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ABSTRACT

Urban Heat Islands (UHI) are a significant environmental challenge in rapidly urbanizing cities, exacerbated by climate
change and urbanization. The UHI effect causes the high temperatures of urban regions, causing high energy consumption,
health hazards, and degradation of the environment. Remote sensing technology has found it invaluable to monitor and
control UHI because it has been used to give spatially continuous data of land surface temperatures, vegetation, and urban
morphology. This review paper summarizes the recent innovations in remote sensing techniques of UHI monitoring,
empirical evidence of the UHI trends in various climates, and mitigation and adaptation strategies based on remote sensing.
Also, it determines the gaps in the existing research, namely the data integration, mixed-pixel issues, and the socio-political
barriers, and points out the emerging technologies that suggest potential solutions. The article ends by suggesting an
all-encompassing model of urban heat resilience comprising remote sensing, urban planning, and fair policy formulation in
tackling the increasing UHI issues amid global warming.
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1. Introduction

Urban Heat Island (UHIs) is defined as an increase in
heat concentration in urban areas, whereby the concentra-
tion of temperatures in urban areas is considerably higher
than in rural or natural environments. This phenomenon is
associated with many factors, such as the concentration of
heat-absorbing substances, such as concrete, asphalt, less
vegetation, and anthropogenic heat sources in the form of
buildings, vehicles, and industries. Increasingly popular with
the growth in size and population of cities, and worsened
by climate change, which has intensified global warming,
UHIs are causing numerous environmental, social, and health
problems. Among these challenges, higher energy demand,
air quality, and health risks in the form of heat, especially
among the vulnerable population, are some of the factors
that demonstrate the urgency of mitigating and adapting to
the impacts of UHI!!=31,

The increasing world temperatures as a result of climate
change exacerbate the UHI effect, and hence it is an urgent
planning and resilience consideration in urban planning. The
recent research indicates that, in many of the largest cities of
the world, particularly tropical and temperate cities, urban
surface temperatures tend to be much higher than in rural
areas; in some cases, the difference may be as much as 10 °C
on hot afternoon days. These increased temperatures form a
feedback mechanism because the higher the urban temper-
ature, the more energy is required to cool the area, which
causes more heat emissions and so on. This causes an urban
thermal trap in certain areas where the heat produced by peo-
ple, in combination with poor urban planning, exacerbates
the overall quality of life.

Remote sensing has become a central tool for under-
standing and managing UHIs because it can provide consis-
tent, spatially continuous observations of land surface tem-
perature and land cover over entire metropolitan regions and
through time ). Thermal infrared imagery from platforms
such as Landsat, MODIS, and newer missions allows the
derivation of surface UHI patterns at scales ranging from the
city region down to individual neighborhoods, while high-
resolution satellites and unmanned aerial vehicles (UAVS) re-
veal fine-scale thermal contrasts between streets, courtyards,
roofs, and small green patches. When these thermal datasets

are combined with multispectral indices of vegetation, de-

tailed land-use and land-cover maps, digital surface models,
and socio-demographic information in a GIS environment,
it becomes possible to diagnose the relative contribution of
imperviousness, building form, and vegetation structure to
observed heat patterns, and to evaluate the performance of
mitigation measures such as cool roofs, reflective pavements,
blue infrastructure, and urban greening[>¢,

At the same time, there are important conceptual and
practical limitations in how UHIs are currently assessed and
managed. Most remote-sensing-based studies focus on sur-
face temperature, yet human exposure is governed largely
by canopy-layer and indoor thermal conditions, which are
shaped by shading, ventilation, humidity, and building per-
formance. The diversity of sensors, retrieval algorithms, and
operational definitions of “urban” and “rural” complicates
cross-study comparison and the aggregation of evidence into
robust design rules. In addition, pixel-level biophysical indi-
cators frequently lack a connection to the planning tools that
function at parcel, neighborhood, and city-regional scales.
A lot of current models are fundamentally unchanging in
that they explain the current trends in UHI without integrat-
ing future climate conditions, future urban development, or
changing social vulnerability -],

In its larger context, urban green spaces (UGS) occupy
a certain niche in defining the urban thermal environments.
The urban forest is designed to cool the city by shading, evap-
otranspiration, and higher surface permeability, as well as
local alteration of the wind pattern, parks, street trees, urban
forests, river corridors, green roofs, and small residential
green patches. Regular studies of remote sensing have al-
ways indicated a significant negative correlation between
vegetation indices (NDVI) and surface temperature: green
pixels are cooler, whereas green neighborhoods have lower-
intensity surface UHI. However, the cooling effects of UGS
cannot be captured solely by their total area. The spatial
arrangement, connectivity, and internal composition of green
spaces strongly influence both the magnitude of cooling and
the distance over which that cooling is felt[8].

Recent work in rapidly developing cities, including
studies in Ardabil, Iran, has used graph-based metrics and
landscape indices to document how urbanization from the
early 2000s onwards has fragmented and reconfigured green
space networks, with measurable implications for local ther-
mal regulation. These analyses show that the loss of connec-
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tivity and increased fragmentation of green patches weaken
citywide cooling, whereas continuous or well-linked green
corridors allow cool air and evapotranspiration effects to pen-
etrate deeper into dense districts. Similar trends are observed
at the international level: in most European cities, relatively
small parks and networks of street-trees are linked to statis-
tically significant decreases in surface temperatures at the
neighborhood scale; in East Asian megacities urban forests
and green belts adjacent to rivers are used to create long-
run cooling transects, which counter extreme temperature
situations in high-rise residential areas; in North American
and Australian cities, studies have indicated that biophysical
cooling by canopy cover as well as widespread inequities in
the distribution of trees, with underprivileged communities
experiencing lower canopy cover and higher observed land
This evidence taken altogether presupposes a subtle correla-
tion between UHIs and UGS where not only the amount of
green space is important, but also where it is, how it is linked
and how it is accessed by people are also important[].

Remotely sensed data offers a natural connection be-
tween thermal data and the spatial attributes of UGS. Through
a unified examination of demand-side temperature of the
land surface, vegetation indices, and a group of graphical
and landscape-based measures, including patch size, edge
density, connectivity, and accessibility, one can transition
out of the naive belief that the greener the area, the cooler
the city. Instead, one can derive spatially explicit insights
into which configurations of green space (for example, larger
but fewer parks versus smaller but well-distributed patches
linked by tree-lined streets) deliver the greatest cooling per
unit of land or per vulnerable resident. This opens the door
to designing green networks and mixed green—blue—gray
interventions that are tailored to local morphology, climate,
and social context[!%),

The rapid expansion of the literature on UHI, remote
sensing, and urban green spaces has not yet been matched
by a structured, climate-aware framework that connects em-
pirical thermal evidence to multi-scalar mitigation and adap-
tation planning. Methodological studies on Land Surface
Temperature (LST) retrieval and UHI detection are often dis-
connected from work on practical planning instruments; case
studies demonstrating cooling effects of greening, blue in-
frastructure, and high-albedo materials are rarely synthesized
into transferable rules that work across different climates and

city types; and many assessments remain anchored in present
conditions, with limited attention to how UHIs and UGS
functions will evolve under future warming and continued
urban expansion. This review responds to these shortcom-
ings by offering a remote-sensing-centered, spatially explicit,
and climate-sensitive synthesis of UHI dynamics and miti-
gation strategies, with particular emphasis on the role and
configuration of urban green spaces ).

Although remote sensing as a method to examine Ur-
ban Heat Islands has been extensively applied to study the
issue, and many current methods use Local Climate Zone
(LCZ) classifications to enable climate-sensitive planning,
most of the current methodologies are methodologically iso-
lated or case-specific. The field of LCZ-based research is
more concerned with the description of thermal differences
between urban shapes, and RS-based UHI tools tend to high-
light mapping and trend identification without a clear way of
how to go between diagnosis and intervention. Conversely,
the framework suggested in this review can contribute to the
state of knowledge since it brings the concept of multi-scale
thermal indicators, urban green space (UGS) structure, cli-
mate context, and decision logic into a single and operational
workflow 111,

Three aspects make the framework original. To start
with, it ties descriptive UHI diagnosis with action plan mea-
sures with dynamic RS-derived indicators (LST, SUHI inten-
sity, NDVI, LCZ classes) and intervention-oriented measures
(green-space accessibility, connectivity, and component cool-
ing expected performance). Second, it brings climate-zone-
specific parameterization, which enables thresholds and pri-
orities of mitigation to be related across urban settings of
humid subtropical, arid, temperate, and tropical environ-
ments, as opposed to presuming universal applicability of
fixed indicators. Third, the framework very clearly includes
the social vulnerability and equity factors as well as bio-
physical measures, meaning that it allows prioritization of
mitigation in neighborhoods that are both highly thermally
exposed and have low adaptive capacity. Combined, these
aspects take LCZ or RS tools a step further by offering a trans-
ferable, reproducible, and policy-relevant decision-support
framework instead of a more classification-based method of
mapping 1%,

There are four objectives of the article. It first brings
together the fundamental elements of remote sensing to UHI
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analysis and demonstrates that thermal, land-cover, mor-
phological, and UGS measures can be calculated and an-
alyzed simultaneously. Second, it incorporates empirical
evidence about UHI trends in different climates, urban sizes,
and forms, with particular consideration given to the role
of the quantity, layout, and connectivity of green spaces in
mediating the surface and canopy-layer heat. Third, it crit-
ically assesses mitigation and adaptation strategies-green,
blue, and reflective- and how remote sensing and landscape
measures could be used to inform the prioritization, space
design, and assessment of the measures!'3l. Last but not
least, it points to the main gaps in technical, conceptual, and
governance and suggests future research directions, which
leverage emerging technologies, including higher-resolution
sensors, machine learning, dense sensor networks, and dig-
ital twins, and bring closer together UHI management and
wider climate-resilience and equity agendas.

The main invention of this manuscript is the manner
in which it systematizes and operationalizes these elements.
Instead of just providing a graphical overview of known
elements, it suggests an integrated UHI resilience frame-
work where remotely sensed land surface temperature and
vegetation indexes are directly coupled with landscape and
connectivity measures of urban green spaces, and are fur-
ther linked to tangible planning levers at different spatial
scales, such as the pixel or parcel to the neighborhood and
city region. The model is climate-conscious, integrating UHI
and UGS in credible future climate and urbanization condi-
tions, and equity-oriented, by the systematic combination of
thermal pointers with socio-demographic susceptibility. By
doing so, the article provides not only an integrative sum-
mary but a generalizable, formal approach through which
remote sensing and spatial measures can be used to inform
the planning, implementation, and assessment of the urban

heat mitigation strategies in any of the cities in the world.

2. Methodology

The review takes the form of a focused synthesis rather
than a fully systematic meta-analysis. It is intended to be a
critical review of representative and data-intensive literature
that explicitly substantiates a correlation between thermal
indicators of remote sensing and urban form, green cover,

and mitigation measures, and is not intended to provide an

exhaustive listing of UHI-related publications!!*!3]. The
method was intended to be clear and reproducible regarding
search strategy, selection, and synthesis, and to be able to
accommodate the interdisciplinary nature of the topic, be-
ing remote sensing, urban climatology, landscape ecology,

planning, and environmental justice ).

2.1. Review Design

The following three questions informed the review:
how urban heat islands have been characterized and moni-
tored through remote sensing; how urban green space con-
figuration and connectivity (using spatial data) affect UHI
patterns; and how indicators created using remote sensing
have been incorporated in mitigation and adaptation at vari-
ous spatial and governance scales. The scope was defined to
prioritize empirical and methodological work that relies on
satellite, airborne, or UAV remote sensing for land surface
temperature and land-cover characterization, and that either
quantifies relationships between UHI and green spaces or

uses such information to inform planning and policy!'®).

2.2. Data Sources and Search Strategy

Literature searches were performed in Web of Science
Core Collection, Scopus, ScienceDirect, IEEE Xplore, and
Google Scholar. These databases were selected to provide
broad coverage of peer-reviewed work in environmental sci-
ence, geoinformation, engineering, and urban studies. The
core search window spanned January 2000 to June 2024, re-
flecting the period in which thermal remote sensing for UHI
analysis and landscape-metric approaches for urban green
spaces became widely available and methodologically ma-
ture. Influential earlier works were added through backward
and forward citation tracking[!").

Search strings combined terms related to urban heat and

113

climate (for example “urban heat island”, “surface urban heat

island”, “urban thermal environment”), remote sensing and

LRI

geospatial analysis (for example “remote sensing”, “satel-

lite”, “thermal infrared”, “land surface temperature”, “LST”,
“MODIS”, “Landsat”, “Sentinel”, “UAV”, and “GIS”), and
green infrastructure and landscape structure (for example

CEINT3

“urban green space”,

CEINT3

green infrastructure”, “urban forest”,

9

“park”, “street trees”, “landscape metrics”, “connectivity”,

“graph-based”). Boolean operators were used to link these
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groups, and query syntax was adapted to the requirements
of each database. No geographical filters were applied so as
to include case studies from a wide range of climatic zones

and urbanization contexts[!8].

2.3. Inclusion and Exclusion Criteria

The initial search results were screened against prede-
fined inclusion and exclusion criteria. The inclusion criteria
were based on the fact that (i) they used satellite or airborne
remote sensing data, (ii) they measured the UHI-related mea-
sures in the form of LST or SUHI intensity, and (iii) they
had explicitly explored the relationship with vegetation, land
cover, urban morphology, or mitigation interventions. The
emphasis was placed on multi-year analysis, research that
has understandable methodological explanations, and the
results of the study that provided quantitative indicators that
could be compared across cities ).

The exclusion criteria were studies that were based on
point-based measurements of air temperature without spatial
analysis, were not based on methodological transparency,
and studies that were not based on building-scaled simula-
tions without the validation of the RS. This discriminatory
and yet open approach assures depth, analytical and com-
parability, as well as an explicit rationale of inclusion and

exclusion ],

2.4. Screening, Data Extraction, and Synthesis

After removal of duplicates, titles, and abstracts were
screened to discard records that clearly did not meet the in-
clusion criteria. The remaining articles underwent full-text
review. During this stage, reference lists and citation net-
works of key papers were examined to identify additional
relevant studies that might have been missed in the database
queries.

For each included study, information was extracted on
the study location and climate, type and size of the urban sys-
tem, remote sensing data used (platform, sensor, spatial and
temporal resolution, years of observation), UHI indicators
(such as land surface temperature and surface UHI intensity),
metrics describing vegetation and urban green spaces (for
example Normalized Difference Vegetation Index (NDVI),
canopy cover, proportion of green space, and landscape or

graph-based connectivity metrics), and any mitigation or

adaptation measures investigated. The role of remote sens-
ing in diagnosis, design, and evaluation of interventions was
also recorded.

Given the diversity of sensors, spatial scales, defini-
tions, and analytical methods, a formal quantitative meta-
analysis was not attempted. Instead, a qualitative thematic
synthesis was conducted. Studies were grouped into method-
ological contributions, empirical case studies, and planning
or framework-oriented work. Within and across these groups,
results were compared with particular attention to how green-
space amount, configuration, and connectivity modulate UHI
patterns, and how remote-sensing products are translated
into actionable planning guidance. Apparent discrepancies
among studies were interpreted in light of climate, urban
morphology, data resolution, and analytical choices!.

2.5. Methodological Limitations

The review methodology has several limitations that
should be acknowledged. Restricting the analysis to English-
language, peer-reviewed literature likely resulted in an un-
derrepresentation of work published in other languages and
in local technical reports, particularly from rapidly urbaniz-
ing regions. The heterogeneity of remote sensing platforms,
retrieval algorithms, spatial resolutions, and green-space
definitions limited the possibility of harmonizing indica-
tors across all studies and precluded a unified effect-size
analysis. In addition, the reliance on published descriptions
means that some methods could not be fully evaluated where
reporting was incomplete. Nevertheless, the combination
of multi-database searching, explicit selection criteria, and
structured extraction provides a robust basis for the inte-
grative assessment of remote sensing, urban green spaces,
and UHI mitigation frameworks presented in the following

sections 20211,

3. Remote Sensing Foundations for
UHI Monitoring

The emergence of remote sensing (RS) technology has
also changed the way Urban Heat Island (UHI) is monitored,
so that detailed observations of the thermal behavior of urban
landscapes can be made through space and time. Remote
sensing is one of the methods that helps to monitor urban

changes in heat continuously, as it offers the necessary infor-
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mation to learn about the dynamics of UHI in urban areas
around the globe. In this part, we discuss the principles and
technology of remote sensing basics to identify and moni-
tor the UHI effect, the methodology involved in retrieving
temperatures, and the limitations and difficulties of these
technologies[].

3.1. Evolution of Remote Sensing Platforms &
Data Sources

The ability of remote sensing to track the UHI effect
depends on a number of platforms and sensors, which have
distinct strengths in spatial and temporal resolution. The
initial types of remote sensors, including the Advanced Very
High-Resolution Radiometer (AVHRR) on the NOAA satel-
lites, offered low-resolution data that only detected broad
trends of UHI in large urban regions. They could be useful in
the excessively coarse way in which these early sensors could
be used to identify the large-scale heat differences between
urban and rural areas, but not the finer-scale heterogeneity
of urban areas. Through the improvement of increasing-
resolution satellite sensors, including the Landsat series and,
more recently, the Sentinel satellites of the European Space
Agency, the magnitude of observing the thermal conditions
of urban areas on the local and regional level has increased
significantly with time (18],

Examples of such satellites are Landsat satellites, which
have traditionally offered thermal infrared (TIR) data, which
are essential in estimating land surface temperature (LST)
in urban regions. These satellites are released with a spatial
resolution of 30 m (Landsat 8), all the way to 60 m (Landsat
predecessors), and allow detailed mapping of UHI. Sentinel-
2 satellites, in turn, offer multi-spectral data with a 10-m
spatial resolution, which can be combined to obtain thermal
data, land-use/land-cover (LULC) data, vegetation indices,
and impervious surface data. With this mix, the researchers
can come up with a more holistic picture of what causes UHI
effects 22,

Even greater spatial resolutions to a few centimeters
are now being offered by next-generation sensors and plat-
forms, including UAVs (Unmanned Aerial Vehicles), and
are invaluable in hyper-localized monitoring of UHI in the
urban areas of particular interest. The range of operation
and flight duration pose a constraint on UAVs, but when it

comes to small-scale research, the accuracy of UAVs is high,

and they can be used in conjunction with satellite-collected
data in fine-grained urban studies. Besides satellite and UAV
platforms, airborne sensors and ground-based monitoring
systems are also being incorporated in UHI research. Such
systems offer more validation and real-time data, and offer
flexibility in specialized studies, which address dynamic or

complex urban environments 23241,

3.2. Methodological Approaches for UHI Mon-
itoring

The core of UHI monitoring is the possibility of a cor-
rect description of land surface temperature (LST) that can
be the main proxy for assessing the intensity of UHI. Remote
sensing data is normally used to retrieve LST using thermal
infrared (TIR) bands. Many algorithms have been created to
extract LST using these thermal bands; each has its own mer-
its, demerits, and assumptions. The Mono-Window Algorithm
(MWA) is one of the most common algorithms used in the
extraction of LST using thermal infrared images. The MWA
exploits the correlation between the brightness temperature
(the temperature as read on the thermal sensor) and the surface
temperature and corrects the effects of the atmosphere on the
basis of a single thermal band. This algorithm is not very
complex and has been used in studies of urban heat islands
to a large extent. The Split-Window Algorithm (SWA) is an-
other technique that is commonly utilized and is based on the
concept of utilizing two thermal bands to enhance the preci-
sion of LST estimates by reducing atmospheric interference,
e.g., the amount of water vapor that will alter temperature
measurements. The two techniques have been effectively im-
plemented in optical sensors such as Landsat and MODIS that
offer useful LST information over time >3,

Nevertheless, the difficulty with applying the use of
thermal infrared data to monitor UHI is not isolated to the
algorithms but is also associated with the change in the land
surface emissivity. Various materials used on the surface,
like concrete, asphalt, vegetation, and water, have varying ca-
pacities to release thermal radiation. Such anisotropic action
may lead to big errors in the computation of LST. Correc-
tion of emissivity is then important in retrieving the correct
temperature, especially in mixed-surface landscapes in a het-
erogeneous urban environment. To explain these variations,
researchers have come up with more advanced models for

emissivity correction, which include other datasets like land-
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use/land-cover, which are used to explain these variations!7].

UHI intensity is normally determined as the difference
between the LST of urban areas and the adjacent rural areas
(or a rural background temperature) once LST is retrieved.
UHI intensity mapping entails hotspots that are character-
ized by high LSTs relative to the rural backdrop, which may

reflect places with high heat confinement caused by urban

structures. Such maps offer a convenient source to be used
by urban planners and policy makers to know areas that
need an intervention, like the most vulnerable to heat stress
areas!>26271 To facilitate method selection and compari-
son across sensors and retrieval approaches, the principal
remote-sensing platforms, LST retrieval methods, and prac-

tical trade-offs are presented in Table 1.

Table 1. Summary of remote sensing methods for UHI monitoring.

Resolution

Method (Spatial/Temporal)

Platform/Sensor

Strengths Limitations

Mono-Window 30 m (Landsat), 1 km

Landsat, MODIS

Simple, widely used, effective Assumes uniform

Algorithm (MODIS) for large-scale monitoring atmospheric conditions
o Reduces atmospheric .

Spllt-Wmdow MODIS, AVHRR 1 km interference using two thermal Requires ac curate .

Algorithm atmospheric correction

bands

UAV—'based Thermal UAVs 550 om High spatial resoluqon, ideal lelte(.i temporal coverage,

Imaging for small-scale studies expensive

Thermal Infrared 30 m (Landsat), 10 m Provides high accuracy, Affected by mixed-pixel

Landsat, Sentinel-2

(TIR) (Sentinel-2)

suitable for large-area studies issues and urban complexity

3.3. Challenges, Limitations & Trade-Offs

Although the methods of remote sensing and technolo-
gies have developed, there are still a number of issues with
the accurate monitoring and reduction of the UHI effect.
Spatial resolution trade-off is one of the major challenges.
Although satellites such as Landsat or UAVs can provide
high-resolution information about the city, some urban pat-
terns may not be represented as well in these data as in
coarser-resolution data (e.g., Moderate Resolution Imaging
Spectroradiometer—MODIS or Advanced Very High Reso-
lution Radiometer—AVHRR). As such, although fine-scale
data is essential in detecting localized hotspots related to
UHI, it might not help track the trends of a city or region
over an extended period of time. On the other hand, data of
coarse resolution can have a large coverage area but will be
missing fine-scale details of the urban environment. This
trade-off frequently requires the data from several sources to
be merged, e.g., a high-resolution satellite image to be used
with the frequent time resolution of MODIS or Sentinel-2 to
get to the point of spatial and time accuracy 2%,

The second important issue is the validity of LST re-
trievals in a complicated urban setting. The cities that are
characterized by a high density of buildings present unique
microclimates within cities that are challenging to measure

with conventional remote sensing techniques. The impact

of urban canyons, the narrow and deep areas in between
high-rise buildings, has the capacity to produce further tem-
perature differences as they receive little sunlight, and the
canyon traps heat. Such complexity can be mixed pixel
problems, such that one pixel can have two or more highly
reflective surfaces (e.g., roofs, roads) as well as vegetation
or water, and this complexity makes the LST retrieval pro-
cess more difficult. Another important issue is atmospheric
interference. Algorithms such as MWA and SWA can allevi-
ate some of the atmospheric effects, but they all rely on the
assumption that the atmospheric conditions remain relatively
fixed. The atmospheric correction models might not work
in areas with large seasonal variations, like those with large
seasonal rainfall or temperature inversion, and as a result,
the estimates of LST would be inaccurate 2?39,

Also, remote sensing-derived LST is yet to be vali-
dated. Temperature measurements using grounds are the
most precise method of measuring temperature, but have the
disadvantage of spatial coverage since ground stations tend
to be sparsely distributed in most cities, particularly in the
Global South. Another challenge is the difference between
surface and air temperature, especially at the canopy level.
Remote sensing is useful in quantifying the temperature of
the surface of the land, but it might not adequately quantify
the temperature of heights that are of human interest (i.e., air
temperature on the street level), which are more related to
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human comfort. This gap in the relationship between surface
and air temperature underscores the importance of merging
RS with ground-based measurements to increase the suit-
ability of UHI-based evaluations in reducing the urban heat
impacts on mitigation measures>!.

Finally, combining remote sensing data with other ur-
ban data sets, which include land-use, vegetation indices, and
socio-economic data, is essential but may also be complex.
Every dataset is different in terms of spatial and temporal
resolution, and thus, there may be a mismatch between data
from dissimilar sources. One potential way to resolve these
problems is the creation of data fusion methods that are able
to coordinate the information from various sources to give
more precise and advanced results.

The introduction of remote sensing technologies into
the UHI monitoring transformed the study and comprehen-
sion of urban heat islands. The capability of tracing the
changes in the temperature on large scales and the develop-
ment of the sensor technology and data processing methods
to enhance the precision of the UHI detection are greatly
beneficial. Nonetheless, the issues associated with data
resolution, atmospheric interference, mixed pixels, and the
spatial-temporal mismatch between dissimilar types of data
are yet to be surmounted. With the ongoing development
of remote sensing technologies, the given challenges are
likely to become a priority for improving the accuracy and
relevance of the UHI measurements, which will eventu-
ally result in better urban planning and climate adaptation

policies ],

4. Empirical Insights from Remote
Sensing Studies of Urban Heat Is-
lands

The use of remote sensing has contributed to the gather-
ing of large volumes of data on urban surfaces, which offers
important information on the spatial, temporal, and long-term
processes of urban heat islands. In this section, empirical
data is provided based on remote sensing research on the
patterns of UHI and the variation of UHIs is investigated by
geographic factors, climate zones, and urban scales. It further
looks at the time variability of the UHISs, such as diurnal, sea-
sonal, and long-range changes, and notes the compounding

impacts of climate change on the UHI intensification 13321,

4.1. Patterns Across Geographies, Scales, and
City Types

The effects of Urban Heat Islands do not occur uni-
formly across the city and city regions, but rather there is a
great deal of variation between cities based on geographic
position, scale, climate zone, and urban morphology. These
spatial patterns have been determined by remote sensing
studies and have been used by researchers to determine what
factors lead to the intensity and distribution of UHIs.

Among the most remarkable observations is the differ-
ence in the intensity of UHI between the climate zones. Cities
are also more subject to the effects of UHI in the tropical and
arid regions, which are characterized by high temperatures
and little cloud cover. As an example, the intense level of UHI
in cities of the Middle East, e.g., Dubai or Riyadh, is partly
due to the widespread use of concrete and asphalt that absorb
and retain heat. On the contrary, cities located in temperate
climates like those in Europe or the northern United States
are rather inclined to have milder UHI impacts, but these are
becoming increasingly more pronounced with climate warm-
ing. Colder winters may also increase the intensity of UHIs
in these areas and, hence more use of heating systems, which
further intensifies the thermal load on the city 331,

Land cover and land use have been identified in the
literature of remote sensing to be important factors that de-
termine the intensity of UHI in various areas. An example is
that urban areas that are characterized by a large percentage
of impervious areas (e.g., roads, buildings) have stronger
heat traps because these surfaces absorb the solar radiation
during the day and release it gradually at night. Conversely,
urban areas that have a lot of green areas and vegetation have
low levels of UHI because evapotranspiration cools the area.
Through remote sensing, mapping of these land-use patterns
with fine spatial resolutions is possible, and hence, a clear
picture is obtained regarding how certain land-cover types
contribute to local thermal environments '],

The area and the population density of a city are also
major contributors to the UHI effect. Bigger cities where
people are more concentrated and urban shapes are more
compact are more likely to be affected by UHI. This is due to
the fact that cities are more highly built, and this provides an
urban heat trap. The remotely sensed records have revealed
that megacities like Shanghai, Tokyo, New York, and Mexico
City have extensive UHIs, with hotspots being widespread
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in central business districts and those with heavy building
density. In Shanghai, daytime LSTs for 2007 (nominally
2008), 2008, and 2020 are shown in Figure 1a, with high
temperatures concentrated in built-up local climate zones
(LCZs). The central area of Shanghai was warmer than the
suburbs, and from 2008 to 2020, high LST areas expanded
westward, while northern Shanghai remained warmer, except
for the cooler Chongming district. The nighttime LST map

of Shanghai at a 90 m resolution and a violin plot for different
LCZ types in 2019, presented in Figure 1b,c, reveal signifi-
cantly higher nighttime LSTs in the city center compared to
the suburbs, with the highest temperatures concentrated in
LCZ G (water), LCZ E (bare rock or paved), and compact
building areas. Smaller cities or less densely populated areas
tend to have more spatially heterogeneous UHI distributions,

in turn, with weaker but more localized heat islands3+371.
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Figure 1. UHI hotspot map; LST-based spatial distribution in Shanghai city: (a) Daytime, (b) nighttime, and (¢) Violin plot of the

nighttime LSTs for each local climate zone type in 201957,
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In addition, the UHI effect is also affected by the verti-
cal aspect of the urban environment, i.e., height of buildings.
Skyscrapers form city canyons, which trap heat and slow
down air circulation, which increases heat trapping further.

The mapping of building heights and the identification of

UHI hotspots in canyon regions of urban areas through re-
mote sensing can enable urban planners to target areas that

8839 The dominant

might need special mitigation efforts
UHI drivers and representative urban contexts across major

climate zones are summarized in Table 2.

Table 2. Key factors influencing UHI intensity across different climate zones.

Climate Zone Key UHI Drivers UHI Intensity Example Cities
Tropical High solar radiation, dense urbanization, low vegetation High Singapore, Jakarta
Arid/Desert Limited vegetation, high albedo surfaces, intense sunlight ~ Very High Phoenix, Riyadh
Temperate Urban density, limited vegetation during winter Moderate to High New York, Berlin
Subtropical/Mediterranean  Urban morphology, seasonal variations in vegetation Moderate Los Angeles, Barcelona

4.2. Temporal Dynamics: Diurnal, Seasonal,
and Long-Term Trends

The UHI effect is time-varying, both on short time
scales (diurnal), and on long time scales (seasonal and multi-
year). Remote sensing has given useful information on these
temporal variations, such that UHI intensity variations across
the day, season, and years can be better understood. Among
the most significant diurnal features of the UHI effect should
be regarded as the variation of temperatures in the city com-
pared with the temperatures of the countryside in the daytime
and at nighttime. At the time of day, the urban areas are
usually warmer because of the increased solar reflection on
man-made surfaces, whereas at night the difference usually
becomes smaller, or even negative. This is due to the fact
that urban areas emit heat more gradually as compared to
rural ones, a phenomenon commonly referred to as the lag
effect. These temperature changes can be analyzed using
remote sensing data that can be obtained with satellites such
as Landsat and MODIS, which record day and night thermal
infrared images. Such diurnal variations are important in
determining the actual scale of the UHI effect because some-
times it is the night temperatures that will be most dangerous
to human health, especially when it concerns the, so-called
vulnerable groups of people who might not have the benefit
of air conditioning 40411,

The seasonal change in the UHI intensity depends on
the variation in vegetation coverage, the solar angle, and the
consumption pattern of energy. UHI effects are normally
stronger during the warmer seasons, as vegetation cover is
absent and people use more energy due to urban heating.
Nevertheless, the research of remote sensing revealed that

the intensity of UHI can also be high during cooler seasons,

in particular, in those areas where the urban heating require-
ments are significant. This is especially in urban areas in
colder climates, where structures and other constructions ab-
sorb the sun’s radiation during daylight and gradually dispel
it at night, even in winter.

Vegetation cover which is usually denser during the
spring and summer months, is important in alleviating the
UHI effect. In such seasons, trees and plants’ evapotran-
spiration contributes to cooling the atmosphere of the area,
which lowers the intensity of the UHI. On the other hand, the
cooling effect of vegetation is less in winter when vegetation
is in the dormant stage, resulting in a stronger UHI effect.
Remote sensing instruments, particularly those that measure
vegetation indices such as the Normalized Difference Vegeta-
tion Index (NDVI), can be used to measure the contribution
of green spaces towards seasonal patterns of UHI 4?1,

Prolonged observation of UHI dynamics has indicated a
deplorable situation of rising UHI levels in most metropolitan
regions driven by urban growth as well as climatic change.
Increased surface temperatures in most of the megacities
have been recorded in remote sensing research over several
decades since the time of the Landsat imagery, as early as
1980, up to this day. It is argued that this long-term trend is
a result of a series of factors, such as increased urbanization
(increasing the area covered by impervious surfaces), the rise
of anthropogenic heat emissions by vehicles and buildings,
and the aggravation of the global warming process [+,

The process of urbanization and climate change par-
ticularly affects the cities that are rapidly developing in the
Global South, where urban sprawl is not always well thought
through or managed properly. In such areas, there is an insuf-
ficient number of green areas and the systems used to cool
the places are not efficient, and this further worsens the UHI
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effect and results in an even greater temperature rise in the
urban areas than in the rural environment. Remote sensing
offers the requisite protocol to monitor all these changes and
predict possible future UHI effects under different climatic
conditions to enable policymakers to establish adaptive mea-
sures 44,

4.3. Intersection with Climate Change: Inter-

actions and Compounding Effects

Climate change is expected to further amplify the UHI
effect, making it an increasingly critical issue for urban re-
silience. As global temperatures continue to rise, many cities
are already experiencing higher baseline temperatures, which
will only worsen UHI effects. The intersection between UHI
and climate change is multifaceted, with the two phenomena
reinforcing each other in a positive feedback loop. Remote
sensing has shown that cities are warming at a faster rate than
surrounding rural areas, a phenomenon that can be exacer-
bated by global warming. As urban areas continue to expand,
the demand for cooling technologies like air conditioning
will increase, contributing to greater energy consumption
and additional heat emissions. This, in turn, creates a vicious
cycle that exacerbates the UHI effect. The spatial distribu-
tion of UHI hotspots, particularly in low-income neighbor-
hoods with limited access to cooling, underscores the need
for climate-sensitive urban planning and the integration of
cooling strategies 1.

The combination of UHI and climate change increases
the frequency and intensity of extreme heat events, which
pose serious public health risks. Remote sensing has been
instrumental in identifying areas of high vulnerability dur-
ing heat waves, helping public health agencies target inter-
ventions. By analyzing satellite imagery and ground-based
heat stress data, researchers can map the area’s most at-risk
populations from extreme heat and identify the specific pop-
ulations that may be most vulnerable, such as the elderly,
children, or low-income communities without access to air
conditioning.

The compounded effect of UHI and climate change
underscores the need for integrated urban resilience strate-
gies. Remote sensing data can inform urban planning by
providing insights into how urban areas can be redesigned
to mitigate the UHI effect and adapt to a warmer world. For

example, urban greening initiatives, such as the installation

of green roofs and the expansion of parks, can help cool ur-
ban environments and absorb excess heat. Additionally, the
integration of cool roofing materials, reflective surfaces, and
permeable pavements can reduce heat retention and enhance
the effectiveness of these strategies [4¢).

In conclusion, the use of remote sensing in understand-
ing the patterns, variability, and long-term trends of UHIs has
provided invaluable insights into the complexities of urban
heat dynamics. These insights are essential for identifying
vulnerable areas, monitoring changes in UHI intensity, and
developing targeted mitigation strategies. As climate change
continues to accelerate, the role of remote sensing will be-
come even more critical in helping cities build resilience to

the increasingly severe challenges posed by the UHI effect.

4.4. Comparative Analytical Synthesis across
Selected Cities

UHI research based on remote-sensing of single cities
offers extensive, though frequently piecemeal information on
the interaction between land surface temperature, vegetation,
and urban morphology. To go beyond a descriptive synthesis,
this subsection contains a comparative study of some of the
case-study cities mentioned earlier in this review: Shanghai
and Beijing (China), Phoenix (USA), Riyadh (Saudi Arabia),
Singapore, New York and Los Angeles (USA), and Barcelona
(Spain). These cities are exemplars of different Kdppen cli-
matic classifications, types of urbanization, and the growth
direction of cities, all studied with satellite-derived LST and
vegetation indices in the modern literature 47481,

Across these cities, several robust patterns emerge.
First, daytime summer SUHI intensity (expressed as the
LST difference between dense urban fabric and nearby rural
or low-density references) typically lies between about 3—7
°C, with higher values in hot arid and subtropical climates.
Phoenix and Riyadh routinely exhibit daytime AT values
in excess of 5 °C during summer heat waves, with local
hotspots exceeding 8 °C in compact, low-vegetation districts.
In contrast, temperate cities such as Berlin and Barcelona
generally show more moderate daytime SUHI intensities,
though local maxima can still be substantial during extreme
events. Second, the spatial organisation of heat closely fol-
lows local climate zones and land-cover classes. In Shanghai
and Beijing, LCZ-based analyses reveal that compact high-
rise and heavy industry classes show the highest LST, while
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open low-rise and vegetated LCZs are systematically cooler.
Hou et al.[37) reported that between 2008 and 2020, the spa-
tial footprint of high-LST clusters in Shanghai expanded
westwards as built-up LCZs intensified, whereas the Chong-
ming district remained comparatively cool due to its lower
building density and higher vegetation cover[37:4%-33,
Vegetation indicators provide a complementary, quanti-
tative lens on these patterns. In most of the cities considered,
the mean NDVI in dense urban cores during summer is in
the range of 0.15-0.3, compared with values of 0.4—0.6 in
peri-urban forests, parks or agricultural surroundings. Case
studies consistently report that neighbourhoods with higher
NDVI or tree-canopy cover exhibit lower LST: for example,
local analyses in Phoenix and Los Angeles show that increas-
ing tree canopy by 10-20 percentage points is associated
with reductions in daytime LST of roughly 1-3 °C at the
census-block or neighbourhood scale, while park and green-
corridor systems in Barcelona are associated with cooling
footprints extending several hundred metres beyond park
boundaries. In Singapore, the combination of high baseline
greenery and targeted urban-forest and park planning yields
local LST reductions of 2—3 °C relative to compact commer-

cial districts with sparse vegetation, despite the overall warm

The strength of these relationships is mediated by
methodological choices. In Shanghai and Beijing, LCZ-
based approaches allow a detailed separation of thermal sig-
natures associated with built form, land cover, and vege-
tation, and make it possible to compare like-for-like urban
typologies across time. In Phoenix and Riyadh, where coarse
MODIS products are often used, the strong climate-driven
background signal and large pixel size highlight regional-
scale patterns but may obscure fine-grained UGS effects,
unless supplemented with Landsat or higher-resolution data.
North American and European studies often integrate LST
and NDVI with socio-demographic datasets, revealing that
the hottest, least green neighborhoods tend to host more vul-
nerable populations. These choices influence not only the
level of detail achieved but also the type of conclusions that
can be drawn for mitigation and equity 1.

Table 3 summarises a subset of representative remote-
sensing studies for the eight cities mentioned above. For
each case, it reports the core data sources and spatial resolu-
tion, typical summer SUHI intensity (AT), indicative NDVI
ranges, evidence on the cooling effect of mitigation or green-
space configuration, and a concise evaluation of methodolog-

ical strengths, limitations, and implications for urban heat

and humid tropical climate!

54,55]

mitigation frameworks.

Table 3. Comparative analytical summary of selected remote sensing—Based UHI and UGS studies in exemplar cities.

RS Data & Spatial

City (Climate Resolution Key Indicators & Typical Main Methodological Major Strengths Key Limitations Implications For Mitigation
Zone) . Values Focus Frameworks
(Ilustrative)
oSl{mmcr daytime SUHI i 3-6 LCZ_ based analysis of High spatial detail; chulrcs accurate Supports LCZ-targeted
C between compact built spatio-temporal LST LCZ mapping; LCZ . > .
. . robust typology for B greening and densification
. . LCZs and rural/low-density clusters and drivers; classes still mix A
Shanghai, China Landsat LST (30 m), s — . cross-LCZ control; highlights need to
> . . LCZs; nighttime SUHI = 1-3 link between N fine-scale N
(Humid LCZ classification, o - . . . comparison; . preserve/expand vegetated
. R C; NDVI = 0.15-0.25 in densification, LCZ . . heterogeneity;
Subtropical) multi-year (2008-2020) o multi-year trends R . LCZs and retrofit compact
central compact LCZs vs. > transitions, and limited integration o .
. : . . capture effects of oo high-rise LCZs with UGS and
0.4 in greener/peri-urban expansion of high-LST of social
urban growth . cool surfaces
zones clusters vulnerability
Daytime SUHI often 4-7 °C Cluster analysus of LST Explicit treatment Rural reference Dcmonstrfitcs strong lcvcr{tgc
. R and controlling factors R N of vegetation and LCZ design
Beijing, China between compact built-up and . . . of spatial choice and seasonal
. N Landsat LST (30 m), N (impervious fraction, . o . on SUHI; supports
(Humid Conti- . vegetated/open LCZs; NDVI IR heterogeneity and variability affect AT; L .
multi-temporal land X . . building form, e 0 ) prioritisation of tree planting
nental/Monsoon- cover. LCZs in dense inner-city LCZs < Vegetation); LCZ-based drivers; transferable air-temperature and park expansion in
Influenced) ’ 0.3 vs. > 0.5 in urban forests s ’ typology for other exposure not P P

and peri-urban agriculture

comparison of thermal
responses

megacities

directly measured

compact LCZs and along
ventilation corridors

Phoenix, USA
(Hot Desert)

MODIS LST (1 km) +
Landsat (30 m) +
land-cover maps

Daytime SUHI frequently >
5-7 °C in summer; nighttime
SUHI often remains positive;
low-NDVI neighbourhoods
(NDVI < 0.15) show highest
LST; tree-canopy increases of
~10-20% associated with
~1-3 °C local LST reductions

Combined
regional-scale (MODIS)
and
neighbourhood-scale
(Landsat)
UHI-vegetation
analysis; evaluation of
tree-canopy scenarios

Clear climate signal
emphasises benefit
of UGS; multi-scale
design captures both
regional and local
patterns

Coarse products
alone cannot resolve
fine-grained UGS
effects; strong
water-use
constraints limit
simple “more trees”
strategies

Supports targeted canopy
expansion in hottest, least
green residential areas;
underscores need to balance
greening with water
availability and integrate
reflective materials and
shading

Riyadh, Saudi
Arabia (Hot
Arid/Desert)

Landsat and MODIS
LST; land-cover
classification

Very high daytime SUHI,
often > 6-8 °C; extremely low
NDVI in urban core; small
irrigated green patches show
local cooling of ~2—4 °C vs.
surrounding built-up pixels

Land-cover-based
assessment of UHI and
sparse green/blue
infrastructure in a
hot-arid context

Highlights extreme
sensitivity of arid
cities to surface
materials and rare
vegetation; clear
“oasis” cooling
signal

Sparse green space
limits analysis of
connectivity;
limited
socio-demographic
integration; air
temperature rarely
observed

Emphasises importance of
strategically located,
well-watered green and blue
infrastructure; supports
extensive use of high-albedo
materials and shading as
complements to limited
greening
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Table 3. Cont.

RS Data & Spatial

City (Climate Resolution Key Indicators & Typical Main Methodological Major Strengths Key Limitations Implications For Mitigation
Zone) . Values Focus Frameworks

(Ilustrative)

High humidity and
Urban-rural AT typically =~ Fine-scale mapping of Shows that complex Supports design of

Landsat / Sentinel LST 2-4 °C; local LST differences UHI and cooling configuration and microclimates continuous green corridors
Singapore (10-30 m), of ~2-3 °C between compact footprints of urban intensity of complicate and intensive urban forestry;
(Tropical high-resolution commercial districts and forests, parks, and vegetation strongly translation to demonstrates compatibility of
Rainforest) land-cover and urban forests/parks; NDVI roadside greenery in a influence LST even comfort indices; compact form with

vegetation maps

often > 0.4 across much of the
city

dense but generally
green tropical city

in a green city; high
spatial detail

strong planning
control may limit
direct transferability

strategically distributed and
connected greenery

New York & Los
Angeles, USA
(Humid Subtrop-
ical/Mediter-
ranean)

Landsat / Sentinel LST,
high-resolution
tree-canopy and
land-cover datasets,
census data

Summer daytime SUHI
typically = 3-6 °C;
neighbourhoods with higher
canopy cover are ~1-3 °C
cooler; roof-surface ALST of
10-20 °C between cool/green
and conventional roofs

Joint analysis of UHI,
NDVlI/tree canopy, and
socio-economic
variables; evaluation of
cool-roof and UGS
interventions in
selected districts

Strong integration
of biophysical and
socio-demographic
data; direct policy
relevance; empirical
estimates of
mitigation effects

Often
cross-sectional;
intervention
evaluations limited
in time and space;
LCZ or morphology
effects sometimes
implicit

Underpins equity-oriented
greening and cool-roof
programmes; highlights
co-benefits for energy and
health; supports prioritising
low-canopy, high-heat, and
disadvantaged
neighbourhoods

Barcelona, Spain
(Mediterranean)

MODIS and Landsat
LST; detailed land-use
and green-infrastructure
layers

Moderate SUHI (~2—4 °C),
with higher LST in dense
Eixample-type blocks and
lower LST in and around
parks and coastal zones;
NDVI increases from inner
city towards peri-urban green
belts

Analysis of UHI
patterns in relation to
compact urban
morphology, parks, and
green-corridor networks

Shows that compact
European
morphology can be
partially offset by
well-designed parks
and green corridors;
links UHI to
specific fabric types

Coarser thermal
products limit
precision of
park-cooling
footprints; social
vulnerability often
treated only
coarsely

Supports reinforcement of
park systems and green
corridors penetrating compact
fabric; relevant to other
Mediterranean and temperate
compact cities

5. Mitigation and Adaptation Frame-
works Informed by Remote Sensing

Urban heat island (UHI) mitigation and adaptation op-
tions are vital in providing solutions to problems that are
caused by high urban temperatures, which encompass health
complications, higher energy demands, and decreased livabil-
ity in urban areas. With the ever-increasing urban population
and heightened effects of climate change on issues of heat,
remote sensing (RS) is crucial in the development of regions
that are prone to heat, the application of mitigation measures,
and the assessment of their effectiveness. The section exam-
ines different UHI mitigation and adaptation measures, their
interactions with the remote sensing tools, and the difficulties

of implementing them 7],

5.1. Types of Mitigation and Adaptation Strate-
gies

The UHI effect can be mitigated in the strategies di-
rected at lowering the urban temperatures, whereas adapta-
tion should create more resilience to urban heat stress. Re-
mote sensing data can be useful in both forms of strategies
to determine priority areas to intervene in and the effect of
different actions in the long run.

5.1.1. Green Infrastructure

Green infrastructure can be defined as the establish-

ment or improvement of urban green areas (in the form of

parks, street trees, green roofs, and urban forests). Plants
are important in minimizing the intensity of UHI due to the
process of evapotranspiration (discharge of water vapor by
plants), which cools both the air and surfaces around it. Be-
sides, the green cover in cities offers shade, which helps in
lowering the volume of solar radiation that gets reflected by
the impervious surfaces, which include roads and buildings.
The availability and health of the green spaces in urban areas
can be evaluated using remote sensing technologies, espe-
cially in the evaluation of the availability and health of green
spaces. Normalized Difference Vegetation Index (NDVI)
is our vegetation index, which is obtained through satellite
images, detailing the density and the condition of vegetation.
NDVI is applicable in detecting sparsely vegetated areas,
which would warrant the introduction of more green veg-
etation or the improvement of the current areas. It is also
through remote sensing that one can monitor the expansion
and contraction of green infrastructure over the years and
subsequently evaluate the efficacy of the interventions to

cool the urban surroundings %%,

5.1.2. Cool Roofs and Pavements

Cool roofs and cool pavements are developed to de-
crease the heat gained in buildings and streets. Cool roofs,
which have high-reflective surfaces, reduce the heat absorp-
tion of roof surfaces, and cool pavements (coating them with
permeable paving or reflective materials) purport to reduce

the amount of heat absorbed by the ground surface. An
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example of how remote sensing may be used to assess the
efficacy of these interventions would be by mapping land
surface temperature (LST) before and after cool roofs and
pavements are installed to determine the changes. With the
use of satellite imagery, which has thermal infrared bands,
areas of reduced temperature can be detected by thermal
infrared images where these materials have been used. More-
over, one more fact that can be obtained based on the data
collected by remote sensing is albedo, the reflectivity of a
surface, where further understanding of the role of reflec-
tive surfaces in decreasing urban temperatures is provided.
Remote sensing can also provide feedback on the durability
and efficiency of cool roofs and pavements through contin-
uous monitoring, which can be useful in urban planning to

increase or optimize these cooling measures (00611,

5.1.3. Urban Water Bodies and Blue Infrastruc-
ture

UHI effects can also be mitigated by the introduction
of urban water bodies, e.g., lakes, ponds, canals, or fountains.
Such blue infrastructures have a cooling effect on their envi-
ronment as a result of the evaporation process that absorbs
the heat in their atmosphere. Water bodies possess strong
thermal capacities, hence are able to absorb and store a great
deal of heat without undergoing radical temperature rises,
and thus are useful in cooling cities. The cooling effect of
the water bodies in urban areas can be monitored through
remote sensing, where the temperature is monitored as time
goes by through the use of a thermal infrared image. Also,
remote sensing may be used to examine a change in water

area, the evolution of new water features, or the deterioration

of old ones. With water temperature data and the data of
local LST, remote sensing can be used to quantify how urban
water bodies affect local microclimates and determine where
new water features should be located in locations that are

most susceptible to UHI 2],

5.1.4. Urban Planning and Zoning

The overall objectives of urban planning and zoning
are to integrate the UHI mitigation into the fabric of the
city as such. Such measures involve modifying the urban
morphology (e.g., by decreasing building density or height
in some regions), encouraging the use of cool materials in
building construction, and green corridors or buffers between
constructed spaces. Also, zoning rules can give precedence
to sustainable and cool buildings, preservation of available
green spaces, and increased open spaces to take up more heat
and offer shade. Remote sensing is significant in determining
areas with high impervious areas, scarce vegetation cover,
and thick clusters of buildings—areas that would get most of
the UHI mitigation interventions. Through high-resolution
satellite images, urban planners can also map land use and
land cover (LULC), determine heat hotspots, and determine
the level of green spaces within the city. It can be incorpo-
rated into zoning codes to get a better design and encourage
more sustainable cities. It is also possible to evaluate the
impact of zoning alteration and trace the development of
the urban environment with the help of the remote sensing

63-6351 " Across mitigation options, differences in bio-

tools!
physical cooling pathways, implementation constraints, and
monitoring indicators motivate a comparative synthesis (see

Table 4).

Table 4. Common UHI mitigation strategies and their effectiveness (and RS evaluation role).

Mitigation Strategy Effectiveness

Typical Challenges

Role of Remote Sensing

High (reduces temperature,
increases evapotranspiration)
Moderate to High (reduces roof
surface temperature)

Moderate (reduces heat absorption
in urban areas)

High (cooling effect through
evaporation)

Green Infrastructure
Cool Roofs

Cool Pavements
costs

Urban Water Bodies

Requires land, long-term
maintenance

High initial cost, maintenance
Material availability, installation

Water management, cost, space
limitations

Monitors changes in vegetation density,
tracks cooling effects

Evaluates temperature reduction, maps
albedo changes

Tracks temperature changes, assesses
surface reflectivity

Monitors water temperature, analyzes
cooling effects in surrounding areas

5.2. Role of Remote Sensing & GIS in Mitiga-
tion Planning

The combination of remote sensing and Geographic
Information Systems (GIS) offers a great means of pinpoint-

ing the UHI hotspots, tracking the changes, and designing
specific interventions. Spatial analysis would be impossible
without GIS, and remote sensing data may be combined with

other data to help in making decisions: population density,
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income levels, and urban infrastructure are examples 7]

5.2.1. Mapping UHI Hotspots

Detection of UHI hotspots, which are regions where
urban temperatures exceed those of surrounding rural areas,
is one of the most important remote sensing applications in
the mitigation of UHI. When we examine the LST data of
satellites such as Landsat, MODIS, or Sentinel, researchers
are able to create detailed maps that are used to identify
temperature differences in cities. This type of map yields
important information on the urban settings that are the most
susceptible to extreme heat, and that should be addressed
urgently. Socio-economic information, including population
density, health data, and income level, can also be incor-
porated in remote sensing to determine those communities
that are vulnerable to being disproportionately affected by
UHI. This information can be integrated with UHI hotspots
mapping so as to develop more focused and equitable miti-
gation strategies to support the needs of the most vulnerable

populations [6],
5.2.2. Evaluating Mitigation Effectiveness

Remote sensing also offers the option of measuring the
effectiveness of the UHI mitigation strategies over time. As
an example, after establishing green roofs, cool pavement,
or an urban water body, it would be possible to monitor the
temperature changes through remote sensing data and check
whether the cooling effect will be maintained in the long
term. With time-series data of satellites, urban planners are
able to track the pre-intervention and post-intervention LST
and compare the effectiveness of various cooling methods.
Also, the albedo measured by satellites can be used to test the
qualities of the cool materials, which will provide even more
information about the effectiveness of certain interventions.
This constant observation is used to optimize strategies and
to give data that may justify extra investment in cooling

technologies 367681,

5.2.3. Simulating Urban Heat Mitigation Sce-
narios

Remote sensing is also applicable in simulating future
UHI mitigation strategies, besides tracking current mitiga-
tion measures. By integrating climate models with satellite
data and projections of urban growth, urban planners will be
able to predict how the intensity of UHI is going to evolve

in various intervention conditions. As an example, they are

able to simulate how urban greenery or a water body will
affect the future UHI intensity. Such simulations can be uti-
lized to test the different mitigation strategies and identify
which ones will produce the most significant effect under
the future climate conditions. This prediction power enables
cities to be able to plan to be resilient to climate in the long
run and choose the best type of interventions that they can

make before applying them at a large scale[>!8:63],

5.3. New and Developed Reducing Frame-
works

The two aspects of fast-growing urbanization and a
shifting climate persisting in urban settings, new and more
innovative mitigation models are coming forth that incorpo-
rate innovative technologies such as machine learning (ML),
artificial intelligence (AI), and simulation modeling. The
frameworks provide more dynamic and data-driven ways
of UHI mitigation and can allow cities to be responsive to

changing conditions[®.

5.3.1. Machine Learning and Artificial Intelli-
gence

Machine learning and Al algorithms can now be used as
potent tools in the comprehension of intricate urban heat pro-
cesses and forecasting the UHI behavior. These technologies
can detect patterns and trends that cannot be easily perceived
by conventional approaches by using large data sources of
remote sensing, climate models, and urban infrastructure. As
an illustration, the ML algorithms may be used to determine
the most powerful factors of UHI, including the land-use,
building density, or even the presence of green spaces so that
urban planners can focus more on the interventions! 7%,

Another application of Al is to determine in advance
the consequences of UHI in the future and compare mitiga-
tion measures in different circumstances. These predictive
models, applied together with remote sensing data, would
enable the cities to establish adaptive, data-driven mitigation
frameworks in response to the changing urban conditions

and climate projections.
5.3.2. Simulation and Predictive Modeling

Urban planners can predict possible effects of different
UHI mitigation measures with the help of advanced simu-
lation and predictive modeling techniques, since they allow

evaluating the effects before the implementation. These
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models are a synthesis of remote sensing data, urban growth
predictions, and climate change scenarios to simulate the ef-
fects of various alternatives on UHI in the future, i.e., adding
vegetation covers or improving urban water features. The
intervention options are numerous and can be tested by the
cities using simulation tools, and their effectiveness can be
evaluated under various conditions. Such models may be
useful in prioritizing the interventions that offer more cooling
advantages as well as factoring in the costs, practicability,
and sustainability (6571721

5.3.3. Urban Digital Twins and Decision Sup-
port Systems

The emergence of urban digital twins, virtual and data-
driven urban models, has presented new opportunities for the
real-time monitoring and mitigation of UHI. Digital twins
combine data from remote sensing, urban infrastructure, and
IoT sensors in order to generate a model that is dynamic of
the environment of the city. These models can simulate the
UHI effects in real-time; as such, the urban planners can test
various mitigation measures and see the real-time effects on
the urban temperatures. The systems also enable participa-
tory planning in which the stakeholders have access to the
data and give their input on decision-making. Through digi-
tal twins and decision support technology, the city can adjust
faster to new heat threats, which will make UHI mitigation

measures efficient and flexible to new circumstances!7!-731,

5.4. Challenges, Trade-Offs, and Barriers to
Implementation

Although remote sensing and the relevant mitigation
measures have immense potential, there are still a few chal-
lenges in the implementation of UHI mitigation at a large
scale. The cost of interventions, especially those of large-
scale green infrastructure or the implementation of cool roofs
and pavements, is one of the major barriers. The implemen-
tation and maintenance cost of these interventions may also
prove to be expensive, particularly in cities that have few
resources, although the long-term benefits are effective. An-
other important issue is social equity. The mitigation plans
should also be able to make sure that the urban environ-

ments become cooler to the benefit of the citizens, especially

those living in low-income or vulnerable communities. Un-
less interventions are fairly shared, one population may still
experience extreme heat, which further worsens the social
inequalities. The policy and governance concerns are also
very important in the implementation of UHI mitigation mea-
sures. Planning activities in various sectors, such as urban
planning, housing, transportation, and health of the populace,
involves good governance and cooperation. Moreover, cities
need to make sure that the UHI mitigation measures are in
line with the overall climate adaptation and sustainability
objectives!!].

Remote sensing is a vital factor in identifying, plan-
ning, and monitoring the UHI mitigation measures. Remote
sensing will assist urban areas to come up with effective, lo-
calized interventions aimed at reducing the severity of UHI
by giving urban areas spatially explicit data on urban tem-
peratures, vegetation, land-use, and infrastructure. Although
the cost, equity, and governance issues still exist, new oppor-
tunities, including machine learning, predictive modeling,
and urban digital twins, are available to improve the UHI
mitigation efforts. Remote sensing will feature prominently
as cities evolve to survive the changes in climate and create

cooler, stable cities 18741,

5.5. Limitations

It is necessary to note that the quantitative variables of
LST, SUHI intensity, and NDVI presented in the analysed pa-
pers are measured with the aid of various sensors (e.g., Land-
sat, MODIS, Sentinel), and their spatial resolution varies
between 30 m and 1 km, their temporal coverage varies, and
their seasonal and diurnal conditions are variable. There are
also differences in NDVI calculation and SUHI definition,
because of the differences in atmospheric correction, land
rule classification, and selection of the reference areas. Such
differences add inhomogeneity and possible methodologi-
cal bias, which we solve through reading reported values
as ranges of indicative values and relative trends of values,
but not as explicit numerical values. Comparative analyses
are put in place in terms of climate zone, city typology, and
LCZ class to make the synthesis meaningful. These are rec-
ognized as limitations expressly and are used to interpret the

patterns in cross-studies with caution.
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6. Synthesis: Toward a Framework
for Urban Heat Resilience

With the increasing pressure of climate change on Ur-
ban Heat Islands (UHI) in urban areas, there is an upward
trend of mitigation and adaptation of urban heat islands to
urban resilience strategies. The UHI effect is not only to
comprehend and fill the existing gaps in mitigating the issue
of urban thermal comfort but also to add to the overall ob-
jectives of climate resilience, energy efficiency, and human
health. This part summarizes the major findings of remote
sensing research on UHI, and suggests a framework of ur-
ban heat resilience that considers the mitigation as well as
adaptive planning. Another important aspect that we touch
upon is the significance of governance, equity, and policy
integration in the realization of long-term success in UHI

managementH %731,

6.1. Key Insights from Remote Sensing-Based
UHI Research

Remote sensing has contributed to the field of under-
standing the UHI dynamics by giving spatially continuous
data on land surface temperature (LST), vegetation, land
cover, and urban morphology. These studies have revealed
several important lessons that are very important in the de-
sign of effective UHI mitigation strategies:

Spatial Varying of UHI: UHI is not the same through-
out the cities. It differs widely in terms of urban morphology,
land cover, population density, and climate. The most pro-
nounced effects of UHI are usually observed in high-density
urban centres where there is little or no green area, large per-
centages of impervious surfaces, and little vegetation. These
hotspots can be identified by the use of remote sensing, and
urban planners can target areas where such hotspots occur
so that interventions can be done in those places where they
will be most effective.

Vegetation/Green Spaces Role: Remote sensing has
already demonstrated the cooling effect of urban vegetation,
and it is always found that the densely vegetated areas are
colder than the impervious areas. Green infrastructure and
mitigation of UHI depend on the cover of tree canopy, the
diversity of plant species, and the care of the gardens. Cities

that are more heavily vegetated (i.e., NDVI is higher) are

likely to have less UHI because of evapotranspiration and
shading. This observation highlights the need to incorporate
green spaces into urban planning.

Efficacy of Cool Surfaces: The use of cool roofs and
pavements, which reflect more sunlight and absorb less heat,
has been demonstrated to reduce the UHI intensity. The re-
search on remote sensing has given useful information about
the surface temperature decreases accumulated by these tech-
nologies. Particularly, cool roofs have worked well in low-
ering the temperatures of the roof surfaces and contributing
to the cooling effects in the cities. The insights enable ur-
ban planners to consider the advantages of cool surfaces in
various kinds of urban environments.

UHI Intensification Due to Climate Change: It has
also been shown through remote sensing that UHIs also in-
crease in number over time, particularly in rapidly urbanizing
areas. The UHI effect is worsened by the rising number and
severity of heatwaves, coupled with the rise in baseline tem-
perature as a result of climate change. Tracking this trend
with the help of the remote sensing data enables cities to
predict the risks in the future, and they can also put into
focus the areas that are most prone to dangers, in terms of
mitigation measures (76771,

These lessons highlight the importance of the multi-
pronged approach to UHI reduction, which implies the in-
tegration of green infrastructure, reflective surfaces, and
adaptive urban planning. The data offered by remote sens-
ing is used to design selected interventions, evaluate their
success, and observe the situation over a long period of time.

6.2. Proposed Integrated Mitigation & Re-
silience Framework

To be able to tackle the UHI effect and make cities more
resilient to extreme heat, the city should employ a comprehen-
sive framework that would involve mitigation and adaptation
policies. It is a framework that should integrate the infor-
mation obtained through remote sensing and climate models,
urban plans, and policy-making. The proposed framework
will include three major stages: assessment, planning and im-
plementation, and adaptive management and ongoing monitor-
ing as a priority 7389, The proposed remote-sensing-enabled
workflow linking diagnosis, prioritization, intervention design,

and adaptive evaluation is summarized in Figure 2.
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« Remote Sensing data
(LST, NDVI, LULC)
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Management
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« Feedback
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evolve)
* Monitoring
* (assess the
performance and
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(community members,
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policymakers)
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(socially and culturally
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Phase

Implementation
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* Creation of Green
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« Installation of cool roofs
and walls

+ Restoration of Natural
Aquifers

Figure 2. Integrated framework for UHI resilience: Assessment, planning, implementation, and feedback loop.

6.2.1. Assessment Phase

The initial part of the framework is to perform an exten-
sive assessment of the urban heat environment. This involves
an aspect of remote sensing data to map out the intensity of
UHI at the city level and sensitive locations, which may
be low-income neighborhoods or areas with limited access
to cooling systems. Land surface temperature (LST) maps,
vegetation indices (e.g., NDVI), and land-use/land-cover
(LULC) information can help urban planners to detect UHI
hotspots. Also, population density, health statistics, and in-
come levels as socio-economic data are to be shown together
with thermal data to determine how various communities
are vulnerable. The integration of thermal data with demo-
graphic data can help cities determine the regions that have
the highest risk of heat-related health problems and surges in
energy demand. Some of the assessment stages also include
the identification of possible cooling measures, which may
include the development of expansion of copes spaces, the
installation of cool roofs, or the introduction of urban water
bodies 8!,

6.2.2. Planning Phase

After identification of the UHI hotspots and vulnerable
areas, the next stage is planning, which revolves around com-
ing up with interventions that would help to minimize the
UHI and enhance resilience. This step involves the imple-
mentation of cooling measures in urban planning and zoning,

i.e., encouraging green roofs, cool pavements, and urban

forestry. The data from remote sensing is used in this stage
because it can be used to determine the areas in which these
interventions are most likely to result in the desired outcome
based on spatial distribution and socio-economic conditions.
Also, remote sensing simulation models that combine the
remote sensing data with climate forecasts can assist cities
in determining the performance of various UHI mitigation
measures under future climate conditions. The modeling of
these mitigation options will help cities identify the strate-
gies that will be the most effective in decreasing UHI and
withstanding the rising temperatures in the future(7%.,

The stage should also include the involvement of the
stakeholders, such as community members, urban planners,
and policymakers, so that the proposed interventions will
be just and address the needs of all residents. The involve-
ment of the people in the planning process assists in making
sure that the interventions are socially and culturally accept-
able and that the disadvantaged groups of people enjoy the
cooling strategies.

6.2.3. Implementation and Adaptive Manage-
ment Phase

The implementation phase involves the real execution
of UHI reduction measures, including the building of new
green areas, installing cool roofs, and the growth of water
bodies. Information on remote sensing is sensitive at this
stage to keep an eye on the performance of interventions. Ur-
ban planners are able to monitor the effectiveness of cooling
strategies by comparing the pre- and post-intervention LST
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data and modifying their strategies when the need arises. The
main aspect of this phase is adaptive management. With the
cities undergoing climate change, urban growth, and socio-
economic conditions changes, the UHI mitigation strategies
should be adaptable and capable of change. The data ob-
tained through remote sensing will be the continuous mon-
itoring of cooling measures that are needed to measure the
performance of the cooling measures and make changes that
are required. This planning, implementation, and adaptation
process is repeated to make sure that cities are resilient to
the increasing threat of UHI and extreme heat[63:82],
6.3. Functional Structure and Execution Al-
gorithm of the Proposed UHI Resilience
Framework

The framework outlined in Section 5 aims to provide
cities with a structured, remote-sensing-enabled approach
to diagnosing, prioritising and mitigating urban heat in a
climate-aware and equity-sensitive manner. To make this
framework operational, it is necessary to specify its func-
tional structure, main parameters and execution algorithm.

The framework is organised as a modular workflow
with four core stages: (i) data ingestion and indicator con-
struction; (ii) heat and vulnerability assessment; (iii) inter-
vention portfolio design and simulation; and (iv) implemen-
tation monitoring and adaptive updating. At its core, the
model ingests multi-source geospatial data—including re-
mote sensing products (LST, NDVI or other vegetation in-
dices, land-cover or LCZ maps, digital elevation/surface
models), socio-demographic datasets (population density,
age structure, income, housing type) and, where available,
local climate projections—and transforms them into a set
of harmonised indicators that can be used within GIS-based
decision rules ®3.

In the first stage, input datasets are preprocessed to a
common spatial grid (for example, 30 m or 100 m) and tempo-
ral reference (for example, typical summer-day conditions).
Remote-sensing thermal data are converted into land surface
temperature fields, and UHI intensity is expressed as AT be-
tween each grid cell and an appropriate reference, which may
be a rural or low-density LCZ, depending on data availability
and context. Vegetation variables are computed using indices
such as NDVI and, where possible, tree-canopy cover. In
cities such as Shanghai, Beijing, Phoenix or Barcelona, LCZ

mapping is employed to encode urban morphology, allowing
separate parameterisation of compact and open forms. Socio-
demographic layers are resampled or aggregated to the same
grid, and basic vulnerability indicators (for example, elderly
population share, low-income households, lack of cooling
access) are calculated ¥4,

In the second stage, the model combines these indica-
tors into composite heat-risk scores. A typical formulation
defines a thermal stress index as a function of AT and ab-
solute LST, with thresholds adapted to the city’s baseline
climate (for instance, “high thermal stress” might correspond
to AT > 4 °C and LST above a climate-zone-specific per-
centile, based on empirical distributions derived for the city).
A green deficit index is derived from NDVI or canopy cover,
again using thresholds informed by evidence from Section
4.4—for example, NDVI < 0.2 or canopy cover < 10% for
inner districts in Shanghai or Phoenix may be treated as crit-
ical thresholds for intervention. A social vulnerability index
combines demographic and socio-economic indicators, fol-
lowing standard practice in climate-risk assessment. These
component indices are then normalised and aggregated (with
weights chosen in consultation with local stakeholders or pol-
icy priorities) to yield a composite heat—vulnerability score
for each grid cell or LCZ 33,

The third stage focuses on intervention design and simu-
lation. Based on the spatial distribution of heat—vulnerability
scores, the algorithm identifies priority zones, rank-ordered
according to their scores and constrained by practical con-
siderations such as land availability, existing regulations and
infrastructure. For each priority zone, the model defines a
set of candidate interventions appropriate to the local mor-
phology and climate: for example, increasing canopy cover
to at least 20-30% in residential neighbourhoods of Phoenix
and Los Angeles; establishing or expanding parks and green
corridors within and between compact LCZs in Shanghai,
Beijing and Barcelona; deploying cool roofs on large flat-
roofed buildings in New York, Los Angeles and Riyadh; or
enhancing blue infrastructure in tropical and coastal contexts
such as Singapore. Parameterisation of these interventions—
such as target NDVI increases, canopy-cover gains or albedo
changes—is informed by the empirical ranges of ALST and
AT reported in Section 4.4 and the wider literature.

The potential effect of each intervention portfolio is

then estimated using simple empirical response functions or
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more sophisticated urban-climate models, depending on data
and capacity. For example, if increasing canopy cover by
15% points in a given LCZ typology is associated with an
observed reduction of 2-3 °C in daytime LST, the model can
apply this empirically derived relationship to simulate the
impact of reaching a canopy target in the candidate zones.
In contexts where such relationships are not yet well quan-
tified, ranges can be used and refined as new monitoring
data become available. Similarly, cool-roof interventions
can be parameterised using observed roof-surface ALST and
associated neighbourhood-scale cooling effects derived from
remote sensing in cities such as Los Angeles and New York.
The fourth stage implements a monitoring and feed-
back loop. Once specific interventions are implemented,
updated remote-sensing data (for example, new Landsat/Sen-
tinel LST and NDVI images for subsequent summers) are in-
gested into the framework. The same indicator-construction
and heat-vulnerability assessment pipeline is run again 6],
and changes in AT, NDVI, canopy cover and composite risk
scores are evaluated for the intervention areas and suitable
control zones. This evaluation allows the empirical param-
eters used in the response functions to be revised and the
weights in the composite indices to be adapted, effectively
“learning” from the local performance of interventions. In
Shanghai, for instance, repeated LCZ-based LST mapping
can be used to quantify how much additional cooling is
achieved when green corridors are extended into compact
districts; in Phoenix, new canopy and LST data can refine
estimates of the marginal cooling per percentage point of
canopy increase under different water-use regimes; and in
Barcelona, repeated assessment of park-cooling footprints
can inform corridor and park-extension design[®®],
Operationally, the execution algorithm can be imple-
mented within a GIS/RS environment using standard tools for
raster processing, zonal statistics, multi-criteria evaluation,
and scenario analysis. It is designed to be modular: cities
with fewer data resources can implement a simplified version
that focuses on LST, NDVI, and basic socio-demographic
indicators, while data-rich cities can integrate LCZ maps, de-
tailed 3D morphology, dynamic sensor networks, and climate
projections. By making explicit the model inputs, interme-
diate indicators, parameter choices, and decision rules, this
section transforms the proposed framework from a purely
conceptual diagram into a functional, transparent, and adapt-

able decision-support algorithm for UHI mitigation and ur-

ban heat resilience.

6.4. Equity, Governance, and Socio-Political
Considerations

Although technical responses to mitigation of the UHI
are vital, the social, political, and governance aspects are
also pertinent in making sure that the interventions are fair,
sustainable, and effective. Low-income and vulnerable pop-
ulations are affected by the UHI effect disproportionately
and can be unable to access cooling infrastructure or live in a
neighborhood with less green space or have fewer resources
to manage extreme heat events. That is why any UHI mitiga-
tion plan should be non-discriminatory and focus on equality.
The vulnerable communities can be identified through re-
mote sensing, and the UHI interventions can be targeted to
the areas where they are most needed. Planners need to make
sure that mitigation planning is not skewed towards serving
the richer areas of a city and leaving the poor or marginal-
ized areas vulnerable to heat stress. An example of such
instances is that green spaces must be established in both
areas, which are well off and those disadvantaged in terms
of service, and where the heat burden is the worst. On the
same note, low-income housing areas should also have cool
roofs and pavements in order to lower the amount of energy
used in cooling. UHI mitigation measures need effective
governance and partnership between various sectors, such
as urban planning, public health, energy, and environmental
protection, to succeed. The local governments need to en-
gage the community organizations, businesses, and residents
in formulating and executing solutions that are responsive
to the needs and priorities of the population. Good gover-
nance entails proper policies, rules, and incentives to help
achieve UHI mitigation, and the introduction of long-term
monitoring systems to check the process and hold people
responsible. The participation of the population is one of the
key success factors of UHI mitigation efforts. Education of
citizens about the advantages of green infrastructure, cool
roofs, and other cooling technologies can be done via public
awareness campaigns. Furthermore, the engagement of the
communities in decision-making processes is beneficial be-
cause it ensures that the interventions will be based on local
needs and priorities. The effectiveness and sustainability
of the UHI mitigation approaches can also be improved by
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improving citizen involvement in monitoring activities like
crowd-sourced collection of temperature data or volunteer-
led greening efforts[37-831,

The UHI effect presents serious problems to urban
sustainability, the health of the population, and climate re-
silience. The remote sensing technologies have been able
to offer invaluable information on the dynamics of UHI, as
well as help cities to plan and execute specific mitigation and
adaptation measures. Nevertheless, these strategies need to
become part of a larger framework of urban resilience that
includes equity, adaptive planning, and community participa-
tion in order to work. With the involvement of technological
development in remote sensing and the use of inclusive gov-
ernance and adaptive management, the cities can transform
into cooler, more resilient urban landscapes that will be in
a better position to deal with the challenges of a warming
world. This combined method provides the most opportu-
nity in reducing the UHI effect and the construction of cities
that are not just cooler but more habitable, sustainable, and

resilient to changes in climate in the future (890,

7. Gaps, Challenges, and Future Re-
search Directions

The issue of Urban Heat Islands (UHI), which is be-
coming a serious challenge in the cities of the world due to
rampant urbanization and climate change, the finding work-
able mitigation measures to such a problem increasingly
imperative. Although much has been done to analyze the dy-
namics of UHI and apply remote sensing tools to identify and
limit its impact, various substantial gaps and challenges still
exist that restrict the achievement of full resilience in UHI.
Here, we discuss the most significant technical, methodolog-
ical, and socio-political issues that still exist, and propose the
direction of future research that might address these issues.
The listing highlights the gaps that can be resolved to make
UHI mitigation efforts more precise, productive, and fair to
assist the cities with the growing extreme levels of heat that

global warming causes (8991921,

7.1. Technical/Methodological Gaps

Although remote sensing has made a massive contribu-
tion to UHI research by offering high-resolution high-volume

data on urban heat patterns, many technical challenges that

require redressing exist to improve the accuracy and applica-

bility of the UHI monitoring and mitigation initiatives.

7.1.1. Surface Temperature vs. Air Tempera-
ture

Among the deepest gaps in the UHI studies is the dis-
parity between land surface temperature (LST), which is
generally measured using remote sensing, and air tempera-
ture, which is more pertinent to human health, comfort, and
energy usage. The LST is normally significantly greater than
the air temperature, particularly when the sky is bright, be-
cause asphalt and concrete, being the surfaces, absorb and
trap the heat, which is then slowly released over time. Al-
though remote sensing satellites provide in-depth LST data,
they fail to directly record the canopy-level air temperature,
the temperature that human beings experience. This is a
crucial anomaly since the LST does not entirely reflect the
heat that the occupants feel on the ground, which depends
on shading, wind, and humidity 394,

To close this gap, the research should be conducted in
the future with the emphasis on multi-sensor integration, i.e.,
a combination of remote sensing and in-situ weather stations,
mobile temperature meters, or a UAV-based monitoring that
would be able to measure air temperature at the street level
directly. Also, modeling strategies that integrate LST with
meteorological data may be used in order to come up with
more precise estimates of the thermal exposure at human
height, which will enhance our comprehension of the UHI

impact on human health.

7.1.2. Mixed-Pixel Issues and Urban Surface
Heterogeneity

The city is an intricate environment that consists of
a combination of surfaces, including roads, buildings, veg-
etation, and water bodies. Data obtained by remote sens-
ing (especially low-resolution satellites) may be subject to
mixed-pixel effects where one pixel has more than one type
of surface that has different thermal characteristics. As an
example, a pixel in a highly populated city may depict an
extension rooftop (heats fast) and a green area (keeps cooler),
thus it is hard to draw the correct temperature readings. The
developments in spatial resolution and data fusion methods
can be used to mitigate such challenges. Satellite-based high-
resolution images (Sentinel-2 or UAVs) can minimize the

scope of mixed-pixel issues, although the high-resolution
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data might require even higher resolution. To make LST
retrieval more precise, machine learning (ML) and image
classification methods might also be applied to be able to
differentiate the various types of urban surface much better.
But more effort is required on how to make these techniques
applicable on a large scale and in an urbanized setup*>%¢].

7.1.3. Data Integration and Standardization

It is also essential to combine data on different lev-
els, such as thermal infrared data, multi-spectral data, land-
use/land-cover (LULC) maps, and socio-economic data, to
make the use of remote sensing the most effective way to
study UHI. Nevertheless, these datasets can reside on vari-
ous platforms (e.g., Landsat, MODIS, Sentinel) and differ
in spatial, temporal, and spectral resolution, and this may be
problematic in trying to merge them into a consistent, multi-
dimensional model of urban heat. There is also a critical dis-
crepancy in information harmonization and standardization:
the algorithms for incorporating this varying information are
still in their infancy, and discrepancies between the resolu-
tions of the data may cause a major error. Research projects
in the future must aim at creating standardized protocols for
combining datasets and maintaining consistency among the
sources of data. This may include the development of data fu-
sion techniques and the development of best practices in the
application of remote sensing to urban heat research[*7-%°1,

7.1.4. Validation of Remote Sensing Data

Remote sensing may give a lot of data on the urban
heat in high resolution, but it is challenging to prove it. The
accuracy of the LST data would require ground-based mea-
surements of temperature, and a large number of cities are
deficient in dense meteorological networks. Ground stations
are sometimes few and far between, especially in low-income
areas, and some areas of the city, like high-rise districts or
informal settlements, might not be well captured in the cur-
rent processes of monitoring. To manage this, studies should
aim at enhancing the validation of the remote sensing in-
formation by conducting all-inclusive field campaigns and
crowdsourced information (e.g., by applying citizen science
or smartphone-based temperature applications), and the ap-
plication of low-cost sensors. Citizen-generated data would
be more localized and real-time validated by satellite and
UAV-based imagery, extending the area of coverage and

enhancing the quality of monitoring systems!!74],

7.2. Opportunities from Emerging Technolo-
gies

In the development of machine learning, imaging at
high resolution, and real-time monitoring systems, there is a
great opportunity to advance the UHI research and mitiga-
tion. The above innovations can assist in addressing most
of the technical loopholes highlighted above and create new
opportunities for managing UHI dynamically.

7.2.1. Machine Learning and Artificial Intelli-
gence

Machine learning (ML) and artificial intelligence (AI)
can transform the research of the UHI by giving the oppor-
tunity to process big, unstructured datasets in a way never
before feasible. Based on historical temperature records,
satellite images, land patterns, and climate models, ML algo-
rithms can be trained to identify patterns in UHI dynamics.
The future trends of UHI can then be estimated with respect
to different urban development and climate change condi-
tions. Also, the UHI mitigation strategies can be designed
and implemented optimally by Al-based algorithms. An ex-
ample is Al-based decision support systems that may be used
to determine the most efficient cooling interventions, such
as tree planting, the location of cool roofs, or water features,
based on real-time remote-sensing and urban infrastructure
data. This predictive ability can also be applied in deter-
mining the effectiveness of mitigation measures in advance,
before they are put in place, so that urban planners can act

on them[100.101]

7.2.2. High-Resolution Remote Sensing

The technological developments in satellite technology
and drone-based sensors are now making it possible to obtain
data of very high resolution, which can further break down
the information on the spatial distribution of UHI in cities.
Although conventional remote sensing platforms such as
Landsat and MODIS have significant data to offer, the data
frequently has a low resolution to observe small urban spaces
(e.g., heat patterns at street level or small green areas). With
thermal infrared sensors attached to the UAVs, there is an
opportunity to obtain very detailed temperature information
down to the street or neighborhood scale, which will give a
more accurate picture of the UHI dynamics in high-density

cities 11,

84



Journal of Environmental & Earth Sciences | Volume 08 | Issue 01 | January 2026

In addition, hyperspectral instruments (that record a
wider part of the electromagnetic spectrum) can give more
information on the materials on the surface and their thermal
characteristics. Such sensors will be able to better discrimi-
nate between various urban materials (e.g., concrete, asphalt,
vegetation) and map UHI hotspots more accurately, as well
as understand a greater role of urban surfaces in the process

of heat retention.
7.2.3. IoT and Sensor Networks

The Internet of Things (IoT) has huge potential to mon-
itor UHI in cities in real-time and in a fine-grained fashion.
The remote sensing data can be supplemented by distributed
sensor networks, which can gauge the air temperature, hu-
midity, and other environmental indicators in urban areas
to give local information at the street level on heat. Such
sensors may be placed in risky points, like the most popu-
lated urban areas, low-income areas, or heat-prone areas, to
keep track of the microclimates and enhance forecasts of
heat exposure. At real times, these sensors are capable of
transmitting information, thus allowing cities to dynamically
respond to the prevailing conditions when making mitigation
decisions. The IoT sensor networks, when combined with
remote sensing data, can offer a more holistic perspective on
UHI to enable urban managers to make optimal decisions
and act in real-time to mitigate the consequences of heat

events as they happen 1921031,

7.2.4. Citizen Science and Crowdsourced Data

Another potential direction of UHI research expansion
is citizen science. Mobile applications that are used by res-
idents to share temperature readings or report heat-related
problems in their cities have the potential to significantly
augment the breadth and depth of UHI monitoring. The
smartphone or wearable sensor-based data, crowdsourced,
or a community-based monitoring campaign, can be used to
supplement the conventional remote sensing techniques and
give important information on the lived experience of urban
heat. The use of crowdsourced information in UHI research
can also be especially useful in places with poor coverage
of other monitoring systems. It also strengthens the local
communities by providing them with a voice in the process
of decision-making and assists the urban planners in creating

more inclusive and context-based interventions!!1%4.

7.3. Integration with Climate Change Research
and Urban Resilience Planning

UHI reduction should be incorporated into the larger
city resiliency policies that combat climate change effects.
UHI is a very important aspect of climate adaptation planning,
as the world’s temperatures become increasingly higher, and
cities will have to endure heatwaves more often and more
severely. By integrating remote sensing with climate change
forecasts, the urban planners are able to predict the future
UHI risks and put cooling mechanisms that are adaptable
to the future climatic conditions. In addition, mitigation ef-
forts implemented by UHI ought to be in consonance with
more sustained sustainability objectives, including energy
efficiency, improvement of air quality, and greenhouse gas
reduction. UHI mitigation in the climate action plans will
assist cities in creating a multi-dimensional resilience to re-
duce heat stress, aid energy conservation, and add to urban

sustainability in general ['%3],

7.4. Socio-Political and Policy Research Gaps

Besides technical and scientific issues, there are socio-
political and policy aspects that must be considered when
applying UHI mitigation strategies. UHI affects vulnerable
communities disproportionately, and such mitigation measures
should be equity-based, with benefits being distributed among
the residents. Studies need to be done on the socio-economic
determinants of vulnerability to UHI, including income, hous-
ing, and access to green spaces. The study of these dynamics
will be useful in encouraging policymakers to develop more
equal interventions that can meet the needs of disadvantaged
groups. As an example, green infrastructure investments
need to be directed towards those neighborhoods that are
the most affected by UHI and have less access to cooling.
Good governance and coordination in various sectors such as
urban planning, environmental management, public health,
and infrastructure are essential in UHI mitigation. The study
of institutional barriers, including disjointed roles, absence of
funding, political intervention, etc., can be used to determine
how to streamline the decision-making process and enforce
the effective implementation of mitigation measures related to
UHLI. The issue of funding has been a major impediment to the

UHI mitigation at the scale. Studies of innovative financing

85



Journal of Environmental & Earth Sciences | Volume 08 | Issue 01 | January 2026

schemes, including green bonds, public-private alliances,
or international climate finance, would assist the cities in find-
ing the resources to mitigate UHI. The investments in cooling
technologies and infrastructure could be justified by the cost-
benefit study showing the long-run savings of decreased
energy consumption, decreased health care expenditures and
enhanced general health of the population %],

These technical and socio-political, and research chal-
lenges are the challenges that will determine the future of
UHI mitigation. Although the application of remote sensing,
machine learning, and sensor networks has improved greatly
to track and curb the UHI, there are still a few gaps that need

to be filled to enhance the accuracy, scale, and equity of
these initiatives. Cities can start to create cooler and more
resilient urban environments that can adapt to the demands
of a warming planet by advancing new technologies, refin-
ing methodologies, and addressing policy impediments. By
remaining research-intensive and creating novel methods of
alleviating such stress, urban climate resilience will be able
to include UHI mitigation as a core element in protecting
the health, well-being, and sustainability of future genera-
tions (1971981 For clarity, the major technical and governance
barriers together with corresponding research priorities are
tabulated in Table 5.

Table 5. Key challenges and future research directions.

Challenge Description

Future Research Direction

Data Integration and

Standardization sensing platforms

Validation of Remote Sensing Ground-truthing remains challenging due to sparse
Data meteorological stations

Mixed-Pixel and Urban Difficulty in accurately detecting urban heat patterns
Complexity in heterogeneous surfaces

Equity in UHI Mitigation cooling interventions

Difficulty in combining data from multiple remote

Ensuring that vulnerable populations benefit from

Develop standardized protocols for integrating
datasets

Expand sensor networks, integrate crowdsourced
data for validation

Advance algorithms to handle mixed pixels and
complex urban surfaces

Conduct research into the social equity aspects of
UHI mitigation

8. Conclusion

Urban Heat Islands (UHI) are a major issue in cities
across the globe, given that increased temperatures, caused
by urbanization as well as climate change, are posing a threat
to the health of humans, energy use, and the general livabil-
ity in cities. The UHI effect affects vulnerable populations
unevenly, heightens the energy demand, and aggravates the
vulnerability of extreme heat events. The incorporation of
remote sensing technologies has, however, supplied priceless
information on understanding and rectifying these challenges.
Aided by the constant observation of land surface tempera-
tures, urban morphology, and vegetation, remote sensing has
enabled cities to estimate the UHI intensity and distribution
more accurately than ever before with the help of remote
sensing, so that better mitigation and adaptation measures
can be developed.

This review has examined the critical role of remote
sensing in UHI research, including its applications in the
identification of UHI hotspots, assessment of mitigation in-
terventions, and the provision of important data to support
city planning and urban policy decisions. Remote sensing

is a dynamic instrument in charting the spatial variability

of UHI, tracing the long-term patterns, and modeling the
future of UHI, which is fundamental in the planning of ef-
fective urban heat resilience. Further, remote sensing is also
being integrated with other new technologies, including ma-
chine learning and data fusion, and IoT-based monitoring
networks, which present promising opportunities to enhance
UHI mitigation measures and accommodation to evolving
urban climates. Although such advances have been made,
many technical, methodological, and socio-political issues
are still left. Narrowing the distance between surface and air
temperature, enhancing data integration, and solving mixed
pixels are only some of the technical challenges that should
be surmounted. Also, it is necessary to deal with the socio-
economic inequalities of the UHI vulnerability, provide equal
access to cooling opportunities, and gather sufficient funds
to finance the large-scale mitigation activities to have long-
term success in UHI management. Future studies should be
aimed at addressing these limitations and making the UHI
mitigation measures inclusive, flexible, and consistent with
larger urban sustainability and climate resilience objectives.

In the future, cities will need to adopt a holistic ap-
proach of both innovative technologies and effective gover-
nance, engagement of stakeholders, and the ability to commit
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to social equity. UHI mitigation should be incorporated into
more comprehensive urban resilience strategies that take
into account adaptation to climate change, energy efficiency,
human health, and environmental sustainability. Through
remote sensing, modern simulation frameworks, and collabo-
rative decision-making hubs, cities can make the urban space
cooler and more resilient so that it can better face the needs
of a warming world. By doing so, the UHI battle can be
embedded as the foundation of urban climate action and help
create healthier, livelier, and more sustainable cities for the

generations to come.
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