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Abstract

Southeast Asia’s (SEA) rapid urbanization has intensified urban heat effects. While previous studies
address urban warming at specific time points, the dynamic relationship between land cover and
land use (LCLU) changes and land surface temperature (LST) along urban-rural continuums
remains understudied. This study examines LST, LCLU, and NDVI changes across 19 SEA cities of
varying urbanization levels from 2000 to 2022 using Landsat images. Results show that LST change
rates differ by urbanization levels, with built-up lands driving urban warming. Larger cities
exhibited more intense and widespread LST increases extending into rural areas. The megacities
experienced significant LST growth within 5 km of city centers despite limited built-up expansion.
However, some areas in many cities experience decreasing trends of heat. NDVI significantly
influenced LST changes through its cooling effect and the warming impact due to vegetation loss
caused by urban expansion. Findings support urban planning strategies that balance growth with
enhancing green spaces, redirecting growth to smaller cities, and shifting development from city

centers to urban outskirts.

1. Introduction

Southeast Asia (SEA), home to 675 million people
in 2021, represents 8.56% of the global population
yet occupies only 3% of Earth’s land [1]. Nearly half
(49.63%) of SEA’s population resides in urban areas,
highlighting stark disproportion in densely populated
urban environments. Between 1950 and 2014, the
urban population surged 11-fold, from 26 million to
294 million [2]. This rapid growth, dense popula-
tions, and unique geographies make SEA cities highly
vulnerable to global climate warming impacts [2].
Rising temperatures have intensified extreme weather
events like heatwaves, floods, and cyclones, disrupt-
ing environmental, social, and economic systems [3,
4] and increasing heat-related mortality to projected

© 2025 The Author(s). Published by IOP Publishing Ltd

rates of 200-300 deaths per 100000 annually by
2030-2079 [5]. Therefore, understanding how rapid
urbanization impacts thermal conditions and their
spatiotemporal variations is crucial for effective plan-
ning and urban management.

Urbanization has been demonstrated to exacer-
bate urban warming significantly [6-9]. This effect
in SEA manifests across the urban-rural continuums
(URGCs) [10, 11]. Although research has demon-
strated the impact of land cover and land use (LCLU)
changes on urban warming, many studies focus only
on single time points (e.g. one specific year) [9, 12—
17]. With the rapid pace of urbanization in SEA,
the interactions between LCLU changes and urban
thermal are increasingly dynamic and complex [18].
Understanding urban warming changes is crucial for
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assessing the impacts of urbanization along the URCs
[18]. However, little research has addressed how these
urban warming patterns shift over time across the
URGCs.

City size, closely linked to urbanization level,
strongly influences urban heat intensity, development
patterns, and population density [11, 18-20]. While
past studies have broadly linked city size to urban heat
intensity, given that SEA cities vary widely in urbaniz-
ation intensity and population density, there remains
a gap in understanding distinct urban thermal vari-
ations across different levels of urbanization and how
specific LCLU changes affect land surface temperat-
ure (LST) over time along URCs in SEA cities.

SEA cities are an emerging research hotspot due to
the combined effects of climate warming, unplanned
urbanization, and rapid LCLU changes [21]. Our
study focuses on the URCs in SEA cities, where urban
and rural elements blend, creating dynamic zones
[11, 22]. This study aims to analyze the annual sum-
mer changes in LST using Landsat data and invest-
igate how urbanization-driven LCLU changes have
influenced LST dynamics across URCs from 2000
to 2022. Specifically, we address two key questions:
(1) How have LST variations differed across cities
with different urbanization levels? (2) What roles
have LCLU changes played in driving LST shifts along
the URCs over the past two decades? By answering
these questions, this study aims to provide evidence-
based insights for policymakers to integrate social and
environmental considerations into more sustainable,
locally adapted urban development strategies.

2. Materials and methods

2.1. Data description and processing

Our study focused on 19 cities across eight countries:
Cambodia, Indonesia, Lao PDR, Malaysia, Myanmar,
Philippines, Thailand, and Vietnam (table 1 and
figure 1). These cities were selected to capture diverse
urbanization levels, geographical diversity, and cli-
matic conditions, enabling a robust analysis of urban
thermal dynamics across varying city sizes and urban
expansion rates [11, 18].). Based on UN DESA (2019)
categories, the cities were grouped by population:
Mega (>10 M), Large (1-10 M), Medium (250k—
1 M), and Small (20-250 K) [23].

We utilized all available Landsat data (2000-2022)
to retrieve 30 m resolution LST using the Statistical
Mono-Window (SMW) algorithm [24-26] and cal-
culated NDVI via Google Earth Engine for the sum-
mer months (June, July, and August) (table 2). 5,265
Landsat 5/7/8/9 scenes were collected to ensure com-
plete coverage of all 19 cities. These images span from
2000 to 2022, apart from 2012, for which no single
Landsat image was available. The number of Landsat
images corresponding to each city is provided in table
S1 of the Supplemental Materials. Contaminated
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pixels (e.g. clouds and cloud shadows) were removed
via quality assessment bands, and Landsat-7 SLC-off
stripes were eliminated.

LST is estimated from Landsat images using SMW
algorithm, developed by the Climate Monitoring
Satellite Application Facility [24]. This approach
integrates atmospheric parameters and surface
emissivity data. The SMW algorithm establishes an
empirical linear relationship between LST and the
top-of-atmosphere brightness temperature within
a single thermal infrared window [25-27]. This
model is derived by linearizing the radiative trans-
fer equation, incorporating surface emissivity as a
critical variable [28, 29].

LCLU data (table 2) with 30 m resolution for
2000, 2005, 2010, 2015, and 2020 were sourced
from the University of Maryland [30]. These datasets
include built-up lands, croplands, wetlands, vegeta-
tion, and water features such as rivers, lakes, and seas.
Data were available for 2000, 2005, 2010, 2015, and
2020, with user and producer accuracies exceeding
85% for most categories except built-up lands (63.7%
and 39.1% for stable built-up; 74.1% and 59.6% for
built-up gains). We compared these global LCLU
datasets with the European Space Agency Land Cover
Climate Change Initiative at a 300 m resolution [31].
Our analysis revealed that former datasets proved
more detailed and accurate, especially with regard to
urban areas (figure S1 of the Supplemental Materials).
Other datasets providing annual data were either
incomplete, geographically limited, or posed risks of
bias and uncertainty due to varying accuracy and clas-
sification methods.

2.2. Data analysis
To assess the impact of urbanization over the past two
decades, we analyzed the patterns of LST changes with
LCLU changes across 19 SEA cities along URCs. These
cities range from major hubs like Jakarta and Bangkok
to smaller cities like Vientiane and Chiang Rai, offer-
ing a diverse sample of SEA’s urban environments and
thermal impacts. URCs were defined as areas within
a 30 km radius of each city center. City center points
were identified as the central business district or geo-
metric center of administrative limits [11]. We cre-
ated 30 ring buffer zones at 1 km intervals to examine
LCLU and LST gradients.

After establishing these buffer zones, we excluded
(1) large water bodies or oceans; (2) continuous
urban areas beyond the city boundaries—for neigh-
boring cities like Kuala Lumpur and Putrajaya, and
Quezon City and Taytay, we adjusted the URCs to
exclude overlapping administrative boundaries. This
ensured that the analysis focused on each city’s des-
ignated URC, minimizing cross-boundary influences.
For example, Quezon City’s URC aligns with Taytay’s
urban extent, and excluding these overlapping urban
areas improved the reliability of our results; (3)
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Table 1. Selected urban centers across urban-rural continuums (URCs).
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Country Mega (>10 M) Large (1-10 M) Medium (250k-1 M) Small (20-250 K)
Cambodia Phnom Penh (2.3 M) Siem Reap (249 K)
Indonesia Jakarta (10.5 M) Surabaya (2.8 M) Denpasar (725 K)
Lao PDR Vientiane (969 K) Pakse (88 K)
Malaysia KL (1.8 M) Putrajaya (109 K)
Myanmar Yangon (5.1 M) NPT (375 K)
Philippines Quezon City (2.7 M) Tloilo (387 K) Taytay (231 K)
Thailand Bangkok (5.1 M) Chiang Rai (79k)
Vietnam HCMC (9.0 M), Hanoi (8 M) Cantho (812 K)
a) PF ) b) LST Sen's Slope (°C/year)
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Figure 1. (a) Map of the study area showing 19 cities across 8 countries; (b) LST Sen’s slope; (c) NDVI Sen’s slope and (d) land
use/land cover in 2020 for an example city.

Table 2. The description of the data set used in this study.

Dataset Resolution Sources/Methods Year
LST changes 30 m Landsat-based Statistical 2000-2022
Mono-Window algorithm
NDVI 30 m Landsat 5/7/8/9 2000-2022
LCLU 30 m University of Maryland 2000, 2005, 2010, 2015, 2020

mountains exceeding 100 m above mean elevation
to minimize topography effects on LST to ensure
that the thermal changes reflect urban development
rather than elevation-related climatic variations [14,
32]. These exclusions were implemented to ensure fair
comparisons and reduce the influence of elevation on
the analysis.

The data analysis was conducted across three hier-
archy levels: (1) the entire study area, encompassing
all 19 cities; (2) city size categories (mega, large,
medium, and small); and (3) each individual city.
We used the Mann—Kendall trend analysis to calculate
Sen’s slope for each pixel, capturing the change rate in
LST and NDVI between 2000 and 2022 [33]. We then
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assigned the mean values of LST and NDVT’s Sen’s
slope to each ring buffer according to these analysis
units. Subsequently, we calculated fractions of LCLU
types (built-up lands, cropland, wetland, and veget-
ation) within each ring buffer for 2000, 2005, 2010,
2015, and 2020. Sen’s slope for LCLU fractions was
calculated to assess the impact of LCLU changes on
LST variations. For the entire study area, we aggreg-
ated the mean values of LST, NDVI, and LCLU frac-
tion Sen’s slope across all 19 cities for a specific ring
buffer. At the city size level, such as for large cities,
we aggregated the values from all ring buffers corres-
ponding to large cities.

We defined the turning points of LST Sen’s
slope across different city sizes. These are the loca-
tions along the URC gradient where the trend sig-
nificantly shifts direction, such as changing from
an increasing to a decreasing pattern or vice versa.
Univariate regression models quantified the relation-
ships between LST Sen’s slope, NDVI, and LCLU
changes across URCs and city size categories.

3. Results

3.1. LCLU along the URCs

We analyzed LCLU fractions within each buffer zone
over two decades (figure 2). Built-up and crop-
land areas were the dominant LCLU types across
the 19 cities, with vegetation covering over 15%
of the total area (figure 2(a)). From 2000 to 2020,
built-up areas increased from 28.70% to 41.19%,
while cropland decreased from 36.39% to 31.38%.
Urbanization primarily drove these shifts, expand-
ing built-up land while reducing cropland and veget-
ation. LCLU changes followed a logarithmic pat-
tern along the urban-rural gradient (figure 2(b)).
Built-up land decreased logarithmically from urban
to rural areas, while cropland, wetlands, and vegeta-
tion increased. These changes were more pronounced
near urban centers and leveled off, approaching rural
areas.

City size influenced LCLU patterns. In the mega-
city, built-up land decreased exponentially from
urban to rural areas, with distinct LCLU trends com-
pared to large, medium, and small cities, which fol-
lowed patterns like the overall study area. We com-
pared urbanization degrees and development rates
using 2022 LCLU fractions and their Sen’s slope.
Built-up areas were the predominant LCLU type,
with mean fractions of 82.14%, 54.33%, 26.27%, and
29.51% for mega, large, medium, and small cities,
respectively (figure 2(b)). Urban development rates,
reflected by the built-up Sen’s slope, were 4.535, 3.540,
2.711, and 0.0275%/5 years for mega, large, medium,
and small cities. Notably, within a 12 km radius,
medium cities had the highest rate (4.778%/5 years),
surpassing large cities (3.812%/5 years), megacity
(1.875%/5 years), and small cities (0.0275%/5 years).

4
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3.2. Interdependent changes with NDVI and LCLU
As shown in figure 3, we analyzed the LST Sen’s
slope across the urban-rural gradient within a 30 km
radius for 19 cities. Urban centers did not consist-
ently exhibit the highest LST Sen’s slope, indicat-
ing disparities in LST changes from urban to rural
areas, contrasting with the general LST decrease
in 2022 along the gradient (figure S2). Jakarta,
the only megacity, displayed a unique pattern: the
LST Sen’s slope gradually increased from the urban
center, peaked between 16 km and 24 km, and
then declined, with the city center showing no sig-
nificant LST change. Large cities generally exhib-
ited an increase followed by a decrease in the LST
Sen’s slope, with turning points between 6 km and
19 km, except for Hanoi, which consistently showed
a decrease. Medium cities followed a decreasing—
increasing—decreasing trend, with transition points
between 2 km and 14 km, while small cities typ-
ically displayed a decreasing-then-increasing pat-
tern. However, Putrajaya and Chiang Rai resembled
large cities, with turning points between 3 km
and 14 km.

We summarized the LST Sen’s slope across 19
cities along the urban-rural gradient (figure 4). For
the entire study area (figure 4(a)), the LST Sen’s
slope peaked at the city center (0.0303 °C/year),
decreased to 3 km, and followed a bimodal pattern
with peaks at 6 km and 17 km before declining. NDVI
Sen’s slope increased consistently from urban to rural
areas, while the built-up Sen’s slope mirrored the LST
trend, and cropland exhibited an opposite pattern.
Significant correlations were observed between the
LST Sen’s slope and built-up (positive, R* = 0.136),
cropland, wetland, and NDVI (negative, R*> = 0.192,
0.150, and 0.355, respectively). Removing the city
center outlier improved correlations, particularly for
built-up (R? = 0.453) and cropland (R* = 0.549).

In the megacity (figure 4(b)), the LST Sen’s
slope exhibited a trimodal pattern with peaks at
16 km, 20 km, and 24 km, reaching 0.127, 0.125, and
0.121 °Clyear, respectively. The turning point was
identified at 24 km, after which the slope declined.
While the city center showed an LST Sen’s slope
close to 0, the rest of the megacity experienced an
overall upward LST trend, indicating rapid urban
warming over the past two decades. Interestingly, the
NDVI Sen’s slope displayed a rapidly decreasing trend
from the city center, with valleys at 16 km, 20 km,
and 25 km, contrasting the LST Sen’s slope pattern.
Built-up areas, the dominant LCLU type, initially
showed an opposite trend to LST within the first 5 km
but mirrored the LST pattern beyond this distance.
Cropland exhibited an inverse trend to LST through-
out. Regression analysis revealed significant negative
correlations between the LST Sen’s slope and cro-
pland (R? = 0.359), vegetation (R?> = 0.153), and
NDVI (R? = 0.792). However, the positive relation-
ship between the LST Sen’s slope and wetland Sen’s
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Figure 2. Land use and land cover (LCLU) changes: (a) The transition of LCLU for the entire study area, and (b) LCLU changes
with different city sizes between 2000 and 2020.
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slope (less than 5% of the area) was unexpected and
counterintuitive.

Large cities (figure 4(c)) exhibited a bimodal LST
Sen’s slope pattern, peaking at 14 km and 17 km with
values of 0.0367 and 0.0401 °C/year, respectively. The
turning point occurred at 17 km, after which the slope
began to decline. LST showed a decline within 4 km
of the center (Sen’s slope < 0), while it increased
between 5 km and 26 km. Unlike megacity, Built-up
areas mirrored the LST trend, with a significant posit-
ive correlation (R* = 0.524), while cropland showed a
significant negative correlation (R? = 0.636). Similar
to those found in megacities, the positive relation-
ship between LST and wetland Sen’s slope remained
counterintuitive.

Medium cities (figure 4(d)) displayed a dis-
tinct pattern, with the highest LST Sen’s slope
(0.103 °Clyear) at the center and another peak at
6 km. LST increased up to 17 km before declining.
Significant correlations were observed between LST

and built-up (R? = 0.778, positive), cropland, veget-
ation, and NDVI (R? = 0.539, 0.860, and 0.845, neg-
ative). These LCLU and NDVI changes over time had
a considerable impact on LST variations in medium
cities. City center outliers were identified in the
regression analysis for built-up and cropland.

Small cities (figure 4(e)) showed high LST Sen’s
slope values at the center (0.0199 °C/year), decreasing
up to 11 km and then increasing. Apart from the city
center, LST (Sen’s slope < 0) has generally decreased
over the past two decades. Only NDVI exhibited a sig-
nificant negative correlation with LST (R? = 0.559),
while no significant correlations were found for other
LCLU factors. Similar to those found in medium cit-
ies, the LST Sen’s slope in the city center stood out
as an outlier in the regression analysis for both LCLU
and NDVIL.

LST in 2022 showed a consistent downward
trend along the urban-rural gradient for all city
sizes, reflecting typical urban heat island profiles.
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Cities ranked by LST in 2022 followed the pattern:
mega > large > small > medium. The mean LST Sen’s
slope was highest in the megacity (0.0863 °C/year),
followed by large cities (0.0104 °C/year), while
medium (—0.00389 ©°C/year) and small cities
(—0.0365 °Clyear) showed overall declines. Both
medium and small cities experienced an overall
decrease in LST, with small cities showing a faster
decline than medium cities. Notably, within 12 km
of the center, medium cities exhibited higher LST
Sen’s slope values (0.0513 °C/year) than large cities
(0.01135 °Clyear), reflecting dynamic urban thermal
changes

In general, some cities exhibit downward LST
trends (negative slope) or no LST growth (near zero
slope) in certain areas, particularly around urban
cores (e.g. Chiang Rai, HCMC, Iloilo, Jakarta, NPT,
Phnom Penh, Putrajaya, Quezon). As shown in
figure 3, green pixels in many cities indicate negative
LST trends, suggesting that some areas became cooler
over time. This was unexpected, as built-up areas are
typically associated with rising LST due to increased
population pressure, human activities, impervious
surfaces, and vehicle numbers. Further investigation
using fine-resolution Google Earth images from 2000
to 2020 revealed significant vegetation expansion in
these areas, particularly in tree crown closures. Two
key factors likely contributed to this phenomenon:
(1) built-up areas were developed on non-vegetated
or open land, and (2) a significant number of trees
were planted early in the study period, with vegeta-
tion cover expanding over time as trees matured and
their crown closures increased

4. Discussion

4.1. Changing rate of LST along the URCs and its
implications

Our analysis revealed that LST change rates differ
from LST patterns observed at specific times, with cit-
ies of varying sizes displaying unique LST Sen’s slope
patterns along the URC gradient. For the entire study
area, the LST Sen’s slope decreased from the city cen-
ter to the 3 km buffer, where the city center exhib-
ited the highest slope. This finding indicates that cent-
ral urban areas, with higher built-up densities and
lower vegetation cover, experience the most rapid LST
increases over time, reflecting the intense impact of
urbanization on warming.

The megacity with the highest urbanization
degree and rate showed the most severe urban warm-
ing, demonstrating a severe urban warming problem
over time. The LST change rate pattern showed an
increasing trend in the LST Sen’s slope, with trimodal
peaks before declining at a turning point of around
24 km. While areas of the city center had the highest
LST, they exhibited the lowest Sen’s slope (close to

Y Zhu et al

0). This is likely because the built-up lands, the main
drivers of LST change, are already highly dense, leav-
ing limited space for further development [11, 34].
A similar pattern was observed in large cities, with
a turning point occurring at 17 km (such as Quezon
city, as shown in figure S3). This suggests that urban
warming around the city centers in mega and large
cities has stabilized, with slight increases over time
[35]. Instead, urban development is expanding out-
ward, primarily on the outskirts of the city’s core
[36], leading to an increase in the LST Sen’s slope up
to the turning points. This pattern indicates that the
urban warming effect is spreading outward and show-
ing more widespread between city centers and turn-
ing points in mega and large cities.

Medium cities displayed distinct patterns, with
the LST Sen’s slope peaking at the city center, another
peak at 6 km, and a consistent decline beyond. This
pattern aligns with the typical urbanization process,
where the city center, characterized by a high urban
development rate, experiences the most rapid LST
increase, subsequently influencing surrounding areas
and causing a relative rise in LST over time [11,
36, 37]. Our observations indicate that LST levels in
medium cities across the URCs were the lowest in
2022 (figure S2(g)). However, the LST and built-up
Sen’s slope increased more rapidly within a 12 km
radius than large cities. Consequently, the LST Sen’s
slope in medium cities was significantly higher than
in large cities within this range. This suggests that the
LST in the core areas of medium cities has been rising
substantially over time, indicating that a pronounced
warming effect is rapidly developing.

Small cities exhibited patterns like medium cities,
with the LST Sen’s slope peaking at the city center,
followed by a decline. Although small cities showed
evidence of the UHI effect (figure S2), overall LST val-
ues declined over the past two decades except for a
slight increase at the center. This trend can be attrib-
uted to small cities having the lowest urbanization
degree and development rate. This suggests that their
lower levels of urbanization and slower development
rates may not contribute to the intensification of
the UHI effect over time, unlike larger cities where
higher urbanization has been shown to amplify the
UHI effect [20, 38]. These findings align with previ-
ous research indicating that less urbanized areas tend
to experience slower increases in LST and less pro-
nounced UHI effects [37, 39].

4.2. The roles of LCLU and NDVI on LST dynamics
along the URCs

While previous studies focused on LCLU impacts
on urban warming at specific times [9, 15, 16], our
study examined dynamic interactions between LST,
LCLU, and NDVI over two decades. NDVI Sen’s slope
showed a robust negative correlation with LST Sen’s
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slope across all city sizes except large cities. NDVI
captures vegetation changes, reflecting LCLU change
interactions, such as vegetation or cropland conver-
sion to built-up land during urbanization, which
drives LST increases. Previous research suggested that
changes in vegetation cover significantly influence
urban heat dynamics [8, 11, 40]. These findings rein-
force that the NDVI Sen’s slope serves as a crucial
indicator of the LST change rate along the URCs, sup-
porting the role of vegetation management in mitig-
ating urban heat effects.

Built-up areas are the predominant land cover
class in SEA, and their spread clearly indicates the
urbanization rate. Our study demonstrated a strong
positive relationship between urban development
intensity and the magnitude of the LST change rate
(Sen’s slope) except for the megacity (figure 4).
We find that as urbanization intensifies (built-up
increases over time), the LST change rate correspond-
ingly increases, which aligns with the same rank-
ing observed in the mean values of the LST change
rate. This finding indicates that urbanization has been
the driver of urban warming in SEA over the past
two decades. These results are consistent with previ-
ous studies, showing that urbanization substantially
intensifies local and regional land surface warming
(6, 12, 41, 42].

Other LCLU types, such as vegetation and cro-
pland, showed significant negative correlations with
the LST Sen’s slope. As shown in table S2, the cor-
relation matrix highlights a strong negative correla-
tion between built-up and ecological parameters (i.e.
vegetation, wetland, and cropland), indicating that
urbanization’s impact on LST is driven not only by
increased built-up areas but also by the concurrent
reduction in these land cover types. This intercon-
nected effect reinforces the typical UHI pattern [31,
37, 43, 44]. These findings highlight that the com-
bined human activities and green biomass are key
drivers of LST changes over time, underscoring the
need for sustainable urban planning strategies that
balance development with green space preservation
and restoration.

We observed that the megacity, which had the
highest urbanization rate (Sen’s slope) and degree
(built-up fraction), behaved as an exception, display-
ing an opposite trend in the LST Sen’s slope within
the first 5 km. This suggests that even though the city
center of the megacity may experience less built-up
increase, it still sees higher LST increases over time,
attributed to the interplay between reduced vegeta-
tion cover and increased built-up density, which alter
the urban energy balance through decreased evapo-
transpiration and enhanced heat storage effects [34,
45]. Even a small scale additional built-up devel-
opment in such areas can substantially intensify
urban warming [46]. Therefore, urban develop-
ment should balance urbanization and warming by
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adopting strategies such as redirecting growth from
larger cities to smaller surrounding cities or shifting
development from urban centers to rural areas.

Our analysis shows that the wetland Sen’s slope
(consistently below zero) increased from the city cen-
ter to 16 km in the megacity and 12 km in large cit-
ies, aligning with LST Sen’s slope trends. This pat-
tern resulted in a positive relationship between LST
and wetland in these cities. Wetland expansion is nor-
mally associated with conversion from regular land
categories to vegetation associated with water bodies,
inundated areas, aquaculture farms, or flooded tall
grasses. In general, water bodies are much slower to
cool down than land areas are. This explains why wet-
land gain has led to a slight increase in temperatures,
especially during early morning hours. Meanwhile,
given the limited wetland coverage (less than 5% of
the landscape), this wetland growth is unlikely to cre-
ate a significant warming effect on LST. Thus, des-
pite the observed positive correlation, this relation-
ship likely reflects spatial patterns rather than a direct
ecological influence.

Urbanization is a major driver of LST and NDVI
trends; however, global climate change may have
also contributed. Studies indicate that SEA’s LST has
recently risen by 0.1 °C to 0.3 °C per decade [47].
Climate change has similarly influenced NDVI, with
extended growing seasons and rising temperatures
linked to increased greenness. Between 2001 and
2018, greenness trends in mainland SEA and Yunnan
Province, China, showed positive slopes of 0.0019
[48]. As shown in figure 4, even after accounting for
climate change effects, urbanization continues to sig-
nificantly drive LST increases and NDVI reductions,
reinforcing its substantial impact on regional envir-
onmental changes.

5. Conclusion

This study investigated the effects of urbanization on
urban thermal variations across URCs in SEA over the
past two decades. Our findings revealed distinct LST
change patterns across varying city sizes, with larger
cities experiencing broader and more intense urban
warming that extends into rural areas. While urban-
ization significantly contributed to urban warming in
SEA, our results show that NDVI had a stronger influ-
ence on LST trends. The impact from green veget-
ation biomass reflects its cooling effect via evapo-
transpiration and shading, and the warming effect
from vegetation loss due to urban expansion. Notably,
some urban areas experienced a decline in heat due
to increased tree crown closure over time. We recom-
mend urban development strategies that balance urb-
anization and warming, such as promoting growth in
smaller surrounding cities and encouraging outward
expansion from densely populated urban centers into
rural areas.
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glad.umd.edu/dataset/ GLCLUC2020. Landsat images
are accessed through the GEE platform (https://
earthengine.google.com/). Derived datasets, includ-
ing the LST for 2022, LST Sen’s slope, and NDVI Sen’s
slope from 2000 to 2022 for the 19 cities, are avail-
able on Zenodo at https://doi.org/10.5281/zenodo.
14171803.
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