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surface thermal extremes in
a rapidly evolving tropical Indian state

Dikshika Mahapatra and Debadatta Swain *

India, as a developing country is undergoing accelerated urbanization. However, this rapid and often

unplanned urban growth has become a major concern as it significantly alters land surface

characteristics. This leads to increased land surface temperatures (LSTs) which contribute to

deteriorating air quality, energy overconsumption, and adverse health conditions, posing substantial

challenges to sustainable urban climate management. The current study focuses on the identification

and analysis of the evolution of thermal hotspots across 30 districts of Odisha, a rapidly developing

tropical Indian state utilizing 20 years of datasets from the Moderate Resolution Imaging

Spectroradiometer (MODIS) onboard Terra and Aqua, and Sentinel-2 satellite missions for the pre-

monsoon season from 2017 to 2023. The analysis revealed that built-up areas exhibited significantly

higher hotspot intensities than non-built-up regions. Districts with rapid population and industrial growth

with extensive impervious surfaces and reduced vegetation showed a marked increase in thermal

hotspots (at a maximum rate of 9% per year) emphasizing the role of impervious surfaces in modulating

surface temperatures. In contrast, the percentage of hotspot coverage was higher over non-built-up

areas for predominantly agrarian and semi-arid districts, likely due to the progressive decrease in

vegetation cover from anthropogenic activity and consequent exposure of bare land. Furthermore,

analysis indicated an intense prevalence of hotspots in rapidly urbanizing coastal districts with

a minimum (maximum) increase of 2% (9%) area of hotspots in just seven years. These findings highlight

the critical need for targeted mitigation strategies in urban areas facing intensified thermal stress.
Environmental signicance

Rapid urbanization has driven extensive infrastructure growth and industrialization, leading to conversion of vegetated land to impervious surfaces. This
transformation intensies land surface temperature (LST) extremes, disrupting surface energy balance, exacerbating climate extremes, and increasing public
health risks. This study evaluates evolving land surface thermal hotspots in the tropical state of Odisha, India, using high-resolution satellite based LST
retrievals. The results show that built-up areas exhibit signicantly higher hotspot intensities than non-built-up regions. Districts experiencing rapid population
growth and industrial expansion demonstrate increases in thermal hotspots, reaching rates of up to 9% per year and for coastal districts ranging from 2% to 9%
over seven years. These ndings underscore the dominant role of impervious surfaces in regulating surface thermal regimes and also demonstrate the potential
for a priori hotspot detection to support proactive and location-specic mitigation strategies.
1. Introduction

The increasing population and anthropogenic activities in
rapidly developing countries have signicantly impacted
different natural land covers and associated surface
properties.1–3 Rapid infrastructure development and industri-
alization to accommodate the pressing needs of a fast-growing
population are among the major factors affecting thermal
comfort in urbanized cities.4 Consequently, the land cover gets
converted from vegetation to impervious surfaces like concrete,
asphalt, and buildings, which retain more heat.5–7 Hence, land
use land cover (LULC) change is deemed as one of the major
iences, Indian Institute of Technology
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y the Royal Society of Chemistry
causes of increasing Land Surface Temperatures (LSTs) in
urban areas.8–10 This also leads to the Urban Heat Island (UHI)
effect, which highlights the difference in temperature between
an urban region and its surrounding rural regions.11–13 The
regions associated with very high LSTs contribute to the climate
extremities, anomalous radiation budget, and signicant envi-
ronmental damage as well as health hazards.14 The prevalence
of these thermal hotspots directly translates into a degradation
of urban environmental quality and poses signicant risks to
public health. Several studies have shown increasing LSTs to
have a close correlation with air temperatures leading to
elevated thermal exposure in urban regions15,16 with the most
immediate consequence of severe reduction in thermal
comfort; and persistent high temperatures creating conditions
of heat stress for urban dwellers.17 Indirectly, higher
Environ. Sci.: Adv.
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environmental temperatures could contribute to poorer air
quality by accelerating the chemical reactions that form harm-
ful ground-level ozone and increasing surface convection. This
in turn could be a potent respiratory irritant, thereby creating
a compounding public health challenge.18,19 In addition, pro-
longed exposure to extreme heat, especially within these hot-
spots, elevates the risk of heat-related illnesses such as heat
exhaustion, heat cramps, and life-threatening heatstroke.20,21

The elevated thermal load can also exacerbate pre-existing
chronic conditions, placing a dangerous strain on the cardio-
vascular and respiratory systems of vulnerable populations,
including the elderly, children, and individuals with heart or
lung disease.18,22 Consequently, a detailed and precise identi-
cation of these high-temperature zones is essential for devel-
oping targeted mitigation of public health hazards and
enhancing urban habitability.

Most of the earlier studies on LST variability and trends
generally focused on the analysis of average LST changes over
a region, which lacked the identication of localized effects.23

Satellite-based thermal sensors are useful in identifying the
“thermal hotspots” on the ground, which are regions showing
consistently higher temperatures as compared to their
surroundings.24–27 The escalating challenge of thermal hotspot
formation in dense tropical and Mediterranean built-up areas is
increasingly tied to the nonlinear expansion of impervious
surfaces. Recent research in megacities like Shanghai demon-
strated that LST does not increase linearly with urbanization, and
a critical threshold exists at approximately 40% impervious cover,
beyond which heat accumulation intensies disproportionately.28

This phenomenon is exacerbated in semi-arid cities, where the
conversion of vacant land to built-up infrastructure has created
persistent thermal islands over the last decade.29 In these envi-
ronments, core urban zones frequently exhibited temperatures 4 °
C to 5 °C higher than their rural counterparts, a trend particularly
evident in Mediterranean climates, where residential hotspots
accounted for 11% of the urban fabric.30 The thermal hotspot
occurrences are especially complicated by the spatiotemporal
dynamics of coupled urban–thermal–ecological interactions, as
seen in the western Himalayan foothills, where indices like the
Normalized Difference Built-up Index (NDBI) and Bare Soil Index
(BSI) showed strong positive correlations with LST, reaching
coefficients as high as 0.78 and 0.82, respectively.31 Moreover, the
impact of these hotspots extended beyond environmental
discomfort to economic consequences, as in Tehran, surface
urban heat islands (SUHI) have been found to elevate urban
temperatures by 5 °C to 12 °C, subsequently increasing annual
building cooling energy demands by 15–20%.32 Recent method-
ological shis to local-scale microclimatic assessments empha-
sized the need for high-resolution, small-scale investigations to
assess the true mitigation potential of nature-based solutions and
policies.33,34 Furthermore, the integration of multi-sensor data,
including the use of Landsat-9 and Sentinel-2, allowed for a more
granular identication of these thermal anomalies in recent
times, ensuring that urban planning interventions could be
directed toward the most vulnerable built-up sectors.28,30

A wide range of remote sensing sensors like Thematic
Mapper (Landsat 4 & 5), Enhanced Thematic Mapper+ (Landsat
Environ. Sci.: Adv.
7), Thermal Infra-Red Sensor (Landsat 8 & 9), Moderate Reso-
lution Imaging Spectroradiometer (MODIS onboard Terra and
Aqua), Advanced Very High-Resolution Radiometer (AVHRR
onboard MetOp), and Advanced Spaceborne Thermal Emission
and Reection (ASTER onboard Terra) are currently being
utilized for obtaining LST. But, resolving rapid variations of LST
over the highly heterogeneous land surfaces from coarse-reso-
lution (30 m and above) satellite images still remains a chal-
lenge. This arises due to the satellite orbital constraints,
creating a trade-off between their spatial and temporal resolu-
tions.35 To overcome this limitation, various studies have
utilized downscaling techniques to generate LST data with high
spatial and temporal resolutions.36,37 Different approaches are
used by researchers for LST downscaling, like the DisTrad
(disaggregation of radiometric temperature) method, which is
based on the linear relationship between LST and NDVI.38 This
is further modied as TsHARP (temperature sharpening), which
considers NDVI as a regression kernel. Statistical regression-
based methods like linear, multilinear, and non-linear
approaches were widely used.39,40 However, vegetation parame-
ters alone cannot describe the LST variability in a complex
terrain system. Along with NDVI, the Normalized Difference
Built-up Index (NDBI) and Normalized Difference Bareness
Index (NDBaI) are also some of the major factors related to LST
in an urban region.41–43 The current study is designed to identify
the thermal hotspots by retrieving high-resolution LST over
highly heterogeneous landscapes which are prone to the
impacts of heat stress. An attempt is also made to demonstrate
a priori detection of thermal hotspots which could contribute to
expedite targeted mitigation strategies.

2. Study area, data, and methodology
2.1 Study area

The study focused on Odisha covering approximately 155 707
square kilometers, located on the eastern coast of India,
between latitudes 17.78° N to 22.73° N and longitudes 81.37° E
to 87.53° E (Fig. 1a). The state shares a 570 km coastal boundary
with the Bay of Bengal to the east and is land-locked on the
other three sides. The state also harbours diverse topographical
features, ranging from coastal plains to mountains and
plateaus. Odisha experiences a tropical climate characterized by
hot summers, mild winters, and a monsoon season. This region
has historically been a disaster and disease-prone area, with an
abundance of vector-borne diseases like malaria, dengue, and
Japanese encephalitis.44 The state has emerged as a hub of
major urban-industrial complexes in recent times, which has
potentially increased the possible spread of such health
hazards. The state of Odisha is broadly divided into four major
geographical regions, namely Coastal Plains (CP), Central River
Basins (CB), Northern Plateau (NP) and Eastern Hills (EH), as
marked in Fig. 1b.45 The districts are categorized as per these
zones and numbered in the order of their population densities
as per the 2011 Census (Table 1).46 Fig. 1b and Table 1 also
represent the elevation map of Odisha and the mean elevation
of the 30 districts, as calculated from the NASA – Shuttle Radar
Topography Mission Digital Elevation Model (SRTM DEM)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Location of Odisha and (b) district-level map (segregated into four geographical regions and numbered as per their population
densities in 2011), along with the SRTM elevation data as the background.

Table 1 Demography of the 30 districts of Odisha in 2011 as per the Census,46 and their mean elevation (metres above the mean sea level)a

Sl. no. Name
Population density
(per km2)

Elevation
(m) Sl. no. Name Population density (per km2)

Elevation
(m)

CP1 Khordha 800.45 58.5 EH1 Nabarangpur 230.76 596.1
CP2 Jagatsinghpur 681.64 7.6 EH2 Kalahandi 199.09 376.7
CP3 Cuttack 667.46 65.1 EH3 Nuapada 158.45 382.3
CP4 Jajpur 630.28 53.3 EH4 Koraput 156.65 753.4
CP5 Baleswar 609.71 31.8 EH5 Rayagada 136.85 482.6
CP6 Bhadrak 601.33 9.9 EH6 Gajapati 133.59 520.1
CP7 Kendrapara 544.77 4.7 EH7 Malkangiri 105.88 336.1
CP8 Puri 488.28 6.8 EH8 Kandhamal 91.39 626.0
CP9 Ganjam 430.05 149.8 NP1 Mayurbhanj 241.86 308.2
CP10 Nayagarh 247.51 177.6 NP2 Keonjhar 216.99 376.5
CB1 Dhenkanal 275.79 113.1 NP3 Sundargarh 215.55 319.9
CB2 Jharsuguda 274.13 222.4
CB3 Sonepur 261.09 141.6 Prex Geographical region
CB4 Baragarh 253.77 226.3 CP Coastal plains
CB5 Balangir 250.79 240.6 CB Central river basins
CB6 Angul 199.81 214.8 EH Eastern hills
CB7 Sambalpur 157.17 260.0 NP Northern plateau
CB8 Boudh 142.40 208.9
CB9 Deogarh 106.29 249.1

a Districts in each zone are sorted based on their population density
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available for the year 2000, respectively.47 The district of
Khordha was found to have the highest population density. This
district which was also the most urbanized one included the
capital city of Bhubaneswar. Kandhamal, which consists of
dense forests and hills, had the lowest population density. Out
of the 30 districts, Koraput is situated at the highest elevation
while Kendrapara is at the lowest elevation above the mean sea
level.
2.2 Data

Thermal hotspots play a crucial role in modulating the thermal
comfort of a region. The peak thermal characteristics of the
land surface are usually observed in the aernoon,48,49 whereas
© 2026 The Author(s). Published by the Royal Society of Chemistry
high-resolution satellite imagery is available in the morning
only over the Indian region (local pass time at around 10:30 h
IST). Hence, there is a need for a high-resolution aernoon-time
LST dataset to accurately identify urban thermal hotspots. For
the analysis, Sentinel-2 surface reectance data sets at 10:30 am
IST available at 10 m spatial resolution and 5 days' temporal
resolution were obtained from the Copernicus Browser (https://
browser.dataspace.copernicus.eu/) for the pre-monsoon period
spanning the years 2017 to 2023. Additionally, Sentinel-2
LULC data were obtained from ESRI Living Atlas repository
(https://livingatlas.arcgis.com/en/home/) for the analysis
period. Surface reectance and LST data products from
MODIS-Terra (MOD09A1.061 for reectance) at 10:30 IST and
Environ. Sci.: Adv.
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MODIS-Aqua (MYD09A1.061 for reectance and MYD11A2.061
for LST) at 13:30 IST (aernoon) at 1 km spatial resolution
were also obtained from NASA LP DAAC (https://
www.earthdata.nasa.gov/data) for the pre-monsoon period of
2004 to 2023. This study developed a multi-sensor approach,
combining Sentinel-2 (high resolution, available only in the
morning) and MODIS-Terra/Aqua (moderate resolution,
available during both morning and aernoon) satellite data to
detect LST hotspots. MODIS LSTs for the pre-monsoon period
from 2004 to 2023 were utilized to establish a long-term
climatological baseline for LST estimation, while MODIS and
Sentinel-2 data sets for the period 2017 to 2023 were utilized
for the detailed analysis. A selective validation of Sentinel-2
derived LST was attempted over one of the districts during the
pre-monsoon period in 2024 based on ground truth data
availability. Yearly high-resolution population metrics for the
2017–2023 period were obtained from the WorldPop global
population counts in 100 m × 100 m grids (https://
hub.worldpop.org/geodata/listing?id=135) to investigate the
risks owing to population density.
2.3 Methodology

The rst step of the analysis involved computation of remote
sensing indices from the available surface reectances from
MODIS and Sentinel-2. The normalized difference method was
used to compute NDVI,50 NDBI,51 NDBaI52 and NDMI53 from
appropriate spectral bands of the Sentinel-2 and MODIS, sepa-
rately. These indices were then used in a two-stage regression
formulation to obtain 10 m resolution LSTs at 13:30 h. First,
a simple linear regression t was established between MODIS
morning and aernoon indices, using eqn (1).
Fig. 2 Flowchart of the methodology.

Environ. Sci.: Adv.
y = mx + c (1)

where x and y denote the morning and aernoon indices, while
m and c represent the slope and intercepts, respectively. The
resulting transfer functions were applied to morning Sentinel-2
indices, namely, NDVI, NDBI, NDBaI and NDMI to estimate
aernoon indices at 10 m resolution. This was followed by the
development of a multiple linear regression model relating
MODIS-Aqua LSTs and indices, both available in the aernoon,
using eqn (2).

LST = m1NDVI + m2NDBI + m3NDBaI + m4NDMI + c (2)

where m1, m2, m3, m4 and c are estimated model coefficients.
This relation was thereaer applied to the 10 m Sentinel-2
aernoon indices to obtain downscaled LSTs at 10 m for 30
districts of Odisha. A methodological validation of Sentinel-2
derived LSTs was also carried out against Aqua-MODIS LST
observations. This particular MODIS product is known to be
a widely accepted benchmark in satellite-based thermal
studies.54–56 To enable direct comparison, 10 m Sentinel-2 LST
pixels were spatially averaged to match the 1 km MODIS grid.
Using an area-proportional stratied random sampling
approach, widely used in geospatial comparisons,57–59 3234
MODIS pixels were selected across the 30 districts and statisti-
cally compared with the corresponding 1 km-averaged Sentinel-
2 pixels of the same number. Furthermore, the downscaled LST
was validated against in situ observations for the Khordha (CP1)
district of Odisha during 2nd March and 11th May 2024.

The next step involved identication of thermal hotspots in
all 30 districts. For this, a LST threshold value from the aer-
noon MODIS LST 20 years climatology was computed for each
pixel over the study region. The LST was dened as the 90th
© 2026 The Author(s). Published by the Royal Society of Chemistry
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percentile of the historical LST distribution.60 This percentile-
based approach ensures that a hotspot is classied as an area
experiencing signicantly higher temperatures relative to its
own long-term thermal variability. The high-resolution LST
derived from Sentinel-2 for the study period (2017–2023) was
then compared against this baseline, and any pixel with an LST
value exceeding the threshold was designated as a thermal
hotspot. Additionally, Sentinel-2 LULC datasets were analysed
to assess the inuence of land cover change on hotspot occur-
rences during the study period. The LULC classes were rst
categorised into built-up and non-built-up. The built-up class
encompassed impervious surfaces like urban infrastructure and
industrial areas, while the non-built-up class consisted of all
other land covers including vegetation, barren land, and agri-
cultural elds. The total area and percentage area of hotspots
over the two classes were then estimated for all the districts
during the period 2017 to 2023. Evolution of thermal hotspots
over time and the corresponding areas were quantied through
trend analysis utilizing Sen's slope method. All statistical
parameters presented in the current work were also examined
for signicance at a condence level of 95%. Persistent thermal
hotspots (PTHs) in all the districts were calculated by selecting
the pixels that showed higher temperatures above the threshold
value (90th percentile) for more than half the study period.
Finally, population exposure was estimated as the number of
persons exposed to thermal hotspots within a 100 m × 100 m
grid, calculated using eqn (3). Since Sentinel-2 LST was derived
at 10 m resolution, the maximum number of possible hotspot
pixels in a 100 m × 100 m population grid was 100. Hence, the
total population in a 100 m × 100 m grid was multiplied with
the fraction of hotspots in that grid to calculate the total
number of persons exposed to hotspots, assuming that the
population distribution in that grid is homogeneous.61

Percentage population exposure was calculated as the
percentage of population of a district exposed to hotspots
compared to its total population. Fig. 2 summarizes the overall
methodology of the current study.

Pop: Exp: ¼ ðNo: of hotspot pixelsÞ
ðNo: of total pixelsÞ � population (3)
3. Results and discussion
3.1 Thermal hotspots from downscaled LST

The downscaling approach combining Sentinel-2 and MODIS
datasets was carried out to generate aernoon time LST at 10 m
resolution over the study area. The descriptive statistics of LST
(LSTMean and LSTSD) were rst analyzed to assess its spatio-
temporal variations across the four zones of the study area, as
presented in Fig. 3. In the CP districts, characterized by low
altitude and high population density, a predominant warming
trend was observed, with districts such as Ganjam (CP9),
Baleswar (CP5), and the highly urbanized Khordha (CP1)
showing positive LST trends. However, exceptions included
Cuttack (CP3) and Bhadrak (CP6), which exhibited cooling LST
trends. Cuttack has a unique geographical setting, a deltaic
© 2026 The Author(s). Published by the Royal Society of Chemistry
region bounded by two major rivers, Mahanadi and Kathajodi,
on either side. This proximity to large streams of owing waters
could possibly result in the cooling trends, with water behaving
as a localized thermal buffer owing to its high specic heat
capacity.62 Similarly, the cooling trends in Bhadrak could largely
be driven by the expansive agricultural land which would
enhance evaporative cooling through transpiration and close
proximity to the Bay of Bengal sharing its boundary with the
ocean.63

Moving to the CB districts, the trends were highly hetero-
geneous (Fig. 3). While Angul (CB6) exhibited a signicant
warming trend, likely due to industrial activity, Jharsuguda
(CB2) displayed a sharp decline in mean LST, suggesting
localized cooling factors or changes in land cover. The NP
districts were dened by a striking contrast, where Mayurbhanj
(NP1) exhibited the highest warming rate across the entire state,
drastically diverging from its zonal counterparts, Keonjhar
(NP2) and Sundargarh (NP3), which showed slight cooling.
Conversely, the EH districts, situated at higher altitudes, di-
splayed a consistent cooling trajectory across almost all
districts, with Malkangiri (EH8) and Nuapada (EH3) recording
the most substantial negative slopes, indicating that the high-
altitude distinct geography may be experiencing a temperature
stabilization or reduction compared to the warming signals
observed in the lower-elevation, densely populated coastal and
industrial districts. The standard deviation (grey bars) uctu-
ated annually throughout the districts, indicating inter-annual
variability in temperature extremes. These oen peaked in years
like 2019 or 2022, depending on the specic zone. LSTSD was
lower in CP districts as compared to the other zones. The
distinct spatial pattern of such LST variations was likely driven
by the moderating maritime inuence of the Bay of Bengal,
which provided a cooling and stabilizing effect to coastal
districts.64 Inland regions, lacking this effect and potentially
inuenced by local topography and land cover, experienced
a stronger continental climate with more extreme heat.65

Furthermore, the inuence of urban morphology, such as
increased shading in high-density and high-rise residential
clusters, could contribute to lower surface temperatures
compared to the expansive industrial surfaces.66 These ndings
underscored the fact that while urbanization typically drives
warming, local environmental and morphological factors can
effectively modulate its intensity and extent.

To validate the downscaled LST, a methodological compar-
ison between the derived Sentinel-2 LST and the Aqua-MODIS
LST was rst conducted (Fig. 4a). This showed a strong positive
Pearson's correlation coefficient (r = 0.83), and a low root mean
square error (RMSE) of 2.73 °C, conrming that the spatial
patterns captured by Sentinel-2 LST were reasonably consistent
with the MODIS benchmark considering the nature of the
study. An earlier intercomparison by Andriambololonahar-
isoamalala et al. (2025)67 also yielded a similar correlation (r =
0.85) and RMSE of 2.7 °C for a similar cross-platform LST
downscaling framework. The small positive bias of 2.25 °C was
likely due to the fact that Sentinel-2, even when aggregated,
preserves thermal signatures from high thermal intensity
surfaces (such as industrial roofs or bare rock) that may bemore
Environ. Sci.: Adv.
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Fig. 3 Mean and standard deviation (SD) of LST, along with the trendline and Sen's slope statistics for the 30 districts of Odisha during the pre-
monsoon season of 2017 to 2023.
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heavily smoothed by the coarser resolution MODIS sensor. The
overall clustering of data points demonstrated that the down-
scaling methodology effectively preserved the broad spatial
thermal patterns and baseline radiometric characteristics of the
original MODIS data and translated it into the derived high-
resolution LST. Field validation of the derived high-resolution
LST was carried out by inter-comparison with in situ observa-
tions for the Khordha district during the pre-monsoon season
of 2024 (Fig. 4b and c). Three major land cover types were
considered for validation, namely, barren land, vegetation, and
built-up areas, involving 68 satellite and in situ collocated
points. Amoderate correlation of 0.54 was observed between the
two datasets.68 Additionally, the downscaled LSTs were found to
be underestimated, as indicated by a bias of−4.9 °C, and RMSE
of 5.3 °C. The observed discrepancy in error margins, i.e.,
a lower error during the satellite-to-satellite methodological
validation compared to the satellite-to-ground eld validation,
could be primarily attributed to spatial scale mismatch and
land surface heterogeneity. The methodological validation
compared two satellite-derived radiometric products that
Environ. Sci.: Adv.
inherently averaged thermal signals over varying pixel areas,
leading to stronger statistical agreement. Conversely, eld
observations represented highly localized point measurements
that captured singular LSTs, which a satellite pixel inherently
smoothed out.

The downscaled LST was then used to identify thermal hot-
spots by comparing them with the climatology. The hotspots
over the Khordha district during the study period are presented
in Fig. 5. The yellow boxes in Fig. 5 indicate the urban centers
where thermal hotspots were the most prominent. In 2017, the
hotspots were mainly distributed in the southern region of the
district, while a signicant decrease in hotspot area was
observed during 2018 and 2019. In 2020, the hotspots started to
increase again, mainly across the central and southern regions
of the study area. However, the highest spread of thermal hot-
spots was observed in 2021, followed by 2023, exhibiting
signicant inter-annual variability.

Overall, the thermal hotspots over the Khordha region had
an increasing trend in the past seven years. Since the overall
temperatures are currently on the rise, it is only normal that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Methodological comparison between derived Sentinel-2 LST and observed Aqua-MODIS LST, with statistical and error metrics given
on the plot. (b) Locations of in situ observation points in the Khordha district during 2nd March (orange dots) and 11th May (yellow dots) of the
2024 pre-monsoon season. (c) Inter-comparison of the derived Sentinel-2 LST against concurrent field measurements.
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most regions are experiencing an increase in LST, sometimes
even above the 90th percentile threshold. Consequently,
thermal hotspots have been identied over several vegetated
regions and fallow lands in the study area over the years. An
example of such a region is the southwestern part of the
Khordha district, where LST over a reserved forest was observed
to be exceeding the 90th percentile threshold of its climatology.
The detailed characterization of Khordha in this section was
primarily due to its well-documented status as the most
urbanized region in Odisha,69 serving as a primary indicator for
urban thermal stress. However, this phenomenon was not iso-
lated to this single district. Similar extensive thermal hotspot
occurrences were observed across various other districts
throughout the state, driven by a diverse array of localized
mechanisms including industrial expansion, open-cast mining,
and severe forest degradation. Crucially, much like the patterns
observed in Khordha, these widespread hotspots exhibited
signicant inter-annual variability across the study period, as
detailed in the subsequent section.
3.2 Impact of land use land cover on thermal hotspot
formation

Sentinel-2 LULC was used to assess the inuence of land cover
on the distribution of hotspots over the study area. The hotspots
© 2026 The Author(s). Published by the Royal Society of Chemistry
were broadly segregated into two categories, over built-up and
non-non-built-up land covers. The percentage of hotspots over
each of these two land covers is presented as grouped bar plots
in Fig. 6. The y-axis represents the percentage of hotspot areas,
while the x-axis corresponds to the districts numbered similar
to Table 1. Built-up areas (red bars) comprise a signicantly
higher proportion of hotspots compared to non-built-up areas
(blue bars), indicating the impact of urbanization on increasing
thermal hotspots in recent years. It was observed that Khordha,
Cuttack, Sambalpur, Sundargarh, Angul, and Jharsuguda, all
highly urbanized and industrial districts, exhibited the highest
percentage of hotspot areas over built-up land covers. The high
thermal capacity of these built-up land covers makes these
regions more prone to higher daytime temperatures and higher
occurrences of thermal hotspots, as similarly observed in
previous studies.70,71 In contrast, hotspot areas in non-built-up
land cover were notably higher in western and interior regions
of Odisha in CB and EH zones, such as Bargarh, Balangir,
Kalahandi and Nuapada. These districts, although previously
agrarian, have recently experienced a prevalence of barren
lands, fallow agricultural land, and areas impacted by defores-
tation. Such a change in the natural land covers diminishes the
natural cooling effect and leads to elevated LSTs, which may
have led to the formation of thermal hotspots over the non-
Environ. Sci.: Adv.
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Fig. 5 Distribution of thermal hotspots during the pre-monsoon season of 2017 to 2023 over the Khordha district, Odisha.
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built-up regions.72 However, the Sundargarh district is unique
in this sense, showing high hotspot areas in both built-up and
non-built-up regions. This indicated a mix of urban and natural
surface heating effects in the district. Overall, the results high-
lighted a clear pattern where urban centers in the NP and CP
districts experienced a higher proportion of hotspots in built-up
areas, while western and interior districts exhibited more heat
concentration in non-built-up land covers.

Changes in the percentage cover of hotspots over built-up
and non-built-up regions were estimated using a trend analysis.
The rates of change of hotspot area (% per year) over built-up
and non-built-up land covers across Odisha are shown in Fig. 7.
From the gure, it is evident that certain coastal districts, such
as Ganjam, Kendrapara, and Khordha, along with Balangir and
Mayurbhanj, exhibited a signicant increasing trend in hotspot
areas over the built-up regions. Among these, the Ganjam
district showed the highest rate of change in hotspots over both
built-up and non-built-up land covers. Such trends are
Environ. Sci.: Adv.
indicative of rapid urbanization and infrastructure expansion in
these districts, leading to intensied land surface heating.73

Similarly, districts like Gajapati, Nabarangpur, and Sonepur in
the eastern hill regions also showed a signicant rise in hotspot
areas in both built-up and non-built-up regions. Conversely,
several districts in the coastal and northern Odisha, including
Cuttack, Balangir, Sundargarh, and Sambalpur, exhibited
a decreasing trend in hotspot areas over built-up land, poten-
tially reecting increased vegetation or climate-related varia-
tions reducing heat accumulation. Interestingly, districts in the
EH zone showed a decreasing percentage of hotspots over both
built-up and non-built-up land covers. These districts are all
situated at higher elevations (more than 200 m above the mean
sea level), have low population densities, and are among the
major vegetated regions of the state. Some districts, such as
Jagatsinghpur and Dhenkanal, showed relatively low trends,
showing minimal changes in hotspot areas over time.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Percentage of hotspot areas in built-up and non-built-up land cover across the 30 districts of Odisha. Panels a–g represent the years from
2017 to 2023, respectively.

Fig. 7 Percentage change per year in hotspot area over built-up and non-built-up land covers across the 30 districts of Odisha.
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3.3 Persistent thermal hotspot occurrences over Odisha

The spatial distribution of PTHs across Odisha revealed stark
regional contrasts intimately tied to the state's four primary
geographic typologies, driven by distinct land surface mecha-
nisms. Table 2 presents a district-wise account of the total area
© 2026 The Author(s). Published by the Royal Society of Chemistry
and percentage of that area covered by PTHs for the 30 districts
of Odisha. Fig. 8 depicts the spatial distribution of these PTH
occurrences for the CP, CB, NP, and EH districts, respectively. In
the CP districts, the region generally experienced low-to-
moderate thermal vulnerability due to their coastal climate and
Environ. Sci.: Adv.
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Table 2 Areal coverage of PTHs over the 30 districts of Odishaa

Sl. no. Name Area (km2)
% area
of the PTH Sl. no. Name Area (km2)

% area
of the PTH

CP1 Khordha 2733.19 8.17 EH1 Nabarangpur 5260.06 3.66
CP2 Jagatsinghpur 1705.57 5.37 EH2 Kalahandi 7927.29 60.87
CP3 Cuttack 3897.49 16.93 EH3 Nuapada 3889.42 66.14
CP4 Jajpur 2880.89 18.62 EH4 Koraput 8624.38 4.07
CP5 Baleswar 3834.45 3.42 EH5 Rayagada 7397.67 92.09
CP6 Bhadrak 2510.02 4.22 EH6 Gajapati 4052.38 86.16
CP7 Kendrapara 2468.57 7.16 EH7 Malkangiri 5762.22 36.36
CP8 Puri 3596.38 20.91 EH8 Kandhamal 8057.16 62.56
CP9 Ganjam 8533.47 40.70 NP1 Mayurbhanj 10 444.80 27.93
CP10 Nayagarh 3892.92 76.05 NP2 Keonjhar 8307.68 5.61
CB1 Dhenkanal 4520.54 6.42 NP3 Sundargarh 9716.67 18.57
CB2 Jharsuguda 2105.96 2.64
CB3 Sonepur 2376.07 9.68 Prex Geographical region
CB4 Baragarh 5761.67 8.57 CP Coastal plains
CB5 Balangir 6642.63 75.02 CB Central river basins
CB6 Angul 6379.63 3.01 EH Eastern hills
CB7 Sambalpur 6720.26 14.24 NP Northern plateau
CB8 Boudh 3069.57 15.97
CB9 Deogarh 2796.53 1.57

a Districts in each zone are sorted based on their population density.

Fig. 8 PTH occurrences (in red) over the districts of Odisha.
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moist deltaic soils. Northern districts like Baleswar (3.42%) and
Bhadrak (4.22%) were observed to have minimal PTH coverage.
However, severe exceptions emerged in Nayagarh (76.05%) and
Ganjam (40.70%). In these areas, extreme heat heavily aligned
with topographical heat trapping, exposed sandy shorelines,
and the receding margins of shallow water bodies like Chilika
Lake. Furthermore, dynamic urban land covers in rapidly
urbanizing coastal cities experienced intense episodes of heat.
However, the frequent alteration of land covers in these
expanding urban centers oen disrupted the temporal
Environ. Sci.: Adv.
continuity needed to classify them as static, long-term PTHs.
Moving inland to the CB districts, the thermal landscape
transitioned into a more fragmented but intensely concentrated
pattern. While the region contained highly stable thermal
environments in districts like Deogarh (1.57%) and Angul
(3.01%), Balangir (75.02%) stood out as a massive and contig-
uous thermal anomaly. Heat clusters in this typology were
heavily sustained by established open mines and heavily
modied industrial corridors that absorbed maximum solar
radiation. Additionally, major river networks like the Mahanadi
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Brahmani actively contributed to localized thermal stress,
as seasonally decreasing water levels exposed expansive, rapidly
heating dry river beds. In the NP districts, a comparatively more
variable susceptibility to persistent heating was observed.
Extensive open mines and localized industrial clearings
contributed to focused, severe heat clusters across this elevated
terrain in the region. Finally, the EH districts demonstrated the
most extensive and contiguous thermal vulnerability in the
entire state. A record-high thermal stress engulfed Rayagada
(92.09%) and Gajapati (86.16%), alongside a severe continuous
belt covering Nuapada (66.14%), Kandhamal (62.56%), and
Kalahandi (60.87%). This widespread, persistent heat could be
primarily driven by the degradation of natural forests, extensive
shiing cultivation, and the rapid pre-monsoon heating of
barren rocky terrains. Only a few districts like Nabarangpur
(3.66%) and Koraput (4.07%) maintained exceptionally low
coverages, which could be attributed to surviving intact cano-
pies and localized moisture retention.

Despite belonging to varying geographic typologies, the
districts recording the most extreme thermal vulnerability,
namely Kalahandi, Nuapada, Rayagada, Gajapati and Kandha-
mal in the EH region, Balangir in the CB region, and Nayagarh
in the CP region, shared a critical underlying mechanism. Their
exceptionally high PTH occurrences were uniformly driven by
the sheer dominance of structurally static, high-thermal-inertia
landscapes that lacked evaporative cooling during the pre-
monsoon season. Because the analytical methodology required
a region to consistently exceed a high-temperature threshold to
be classied as a PTH, these intense thermal signatures only
formed over landscapes devoid of rapid land-cover changes.
Whether it was the degraded hillslopes and shiing agricultural
tracts of the EH districts, or the topographically enclosed,
barren terrains and ood plains of Balangir and Nayagarh,
these environments all suffered from a profound absence of
substantial vegetative canopy and soil moisture. Consequently,
without plants or surface water to facilitate evaporative cooling,
these bare, exposed surfaces absorbed maximum solar radia-
tion and sustained extreme temperatures to be classied as
PTHs consistently throughout the study period.

It would be prudent to note that since these hotspots repre-
sented chronic, structurally unchanging heat reservoirs, they
could easily subject local communities to prolonged heat stress.
To mitigate the PTH occurrences across these districts, a multi-
pronged approach focusing on urban cooling and ecological
restoration may be essential. In industrial and urban hubs like
Sundergarh, Khordha, Jajpur, and Jagatsinghpur districts, miti-
gation should prioritize cool infrastructure by implementing
reective roong, permeable pavements, and vertical gardens to
counteract the high thermal inertia of concrete.74 Expanding
urban forestry and creating green corridors would provide critical
shading and evaporative cooling, effectively mimicking a natu-
rally vegetated region. For coastal districts like Baleswar, Bha-
drak, and Kendrapara, protecting and expanding coastal
mangrove ecosystems would prove to be vital. These dense
mangrove canopies would offer superior thermal regulation and
moisture retention compared to exposed sandy coastlines.75 In
the vast agricultural and riverine belts of Cuttack, Puri, Ganjam,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and Nayagarh, the focus should shi toward sustainable land
management and water conservation. For hotspots tracing the
dry beds of the Mahanadi, Brahmani, and Baitarani rivers, inte-
grated watershed management and the restoration of riparian
vegetation would signicantly enhance localized cooling.
Furthermore, protecting the forested highlands of the Eastern
Ghats would be equally crucial, as these natural thermal buffers
would provide the regional moisture and shade necessary to
stabilize temperatures in the adjacent heating plains.
3.4 Population exposure to thermal hotspots

While the identication of PTHs delineated the spatial distri-
bution of long-term environmental heat, analyzing population
exposure provided a crucial anthropogenic dimension to
understanding this vulnerability. Analysis revealed clear inter-
annual variability and regional heterogeneity in how this
thermal stress impacted local communities. In terms of abso-
lute numbers, districts like Ganjam, Sundargarh, Khordha, and
Cuttack experienced the highest population exposure statewide.
This vulnerability was primarily because these districts
encompassed Odisha's major urban, commercial, and indus-
trial centers. The high exposure in CP districts, like Khordha,
Cuttack, and Ganjam, was driven by their status as dense
metropolitan hubs characterized by extensive built environ-
ments and high population densities. Similarly, the elevated
exposure in Sundargarh, situated in the NP region, was heavily
inuenced by anthropogenic heat generation stemming from
large-scale industrial activities. Fig. 9 depicts the percentage of
the total district population exposed to these hotspots. This
approach provided a normalized intercomparable indicator of
population exposure in the 30 districts of Odisha. The highest
proportional exposures were consistently observed in the EH
and select districts of the CP regions. Notably, Rayagada and
Nayagarh demonstrated persistent vulnerability, recording
signicant exposure levels almost every year throughout the
study period. Conversely, sub-regions within the NP and the
majority of the CB districts displayed generally lower and less
consistent exposure percentages. This trend suggested that
these areas either possessed localized microclimates less
susceptible to forming widespread thermal hotspots, or their
populations were geographically distributed outside the
primary heat zones. A closer temporal analysis of the seven-year
period revealed distinct climatological and anthropogenic
patterns. The years 2017 (Fig. 9a) and 2022 (Fig. 9f) stood out in
the data, exhibiting high and widespread percentage exposure
across multiple sub-regions, indicating periods of elevated,
state-wide thermal stress. In contrast, the year 2020 (Fig. 9d)
exhibited the lowest exposure to thermal hotspots across the
entire dataset, with the metrics for almost all districts dropping
notably. This reduction in exposed populations could directly
be attributed to the pandemic-induced lockdowns, reducing
major anthropogenic disruptions (industrial operations, vehic-
ular traffic, and overall urban activity), leading to lower surface
temperatures.76

Overall, the study's ndings revealed that the proliferation of
thermal hotspots in the built-up areas of Odisha's urbanizing
Environ. Sci.: Adv.
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Fig. 9 Yearly percentage population exposure in the 30 districts of
Odisha from 2017 to 2023.
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districts, such as Khordha and Ganjam, was attributable to the
transformation of natural, permeable surfaces into impervious
ones like asphalt and concrete. These articial materials possess
higher thermal capacity, causing them to absorb more solar radi-
ation and retain heat for longer periods. The observed increasing
trend of hotspots in these specic districts directly reected their
ongoing, rapid infrastructure development and population
growth. A particularly crucial nding was the geographical diver-
sity in hotspot distribution, where the hotspots of western and
interior districts like Bargarh and Kalahandi were governed by the
thermal conditions in non-built-up areas. This challenged the
simplistic view that only urban areas were prone to extreme heat.
The prevalence of hotspots in these agrarian and semi-arid regions
was driven by land degradation factors such as deforestation,
barren lands, and fallow agricultural elds during the dry pre-
monsoon season. This indicates that land management practices,
not just urbanization, are critical drivers of regional thermal stress.
The unique case of Sundargarh, which exhibited signicant hot-
spots in both built-up and non-built-up areas, exemplied
a complex scenario where industrial heating compounds the
effects of degraded natural landscapes. Several studies have linked
an increase in vector-borne diseases and human health issues with
increasing temperatures and other climate extremes in
Odisha.18,20–22,37 The projected increase in population density in the
urban-industrial regions will also enhance the exposure of its
inhabitants to extreme heat. In such a situation, an increase in the
frequency and coverage of urban thermal hotspots at the current
rate would exacerbate this situation and pose a severe risk to
sustainable and comfortable living, especially in the rapidly
urbanizing regions of developing countries like India.77 However,
the signicant drop in population exposure observed during the
2020 period suggests a viable countermeasure, demonstrating that
Environ. Sci.: Adv.
implementing strategic, temporary reductions in urban and
industrial activities, during peak thermal events could possibly
serve as an effective, immediate policy tool to mitigate impacts of
heat stress on vulnerable populations.

4. Conclusion

This study provides a comprehensive analysis of thermal hot-
spots across 30 districts of Odisha, India, focusing on the
differences between built-up and non-built-up land covers
during pre-monsoon seasons of 2017 to 2023. The ndings
revealed a signicant increase in thermal hotspots in highly
urbanized districts such as Khordha, Ganjam, Sundargarh, and
Sambalpur, where rapid urban expansion and impervious
surface growth contributed to increasing temperatures.
Conversely, interior districts like Bargarh, Balangir, and Kala-
handi exhibited more pronounced hotspot areas in non-built-
up regions, primarily due to the conversion of natural vegetated
land covers into fallow agricultural and barren lands. It was also
observed that the abundance of paved surfaces and densely
packed infrastructure led to an increase in persistent hotspots,
whereas urban forests and vegetated regions helped alleviate
the heat stress. Consequently, signicant population exposure
to thermal stress could be avoided with timely knowledge of
PTHs. This study hence proposes targeted mitigation efforts in
regions under extreme heat stress and thermal hotspot occur-
rences. Increasing urban greenery, implementing heat-resilient
infrastructure, and promoting sustainable land-use policies
that balance development with environmental conservation can
help reduce surface heating, minimize health risks, and lead
society towards a more harmonious living with nature.
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(https://www.earthdata.nasa.gov/data) and the yearly population
counts at WorldPop Hub (https://hub.worldpop.org/geodata/
listing?id=135).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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