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AR — #2015 & e 3R G wedw # NEAr H oerenEr o Geae @ Told dlell U YA
IAeq FgY (Heat wave) 37Ts, [T aRomeaeasy g Tath @A 3cdeet gUI 39 T &, 2527 A
2015 &I TS dTIHTT ST Ueh gt (Extreme Temperature Event - ETE) afead §‘é Fifer NfEem T
& AT 15 FIGH gelhed el F FFdH aAT $45Mcirc\text{C}$ ¥ 3% o R am=m, oS
ARUTAETET ey feA o ool 58 3eads 7 fAffes ff 39dler aReedl (Land use scenarios) &
39T ek &Y TR O O ETE T 30T 3t & fav Aeiesher Al thAasd (WRF4.0) &1 HlfehaR
3R rgpfora B aram &1 AR 3aRer egEuE Farea (ISRO) & 3¢T & Il A 39T dReed &
3R TR FHI-TFHG 31I<0T (Time-ensemble simulation) 9X AT 3147 3if¥Ishcial AT9HAT, IR AeA famm=
fasmer (IMD) & #Hiws el & Joar & AR spd=faie Fdfetor (USGS) & Ser-3menia sifseont & 3iftrs
% g1 IMD TRA-FAIT JHacilhell & Hesl & T & IhfAd f¥shdd s Hr siwa gfder
I 25 A 2015 & HAA: 1.6% (ISRO) 3R 3% (USGS) o, Siafh 26 #S 2015 &1 A 4.2% (ISRO)
3R 4.7% (USGS) Il ISRO 3eT (3ifereh 2Mgdighe]) TR 3MEMRA eTah0T &l Jofel #, 33 & fafdeer vt
WA ST AT gaT USGS Sel WX MR ool & foiw 3rdeiepe 31t 81 o 3uier &
aRecial H dcTd A GLeXdsl T oar$ (Surface roughness length) & gefer & 8, s gRumseasy
gy gar Fr Afa F ey 3 §1 Ase F 37gan, S Srda”er fafevor (Outgoing Longwave Radiation
- OLR), @dg= 39ersy EUAST ST (Convective Available Potential Energy - CAPE) 31X Tagell 31avier
(Convective Inhibition - CIN) 3f& T faeelsor oteh e I Tge3it o1 off Ieawor fhar arr g1 I
faeaoT 3curel (Reanalysis products) & AT SHEHT A AlSH & 39 UGUe & AT T & 5 e
A ofgT & 3felshel ATATEROT T Eof AT ¢l A 3TN faeewor & gar =wefar & & 1992 3R 2015 &
ST ToT-cATdY MEAHIOT 3 FIHIT 0.4% HT Faf g5 o, ToreT Ty 3ifreh gfaierd qefer iz, ey,
SIS AR Gos o & T SN et A g, el e ®9 & 7 & AGS F A A H
Y B ¥ 3R 30 IR vd HNs Alse FEwIRYS N WEE & & IEHAT R
AEd FAEIR 3R Feerch wad gonfadi & Fest 7 fA-39der yRads, Aasiag afafafeat & gefr &
|1, IfAFAA ATIA F e & MY AR W 3 g

ABSTRACT. An unprecedented heat wave lasting approximately two weeks occurred in Odisha during the third
and fourth weeks of May 2015, resulting in meteorological hazards. In this study, an extreme temperature event (ETE)
occurred on 25-27th May 2015, with about 15 meteorological observation stations in the state of Odisha recording
maximum temperatures exceeding 45 °C, resulting in an intense heat wave. The mesoscale modeling framework (WRF4.0)
is configured and optimized to simulate ETE at the regional scale in this study using different land-use scenarios. The

maximum temperature from a time-ensemble simulation using the current land-use scenario based on Indian Space
Research Organization (ISRO) data is found to be more accurate than simulations based on US Geological Survey (USGS)
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data at India Meteorological Department (IMD) meteorological stations. The mean percentage errors of simulated
maximum temperatures over Odisha with respect to IMD station-scale observations are 1.6% (ISRO) and 3% (USGS) on
25th May 2015, and 4.2% (ISRO) and 4.7% (USGS) on 26" May 2015, respectively. Compared with the simulation based
on ISRO data (more urbanized), the simulated horizontal surface wind at the different locations in Odisha is generally
higher in the simulation based on USGS data. Changes in land use increase the roughness length, reducing surface wind
speed. The dynamical aspects are also explored by analyzing humidity, outgoing longwave radiation (OLR), Convective
Available Potential Energy (CAPE), and Convective Inhibition (CIN), etc., from the model and validated with the reanalysis
products, which support the model performance in capturing the conducive environment resulting in a regional heat wave.
The land use analysis reveals that the state-wide increase in urbanization between 1992 and 2015 was about 0.4%, with the
highest percentage increase occurring in cities like Bhubaneswar, Sambalpur, Jharsuguda, and Rourkela in the Sundergarh
district, which regularly experience the heat wave in the month of May, and the same are accurately simulated by the
optimized and calibrated model configuration. Land-use change, including urban expansion and shifting cropping patterns,
along with increased anthropogenic activities, is directly linked to the rise in maximum temperatures.

Keywords —

1. Introduction

One of the most important natural resources on Earth
is the landmass. Both human survival and the essential
environmental processes depend on it. Land use is crucial
to achieving long-term economic development and social
benefits. Human demand for land use has increased over
time. As a result, urbanization, reduced agricultural land,
deforestation, and other anthropogenic activities
significantly alter the Earth's landscape, posing several
challenges (Intergovernmental Panel on Climate Change,
IPCC 2007). India experienced an increasing trend in the
frequency and duration of severe heat waves between 1991
and 2000 (Pai et al., 2004 and 2013), resulting in significant
loss of life (De and Sinha Ray, 2000). In 1998, 650 people
died in Odisha due to an intense heat wave (De and
Mukhopadhyay, 1998). Around the globe, there has been a
significant amount of research done on the situation and
processes behind large-scale extreme temperature events,
particularly in North America (Gershunov et al., 2009; Lau
& Nath, 2012) and Europe (Fink et al., 2004; Black et al.,
2004; Schar et al., 2004; Dasari et al., 2014). The
urbanization and land use land cover (LULC) change
patterns (Goswami et al., 2010; Gogoi et al., 2019)
drastically increase the daily maximum temperature
(ground temperature) and the Diurnal Temperature
Range (DTR) in urban cities, affecting the frequency
and intensity of hot days as well as rainfall. Changes in
land use and urbanization modulate the incidence of
heat waves (Mohan and Kandya, 2015; Halder et al., 2016;
Swain et al., 2017). In addition, LULC and urbanization
have been linked to atmospheric aerosol emissions
(Pandey et al., 2017; Kumar et al., 2017), which generally
modify surface temperatures. Using observational
datasets, previous studies (Hulme et al., 1994;
Li et al., 2004; Chung et al., 2004; Ren et al., 2008;
Fujibe, 2008) have documented climate change and its
contribution to increased surface temperatures driven by
urbanization. Understanding the occurrence of heat waves
in a particular geographic region can be enhanced by
analyzing long-term temperature (daily maximum) trends
(Li et al., 2015; Devi et al., 2023).
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Thermodynamic conditions in the pre-monsoon
season are often summarized using indices such as
Convective Available Potential Energy (CAPE) and
Convective Inhibition (CIN), which provide compact
diagnostics of instability, moisture availability, and the
“cap” that limits convective initiation; these diagnostics are
particularly relevant in heat-wave environments where
suppressed convection can allow extreme surface heating
to persist (Mbokodo et al., 2020; You and Wang, 2021;
Sahu et al., 2022). Over eastern India (including Odisha),
climatological analyses for 1987-2016 show coherent pre-
monsoon patterns in CAPE and CIN, with relatively higher
CAPE and lower CIN over coastal Odisha and West Bengal
(Sahu et al., 2022; Tyagi et al., 2022; Mahato and
Satyanarayan, 2025). Long-term station analyses over
Bhubaneswar, Kolkata, and Ranchi show increasing
humidity and indicate that thermodynamic-index
thresholds can shift across decades, requiring region- and
period-specific interpretation under climate change (Sahu
et al., 2020; Sethi et al., 2025; Beuria et al., 2025).

Only a few studies are available on the resulting
changes in surface temperature from LULC changes.
Those studies are limited to select metropolitan cities
(Nayak and Mandal, 2012; Jalan and Sharma, 2014; Grover
and Singh, 2015; Singh et al., 2017) and focus primarily on
urbanization (Ren et al., 2008; Jiang et al., 2015; Fan et al.,
2017). The combined effects of LULC changes and
greenhouse gases, of which about 50% was attributed to
land-use change, are causing surface temperatures across
western India to rise by about 0.13 °C/decade (Nayak and
Mandal, 2012). Additionally, the 53% rise in the built-up
area was attributed to an area covering 26.4% (2001) and
65.3% (2011) of New Delhi with DTR below 11°C (Mohan
et al, 2011 and 2012; Mohan and Kandya, 2015).
The impact of land use change on climate variability
in Indian regions has been the subject of a limited
number of scientific studies (Niyogi et al., 2011; Mohan
and Kandya, 2015; Nayak and Mandal, 2012 and 2019),
and the overall picture of this impact on the coastal state
of Odisha remains unclear. There are limited studies on
heat waves (Gouda et al., 2017) linked to changes in LULC
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Figs. 1(a-c). The spatial distribution of monthly maximum temperature (May) attained by the meteorological stations from 2001 to 2015 (left
panel), for May 2015 (middle), and the anomaly of maximum temperature for the year 2015 (right panel)

(Gogoi et al., 2019) and urbanization in Odisha, which has
been witnessing massive mining over the past few decades.
Furthermore, limited studies have examined the link
between land-use change and heat waves in the state of
Odisha, one of India's most vulnerable regions to natural
disasters.

This study uses multiple observations from different
sources of maximum temperature to examine variations
across the state of Odisha and their relationship with land-
use change, along with simulations based on various land
uses (over the heat wave period) with different reference
years covering 1992 to 2015. Accordingly, evaluating
thermodynamic indices alongside maximum temperatures
helps interpret how LULC changes modulate moisture,
stability, and convective inhibition during the May 2015
heat wave (Rao et al., 2021; Sahu et al., 2022; Sahu et al.,
2024).

2. Data and methodology

2.1.  Eventdescription

During the third and fourth weeks of May 2015, the
state of Odisha had an unprecedented heat wave that lasted
for around two weeks. The intriguing aspect of the episodic
heat wave is that it mainly affected the state of Odisha and
persisted throughout the late pre-monsoon season. During
the intense heat wave, the highest daily temperature in
about 15 cities exceeded 45 °C, and May 25-27, 2015, was
designated as a red zone by the India Meteorological
Department (IMD). This prompted us to study the extreme
temperature event (heat wave) over Odisha from 24™ May
to 271" May 2015.

2.2.  Observational analysis

For long-term trend analysis over the state of Odisha,
the high-resolution (0.25 ° x 0.25 °) gridded temperature
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data from IMD was used for the period 1969-2015,
and the high-resolution (~9 km) ERAS5 land was used
for the period 2001-2015. The spatial distribution of
the monthly maximum temperature attained by each
grid for 15 years is presented in Fig. 1 (left panel).
This figure shows that Odisha's western and central
regions experienced temperatures above 43 °C over the
last 15 years. The coastal districts of Odisha
experienced temperatures of about 38-41 °C during that
period. For May 2015 (Fig. 1 (middle panel), most of the
western part of Odisha experienced more than 43 °C, along
with the central part. According to IMD, more than 12
meteorological stations recorded a maximum temperature
of 45 or higher for three consecutive days (25-27 May
2015) during the last week of May 2015, as shown in this
figure. The anomaly (Fig. 1; right panel) in maximum
temperature relative to the long-term mean shows that it
increased over coastal and central Odisha, whereas it
decreased over southern Odisha. This massive change in
maximum temperature across the coastal districts is due to
changes in LULC patterns, as suggested by Gogoi et al.
(2019), and also to our land-use analysis plot discussed in
a later section.

Based on IMD observations, the daily maximum
temperature (station scale) of May for the years 1969-2015
is examined and presented in Fig. 2a. The 47-year
(1969-2015) analysis reveals that the average maximum
temperature over the state is 45 °C, with a standard
deviation (variability) of roughly 1.8 °C across years.
In 1998, Titilagarh in western Odisha recorded the
highest temperature to date at 50 °C. The maximum
temperature trend for the study period (1969-2015)
likewise shows a positive value (0.04 °C/year), suggesting
that increases in LULC and urbanization are causing
summer (May) temperatures in Odisha to rise. A decadal
trend in the maximum temperature recorded each day
across all of Odisha is calculated, and the trend is shown
in Fig. 2b. The 1989-1998 decade showed a substantial
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Figs. 2(a&b). (a) Interannual Variability in the Maximum Temperature attained at a station over Odisha from 1969-2015 (b) Trend
in the Maximum Temperature over Odisha during the last five decades computed from IMD Observations
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Fig. 3 Spatial plot of the Model domain with Terrain height (m) for the Extreme Temperature simulation

positive trend (0. 37 °C/year) in trend analysis, which was
followed by a negative trend (-0.15 °C/year). The maximum
temperature trend has been rising by 0.41 °C per year over
Odisha during the most recent period (2009-2015). These
variations in maximum temperature are due to the possible
impact of land use change over a period of time, as
supported by earlier studies (Gogoi et al., 2019).

2.3. Simulated event analysis

The primary objective of this section was to evaluate
the model's ability to replicate significant weather
phenomena, such as heat waves driven by extremely high
temperatures across a particular area, using two sets of
land-use data from different sources with different
reference dates. Such events must be predicted well in
advance, which calls for a model with known accuracy and
forecast skill.

2.4. Methodology

The WRF (Version 4.0) model, a well-known
numerical weather prediction system, was employed in

atmospheric research and forecasting (Skamarock et al.,
2019). The WRF model is highly customizable and offers
options for cloud microphysics, convection, radiation, and
planetary boundary layer (PBL) physics. The selection of
appropriate physics schemes is essential for dependable
surface temperature prediction (Mooney et al., 2013;
Garcia-Diez et al., 2015; Varga and Breuer, 2020).

A configuration with three nested domains having
horizontal resolutions of 36, 12 & 2 km, respectively, was
used in this study (Fig. 3). The WRF model physics options
included the WSM6 microphysics (Hong and Lim, 2006)
scheme, the Grell-Devenyi ensemble scheme (Grell and
Devenyi, 2002) for cumulus, the Yonsei University (YSU)
scheme (Hong et al., 2006) for PBL, and the rapid radiative
transfer model (RRTM) long wave (Mlawer et al., 1997)
and Dudbhia short wave (Dudhia, 1989). Through feedback
between the outer & inner domains, a three-nested domain
configuration was implemented to dynamically downscale
the original state and reflect the impact of large-scale
circulation on urban extreme events. The model
configuration consists of 40 vertical levels, with higher
levels in the lower troposphere, and a top level at 50 hPa.
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TABLE 1

Model Configuration for Extreme Temperature (Heat Wave)
Simulation

Non-hydrostatic
Three nested domains

18 km (outermost domain), 6 km (inner
domain), and 2 km (innermost domain).

X-direction 183, 259, and 277, Y-
direction 183, 220, and 250 points for
Outermost, inner, and innermost
domains, respectively.

Mercator
Arakawa C-grid

Terrain following hydrostatic with 40
sigma levels

Third-order Runge—Kutta
Sixth-order centered difference

Dynamics
Number of domains

Horizontal resolutions

Number of grid points

Map projection
Horizontal grid

Vertical coordinate

Time integration
Spatial difference scheme

Microphysics WSM6 scheme
- LW: RRTM
Radiation SW: Dudhia

Grell-Devenyi ensemble scheme (only for
the outer domain)

YSU scheme

Cumulus parameterization

PBL parameterization

Land surface

parameterization Thermal diffusion

The WRF model simulation uses the United States (US)
National Centers for Environmental Prediction (NCEP)
FNL (Final) operational data at (1°x1°) resolution for the
initial and lateral boundary conditions. The Global Data
Assimilation System (GDAS) prepares these data
operationally every six hours, continuously collecting
observational data from the Global Telecommunications
System (GTS). The model land surface parameters, such as
terrain height, land use (USGS and ISRO-24 categories),
and vegetation fraction, were extracted from the US
Geological Survey data sets.

For this study, two simulation experiments were
carried out: a control simulation using land-use data from
the USGS with the reference year 1992-93 (Loveland et al.,
2000) based on the less urbanized scenario (old data) and a
test simulation using data from the ISRO (Gharai et al.,
2018) with the reference year 2015-16 based on the up-to-
date land use data representing more urban scenario. Time-
ensemble simulations (3 initial conditions) from 00UTC,
06UTC, and 12UTC on May 24, 2015, to 0OUTC on May
27, 2015, provide the framework for the analysis and
diagnostics. This study uses a time-ensemble simulation
approach to improve WRF model performance in handling
system uncertainties. The model configuration details for
the extreme event simulation are presented in Table 1. In
parallel, process-based studies using WRF experiments
show that thermodynamic indices are sensitive to
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topography; for instance, modifying Chhota Nagpur
Plateau topography alters CT1, HI, CIN, and SWEAT and
produces spatial impacts extending into parts of Odisha
(Sahu et al., 2023; Sahu et al., 2024)

3. Results and Discussion

3.1. Analysis of land use and land cover

Over the past 20 years, the built-up area of Odisha has
increased by 0.4%. Cities such as Bhubaneswar,
Sambalpur, Jharsuguda, and Rourkela in the Sundergarh
district, and the coastal districts that experienced the
extreme May temperatures, have seen the greatest rise
in urbanization (Fig. 4). The most recent land-use data also
show the emergence of numerous new, dispersed urban
built-up patches throughout the state. As evidenced by the
land-use analysis figure, there was a drop in croplands and
dense vegetation, and an increase of almost 83% in the
urban area surrounding Bhubaneswar (Swain et al., 2017)
between 2000 and 2015. So, urban expansion and LULC
changes over time resulted in a net decrease in vegetation
due to anthropogenic activities, affecting local weather
systems and enhancing heat waves.

3.2. Large-scale circulation

The averaged wind circulation patterns from the
ERAGS reanalysis and model simulation at the lower (i.e.,
850 hPa) and upper (i.e., 200 hPa) troposphere levels
throughout the week of extreme temperatures that resulted
in a heat wave are presented in Fig. 5a and 5b.
This simulation shows how extreme temperatures
cause heat waves, linked to large-scale atmospheric
anomalies that connect quasi-stationary Rosshby waves over
mid latitudes, clear skies, reduced soil moisture, and
persistent subtropical highs. (Ratnam et al. 2016). The
simulation also agrees well with the observed circulation
pattern described in earlier studies (Rohini et al., 2016;
Ratham et al., 2016).

3.3.  Analysis of surface wind

The model simulated horizontal surface wind at
different locations across the state, as shown in Fig. 6. All
locations exhibit lower surface wind in more urbanized
scenarios than in less urbanized ones. This is to be
expected, as a change in land use increases the surface
roughness length, reducing surface wind speed due to the
additional drag from the impervious surface.

3.4. Analysis of maximum temperature

During the study period, Odisha state witnessed
severe extreme temperatures for almost 1 -2 weeks. The
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Fig. 4. Spatial distribution of model-simulated land-use map of Odisha (Upper Panel), and over Bhubaneswar (lower panel) during the event
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Figs. 5(a&b). Average wind circulation pattern for (a) 200hPa (upper
panel) and (b) 850 hPa (bottom panel) from ERA5
Reanalysis(left) and the Model simulation (right) during
the event period

spatial distribution of maximum temperature from
ERAS5 and the model (left to right) using two different
data sets are shown in Fig. 7. The results compare
near-surface temperature over Odisha at 09 UTC for
25 May (top row) and 26 May 2015 (bottom row)
using observations/ reanalysis and two model experiments
as represented in Fig. 7. From left to right, the panels
show IMD observed maximum temperature (MaxT),
ERA5 2-m temperature (t2m), the model control run,
the model test run, and the difference MaxT as simulated
by 2 experiments (i.e. test — control). Across both days,
the  spatial pattern  highlights a hot inland
region (dominantly warm/red shades) with a cooler
coastal strip and localized cooler patches (blue
shades), consistent with  marine influence/sea-
breeze modulation near the coast. The test and
control temperature fields are broadly similar in large-
scale structure, but the difference maps indicate that
the model test configuration produces localized
warming and cooling (up to about +5 °C), with the
strongest signals concentrated near the coastline
and adjoining land-sea transition, reveals that the
simulations from test experiments changes primarily affect
surface energy balance and boundary-layer processes in
coastal zones rather than uniformly across the domain.
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Fig.7. Comparison of maximum temperature (°C) observed from IMD, ERA5, and model simulations (control and test), and the differences of
test and control simulations over Odisha on 25 (top panel) and 26 May 2015 (bottom panel)

The maximum temperatures for 25 and 26 May 2015

over the entire Odisha were simulated well

and in

close agreement with IMD station-scale observations

(Tables 2 and 3), but not with ERA5 land, which
shows maximum temperatures only over the western
part of the state. The test simulation (more
urbanized) shows that the station's maximum temperature

1025

is closer to the IMD station-scale observations due to land-
use change, lower vegetation coverage resulting from
increased anthropogenic activities, and altered local
weather systems. The average absolute error in the
maximum temperature of 19 meteorological stations with
respect to the IMD station scale observations is 1.6 and 4.2
for the test, whereas3 and 4.7 for control simulations during
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TABLE 2

The performance of the simulated maximum temperature (°C) with IMD station scale observation was on 25 May 2015

. IMD Station Model Simulation (°C) Absolute Error (%)
Locations -
Observation (°C) Control Test Control Test
Angul 47 45.8 46.43 2.55 1.21
Balasore 35.6 33.6 345 5.62 3.09
Baripada 40 38.9 40.7 2.75 1.75
Bhawanipatna 452 43.6 45.03 3.54 0.38
Bhubaneswar 454 44.52 44.87 1.94 1.17
Bolangir 46.2 45.32 45.99 1.90 0.45
Chandbali 41.9 40.7 414 2.86 1.19
Cuttack 41.6 39.98 42 3.89 0.96
Gopalpur 33.1 325 33.56 1.81 1.39
Hirakud 46.6 43.54 43.89 6.57 5.82
Jharsuguda 46.4 44.15 44.97 4.85 3.08
Keonjhar 42.3 42.1 43 0.47 1.65
Malkangiri 434 422 43.07 2.76 0.76
Phulbani 42.2 40.67 41.56 3.63 1.52
Sambalpur 46.4 453 46.13 2.37 0.58
Sonepur 43.9 4421 44.28 0.71 0.87
Sundargarh 45 43.9 4491 2.44 0.20
Talcher 45.1 43.89 44.23 2.68 193
Titilagarh 46.5 45.06 45.18 3.10 2.84
Avg. over all Stations 43.36 42.10 42.93 2.97 1.62
TABLE 3

The performance of the simulated maximum temperature (°C) with IMD station scale observation was on 26 May 2015

. IMD Station Model Simulation (°C) Absolute Error (%)
Locations -
Observation (°C) Control Test Control Test
Angul 45.1 43.8 43.91 2.88 2.64
Balasore 35.4 37.9 38.2 7.06 791
Baripada 38 40 40.2 5.26 5.79
Bhawanipatna 45.7 43.8 441 4.16 3.50
Bhubaneswar 39.8 41.95 42.12 5.40 5.83
Bolangir 46 44.19 44.32 3.93 3.65
Chandbali 38.8 40.2 394 3.61 1.55
Cuttack 374 40.8 415 9.09 10.96
Gopalpur 33.1 38.4 37.45 16.01 13.14
Hirakud 46.6 43.98 44.65 5.62 4.18
Jharsuguda 46 43.67 44.32 5.07 3.65
Keonjhar 395 40.1 40.21 152 1.80
Malkangiri 42 43.05 42.76 2.50 1.81
Phulbani 42.8 43.65 42.98 1.99 0.42
Sambalpur 46.4 43.94 44.67 5.30 3.73
Sonepur 45.2 44.31 43.94 197 2.79
Sundargarh 44.5 43.56 43.89 211 1.37
Talcher 42.2 42.32 42.47 0.28 0.64
Titilagarh 47.6 44.78 45.63 5.92 4.14
Avg of all Stations 42.22 42.34 42.46 4.72 4.18
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Fig. 8. Latitudinal distribution of maximum temperatures (°C) on different days (y-axis) for the fixed longitude (84 °E, top panel, and 85 °E,
bottom panels). The left and right panels present Control (USGS) and Test (ISRO) simulations
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Fig. 9. Average relative humidity (%) during the heat wave period (24-27 May 2015) from the ERA5 Reanalysis (left) and Model simulation

(right)
the 25" and 26™ May 2015. From this analysis, it can be Two sets of land use data were analyzed to determine
concluded that the ISRO-observed land-use data provides a the predicted maximum temperature for the three-day
realistic portrayal of the land-use scenario (more urbanized) simulation period. The Latitude-time plots averaged along
and results in a more accurate simulation of extreme fixed longitudes (84 °C, top panel; 85 °C, bottom panel) for
temperatures (heat waves). both test and control simulations are shown in Fig. 8, where
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Fig. 10. Comparison of daily averaged relative humidity (%) during 24 and 25 May 2015 from the ERA5 Reanalysis (left) and Model

simulations (control: middle panel and test: right panel)

most stations observed more than 45. The spatial and
temporal extent of the maximum temperature is presented
in this figure. The study shows that an extreme temperature
exceeding 43 °C is spatially (20-22 °N) and temporally
(approximately 4—6 hours per day) along 84-85 °E. A more
extended (5-6 h) period of extreme temperature was
observed on May 25, 2015, in all of the simulations along
85 °E. This figure shows the prolonged maximum
temperatures across western and central Odisha, which
caused the heat wave.

3.5. Relative humidity analysis

An increase in vegetation and forest cover generally
increases  atmospheric  moisture  content  through
evapotranspiration, thereby increasing relative humidity.
From the above discussion, coastal Odisha experiences
lower temperature rises than western Odisha, which could
be due to differences in humidity levels across the regions.
The comparison between the observation and model
simulation of relative humidity is presented in Fig. 9. The
coastal district exhibits more relative humidity than the
western part of Odisha in the observation and model
simulation, thus signifying that the surface moisture is
sensitive to altered physics, land surface processes, or
boundary-layer processes in the model test configuration.
The maximum temperature in western Odisha was higher
than in the state's coastal region. Fig. 10 represents the
relative humidity (RH, %) over Odisha for 25 May (top
row) and 26 May 2015 (bottom row). The ERA5 (left
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column) reanalysis is compared with the model
simulations, i.e., control (middle) and test (right). On both
days, ERA5 analysis indicates a broad west—east humidity
gradient, with higher RH toward the coastal/northeastern
side and drier air inland. The model simulations reproduce
the key spatial structure, showing a pronounced high-RH
coastal belt (moist marine influence/sea-breeze zone) and
lower RH inland, consistent with stronger land heating and
deeper mixing. Differences between the test and control
simulations are subtle at the large-scale, but the test
simulation slightly alters the strength and inland.

3.6. Outgoing longwave radiation analysis

Heat-wave episodes are commonly associated with
persistent anticyclonic circulation and mid-tropospheric
subsidence that suppresses cloud development; this
reduced cloudiness is reflected in positive outgoing
longwave radiation (OLR) anomalies, consistent with
clearer skies and stronger surface heating (Rohini et al.,
2016). Over India, heat-wave variability is further
modulated by large-scale tropical dynamics: different MJO
phases influence heat-wave intensity, duration, and
frequency, and these linkages are often diagnosed using
OLR composites (Devi et al., 2024). Because heat-wave
characteristics vary strongly across plains, coastal zones,
and hilly terrain, region-specific thresholds are needed to
represent spatial patterns and emerging hotspots robustly
(Devi et al., 2023). Process-based temperature-tendency
diagnostics also show that hot extremes are sustained by a
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Fig. 11. Comparison of daily averaged OLR (W/m?) during 24 and 25 May 2015 from the ERA5 Reanalysis (left) and Model simulations

(control: middle panel and test: right panel)

balance of dynamical and diabatic terms, with
diabatic heating explicitly incorporating an OLR-
related component alongside radiative, latent, and

turbulent contributions (Devi et al., 2024). It was found
that during the heat-wave periods considered in the
present study, the wind speed was approximately
7-8 m/s according to ERA5 reanalysis data. Fig. 11
compares the outgoing longwave radiation (OLR, W m™)
for 25 May (top row) and 26 May 2015 (bottom row)
from ERAS (left) and the model CONTROL and TEST
runs (middle and right). Overall, the domain is
dominated by high OLR (~310-330 W m™) in the
model fields, which indicates clear skies, strong surface
warming, and  suppressed  deep  convection-a
thermodynamic setup consistent with heat wave
conditions. The lower OLR pockets (cooler/bluish shades)
indicate areas of enhanced cloudiness or deeper
convection, where cloud-top  temperatures are
colder, leading to reduced OLR. Compared with the
model control run, the test simulation shows modest spatial
changes in OLR, mainly by slightly shifting or adjusting the
extent/intensity of the low-OLR (cloudy/convective)
patches, implying that the model test configuration
modifies cloud-radiation interactions and convective
activity more than it change the broad synoptic-scale clear-
sky background. The sharp increase in the maximum
temperature during the event appears to have been driven
by the high OLR and the absence of convection; a
persistently dry, arid wind typically worsens these events.
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3.7. CAPE/CIN analysis

The convective state is succinctly described by CAPE,
which quantifies the energy available for buoyant updrafts,
and CIN, which represents the inhibition (cap) that must be
overcome for convection to initiate. When CIN is elevated,
storm initiation is suppressed, allowing heat to persist and,
in some cases, permitting CAPE to accumulate without
being released through deep convection (Myoung and
Nielen, 2010; Langenbrunner, 2020). In this study, the
CAPE/CIN analysis was also carried out using ERA5 and
model simulations. Fig. 12 shows the CAPE and CIN
variations over Odisha for 25 May and 26 May 2015,
comparing ERA5 (left column) with the model control
(middle) and test (right). ERAS (CAPE, J kg'; Top two
rows) shows a strong coast-inland gradient, with higher
CAPE toward the eastern/northeastern region and lower
values inland. Both the simulation experiments reproduce
the key feature of a CAPE-enhanced coastal belt,
consistent with moist marine air and boundary-layer
convergence near the coast that can support convection if
triggered. The CIN (J kg™'; bottom two rows) indicates
where convection is suppressed by a cap (stronger
inhibition) versus where parcels can more easily reach free
convection (weaker inhibition). The model runs show
broader, more spatially continuous CIN patterns than
ERAD5, suggesting differences in boundary-layer stability
and capping strength. The model (test run) produces small
but coherent shifts in the extent/ intensity of the coastal
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Fig. 12. Comparison of daily averaged CAPE (top two panels) and CIN (bottom two panels) expressed in J kg™' during 24 and 25 May 2015
from the ERAS Reanalysis (left) and Model simulations (control: middle panel and test: right panel)

CAPE zone and in the distribution of CIN, meaning the
model test configuration slightly modifies the balance
between available instability (CAPE) and suppression
(CIN)-and therefore the likelihood of convection initiation-
especially along the coastal transition zone.

4. Conclusions

The last week of May 2015 experienced
comparatively extreme temperatures across most regions of
Odisha, with temperatures exceeding 47 °C in several
locations, notably western and central Odisha. The state
experienced a severe heat wave for two weeks due to an
unexpected rise in temperatures. The IMD declared May
25-27 as a "red box zone" after the maximum temperatures
in eight major cities exceeded 45 °C. This study was based
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on observational analysis and model simulations using two
land-use datasets (USGS and ISRO), covering the period
from 1992 to 2015. This study confirms previous work
(Srivastava et al., 2014) that indicates an increase in hot
days per decade (5.1 days) and a significant increase in
daily maximum temperatures throughout Odisha. The
important findings of the study are discussed below:

The maximum temperature trend for the study period
(1969-2015) likewise shows a positive value
(0.04 °C/year), whereas during the last decade (2009-15) it
rose at a rate of 0.41 °C/year. The massive change in
maximum temperature across the coastal districts and the
state is due to changes in land-use patterns, as suggested by
Gogoi et al. (2019) and our land-use analysis plot. LULC
changes and urbanization are driving summer (May)
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temperatures in Odisha higher, contributing to the severity
of heat waves.

The most recent land-use data also show the
emergence of numerous new, dispersed urban built-up
patches throughout the state. So, urban expansion and land-
use change over time reduce vegetation due to
anthropogenic activities, affecting local weather systems
and intensifying heat waves.

Surface wind decreases due to higher surface
roughness, which can increase wind shear and thus enhance
turbulent mixing in the boundary layer. This suggests a
more realistic representation of the urban landscape in the
latest ISRO land-use data compared to older USGS
datasets.

The intensity and spatial pattern of intense
temperatures across various regions, such as the western
and central parts of Odisha, are successfully simulated by
the WRF model, along with associated parameters such as
RH and OLR, and thermodynamic indices such as CAPE
and CIN. There is also reasonable agreement in simulated
and observed temperature over the two days shown in the
figure, which clearly indicates that the maximum
temperature over the state from simulation (more
urbanized) and observation are closer than in less
urbanized. The average absolute error in maximum
temperature of 19 meteorological stations w.r.t IMD station
scale observation is 1.6% and 4.2% for the test (more
urbanized), whereas 3% and 4.7% for control (less
urbanized) simulations during the 25th and 26th May 2015.
There was a heat wave across the state due to an extended
period of elevated maximum temperatures (5-6 hours), as
shown in the latitudinal temperature distribution. This
phenomenon is also evident in different parts of western
and central Odisha.

The coastal district exhibits higher relative humidity
than the western part of Odisha in both observations and
model simulations, indicating that the maximum
temperature over the western part of Odisha was higher
than that over the Coastal part.

The WRF model configuration presented in the could
able to simulate the extreme temperature (heat wave
episode) with different land use from USGS and ISRO,
showing that the model is vulnerable to land use change,
representing realistic urban scenarios (ISRO) that can be
used for advanced forecasts of such heatwave events with
reasonable and actionable confidence. The limitations of
the study demand an ensemble modeling approach and a
better representation of parameterization schemes, along
with a sustained high-resolution observational network for
improved validation. An early warning of such events is
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essential due to the significance of extreme temperatures,
the primary cause of heat-wave conditions, and the health
risk (like heat strokes) to humans and animals.
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