ in UTCI and 
1.2 ℃ in T2m in summer seasons (Fig. 8d). Similarly, in 
winter season, it is noticed that an increase of 2.8 ℃ in skin 
temperature; 2.5 ℃ in UTCI and 1.9 ℃ in T2m (Fig. 8e). 
These changes are mainly attributable to an increase in 
urbanization.

From this analysis, higher temperatures are noted in 
urban expansion than in conditions without urban expan-
sion. Thus, urban expansion contributed 28% (29%) to skin 
temperature, 78% (32%) to UTCI, and 99% (21%) to air 
temperature, which is an increase due to the urban expan-
sion factor in summer (winter), respectively.

The results clearly indicate that the increase in heat stress 
is mainly due to urbanization. The spatial variation plots 
related to these simulations are included in the supplemen-
tary of the revised manuscript.

Comparison of WRF-UCM-derived UTCI and ERA5-
UTCI

Since the present study is considering the methodology from 
the ERA5 documentation (Di Napoli et al. 2021), we want 
to cross-compare the mean UTCI derived and ERA5-UTCI 
over the innermost domain. Figure 9, a, b, c, d represent the 
WRF-UCM and ERA5-UTCI over the summer and winter 
seasons of the study period.

summer time. Significant change is noticed in UTCI in 
each of the mandals between 2009 and 2019. Most of the 
mandals exhibited about 50 h of very strong stress during 
summer days. Interestingly, some mandals have exhibited 
extreme heat stress change during the study period. Amber-
pet (17.39° N, 78.516° E), Charminar (17.36° N, 78.47° 
E), and Nampally (17.38° N, 78.46° E) witnessed the 10 h 
of extreme heat stress in 2019, but less than 5 h extreme 
heat stress was noticed in 2009. The remaining hours are 
distributed between moderate thermal stress and slight cold 
stress. Summertime results reveal a substantial decrease in 
the number of hours of the slight cold stress category from 
2009 to 2019. In winters, from Fig. 6b, it is observed that 
Most of the mandals exhibited about 30 h of moderate stress 
from 2009 to 2019. Very few mandals showed the change 
from moderate to strong heat stress from 2009 to 2019. In 
winter, particularly at nighttime, there is slight cold stress in 
Hyderabad for about > 120 h.

The mean UTCI and T2m variation on different LULC 
classes

The dotted lines in Fig. 7a and b represent the UTCI value, 
and the solid line corresponds to air temperature at 2 m. In 
both summer and winter, the variations of UTCI and T2m 
are similar; most water bodies are cooler at noon times and 
slightly higher in the early mornings.

Vegetation shows the lowest temperatures, followed by 
bare land and built-up. The built-up temperatures are very 
high at noon, reaching about 45℃ in summers and 35℃ in 
winters. Similar patterns are observed in (Yeo et al. 2021), 
where the forest region is much colder than all other LULC. 
Only water bodies show little contrast signature, which is 
lowest in summer and second lowest in winter.

The observation from Fig. 7 states that there is a high 
elevated UTCI at noon and a dip in the early morning com-
pared to air temperature. The probable cause for this UTCI 
variation compared to T2m is the consideration of mean 
radiant temperature. To investigate this pattern, UTCI and 
corresponding MRT are plotted in Fig. 7c and d.

From Fig. 7c and d, the MRT was very high at noon 
(red color line plot), while UTCI (contour plot) was at its 
maximum and almost reached near zero in the early morn-
ing. MRT involves two major components: long-wave and 
short-wave radiation flux. The short-wave flux is zero when 
the sun is absent, and the long-wave starts decreasing from 
sunset and reaches a minimal point by early morning. Thus, 
nighttime MRT is minimal, whereas at noon, both contrib-
ute to very high numbers and a high UTCI. From this inves-
tigation, the major driver of UTCI at noon is MRT, whereas 
at night, T2m is significant.
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Conclusions

In the present study, outdoor thermal comfort has been 
derived by employing two mesoscale models, WRF and 
WRF-UCM with a high spatial resolution over the metro-
politan city of Hyderabad. Results reveals that WRF-UCM, 
which considered the urban fraction performed better than 
WRF. The model estimated UTCI and atmosphereic vari-
ables are validatedwith ERA-5 data as well as with avail-
able meteorological observations. In order to estimate urban 
spatial statistics, the urban LST of the model was validated 
with MODIS satellite-derived LST. A significant increase 
in the urban fraction was noticed from 2009 to 2019.The 
urban regions were exposed to very high thermal stress and 
exhibited more than 50 h of extreme/very strong heat stress 
in summers and about 30 h of moderate stress in winters that 
could lead to most discomfort to pedestrians and workers.

Numerical experiments with and without considering 
of urban expansion during the study period has shown an 
increase of 78% (32%) of UTCI in summer (winter) is due 
to urbanization and 22% (68%) due to local climate change 
in summer (winter). Summers in Hyderabad are character-
ized by intense heat stress, while winters experience mild to 
no thermal stress. The present study revealed considerable 
changes in outdoor thermal comfort changing from strong 

From Fig. 9a and b, WRF-UCM-derived UTCI and 
ERA5-UTCI have a small bias observed in summer at noon 
times. Meanwhile, WRF-UCM-derived UTCI results in 
winter (Fig. 9c and d) match well with ERA5 data in noon 
times and small bias in evening times. Since the UTCI is 
sensitive to meteorological variables, each day bias is cal-
culated at 32 days of the simulation period, estimated mean 
bias with confidence interval (CI95%), and standard devia-
tion. From this statistical analysis, the confidence interval 
is calculated for the model for bias. The mean bias with 
[CI− 95%, CI+ 95%] about 4.5 ℃[4.5–0.5 ℃, 4.5 + 0.5 ℃] and 
standard deviation is about 1 ℃ and CI95%=±0.5 ℃.

The limitation of this model is that it cannot calculate 
precise MRT since we are going to a higher spatial resolu-
tion where the basic assumption of radiation fluxes may not 
be accurate. In this study (Di Napoli et al. 2020), MRT was 
calculated assuming that the angle factor is set to 0.5, the 
urban canopy plays a vital role, and reflection fluxes may 
change the angle factor. Though we have limitations, the 
bias from the above comparison is minimal since the bias 
range is below one class of thermal stress.

Fig. 8 Decadal variation of urban 
fraction, air temperature, skin 
temperature and UTCI during 
2009 and 2019, (a) urban frac 
in 2009 (b) urban frac in 2019 
(c) increment in urban frac (d) 
change in variables in 2009 and 
2019 (without and with urban 
expansion) in summer (e) change 
in variables in 2009 and 2019 
(without and with urban expan-
sion) in winter
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