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ABSTRACT

Urban expansion in India’s metropolitan regions has led to significant alterations in land surface composition, 
which directly affect local thermal environments. Vegetation loss and the emergence of bare land surfaces are 
increasingly recognized as key contributors to urban heat, yet comparative, multi-city studies addressing their combined 
effects remain scarce. This study analyzes the influence of vegetation and bare land on land surface temperature (LST) 
across three major Indian cities—Delhi, Lucknow, and Ahmedabad in 2023. Satellite imagery was used to extract 
Normalized Difference Vegetation Index (NDVI), Normalized Difference Bareness Index (NDBaI), and LST values. 
Statistical correlation and spatial analysis techniques were applied to evaluate thermal variations across land cover 
types. NDVI was negatively correlated with LST (r = −0.68 to −0.81), indicating the cooling role of vegetation, whereas 
NDBaI showed a positive correlation with LST (r = 0.59 to 0.74), highlighting the warming effect of bare surfaces. 
Delhi exhibited the highest maximum LST (47.45 °C), while Lucknow recorded the highest minimum (38.63 °C). 
Across all cities and timeframes, vegetated areas consistently showed lower surface temperatures compared to bare or 
built-up regions. The findings emphasize the importance of vegetation in reducing urban heat and the thermal risk posed 
by increasing bare land. Strengthening green infrastructure and minimizing exposed soil in urban areas can serve as 
effective strategies for enhancing thermal comfort and climate resilience in Indian cities.
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1.	 Introduction
Urban sustainability has become a central tenet of 

contemporary city planning as cities confront intensify-
ing environmental pressures worldwide. Rapid urbanisa-
tion—characterised by expansive construction, densifying 
populations, and ecological fragmentation—has triggered 
numerous environmental and social challenges. These in-
clude increased waste generation [1], worsening air [2] and 
water pollution [3], and, most critically, the intensification 
of surface thermal stress within urban environments [4, 5]. 
Among these, the Urban Heat Island (UHI) effect—where 
urban areas exhibit significantly higher surface tempera-
tures than adjacent vegetated or rural zones—has emerged 
as a particularly urgent concern [6, 7]. It affects urban resil-
ience [8], environmental quality [9], and public health [9,10], 
contributing to heat-related illnesses [11], increased cooling 
energy demands [12], and socio-economic stress [13], espe-
cially among vulnerable populations with limited adaptive 
capacity.

The spread of impervious surfaces primarily drives 
this intensification of urban surface temperatures, the de-
cline of vegetation, and the expansion of exposed bare 
land. Vegetation plays a crucial role in moderating thermal 
conditions through shading and evapotranspiration, all of 
which contribute to cooling effects and microclimatic sta-
bility [14, 15]. Whereas, bare land—lacking vegetative cover 
and often comprising exposed soil or degraded ground—
exhibits high thermal absorption and low reflectivity, re-
sulting in substantial heat accumulation [16–18]. The thermal 
contrast between these surface types becomes especially 
pronounced in compact, high-density urban centres where 
natural land cover is increasingly scarce [17, 18]. Microclimat-
ic variation across urban settings—driven by heterogeneity 
in land surface characteristics—is central to understanding 
the uneven impacts of heat [19, 20]. Interactions among vege-
tative cover, built-up structures, and bare surfaces produce 
highly variable thermal landscapes, with distinct intra-ur-
ban disparities in heat accumulation and dissipation [19–21]. 
The absence or reduction of vegetation, particularly in 
rapidly urbanising or peri-urban zones, weakens ecological 
regulation and intensifies thermal loading [21, 22]. This exac-
erbates public exposure to extreme heat, raising concerns 
not only about environmental sustainability but also about 

social justice and urban equity [22–25].
While global studies have increasingly examined these 

dynamics using remote sensing techniques, research in 
the Indian context remains limited, especially in terms of 
comprehensive assessments that distinguish bare land as a 
thermally significant surface category. Existing Indian and 
international studies often simplify land surface classifica-
tions into a built-up versus green dichotomy, thus failing to 
acknowledge bare land as an independent, heat-contribut-
ing land type [14–16, 26–28]. This binary framing obscures the 
role of bare land, which is particularly prevalent in transi-
tional zones and peri-urban landscapes that undergo rapid 
land use conversion. Additionally, many earlier works lack 
cross-city comparisons, focus narrowly on single urban 
case studies, or do not incorporate spatiotemporal variation 
in surface characteristics, limiting the generalisability and 
depth of thermal impact assessments [29–32].

To address these limitations, the present study under-
takes a spatially explicit, cross-city analysis of the thermal 
effects of vegetation and bare land in three ecologically 
and demographically distinct Indian cities: Delhi, Luc-
know, and Ahmedabad. These cities, situated in different 
climatic zones and urban typologies, offer a comparative 
lens through which to assess the role of surface compo-
sition in shaping urban thermal behaviour. Using satel-
lite-derived data and geospatial indices such as NDVI, 
NDBaI, and the Urban Thermal Field Variance Index (UT-
FVI), the study investigates how vegetation and bare land 
influence localised heat intensity and thermal variability. 
The research specifically aims to examine spatial tempera-
ture variation, quantify and map vegetation and bare land 
distribution, and evaluate surface composition’s influence 
on thermal stress across diverse urban environments. The 
following are the specific objectives of this study:

•	 To analyse the spatial variability of surface tempera-
tures in Delhi, Lucknow, and Ahmedabad, identifying 
urban heat patterns.

•	 To map and assess vegetation and bare land distribu-
tion using NDVI and NDBaI across different periods.

•	 To evaluate the impact of surface composition on local 
thermal conditions using UTFVI.

•	 To derive comparative insights on how vegetation and 
bare land influence urban heat across varied climatic 
settings.
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By integrating high-resolution thermal metrics with 
geospatial indicators, this study contributes to urban cli-
mate resilience discourse and calls for a rethinking of 
urban landscape planning in India. It argues for a move 
beyond the traditional green–built-up dichotomy and high-
lights the critical, yet often overlooked, thermal role of 
bare land in shaping urban heat dynamics. The novelty of 
this research lies in its cross-city, spatiotemporal approach 
that systematically distinguishes and quantifies the effects 
of both vegetation and bare land on thermal variation. 
These findings are expected to inform evidence-based ur-
ban planning and policymaking focused on heat mitiga-
tion, ecological restoration, and equitable development in 
rapidly transforming Indian cities.

2.	 Materials and Methods

2.1.	Study Area

This study provides a comparative spatial analysis of 
three major Indian metropolitan cities—Delhi, Lucknow, 
and Ahmedabad—representing the Northern, Central-Gan-
getic, and Western regions of the country, respectively 
(Figure 1). These cities were selected not only for their 
contrasting geographic and climatic characteristics but also 
for their representativeness in terms of diverse urban mor-
phologies, thermal profiles, and land cover dynamics. Col-
lectively, they provide a cross-sectional understanding of 
urban heat patterns and land surface transformations across 
different ecological and developmental contexts in India.

Delhi, the national capital and core of the National 
Capital Region (NCR), spans approximately 1,483 km² 
with a population exceeding 16.7 million (Census, 2011). 
The city experiences a composite climate and topographi-
cal diversity shaped by the Delhi Ridge and Yamuna River. 
In recent decades, Delhi has faced extensive urban trans-
formation, with the proliferation of impervious surfaces, 
decline in vegetation, and expansion of informal settle-
ments contributing to intense urban heat stress, elevated 
cooling energy demand, and growing discomfort in dense-
ly populated zones.

According to the district website, Lucknow, the capital 
of Uttar Pradesh, located in the Middle Gangetic Plains, is 
traversed by the Gomti River. With a population of around 

4.6 million and an average elevation of 123 meters, it fea-
tures a humid subtropical climate. The city’s rapid outward 
growth, driven by migration and economic liberalization, 
has led to encroachment on natural vegetation and open 
lands, triggering significant microclimatic imbalances, par-
ticularly increased surface temperatures and reduced ther-
mal comfort in peripheral areas.

Ahmedabad, Gujarat’s largest city, is situated on the 
Sabarmati River and spans around 464 km² with a popula-
tion of over 5.5 million. Characterized by a semi-arid cli-
mate and low-lying topography, the city is highly vulnera-
ble to extreme heat conditions. The expansion of built-up 
areas and limited vegetation cover has resulted in height-
ened urban heat island effects, necessitating increased en-
ergy use for cooling and compounding the city’s vulner-
ability to climate-induced heat stress. In recent decades, 
Ahmedabad has become a central hub for commerce, 
industry, and education. The peri-urban areas of the city 
are rapidly urbanizing, with notable portions of agricul-
tural and fallow land being repurposed for residential and 
industrial uses.  By selecting these three cities, the study 
aims to capture regional thermal disparities and assess the 
interplay of vegetation and bare land in influencing local 
heat conditions under varying climatic regimes and devel-
opment pressures.

The comparative analysis of these three cities is pre-
sented in Table 1. The selection of Delhi, Lucknow, and 
Ahmedabad as study subjects is informed by their varying 
climatic conditions, unique urban forms, and significant 
patterns of environmental change. These cities offer a valu-
able framework for understanding the spatial dynamics of 
urban heat under differing geographical and climatic influ-
ences. As a densely populated metropolis, Delhi faces sub-
stantial infrastructure-induced thermal stress, particularly 
influenced by the Delhi Ridge and Yamuna floodplain. 
Lucknow demonstrates moderate urban growth while in-
creasingly facing challenges from horizontal sprawl over 
vegetated and riverine areas. As a semi-arid city, Ahmed-
abad rapidly converted its peripheries into residential and 
industrial zones, altering its thermal conditions. Including 
these diverse urban environments enables a thorough anal-
ysis of urban thermal behaviour and land cover changes 
across ecologically and climatically varied contexts.
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Figure 1. Study Area Location Map.

Table 1. Comparative Analysis of the Cities.

Parameter Delhi Lucknow Ahmedabad Source

Location Northern India Central-Gangetic 
Plains Western India Survey of India

(https://surveyofindia.gov.in/)

Average Elevation 
(m AMSL) 216 m 123 m 50 m Survey of India

(https://surveyofindia.gov.in/)

Area (km²) 1,483 631 464 Survey of India
(https://surveyofindia.gov.in/)

Population 
(2011 Census) 16.7 million 4.6 million 5.5 million

Census of India
(https://censusindia.gov.in/census.
website/)

Mean Annual 
Temperature Range (°C)

Max: 20.1–39.9 °C 
Min: 27.7–7.5 °C 

Max: 19.5–39.2 °C 
Min: 26.9–7.0 °C 

Max:21.3–42.4 °C 
Min: 28.0–9.5 °C 

Indian Meteorological Department
(https://mausam.imd.gov.in/)

Highest Recorded 
Temperature (°C)

49.1 °C (Najafgarh, 
May 2024) 45.7 °C (May 1998) 48.0 °C (May 2016) Indian Meteorological Department

(https://mausam.imd.gov.in/)

Lowest Recorded 
Temperature (°C)

3.9 °C (Safdarjung, 
December 2020) 0.7 °C (January 1945) 5.0 °C (January 1935) Indian Meteorological Department

(https://mausam.imd.gov.in/)

Annual Average 
Rainfall (mm) 692 mm 917.3 mm 782 mm Indian Meteorological Department

(https://mausam.imd.gov.in/)

Key Water Body Yamuna River Gomti River Sabarmati River Google Earth
(https://earth.google.com/web)

https://surveyofindia.gov.in/
https://surveyofindia.gov.in/
https://surveyofindia.gov.in/
https://censusindia.gov.in/census.website/
https://censusindia.gov.in/census.website/
https://mausam.imd.gov.in/
https://mausam.imd.gov.in/
https://mausam.imd.gov.in/
https://mausam.imd.gov.in/
https://earth.google.com/web
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2.2.	Data Sources

Remote sensing techniques have been widely em-
ployed in recent studies to analyze urban thermal char-
acteristics and land surface temperature (LST) dynam-
ics across diverse urban environments. Bagyaraj et al. 
conducted a spatiotemporal analysis in Kancheepuram, 
Tamil Nadu, utilizing Landsat imagery to assess changes 
in LST, NDVI, and LULC, revealing a 152% increase in 
mean LST over four decades due to rapid urbanization, 
sparse vegetation, and impervious surfaces [33]. Cafaro et 
al. proposed a GIS-based framework using the ISODA-
TA clustering algorithm and satellite-derived LST data to 
detect thermally critical hotspots in Naples, Italy, demon-
strating the influence of vegetation cover and permeable 
open spaces in moderating elevated surface temperatures 
during extreme events [34]. Similarly, Jumari et al. applied 
thermal remote sensing in Kuala Lumpur, Malaysia, show-
ing how increased urban development and vegetation loss 
correlate with intensified surface heating, with temperature 
differences between urban and rural areas reaching up to 
26.73 °C [35]. These studies validate the use of thermal and 
vegetation indices derived from satellite data in capturing 
spatial and temporal thermal variations, supporting the 
methodological foundation of this study to examine vege-
tation, barren land, and land surface interactions in Indian 
metropolitan cities.

The present study relied on remotely sensed geospatial 
datasets acquired from reputable open-access satellite data 
platforms—USGS Earth Explorer and NASA Earth Data—
to evaluate the relationship between vegetation, bare land, 
and Land Surface characteristics intensity across the cit-
ies of Delhi, Lucknow, and Ahmedabad (Table 2). Two 
major satellite systems were employed: Landsat 8 (Oper-
ational Land Imager [OLI] and Thermal Infrared Sensor 
[TIRS]) and MODIS Terra. Landsat 8 data, with a spatial 
resolution of 30 meters for reflective bands and 100 me-
ters (resampled to 30 meters) for thermal bands, provided 
medium-resolution observations suitable for urban-scale 
analysis of land surface characteristics [36–41]. With its 1-ki-
lometre resolution, the MODIS Terra sensor offered com-
plementary thermal data with higher temporal frequency, 
enabling temporal consistency and cross-validation of land 
surface temperature (LST) [42, 43]. Landsat Level 2 Surface 
Reflectance and Surface Temperature products were uti-
lised due to their atmospheric correction and ready-to-
use format, ensuring radiometric consistency across study 
sites. Each image was clipped to the municipal adminis-
trative boundaries of the respective study areas using of-
ficial vector shapefiles obtained from the Survey of India, 
facilitating spatial specificity and minimizing edge effects 
during analysis.

Table 2. Datasets used

Satellite Spatial Resolution Bands Sensor Time Cloud Cover Source

Landsat 8 30 m 4,5,6,10 OLI & TIRS June 2023 Less than 30% USGS Earth Explorer

MODIS 1 km - Terra June 2023 Less than 30% NASA Earth Data 

2.3.	Methods

2.3.1.	LST Estimation

Land Surface Temperature
Land Surface Temperature (LST) was estimated using 

data from the MODIS Terra sensor, which offers reliable 
thermal infrared observations for surface temperature as-
sessment. The digital numbers (DN) retrieved from MO-
DIS LST products were converted into degrees Celsius 
using the standard radiometric calibration equation:

LST(°C) = DN * 0.02 − 273.15 (1)
This transformation, where DN represents the scaled 

digital number derived from the MODIS thermal band, en-
abled consistent and spatially explicit LST value extraction 
across the selected urban regions. Despite its coarser spa-
tial resolution (1 km), MODIS data were instrumental due 
to their high temporal resolution, facilitating robust cross-
city comparisons of urban heat characteristics.
Urban Thermal Field Variance Index

The Urban Thermal Field Variance Index (UTFVI) 
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was computed to quantify spatial disparities in surface 
temperature and identify thermal stress zones. UTFVI is 
a diagnostic metric that reflects the deviation of localized 
LST values from the urban mean, thereby providing a 
proxy for surface heat stress intensity. It is defined as:

(2)

Areas with higher UTFVI values are considered ther-
mally stressed zones, often associated with bare land, 
sparse vegetation, and dense built-up features. UTFVI val-
ues were calculated using MODIS-derived LST in a GIS 
environment, facilitating spatial delineation of heat-im-
pacted zones [44-47].

2.3.2.	Land Surface Feature Characterization 
Using Spectral Indices

To assess the contribution of different land cover 
types—particularly vegetation and bare soil—to LST vari-
ability, several spectral indices were derived from Landsat 
8 OLI imagery. These indices enabled detailed mapping of 
land surface features at a spatial resolution suitable for ur-
ban-scale investigations.
Normalised Difference Vegetation Index (NDVI)

NDVI was calculated to evaluate vegetation distribu-
tion and health across the study areas. Numerous studies 
have demonstrated the crucial role of vegetation in influ-
encing urban thermal characteristics. Liu et al. [48] found 
that green spaces in Beijing, despite occupying only about 
30% of the study area, effectively reduced the average land 
surface temperature (LST) by 1.32 °C. The spatial config-
uration, size, and complexity of green spaces significant-
ly enhanced their cooling capacity and their influence on 
nearby communities. Schwaab et al.[49] further emphasized 
the contribution of urban trees in reducing LST across 293 
European cities, reporting temperature differences of up to 
8–12°C in Central Europe between tree-covered areas and 
built-up surfaces. Kirschner et al. [50] found that compact 
green spaces with dense tree cover in Prague reduced sur-
rounding residential area LSTs by up to 2.3°C within a 400 
m radius. In the context of tropical climates, Rizki et al. 
[51] observed that the greenest urban areas in East Jakarta, 
particularly those with urban forests, displayed the lowest 
LST values and the narrowest extent of heat-prone zones. 
Collectively, these studies support a strong inverse correla-

tion between NDVI and LST, indicating that increasing 
NDVI values through vegetation enhancement leads to a 
measurable decrease in surface temperature, thereby im-
proving the thermal comfort of urban environments. It is 
computed as:

(3)

where Band 5 (Near Infrared) and Band 4 (Red) cor-
respond to Landsat 8 OLI bands, NDVI values close to 
+1 indicate healthy, dense vegetation. In contrast, values 
approaching zero or negative reflect built-up or barren sur-
faces [52–55]. 

Normalised Difference Bareness Index (NDBaI)
The NDBaI was utilised to delineate exposed soil and 

bare land surfaces, which are typically associated with 
higher LST due to reduced evapotranspiration. The index 
is formulated as:

(4)

where Band 6 (Shortwave Infrared 1) and Band 10 
(Thermal Infrared) are specific to Landsat 8 OLI and TIRS 
sensors, higher NDBaI values denote areas dominated by 
barren or non-vegetated land cover[56].

To facilitate spatial interpretation and categorical 
analysis of land surface metrics—including Land Surface 
Temperature (LST), Normalized Difference Vegetation 
Index (NDVI), Normalized Difference Bareness Index 
(NDBaI), and Urban Thermal Field Variance Index (UT-
FVI)—thresholding techniques were applied using both 
manual histogram analysis and the Natural Breaks (Jenks) 
classification method. The manual histogram approach vi-
sually inspected pixel value distributions within the raster 
datasets. This method enabled the identification of data 
clusters, inflexion points, and outlier thresholds based on 
the natural frequency distribution of pixel values. Man-
ual classification was particularly useful for delineating 
value ranges representing urban cores, vegetated regions, 
and bare land, ensuring that context-specific variations in 
surface characteristics across cities were preserved. The 
data analysis primarily relied on descriptive statistics de-
rived from geospatial datasets. Visual interpretation and 
correlation between land surface features and land surface 
temperatures were conducted. Correlation analysis and 
Multiple linear regression analysis was conducted using 
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NDVI and NDBaI as independent variables to assess their 
influence on LST across Delhi, Lucknow, and Ahmedabad. 
While advanced statistical models such as machine learn-

ing were not applied due to limited data, they are recom-
mended for future research with larger datasets. The Meth-
odology flowchart has been depicted in Figure 2.

 Land Surface 
Temperature 

(MODIS 
Data) 

Estimation of 
LST 

 

Vegetation 

Bare Land 

Land Surface 
Characteristics 
(Landsat Data) 

Thermal 
Characteristics Using 

UTFVI 

Calculation & 
Extraction of 
Land Surface 

Characteristics 
using 

 
NDVI 

NDBaI 

Area Extraction 

Reclassification  

 
Correlation & 

Regression Models 

Comparative Analysis & Visual 
Correlation of Vegetation & 

Bare Land with LST  

Figure 2.  Methodology Flowchart.

3.	 Results

3.1.	Results of NDVI Analysis

Vegetation analysis constitutes a vital component of 
thermal landscape studies, particularly in assessing the 
mitigating effects of green cover on urban surface tem-
peratures. The Normalised Difference Vegetation Index 
(NDVI), derived from multispectral satellite imagery, 
quantifies vegetation density and health by assigning val-
ues within a standardised range of -1 to +1. Higher NDVI 
values generally indicate healthy and dense vegetation, 
such as forests, parks, and agricultural land. In contrast, 
values near 0 or negative represent non-vegetated surfaces, 
including built-up areas, barren lands, paved surfaces, or 
water bodies (Figure 3). This makes NDVI a powerful tool 
to assess land cover and ecological quality within urban re-
gions.In the present study, spatial analysis of NDVI values 
revealed notable variability in vegetation density across 
the selected urban centres—Delhi, Ahmedabad, and Luc-
know. The maximum NDVI values were recorded as 0.582 
for Delhi, 0.543 for Ahmedabad, and 0.408 for Lucknow, 

suggesting relatively denser vegetation patches within 
Delhi and Ahmedabad than Lucknow. These values reflect 
localised ecological conditions and urban morphological 
structures that shape vegetation distribution (Table 2).

Area-wise statistical breakdown of high vegetation 
zones, defined by NDVI values, demonstrates significant 
inter-city contrasts (Table 3). Delhi exhibited the highest 
proportion of vegetated land, accounting for approximate-
ly 28.3% of its study area. Ahmedabad followed closely 
with 26.8%, while Lucknow registered a comparatively 
lower coverage of 21.2% (Table 3). These spatial patterns 
can be attributed to biophysical and anthropogenic factors, 
including topographic features, surface water availability, 
land-use practices, and infrastructural encroachment. The 
spatial clustering of higher NDVI values was particularly 
evident in proximity to major river systems—the Yamuna 
in Delhi, the Sabarmati in Ahmedabad, and the Gomti in 
Lucknow. These riparian corridors sustain higher vege-
tation levels due to improved soil moisture and microcli-
matic conditions. Conversely, urban cores and industrial 
zones, marked by impermeable surfaces and limited green 
infrastructure, showed suppressed NDVI signatures, un-

http://regions.In
http://regions.In
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derscoring the spatial disparity in vegetation cover across 
intra-urban landscapes.

3.2.	Results of NDBaI Analysis

The Normalised Difference Bareness Index (NDBaI), 
a remote sensing-derived geospatial indicator, is instru-
mental in identifying and quantifying the spatial extent of 
bare and impermeable surfaces within urban and peri-ur-
ban landscapes (Figure 3). Functionally analogous to other 
biophysical indices, NDBaI leverages spectral reflectance 
patterns to distinguish barren terrain and anthropogenically 
altered surfaces from vegetated or natural covers. Values 
typically range between -1 and +1, with higher positive 
values signifying elevated degrees of surface exposure or 
soil imperviousness, while negative values generally de-
note vegetative or water-dominated areas.

In the context of this study, the spatial distribution of 
NDBaI across Delhi, Ahmedabad, and Lucknow reveals 
notable variations in surface bareness (Figure 2). Delhi ex-
hibited the highest maximum NDBaI value at 0.4173, with 
a minimum of −0.6187, underscoring the significant pres-
ence of bare or constructed surfaces interspersed with veg-
etative patches. Ahmedabad recorded a maximum of 0.2631 
and a minimum of −0.6473, reflecting substantial arid 
zones along its expanding urban fringes. Lucknow pre-
sented comparatively moderate values, with a maximum 

of 0.07986 and a minimum of −0.467, suggesting a more 
heterogeneous surface composition with a relatively lower 
proportion of barren expanses (Table 3). Spatial analysis 
further identified specific zones within each city with high 
surface bareness. In Lucknow, peri-urban sectors such as 
Ghaila, IIM Road, Dubagga, and Sarojini Nagar comprise 
approximately 17.3% of the city’s total study area, exhib-
iting pronounced NDBaI values. These areas have experi-
enced rapid infrastructural expansion and encroachment of 
natural landscapes, contributing to an increase in exposed 
soil and impervious land. Similarly, in Ahmedabad, periph-
eral regions in the southwest and northwest—particularly 
around Chandkheda and Sanand—are marked by elevated 
NDBaI values, accounting for nearly 12.1% of the city’s 
total area. These locations correspond to zones of ongoing 
urban transformation, where agricultural land is increas-
ingly converted to development-ready parcels.

In Delhi, bare and impermeable surfaces are notably 
concentrated in the peri-urban stretches to the northwest 
and west, encompassing localities such as Bawana, Ban-
koli, and Ladpur. These zones, characterised by extensive 
industrial sprawl and informal land use conversion, con-
tribute to approximately 13.6% of Delhi’s study area and 
represent critical hotspots of thermal accumulation due to 
their limited vegetative buffer and high surface exposure 
(Table 4).

Figure 3.  NDVI and NDBaI Mapping 
Sources: Open Source Satellite Data(Landsat 8)
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Table 3. Index Values

City NDVI-Maximum NDVI-Minimum NDBaI-Maximum NDBaI-Minimum

Lucknow 0.4081 −0.0157 0.07986 −0.4671

Ahmedabad 0.5432 −0.07184 0.2631 -0.6473

Delhi 0.5822 -0.1401 0.4173 −0.6187

Table 4.  Area Statistics

City High Vegetation Zones (per cent of total Area) High Barren Land Zones (percent of total Area)

Lucknow 21.16 16.72

Ahmedabad 26.77 11.30

Delhi 28.29 12.14

3.3.	Study of Thermal Characteristics

Land Surface Temperature (LST), a key indicator of 
the thermal state of the Earth’s surface, is derived from 
satellite-based thermal infrared data. This study comput-
ed LST using MODIS thermal bands, wherein brightness 
temperature readings were calibrated and processed within 
a GIS environment to yield surface temperature estimates 
representative of June 2023 conditions (Figure 4).

The analysis of LST across the selected cities reveals 
pronounced intra-urban thermal disparities. Delhi exhibits 
the highest maximum LST at 47.45 °C and the lowest min-
imum at 35.13 °C, indicating the presence of both extreme 

thermal hotspots and cooler vegetated patches, leading to a 

substantial thermal amplitude of 12.32 °C. This wide range 

reflects heterogeneous land cover, with built-up clusters, 

bare lands, and scattered green zones contributing to lo-

calized microclimatic contrasts. Lucknow follows with 

a maximum temperature of 45.84 °C and a minimum of 

38.63 °C, resulting in a narrower thermal range of 7.21 °C. 

This suggests a relatively uniform distribution of thermal 

features, with a moderate presence of vegetative buffers. 

Ahmedabad, by comparison, demonstrates a slightly lower 

maximum LST of 45.19 °C and a minimum of 37.31 °C, 

producing a thermal range of 7.88 °C (Table 5). 

Figure 4.  LST Mapping. 
Sources: Open Source Satellite Data(NASA MODIS).
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Table 5. Land Surface Temperature Metrics (June 2023).

City LST - Maximum (°C) LST - Minimum (°C)

Lucknow 45.84 38.63

Ahmedabad 45.19 37.31

Delhi 47.45 35.13

To further characterize spatial thermal variability, the 

UTFVI was applied, which captures the spatial deviation 

of pixel-level surface temperatures from city-wide thermal 

means, thereby delineating thermally active and inactive 

zones (Figure 5).

Delhi exhibits the broadest range of UTFVI values, 

reflecting pronounced spatial variability in surface ther-

mal behaviour and the co-existence of heat-retentive and 
relatively cooler microenvironments. Ahmedabad re-
cords the highest peak UTFVI value (0.0172), indicative 
of isolated zones with elevated thermal load, often linked 
to ongoing land surface modification and limited vegeta-
tive buffering. Although more thermally consistent, Luc-
know still demonstrates localised areas of thermal stress 
(Table 6). 

Figure 5.  UTFVI Mapping. 
Sources: Open Source Satellite Data(NASA MODIS).

Table 6. Urban Thermal Field Variance Index (UTFVI) Values.

City UTFVI - Maximum UTFVI - Minimum

Lucknow 0.0083 -0.0201

Ahmedabad 0.0172 -0.0274

Delhi 0.0127 -0.0312

A histogram-based analytical approach was em-
ployed individually for each city to ensure a robust and 
context-sensitive classification. This method involved 
analyzing the frequency distribution of UTFVI values de-
rived from pixel-level thermal data, allowing for the iden-
tification of natural breaks and statistically meaningful 

thresholds. Based on these histograms, the data range for 
each city was segmented into three discrete classes—low, 
moderate, and high UTFVI zones—corresponding to areas 
of favourable, intermediate, and adverse surface thermal 
conditions, respectively. The threshold values for each city 
have been depicted in Table 7. 
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Table 7. Threshold Values for UTFVI Classification.
City Low UTFVI Range Moderate UTFVI Range High UTFVI Range

Lucknow -0.0201 to −0.02165 -0.02165 to 0.00751 0.00751 to 0.0083
Delhi -0.0312 to −0.01642 -0.01642 to 0.019256 0.019256 to 0.0127

Ahmedabad -0.0274 to −0.026957 -0.026957 to 0.016754 0.016754 to 0.0172

The UTFVI Classification (Figure 6) shows that Del-
hi comprises the largest proportion of low UTFVI zones 
(39.20%), suggesting relatively favourable surface ther-
mal regimes influenced by green spaces and hydrological 
elements. However, approximately 17.17% of its urban 
extent corresponds to high UTFVI zones, primarily in in-

dustrial and densely developed areas. Ahmedabad shows 
33.53% under low UTFVI, and 13.55% under high UT-
FVI zones. In contrast, Lucknow reflects a smaller propor-
tion (31.11%) of low UTFVI zones and the largest share 
(18.15%) of high UTFVI zones among the three cities 
(Table 8).

Figure 6.  Classification of Thermal Characteristics.
Sources: Open Source Satellite Data(NASA MODIS).

Table 8. Spatial Distribution Based on UTFVI Classifications.

City Low UTFVI (%) Moderate UTFVI (%) High UTFVI (%)

Lucknow 31.11 50.74 18.15

Ahmedabad 33.53 52.92 13.55

Delhi 39.20 43.63 17.17

4.	 Discussion

4.1.	Correlation Analysis

To assess the impact of surface characteristics on ur-
ban thermal dynamics, a correlation analysis was conduct-
ed between Land Surface Temperature (LST) and two key 
biophysical indices—Normalised Difference Vegetation 
Index (NDVI) and Normalised Difference Bareness In-
dex (NDBI)—for the cities of Lucknow, Ahmedabad, and 

Delhi. This analysis aimed to quantify the extent to which 
vegetation cover and surface bareness influence spatial 
variations in LST.

The findings reveal a strong inverse relationship be-
tween NDVI and high LST zones across all three urban 
centres, with an average Pearson correlation coefficient of 
–0.7428. This statistically significant negative correlation 
underscores the critical cooling role of vegetated surfaces, 
where dense green cover facilitates evaporative cooling 
and reduces radiative heat accumulation. Urban areas with 
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elevated NDVI values—such as forest patches, public 
parks, and riparian corridors—consistently exhibit low-
er surface temperatures, demonstrating the importance of 
vegetation in moderating urban microclimates.

In contrast, the NDBaI shows a moderate positive 
correlation with high LST zones, with a mean coefficient 
of 0.4892. Higher surface bareness or imperviousness 
is thus associated with elevated surface temperatures. 
Such areas, including industrial belts, barren peri-urban 
landscapes, and dense built-up zones, tend to retain more 
heat due to reduced evapotranspiration and increased 
surface exposure.

Regarding zones with lower LST, NDVI displays a 
strong positive correlation (r = 0.7141), indicating that 
greater vegetation presence corresponds with cooler sur-
face conditions. The NDBaI, the other hand, shows a mod-
erate negative correlation (r = –0.4413), suggesting that 
reduced surface bareness aligns with lower thermal inten-
sity. These patterns collectively emphasise the contrasting 
thermal behaviour of vegetated versus barren surfaces and 
reaffirm the role of vegetation in enhancing urban thermal 
resilience.

4.2.	Multiple Regression Analysis

The regression analysis highlights clear and consistent 
patterns regarding the impact of land cover on urban ther-
mal behavior in three major Indian cities: Delhi, Lucknow, 
and Ahmedabad. Both indices were employed to explain 
variations in thermal characteristics using multiple linear 
regression.

Across all cities, NDVI showed a strong and statisti-

cally significant negative relationship with LST, reaffirm-
ing the cooling influence of vegetative cover. Among the 
three, Lucknow recorded the most substantial negative 
coefficient (β = −15.08), indicating that vegetation plays a 
dominant role in mitigating urban heat, possibly due to the 
greenery in the city that is sensitive to LST fluctuations. In 
Delhi, the NDVI coefficient (β = −4.54) was also signifi-
cant, though less steep, likely reflecting more fragmented 
and highly urbanized green spaces. Ahmedabad displayed 
a moderate negative NDVI coefficient (β = −5.67), again 
confirming the inverse relationship between vegetation and 
urban heating.

On the other hand, NDBaI displayed a statistically 
significant and positive relationship with LST, but the de-
gree of impact varied across the cities. Delhi showed the 
most pronounced warming effect of bare land (β = 3.76, 
p = 0.013), which is in line with its barren zones in the 
peri-urban areas that absorb and re-emit heat. Lucknow, 
while still significantly affected by bare land (β = 2.41, p = 
0.039), showed a moderate warming effect. The mixed ur-
ban–rural character of the city and the presence of agricul-
tural buffers might explain the intermediate sensitivity to 
NDBaI. Ahmedabad showed the least but still statistically 
significant impact (β = 1.83, p = 0.049), although bare land 
remains a concern in peripheral industrial zones. In terms 
of model performance, Delhi’s model showed the highest 
explanatory power (R² = 0.159), followed by Ahmedabad 
(R² = 0.045) and Lucknow (R² = 0.041). While these R² 
values are modest, they are typical for ecological and re-
mote sensing studies at intra-urban scales where LST is 
influenced by multiple interacting variables (Table 9). 

Table 9. Regression Analysis of NDVI and NDVI with LST.

City NDVI Coefficient NDVI p-value NDBaI Coefficient NDBaI p-value R Square Adjusted R²

Delhi -4.54 <0.001 3.76 0.013 0.159 0.157

Lucknow -15.08 <0.001 2.41 0.039 0.041 0.037

Ahmedabad -5.67 <0.001 1.83 0.049 0.045 0.041
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4.3.	Visual Correlation of Vegetation & Bare 
Land with LST 

4.3.1.	Delhi

The comparative spatial analysis illustrated in Figure 
7 underscores the intricate relationship between land cover 
characteristics, specifically vegetation and bare land, and 
surface thermal behaviour in Delhi. The NDVI–LST maps 
reveal a distinct inverse correlation, wherein densely vege-
tated zones, particularly along the Yamuna River corridor, 
Kamla Nehru Ridge, institutional green spaces, and forest-
ed campuses, consistently exhibit lower land surface tem-
peratures. These areas, represented by high NDVI values, 
correspond to cooler temperature zones, with minimum 
LST values reaching approximately 36.12 °C. The areas 
in the southern parts of Delhi with significant vegetation 
cover experience temperatures of about 35.17 °C. This af-
firms the critical role of vegetation in mitigating urban heat 
through evapotranspiration and shading effects. Converse-
ly, the NDBaI–LST maps highlight a direct relationship 
between bare land concentration and elevated surface tem-
peratures. Areas with high NDBaI values, prominently ob-
served in the industrial and peri-urban tracts of northwest, 
northeast, and southwest Delhi, record significantly higher 
LST values, peaking around 45.96 °C. The juxtaposition of 
vegetation-rich and bare land-dominated areas emphasizes 
the spatial heterogeneity of urban thermal regimes. While 
vegetated zones serve as urban incredible islands, contrib-
uting to thermal comfort and climate regulation, bare and 
exposed surfaces intensify localised heat buildup.

4.3.2.	Lucknow

The comparative analysis illustrated in Figure 8 offers 
critical insights into the spatial variations of LST across 
contrasting land cover types—vegetated and bare land—
within Lucknow. The left segment of the image represents 
regions dominated by vegetation, namely the Kukrail Forest 
in the upper section and the Cantonment area in the lower 
section. In contrast, the right segment portrays peri-urban 
bare land areas in the northwestern and northeastern zones. 
The grayscale panels reflect vegetation density, likely de-
rived from NDVI values, where darker shades correspond 
to higher vegetation cover. LST values are noticeably lower 
in these vegetated regions, with the Kukrail Forest regis-
tering approximately 38.85 °C and the Cantonment area 
slightly higher at 39.12 °C. These lower temperatures can 
be attributed to the cooling effects of dense vegetation, 
which facilitates evapotranspiration and provides surface 
shading, thereby reducing thermal absorption.

In contrast, the bare land areas exhibit substantially 
higher LSTs, with the northwest peri-urban area reaching 
45.75 °C and the northeast recording 43.89 °C. These el-
evated temperatures indicate surfaces exposed to intense 
solar radiation, lacking vegetative cover to buffer heat re-
tention. The stark thermal contrast between vegetated and 
non-vegetated zones—ranging from 5 °C to 7 °C—high-
lights the pronounced role of green spaces in urban thermal 
regulation. This pattern reinforces the inverse correlation 
between vegetation density and surface temperature, a re-
lationship well-documented in urban climate studies.

Figure 7. Visual Correlation of LST and NDVI & NDBaI for Delhi.
Sources: Open Source Satellite Data(Landsat 8 and MODIS).
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Figure 8. Visual Correlation of LST and NDVI & NDBaI for Lucknow.
Sources: Open Source Satellite Data (Landsat 8 and MODIS).

4.3.3.	Ahmedabad

The spatial analysis of LST in Ahmedabad, as illus-
trated in Figure 9, reveals a distinct thermal dichotomy 
between densely vegetated urban zones and the bare land 
expanses of peri-urban areas. The left panels represent re-
gions with substantial vegetation cover, notably the green 
corridors along the Sabarmati River in the city’s southern 
parts, urban parks, and planned green spaces distributed 
across Ahmedabad’s core. These areas exhibit high vegeta-
tion index values, as inferred from the grayscale imagery, 
which likely corresponds to an NDVI or a similar bio-
physical parameter. In alignment with established land-at-
mosphere interactions, these vegetated zones demonstrate 
reduced LST values, predominantly in the 38–40 °C. The 
moderation in surface temperature in these areas can be at-
tributed to the combined effects of evapotranspiration, soil 
moisture retention, and canopy-induced shading, which 

significantly mitigate heat absorption and contribute to mi-
croclimatic regulation.

In contrast, the right panels of the image depict bare 
land surfaces located in the northern and south-eastern 
peri-urban fringes of Ahmedabad. These regions, charac-
terised by sparse vegetation, ongoing land conversion, and 
emerging urban infrastructure, exhibit elevated LST values 
that range between 43°C and 46°C. The conspicuous ther-
mal amplification in these zones is a direct consequence of 
impervious surface proliferation and vegetation loss, which 
result in heightened solar energy retention and diminished 
surface albedo. The temperature differential of approxi-
mately 5–7 °C between the green and non-vegetated areas 
underscores the critical influence of land cover on thermal 
regimes within the urban environment. This thermal pat-
tern reaffirms the inverse correlation between vegetation 
density and surface temperature, a relationship well-docu-
mented in urban climatology and remote sensing literature.

Figure 9. Visual Correlation of LST and NDVI & NDBaI for Ahmedabad. 
Sources: Open Source Satellite Data(Landsat 8 and MODIS).
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5.	 Conclusions
This research presents a comprehensive spatiotemporal 

assessment of urban thermal conditions in Delhi, Lucknow, 
and Ahmedabad, utilizing satellite-derived LST data from 
MODIS and important surface indices like the NDVI and 
NDBaI. By exploring the connections between different 
land cover types and fluctuations in surface temperature, 
this study highlights the significant influence of vegetation 
and exposed land on the thermal profiles of urban settings. 
The findings consistently emphasize the cooling benefits 
of vegetation while pointing out the thermal intensification 
linked to bare land, providing crucial insights into the ele-
ments influencing the spatial distribution of urban thermal 
phenomena.

A strong negative correlation between NDVI and LST 
was found in all three cities, reaffirming the cooling ef-
fect of vegetation in alleviating urban thermal stress. On 
the other hand, the positive correlation between NDBaI 
and LST illustrates the aggravating impact of bare and 
impervious surfaces on surface temperatures. This was 
statistically substantiated by the regression models: Delhi 
exhibited the highest NDBaI-LST relationship (β = 2.10, 
p < 0.01), followed by Lucknow (β = 1.15, p < 0.05) and 
Ahmedabad (β = 0.89, p < 0.10), indicating that Delhi ex-
periences the most pronounced warming effect from bare 
land, with a comparatively moderate influence observed 
in Lucknow and Ahmedabad. NDVI consistently showed 
negative and significant coefficients across all cities, with 
Delhi and Lucknow revealing stronger vegetation-induced 
cooling than Ahmedabad. The R² values were also highest 
for Delhi (0.31), suggesting a more substantial explanatory 
relationship between LST and land cover indices, followed 
by Lucknow (0.11) and Ahmedabad (0.07).

These insights were further supported by UTFVI, 
which identified significant zones of thermal discomfort 
concentrated in regions characterized by sparse vegeta-
tion and high levels of exposed land. This spatial trend is 
especially noticeable in heavily urbanized areas, where 
minimal green cover and predominance of bare surfaces 
are evident. The trends in this research align with those 
observed in similar urban settings worldwide, supporting 
the broader relevance of these findings. For example, a 
study in the Pearl River Delta (PRD) noted that bare and 

semi-bare lands consistently displayed higher surface tem-
peratures than vegetated areas [57].. Likewise, research con-
ducted in Tehran indicated temperature variations of up to 
14 °C between vegetated surfaces and their non-vegetated 
counterparts, reflecting thermal gradients akin to those 
identified in this study [58, 59]. Additionally, findings from 
Khuzestan Province confirmed the significant warming ef-
fects attributed to barren and urbanized areas, further sub-
stantiating the role of bare surfaces in raising temperatures 
[60]. Research from Lucknow also supports the inverse rela-
tionship between vegetation and LST, consistent with the 
thermal patterns revealed in this study [61]. The escalating 
intensity of surface urban heat islands (SUHI) in Changc-
hun, China, aligns with these findings, indicating a grow-
ing severity of thermal stress due to urban growth and loss 
of vegetation [62].

Nonetheless, the study acknowledges several limita-
tions. The lack of high-resolution ground meteorological 
data limited the ability to corroborate satellite-derived LST 
values with on-site temperature measurements, which in-
troduced possible uncertainties regarding the accuracy of 
temperature estimates. The dependence on moderate-res-
olution MODIS imagery also restricted the identification 
of micro-level differences in surface characteristics, which 
could be crucial in more densely populated urban areas. 
Moreover, temporal inconsistencies in land surface reflec-
tance due to atmospheric effects may have caused variabil-
ity in vegetation and bare land indices, potentially influ-
encing the accuracy of land cover classifications over time.

Despite these constraints, the findings of this study 
offer valuable contributions to the expanding body of re-
search on urban thermal dynamics. The results uniformly 
indicate the essential role of vegetation in moderating sur-
face temperatures, with urban heat becoming more pro-
nounced in locations with limited or absent greenery. This 
underscores the urgent necessity for urban planners and 
policymakers to incorporate green infrastructure into city 
designs, particularly in fast-urbanising regions facing esca-
lating thermal stress. The findings advocate for proactive 
approaches that prioritize vegetation conservation, encour-
age green space restoration, and aim to reduce bare im-
pervious surfaces within urban contexts. Doing so would 
enhance cities’ resilience to rising temperatures, alleviate 
the negative impacts of urban thermal stress, and improve 
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overall living conditions for urban residents.
In summary, this study stresses the vital role of veg-

etation in lessening urban thermal stress and the harmful 
effects of bare land on surface temperatures. It also offers 
a robust statistical framework for comprehending the spa-
tiotemporal dynamics of urban thermal environments and 
land cover characteristics. The consistent performance of 
NDVI and NDBaI in predicting LST, supported by UT-
FVI spatial trends, provides a strong empirical basis for 
future research and climate-responsive urban planning. 
This research enhances our understanding of the intricate 
relationship between land surface characteristics and urban 
thermal behaviour, reinforcing the need for sustainable, 
green-focused urban development to combat the increasing 
challenges of climate change and urban heat.

Author Contributions
R.K.G. was responsible for developing the primary 

conceptual framework, structuring the manuscript, drafting 
the outline, and revising the final document. A.G. contrib-
uted extensively to the technical aspects, conducted the 
area statistics, and performed the analytical procedures. 
G.Y. and N.G.M. conducted the data analysis pertinent to 
the independent implementation of the manuscript. 

Funding
This work received no external funding.

Institutional Review Board State-
ment

Not applicable. This study involved the analysis of 
publicly available satellite and environmental data and did 
not require ethical approval.

Informed Consent Statement
Not applicable. No human participants were involved 

in this study.

Data Availability Statement
The data used in this study are publicly available from 

NASA MODIS, Landsat 8  and relevant remote sensing re-
positories.

Acknowledgements
The authors would like to express their sincere grat-

itude to the Survey of India, USGS, NASA, and Google 
Earth for their invaluable support in providing open-source 
data essential to this research endeavour.

Conflict of Interest
The authors declare that there are no conflicts of inter-

est related to the publication of this paper. 

References
[1]	 Voukkali, I., Papamichael, I., Loizia, P., et al., 2023. 

Urbanization and solid waste production: prospects 
and challenges. Environmental Science and Pollution 
Research, 31(12), 17678–17689. DOI: https://doi.
org/10.1007/s11356-023-27670-2

[2]	 Zhang, X., Han, L., Wei, H., et al., 2022. Linking 
urbanization and air quality together: A review and a 
perspective on the future sustainable urban develop-
ment. Journal of Cleaner Production, 346, 130988. 
DOI: https://doi.org/10.1016/j.jclepro.2022.130988

[3]	 Strokal, M., Bai, Z., Franssen, W., et al., 2021. Urban-
ization: an increasing source of multiple pollutants to 
rivers in the 21st century. Npj Urban Sustainability, 
1(1). https://doi.org/10.1038/s42949-021-00026-w

[4]	 Krüger, E., Gobo, J.P.A., Tejas, G.T., et al., 2024. 
The impact of urbanization on heat stress in Brazil: A 
multi-city study. Urban Climate, 53, 101827. https://
doi.org/10.1016/j.uclim.2024.101827

[5]	 Taha, H., 1997. Urban climates and heat islands: Al-
bedo, Evapotranspiration, and Anthropogenic heat. 
Energy and Buildings, 25(2), 99-103. DOI: https://
doi.org/10.1016/s0378-7788(96)00999-1

[6]	 Tan, J., Zheng, Y., Tang, X., et al., 2009. The Urban 
Heat Island and its impact on heat waves and human 
health in Shanghai. International Journal of Biomete-
orology, 54(1), 75-84. DOI: https://doi.org/10.1007/
s00484-009-0256-x

[7]	 Arifwidodo, S., Tanaka, T., 2015. The Characteristics 
of Urban Heat Island in Bangkok, Thailand. *Proce-
dia - Social and Behavioural Sciences, 195, 423-428. 
DOI: https://doi.org/10.1016/j.sbspro.2015.06.484

[8]	 Fu, Q., Zheng, Z., Sarker, M.N.I., et al., 2024. Com-

https://doi.org/10.1007/s11356-023-27670-2
https://doi.org/10.1007/s11356-023-27670-2
https://doi.org/10.1016/j.jclepro.2022.130988
https://doi.org/10.1038/s42949-021-00026-w
https://doi.org/10.1016/j.uclim.2024.101827
https://doi.org/10.1016/j.uclim.2024.101827
https://doi.org/10.1016/s0378-7788(96)00999-1
https://doi.org/10.1016/s0378-7788(96)00999-1
https://doi.org/10.1007/s00484-009-0256-x
https://doi.org/10.1007/s00484-009-0256-x
https://doi.org/10.1016/j.sbspro.2015.06.484


17

Research in Ecology | Volume 07 | Issue 04 | October 2025

bating urban heat: Systematic review of urban re-
silience and adaptation strategies. Heliyon, 10(17), 
e37001. DOI: https://doi.org/10.1016/j.heliyon.2024.
e37001

[9]	 Piracha, A., Chaudhary, M.T., 2022. Urban Air Pollu-
tion, Urban Heat Island and Human Health: A Review 
of the Literature. Sustainability, 14(15), 9234. DOI:  
https://doi.org/10.3390/su14159234

[10]	Shahmohamadi, P., Che-Ani, A., Etessam, I., et al., 
2011. Healthy environment: The need to mitigate 
urban heat island effects on human health. Procedia 
Engineering, 20, 61–70. DOI: https://doi.org/10.1016/
j.proeng.2011.11.139

[11]	Huang, H., Yang, H., Deng, X., et al., 2020. Influenc-
ing mechanisms of urban heat islands on respiratory 
diseases. Iranian Journal of Public Health. DOI: 
https://doi.org/10.18502/ijph.v48i9.3023

[12]	Li, X., Zhou, Y., Yu, S., et al., 2019. Urban heat island 
impacts on building energy consumption: A review of 
approaches and findings. Energy, 174, 407–419. DOI: 
https://doi.org/10.1016/j.energy.2019.02.183

[13]	Yuan, Y., Li, X., Wang, H., et al., 2024. Unraveling 
the global economic and mortality effects of rising 
urban heat island intensity. Sustainable Cities and 
Society, 116, 105902. DOI: https://doi.org/10.1016/
j.scs.2024.105902

[14]	Tuczek, M., Degirmenci, K., Desouza, K. C., et 
al., 2022. Mitigating urban heat with optimal dis-
tribution of vegetation and buildings. Urban Cli-
mate, 44, 101208. DOI: https://doi.org/10.1016/
j.uclim.2022.101208

[15]	Gloria, S.J., Gnanasekaran, S.P., 2024. Impact of 
urban vegetation loss on urban heat islands: A case 
study of Chennai Metropolitan Area. Indian Journal 
of Science and Technology, 17(2), 134–141. DOI: 
https://doi.org/10.17485/ijst/v17i2.1071

[16]	Xian, G., Shi, H., Auch, R., et al., 2021. The effects 
of urban land cover dynamics on urban heat Island 
intensity and temporal trends. GIScience & Remote 
Sensing, 58(4), 501–515. DOI: https://doi.org/10.108
0/15481603.2021.1903282

[17]	Teimouri, R., Karbasi, P., 2024. Analyzing the con-
tribution of urban land uses to the formation of urban 
heat islands in Urmia City. Urban Science, 8(4), 208. 
DOI: https://doi.org/10.3390/urbansci8040208

[18]	Montaseri, M., Masoodian, S.,  Guo, X., 2022. Eval-
uation of surface urban heat island intensity in arid 
environments (case study: Isfahan metropolitan area). 
DOI: https://doi.org/10.21203/rs.3.rs-1591895/v1

[19]	Ragheb, A., El-Darwish, I. I., Sherif, A., 2016. Micro-
climate and human comfort considerations in plan-

ning a historic urban quarter. International Journal of 
Sustainable Built Environment, 5(1), 156–167. DOI: 
https://doi.org/10.1016/j.ijsbe.2016.03.003

[20]	Kouklis, G., Yiannakou, A., 2021. The contribution of 
urban morphology to the formation of the microcli-
mate in compact urban cores: a study in the city cen-
ter of Thessaloniki. Urban Science, 5(2), 37. https://
doi.org/10.3390/urbansci5020037

[21]	Patra, S., Sahoo, S., Mishra, P., et al., 2018. Impacts 
of urbanization on land use /cover changes and its 
probable implications on local climate and groundwa-
ter level. Journal of Urban Management, 7(2), 70–84. 
DOI: https://doi.org/10.1016/j.jum.2018.04.006

[22]	Gupta, R.K., 2012. Temporal and spatial variations of 
urban heat island effect in Jaipur city using satellite 
data. Environment and Urbanization Asia, 3(2), 359-
374. DOI: https://doi.org/10.1177/0975425312473232

[23]	Gupta, R.K., 2024. Identifying urban hotspots and 
cold spots in Delhi using the Biophysical Landscape 
framework. Ecology, Economy and Society--the 
INSEE Journal, 7(1), 137–155. DOI:  https://doi.
org/10.37773/ees.v7i1.954

[24]	Stone, B., Hess, J., Frumkin, H., 2010. Urban form 
and extreme heat events: Are sprawling cities more 
vulnerable to climate change than compact cities?. 
Environmental Health Perspectives, 118(10), 1425-
1428. DOI:  https://doi.org/10.1289/ehp.0901879

[25]	Taleghani, M., Kleerekoper, L., Tenpierik, M., et al., 
2015. Outdoor thermal comfort within five different 
urban forms in the Netherlands. Building and Envi-
ronment, 83, 65-78. DOI:  https://doi.org/10.1016/
j.buildenv.2014.03.014

[26]	He, Q., Reith, A., 2023. A study on the impact of 
green infrastructure on microclimate and thermal 
comfort. Pollack Periodica, 18(1), 42-48. DOI:   
https://doi.org/10.1556/606.2022.00668

[27]	Georgi, J., Dimitriou, D., 2010. The contribution of 
urban green spaces to the improvement of environ-
ment in cities: Case study of Chania, Greece. Building 
and Environment, 45(6), 1401-1414. DOI: https://doi.
org/10.1016/j.buildenv.2009.12.003

[28]	Mutani, G. and Todeschi, V., 2021. Roof-integrat-
ed green technologies, energy saving and outdoor 
thermal comfort: insights from a case study in urban 
environment. International Journal of Sustainable De-
velopment and Planning, 16(1), 13-23. DOI:  https://
doi.org/10.18280/ijsdp.160102

[29]	Paul, M., Florian, S., 2017. Comparasion of NDBI 
and NDVI as indicators of surface Urban heat island 
effect in Landsat 8 Imagery: a case study of IASI. 
Present Environment and Sustainable Development, 

https://doi.org/10.1016/j.heliyon.2024.e37001
https://doi.org/10.1016/j.heliyon.2024.e37001
https://doi.org/10.3390/su14159234
https://doi.org/10.1016/j.proeng.2011.11.139
https://doi.org/10.1016/j.proeng.2011.11.139
https://doi.org/10.18502/ijph.v48i9.3023
https://doi.org/10.1016/j.energy.2019.02.183
https://doi.org/10.1016/j.scs.2024.105902
https://doi.org/10.1016/j.scs.2024.105902
https://doi.org/10.1016/j.uclim.2022.101208
https://doi.org/10.1016/j.uclim.2022.101208
https://doi.org/10.17485/ijst/v17i2.1071
https://doi.org/10.1080/15481603.2021.1903282
https://doi.org/10.1080/15481603.2021.1903282
https://doi.org/10.3390/urbansci8040208
https://doi.org/10.21203/rs.3.rs-1591895/v1
https://doi.org/10.1016/j.ijsbe.2016.03.003
https://doi.org/10.3390/urbansci5020037
https://doi.org/10.3390/urbansci5020037
https://doi.org/10.1016/j.jum.2018.04.006
https://doi.org/10.1177/0975425312473232
https://doi.org/10.37773/ees.v7i1.954
https://doi.org/10.37773/ees.v7i1.954
https://doi.org/10.1289/ehp.0901879
https://doi.org/10.1016/j.buildenv.2014.03.014
https://doi.org/10.1016/j.buildenv.2014.03.014
https://doi.org/10.1556/606.2022.00668
https://doi.org/10.1016/j.buildenv.2009.12.003
https://doi.org/10.1016/j.buildenv.2009.12.003
https://doi.org/10.18280/ijsdp.160102
https://doi.org/10.18280/ijsdp.160102


18

Research in Ecology | Volume 07 | Issue 04 | October 2025

11(2), 141–150. DOI:  https://doi.org/10.1515/pesd-
2017-0032

[30]	Chen, X., Zhang, Y., 2017. Impacts of urban surface 
characteristics on spatiotemporal pattern of land 
surface temperature in Kunming of China. Sustain-
able Cities and Society, 32, 87–99. DOI:  https://doi.
org/10.1016/j.scs.2017.03.013

[31]	Ahmad, M., Saqib, M., Ahmad, S.N., et al., 2025. 
Normalized difference spectral indices and urban land 
cover as indicators of urban heat island effect: a case 
study of Patna Municipal Corporation. Geology Ecol-
ogy and Landscapes, 1–21. DOI:  https://doi.org/10.1
080/24749508.2025.2451479

[32]	Roy, B., Bari, E., 2022. Examining the relationship 
between land surface temperature and landscape fea-
tures using spectral indices with Google Earth Engine. 
Heliyon, 8(9), e10668. DOI:  https://doi.org/10.1016/
j.heliyon.2022.e10668

[33]	Bagyaraj, M., Senapathi, V., Karthikeyan, S., et al., 
2023. A study of urban heat island effects using re-
mote sensing and GIS techniques in Kancheepuram, 
Tamil Nadu, India. Urban Climate, 51, 101597. DOI:  
https://doi.org/10.1016/j.uclim.2023.101597

[34]	Cafaro, R., Cardone, B., D’Ambrosio, V., et al., 2024. 
A new GIS-Based framework to detect urban heat 
islands and its application on the city of Naples (Ita-
ly). Land, 13(8), 1253. DOI:  https://doi.org/10.3390/
land13081253

[35]	Jumari, N.a.S.K., Ahmed, A.N., Huang, Y.F., et al., 
2023. Analysis of urban heat islands with landsat 
satellite images and GIS in Kuala Lumpur Metropol-
itan City. Heliyon, 9(8), e18424. DOI:  https://doi.
org/10.1016/j.heliyon.2023.e18424

[36]	Zhu, Z., Woodcock, C., 2014. Continuous change 
detection and classification of land cover using all 
available Landsat data. Remote Sensing of Environ-
ment, 144, 152-171. DOI:  https://doi.org/10.1016/
j.rse.2014.01.011

[37]	Huang, C., Kim, S., Song, K., et al., 2009. Assess-
ment of Paraguay’s forest cover change using Landsat 
observations. Global and Planetary Change, 67(1-2), 
1-12. https://doi.org/10.1016/j.gloplacha.2008.12.009

[38]	Hassan, S., Edicha, J., Kabiru, U., 2016. Analysis 
of the Pattern of Land Degradation in Okaba, Kogi 
State, Nigeria. Annals of the Social Science Acade-
my of Nigeria, 20(1). DOI:  https://doi.org/10.36108/
ssan/1502.02.0140

[39]	Tao, Y., Lan, G., She, L., et. al., 2018. Dynamic 
monitoring of land cover in Dongting lake area be-
tween 1995–2015 with Landsat imagery. The Inter-
national Archives of the Photogrammetry Remote 

Sensing and Spatial Information Sciences, XLII-3, 
1651-1656. DOI:  https://doi.org/10.5194/isprs-ar-
chives-xlii-3-1651-2018

[40]	Spruce, J., Smoot, J., Ellis, J., et al., 2013. Geospatial 
method for computing supplemental multi-decadal US 
coastal land use and land cover classification prod-
ucts, using Landsat data and c-cap products. Geocarto 
International, 29(5), 470-485. DOI:  https://doi.org/10
.1080/10106049.2013.798357

[41]	Jeongmook, P., Sim, W., Park, J., et al., 2019. Ob-
ject-based land cover change detection and landscape 
structure analysis of demilitarized zone in Korea. 
Sensors and Materials, 31(11), 3733. DOI:  https://
doi.org/10.18494/sam.2019.2434

[42]	Zhang, H., Zhai, F., Zhang, G., et al., 2018. Daily 
air temperature estimation on glacier surfaces in the 
Tibetan plateau using MODIS LST data. Journal 
of Glaciology, 64(243), 132-147. DOI:  https://doi.
org/10.1017/jog.2018.6

[43]	Yang, B., Chen, S., Liu, Q., et al., 2011. Land surface 
temperature and emissivity retrieval by integrating 
MODIS data onboard terra and aqua satellites. Interna-
tional Journal of Remote Sensing, 32(5), 1449-1469. 
DOI:  https://doi.org/10.1080/01431160903559754

[44]	Phan, T., Kappas, M., Degener, J., 2016. Estimating 
daily maximum and minimum land air surface tem-
perature using Modis land surface temperature data 
and ground truth data in Northern Vietnam. Remote 
Sensing, 8(12), 1002. DOI:  https://doi.org/10.3390/
rs8121002

[45]	Sobrino, J.A., Irakulis, I., 2020. A Methodology for 
Comparing the Surface Urban Heat Island in Selected 
Urban Agglomerations Around the World from Sen-
tinel-3 SLSTR Data. Remote Sensing, 12(12), 2052. 
DOI:  https://doi.org/10.3390/rs12122052

[46]	Toy, S., Yılmaz, S., Yılmaz, H., 2007. Determina-
tion of bioclimatic comfort in three different land 
uses in the city of Erzurum, Turkey. Building and 
Environment, 42(3), 1315–1318. DOI:  https://doi.
org/10.1016/j.buildenv.2005.10.031

[47]	Liu, L., Zhang, Y., 2011. Urban heat island analysis 
using the Landsat TM data and ASTER data: A case 
study in Hong Kong. Remote sensing, 3(7), 1535-
1552.

[48]	Liu, W., Zhao, H., Sun, S., et al., 2022. Green space 
cooling effect and contribution to mitigate heat island 
effect of surrounding communities in Beijing Met-
ropolitan Area. Frontiers in Public Health, 10. DOI:  
https://doi.org/10.3389/fpubh.2022.870403

[49]	Schwaab, J., Meier, R., Mussetti, G., et al., 2021. The 
role of urban trees in reducing land surface tempera-

https://doi.org/10.1515/pesd-2017-0032
https://doi.org/10.1515/pesd-2017-0032
https://doi.org/10.1016/j.scs.2017.03.013
https://doi.org/10.1016/j.scs.2017.03.013
https://doi.org/10.1080/24749508.2025.2451479
https://doi.org/10.1080/24749508.2025.2451479
https://doi.org/10.1016/j.heliyon.2022.e10668
https://doi.org/10.1016/j.heliyon.2022.e10668
https://doi.org/10.1016/j.uclim.2023.101597
https://doi.org/10.3390/land13081253
https://doi.org/10.3390/land13081253
https://doi.org/10.1016/j.heliyon.2023.e18424
https://doi.org/10.1016/j.heliyon.2023.e18424
https://doi.org/10.1016/j.rse.2014.01.011
https://doi.org/10.1016/j.rse.2014.01.011
https://doi.org/10.1016/j.gloplacha.2008.12.009
https://doi.org/10.36108/ssan/1502.02.0140
https://doi.org/10.36108/ssan/1502.02.0140
https://doi.org/10.5194/isprs-archives-xlii-3-1651-2018
https://doi.org/10.5194/isprs-archives-xlii-3-1651-2018
https://doi.org/10.1080/10106049.2013.798357
https://doi.org/10.1080/10106049.2013.798357
https://doi.org/10.18494/sam.2019.2434
https://doi.org/10.18494/sam.2019.2434
https://doi.org/10.1017/jog.2018.6
https://doi.org/10.1017/jog.2018.6
https://doi.org/10.1080/01431160903559754
https://doi.org/10.3390/rs8121002
https://doi.org/10.3390/rs8121002
https://doi.org/10.3390/rs12122052
https://doi.org/10.1016/j.buildenv.2005.10.031
https://doi.org/10.1016/j.buildenv.2005.10.031
https://doi.org/10.3389/fpubh.2022.870403


19

Research in Ecology | Volume 07 | Issue 04 | October 2025

tures in European cities. Nature Communications, 
12(1). DOI:  https://doi.org/10.1038/s41467-021-
26768-w

[50]	Kirschner, V., Macků, K., Moravec, D., et al., 2023. 
Measuring the relationships between various urban 
green spaces and local climate zones. Scientific Re-
ports, 13(1). https://doi.org/10.1038/s41598-023-
36850-6

[51]	Rizki, A.R., Tumuyu, S.S., Rushayati, S.B., 2024. The 
impact of urban green space on the urban Heat Island 
phenomenon – a study case in East Jakarta, Indone-
sia. Geoplanning Journal of Geomatics and Planning, 
11(1), 31–42. DOI: https://doi.org/10.14710/geoplan-
ning.11.1.31-42

[52]	Reed, B., Brown, J., VanderZee, D., et al., 1994. Mea-
suring phenological variability from satellite imagery. 
Journal of Vegetation Science, 5(5), 703-714. DOI:  
https://doi.org/10.2307/3235884

[53]	Huang, X., Zhang, T., Yi, G., et al., 2019. Dynamic 
changes of NDVI in the growing season of the Tibet-
an plateau during the past 17 years and its response to 
climate change. International Journal of Environmen-
tal Research and Public Health, 16(18), 3452. DOI:  
https://doi.org/10.3390/ijerph16183452

[54]	Piao, S., Wang, X., Ciais, P., et al., 2011. Changes 
in satellite‐derived vegetation growth trend in tem-
perate and boreal Eurasia from 1982 to 2006. Global 
Change Biology, 17(10), 3228-3239. DOI:  https://
doi.org/10.1111/j.1365-2486.2011.02419.x

[55]	Mao, D., Wang, Z., Liu, L., et al., 2012. Integrating 
AVHRR and MODIS data to monitor ndvi changes 
and their relationships with climatic parameters in 
northeast china. International Journal of Applied 
Earth Observation and Geoinformation, 18, 528-536. 
DOI:   https://doi.org/10.1016/j.jag.2011.10.007

[56]	Zhou, Y., Yang, G., Wang, S., et al., 2014. A new in-

dex for mapping built-up and bare land areas from 
Landsat-8 OLI data. Remote Sensing Letters, 5(10), 
862–871. DOI:  https://doi.org/10.1080/215070
4x.2014.973996

[57]	Chen, X.L., Zhao, H.M., Li, P.X., et al., 2006. Remote 
sensing image-based analysis of the relationship be-
tween urban heat island and land use/cover changes. 
Remote Sensing of Environment, 104(2), 133-146. 
DOI:  https://doi.org/10.1016/j.rse.2005.11.016

[58]	Moghbel, M., Shamsipour, A., 2019. Spatial-tem-
poral analysis of the environmental effects of urban 
heat islands in Tehran. Sustainable Cities and So-
ciety, 44, 404-413. DOI:  https://doi.org/10.1016/
j.scs.2018.10.006

[59]	Bokaie, M., Zarkesh, M.K., Arasteh, P.D., et. al., 
2016. Assessment of Urban Heat Island based on 
the relationship between land surface temperature 
and Land Use/Land Cover in Tehran. Sustainable 
Cities and Society, 23, 94-104. DOI:  https://doi.
org/10.1016/j.scs.2016.03.009

[60]	Baronian, A., Darvishi Boloorani, A., Papi, R., 2024. 
Assessing the impact of urbanization and land use 
changes on surface urban heat islands in Khuzestan 
Province using remote sensing. Environmental Mon-
itoring and Assessment, 196(1), 45. DOI:  https://doi.
org/10.1007/s10661-023-12215-4

[61]	Verma, P., Garg, P.K., 2021. Urban heat island effect 
assessment for Lucknow City using geospatial tech-
niques. Geocarto International, 36(15), 1737-1755. 
DOI:  https://doi.org/10.1080/10106049.2019.1659424

[62]	Yang, J., Wang, Y., Xiu, C., et al., 2017. Optimizing 
local climate zones to mitigate urban heat island ef-
fect in human settlements. Journal of Cleaner Produc-
tion, 165, 1042-1050. DOI:  https://doi.org/10.1016/
j.jclepro.2017.07.236

https://doi.org/10.1038/s41467-021-26768-w
https://doi.org/10.1038/s41467-021-26768-w
https://doi.org/10.1038/s41598-023-36850-6
https://doi.org/10.1038/s41598-023-36850-6
https://doi.org/10.14710/geoplanning.11.1.31-42
https://doi.org/10.14710/geoplanning.11.1.31-42
https://doi.org/10.2307/3235884
https://doi.org/10.3390/ijerph16183452
https://doi.org/10.1111/j.1365-2486.2011.02419.x
https://doi.org/10.1111/j.1365-2486.2011.02419.x
https://doi.org/10.1016/j.jag.2011.10.007
https://doi.org/10.1080/2150704x.2014.973996
https://doi.org/10.1080/2150704x.2014.973996
https://doi.org/10.1016/j.rse.2005.11.016
https://doi.org/10.1016/j.scs.2018.10.006
https://doi.org/10.1016/j.scs.2018.10.006
https://doi.org/10.1016/j.scs.2016.03.009
https://doi.org/10.1016/j.scs.2016.03.009
https://doi.org/10.1007/s10661-023-12215-4
https://doi.org/10.1007/s10661-023-12215-4
https://doi.org/10.1080/10106049.2019.1659424
https://doi.org/10.1016/j.jclepro.2017.07.236
https://doi.org/10.1016/j.jclepro.2017.07.236

