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Abstract: An urban heat island (UHI) refers to urban areas that experience higher tem-
peratures due to heat absorption and retention by impervious surfaces compared to the
surrounding rural areas. Urban wetlands are crucial in mitigating the UHI effect and im-
proving climate resilience via their cooling effect. This study examines Colombo, Sri Lanka,
the RAMSAR-accredited wetland city in South Asia, to assess the cooling effect of urban
wetlands based on 2023 dry season data for effective sustainable management. We used
Landsat 8 and 9 data to create Land Use/Cover (LUC), Land Surface Temperature (LST),
and surface-reflectance-based maps using the Google Earth Engine (GEE). The Enhanced
Vegetation Index (EVI), Modified Normalized Difference Water Index (mNDWI), topo-
graphic wetness, elevation, slope, and impervious surface percentage were identified as the
influencing variables. The results show that urban wetlands in Colombo face tremendous
pressure due to rapid urban expansion. The cooling intensity positively correlates with
wetland size. The threshold value of efficiency (TVoE) of urban wetlands in Colombo was
1.42 ha. Larger and more connected wetlands showed higher cooling effects. Vegetation-
and water-based wetlands play an important role in <10 km urban areas, while more com-
plex shape configuration wetlands provide better cooling effects in urban and peri-urban
areas due to edge effects. Urban planners should prioritize protecting wetland areas and
ensuring hydrological connectivity and interconnected wetland clusters to maximize the
cooling effect and sustain ecosystem services in rapidly urbanizing coastal cities.

Keywords: urban wetlands; cooling effect; urbanization; LST; coastal cities; Colombo;
urban heat island

1. Introduction
In recent decades, urban expansion has significantly changed landscape patterns [1–5],

especially in developing countries [6–9]. More than 55% of the global population will live
in urban areas [10,11], with projections revealing the urban expansion of 1.2 million km2 by
2030 [11]. Asia is expected to have nearly half of this growth, subsuming extensive natural
landscapes into the urban environment [12–14]. Rapid urbanization has strengthened
socio-economic development in urban areas, such as expanding urban infrastructure and
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transportation systems and improving healthcare services [2]. However, these advance-
ments are often carried out in the face of various socio-ecological challenges, including
widespread deforestation due to land conversion for urban use [15], excessive energy
consumption by growing urban populations [16–18], severe environmental degradation
from unplanned development [19], air pollution from industrial emissions and vehicular
traffic [20], adverse health impacts [19,21,22], urban climate [23,24], water resources [25–27],
and the intensification of the urban heat island (UHI) effect [28,29]. The UHI effect, a
well-recognized climatic phenomenon caused by replacing natural landscapes with artifi-
cial surfaces [30–33], leads to increased heat storage during the daytime and slower heat
diffusion at nighttime [34–37].

There are two distinct types of UHIs: atmospheric UHIs and surface UHIs [38]. Atmo-
spheric UHIs estimate using two vertical layers—a canopy layer UHI (within the urban
canopy) and a boundary layer UHI (above the canopy) [38]. In contrast, surface UHIs are
evaluated using LST data derived from thermal infrared (TIR) remote sensing technol-
ogy. Understanding the surface UHI effect is crucial because it shows how urban areas
experience higher temperatures due to heat-absorbing surfaces, impacting urban climate
resilience [38,39]. Therefore, our study focuses on surface UHIs to assess LST variations
and identify effective strategies for urban cooling, especially in urban wetlands.

Urban wetlands have emerged as an effective strategy to mitigate the UHI effect [40–43].
Urban wetlands can remarkably regulate temperatures through evaporation and their
high specific heat capacity [44,45], reducing ambient temperatures and enhancing urban
sustainability and quality of life [46,47]. Many studies have shown the cooling ability of
wetlands on climate conditions in various geographical regions [48–51]. Wetlands in urban
and peri-urban areas within city boundaries are crucial for UHI mitigation [15,52,53]. Most
research has concentrated on the cooling effects of blue-green infrastructure [54–60]. Wu
et al., 2021 studied the cooling efficiency of urban wetlands in an inland megacity, Chengdu,
Southwest China, and found that the cooling intensity increased with wetland size, while
hydrological connectivity and high-intensity build-up areas significantly enhanced cooling
efficiency [47]. Xue et al., 2019 studied the cooling effects of urban and peri-urban wetlands
using remote sensing data in two inland cities in Northeast China [61]. They reported that
the cooling capability of urban wetlands depends on the area, shape, and hydrological
conditions. Therefore, there is still an urgent need to explore the specific characteristics
of urban wetlands—such as size, shape, hydrological connectivity, spatial context (urban
or peri-urban), and wetland type (vegetation- or water-based), as well as influencing
factors such as the EVI, mNDWI, topographic wetness, elevation, slope, and impervious
surface—to fully understand their cooling effect, especially in coastal cities.

For example, wetland size is a critical factor because larger wetlands have a greater
capacity for evaporative cooling due to an increased surface area [15,51]. The shape is
also important—complex or fragmented shapes may have higher edge effects, which can
enhance or reduce the cooling efficiency of urban wetlands [47,62]. Hydrological connectiv-
ity is essential because hydrologically connected wetlands sustain a stable water supply,
which is crucial for sustaining wetland vegetation and increasing the cooling capacity of
urban wetlands [61]. The spatial context, whether the wetland is in an urban or peri-urban
area, influences the surrounding microclimate and determines its ability to regulate urban
heat [51]. The type of wetland, such as vegetation-based or water-based, directly affects
the cooling performance due to differences in evapotranspiration rates. Influencing factors
such as the EVI that indicate vegetation health and density are directly related to the cooling
capacity [45]. The MNDWI estimates that water presence is vital for maintaining wetland
functionality [63]. Topographic wetness, elevation, and slope are critical for the cooling
effect of urban areas due to their water retention, flow, and sunlight exposure [64,65].
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The impervious surface around wetlands is also an important influencing factor, affecting
heat absorption and the overall cooling effect [15,45,66]. Therefore, understanding these
characteristics is vital for optimizing urban wetland management for climate resilience.

Studies on the cooling effects of urban wetlands have been conducted in inland
cities within various climate zones [15,47,51,61]. However, the cooling effects of inland
urban wetlands differ significantly from those of tropical coastal cities due to climate,
vegetation, hydrology, and urban morphology variations [64,67–69]. For example, in
temperate zones, the cooling effect of inland wetlands mainly shows seasonal evaporative
cooling [61]. During the summer, wetlands reduce temperatures through water evaporation
and the shading effect of seasonal vegetation [47,68,70]. However, the cooling effect is
minimal in winter due to reduced vegetation cover and lower evaporation rates [47,68].
Conversely, urban wetlands in tropical coastal cities maintain higher temperatures and
humidity throughout the year [2,71,72]. In addition, urban wetlands in tropical coastal cities
have complex vegetation and water structures, as well as higher biodiversity, supporting
cooling benefits [2]. However, their potential remains underexplored, especially in the
tropical coastal cities of the Global South. In addition, no studies have been conducted on
the cooling effects of urban wetlands in tropical coastal cities, nor their influencing variables
such as size, shape, hydrological connectivity, and environmental factors, or understanding
how they interact with the unique urban features of coastal environments. Therefore, this
study attempts to fill this gap by addressing the cooling effects of urban wetlands for
tropical coastal cities, providing valuable insights for sustainable urban planning.

Colombo, Sri Lanka, is a typical coastal city in the Global South. Colombo City was
designated as a RAMSAR Wetland City on 25 October 2018 at the 13th Conference of the
Parties to the Ramsar Convention on Wetlands (COP13) in Dubai [73]. With rapid urban
expansion and population growth in recent decades, the UHI effect has become more
intense in Colombo [74,75]. Therefore, successfully utilizing the cooling effect of urban
wetlands to enhance urban sustainability and overall livability is a significant challenge for
urban and landscape planners.

Therefore, the study aims to (i) assess the cooling temperature of urban wetlands,
(ii) explore the extent, intensity, efficiency, and impact of geospatial factors such as loca-
tion, size, shape, and environmental conditions, and (iii) identify the influencing variables
contributing to the cooling effects of urban wetlands for sustainable urban wetland man-
agement in Colombo, Sri Lanka.

2. Materials and Methods
Figure 1 shows the schematic diagram of this study. This study used Landsat 8 and

9 data from the 2023 dry season for Colombo, Sri Lanka. We utilized 30 wetland patches
and created buffer zones extending up to 1000 m to investigate the cooling effects of
urban wetlands. Furthermore, this study incorporated wetland characteristics such as
the Landscape Shape Index (LSI) and hydrological connectivity. We examined urban and
peri-urban wetlands and vegetation-based and water-based wetland cooling performances,
as well as carried out an influencing variable analysis to maximize the cooling effect of
urban wetlands, providing suggestions for urban wetland development for urban planners
and policymakers. Each step of the study is explained in Sections 2.2–2.8.
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Figure 1. The schematic diagram of the study.

2.1. Study Area

Colombo City (Latitude: 6◦55′37′ ′N, Longitude: 79◦51′40′ ′E) is in the western coastal
belt of Sri Lanka, within the wet zone of the country (Figure 2). Colombo is characterized by
a tropical monsoon climate according to the Köppen climate classification system [74]. The
city experiences a dry season with hot and humid conditions from December to February,
while the wet season spans from May to September, bringing substantial rainfall [75]. The
average annual rainfall in Colombo ranges between 2000 mm and 2500 mm, with a mean
annual temperature of approximately 28 ◦C [75].

Colombo has faced significant issues due to rapid urban expansion and socio-economic
growth, leading to the loss of green spaces, wetland degradation, and unplanned construc-
tion activities [65–67]. Such changes control the natural cooling processes of urban wetlands,
intensifying the UHI effect and increasing flood risks. Although Colombo has a rich urban
wetland ecosystem, inadequate urban planning and land use change have affected wetland
sustainability and the well-being of its residents.
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Figure 2. Study area. (a) Location of Sri Lanka [76]; and (b) Colombo City and location of the 30 urban
wetland patches used in this study. The digital elevation model (DEM): the Shuttle Radar Topography
Mission (SRTM) [77].

2.2. LUC Classification

We used Landsat 8 and 9 operational land imager (OLI) data to create a LUC map for
the dry season in 2023 using the GEE [78,79]. To classify LUC for Colombo for the dry season
in 2023, we considered five categories: (i) Impervious surfaces (ISs), comprising residential,
commercial, and industrial areas and roads, the airport, and other infrastructure; (ii) Green
Space 1 (GS 1), comprising vegetation and urban tree clusters; (iii) Green Space 2 (GS 2),
comprising grasslands, shrubs, lawns, and agricultural areas; (iv) bare land, including
open soil and undeveloped areas; and (v) water, including, rivers, lakes, channels, streams,
and ponds. The Random Forest (RF) algorithm in the GEE was applied to create the map
using 400 training points, divided into 80% for training and 20% for validation, with an
overall accuracy of 92% for the map of 2023 [80]. We excluded the bare land area before the
analysis due to its minimal representation.
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2.3. LST Derivation

The Landsat 8 and 9 satellites are equipped with Thermal Infrared Sensor (TIRSs),
which provide thermal infrared (TIR) data in two bands: Band 10 (10.60–11.19 µm) and
band 11 (11.50–12.51 µm) [78]. LST derivation involves converting the digital numbers
(DNs) of the TIRS bands into surface temperature values [65,81].

The LST map for the dry season in Colombo in 2023 was derived using the Mono-
Window Algorithm (MWA), as recommended by the National Aeronautics and Space
Administration (NASA) [39,82,83]. The MWA is a reliable and widely utilized approach
for estimating the LST using thermal infrared data, such as a TIRS on Landsat [84,85].
Colombo experiences its dry season from December to February, with little rainfall and
a relatively stable temperature. This stable climate is ideal for conducting LST analysis
because it minimizes the influence of precipitation and cloud cover in the study area.
According to data from the Colombo Meteorological Station [86], during the dry season in
Colombo in 2023, the average maximum temperature was 33 ◦C, the average minimum
temperature was 26 ◦C, the mean temperature was 29 ◦C, and the average rainfall was
250 mm. Equation (1) illustrates the derivation of the LST [65,83].

LST =
Tb

1 +
(
λ×Tb

ρ

)
ln(ε)

(1)

where LST is the Land Surface Temperature (Kelvin), Tb is the brightness temperature
(Kelvin), obtained from satellite thermal band data, λ is the wavelength of the thermal
band (meters), ϵ is the surface emissivity, and ln(ϵ) is the natural logarithm of the surface
emissivity. Furthermore, ρ = h × c/σ, a constant derived from h—Planck’s constant, c—
speed of light, or σ—the Boltzmann constant.

2.4. Extraction of Wetland Patches and Hydrological Connectivity

The wetland patches were all obtained through Google Earth images [87]. Thirty urban
wetland patches were obtained. To understand the relationship between the hydrological
connectivity of wetlands and the LST, the extracted wetland patches were categorized into
two groups: “hydrologically connected wetlands (1)” and “hydrologically disconnected
wetlands (0)”. This classification was conducted using hydrological network data from the
Survey Department of Sri Lanka [88], Google Earth [87], and OpenStreetMap [89]. Based
on this classification, 30 wetland patches were connected to at least one water channel,
stream, or river, indicating their hydrological connectivity with wetlands. Numerous
studies suggested that rich hydrologically connected wetlands assist in mitigating the UHI
effect and ensure the long-term sustainability of the wetland [61].

2.5. Wetland Shape Index

Some studies have reported the connection between the size and shape of urban
wetlands and their impact on the cooling effect [43,61]. However, substantial uncertainties
remain regarding the extent of the cooling effects of urban wetlands. It needs to be under-
stood which urban wetland configurations provide the best cooling effects, such as small or
large areas or simple or complex shapes. This study examines the cooling effects of urban
wetlands using the wetland area and Landscape Shape Index (LSI). The LSI was used to
examine the cooling effect on the shape of the urban wetland, as shown in Equation (2) [43].
This analysis is crucial for understanding how urban wetland design and planning can
maximize the cooling effect in urban environments.
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LSI =
P

2
√

π × A
(2)

where LSI is the Landscape Shape Index of a wetland patch, P is the perimeter, and A is the
area. The larger value of the LSI shows the more complex wetland shapes.

2.6. Assessment of the Cooling Extent, Intensity, and Efficiency of Urban Wetlands

To evaluate the cooling extent and intensity of urban wetlands, we created 50 buffer
zones at 30 m intervals, extending up to 1000 m from the outer line of each wetland. The
mean LST for each buffer was extracted by overlaying the buffer layer on the 2023 LST
image. To determine the cooling extent, we extracted the mean LST of each buffer against
its distance from the wetland and identified the first turning point in the LST, which is
considered the cooling extent (m) of each wetland. Then, the total cooling area (ha) was
calculated as the combined area of the buffers up to the first turning point. The cooling
intensity (CI) was calculated using the following Equation (3). The cooling efficiency was
identified as the ratio of cooling intensity to the cooling extent (◦C/m) [61]. The threshold
value of efficiency (TVoE) was identified using regression analysis at the slope change in the
fitted logarithmic function between the wetland area (ha) and cooling intensity (◦C) [47].

CI = Mean temperature at First turning point − Mean Temperature o f the wetland (3)

2.7. Urban Wetland Classification

In the context of urban and peri-urban wetlands, all wetlands were classified based on
their distance from the urban core. Wetlands within 15 km of the urban core were identified
as urban wetlands, while those <15 km were considered peri-urban wetlands based on
the extent of urbanization in Colombo. Based on this classification, there were twenty-two
urban wetlands and eight peri-urban wetlands (Table S1).

In the context of vegetation-based and water-based wetlands, the wetlands were
determined based on the dominant type within each wetland patch. A wetland was
categorized as water-based if the water area was < 70% of the wetland patch. Conversely,
if vegetation covered < 70% of the wetland patch, it was classified as a vegetation-based
wetland. Wetland patches were used to extract the area from the LUC map in 2023.
These results were cross-checked using high-resolution imagery from Google Earth [87].
According to this classification, seventeen were water-based, and thirteen were vegetation-
based wetlands (Table S2).

2.8. Influencing Variable Analysis

The Enhanced Vegetation Index (EVI) [90], Modified Normalized Difference Water
Index (mNDWI) [91,92], topographic wetness [93,94], elevation [95], slope [1], and impervi-
ous surface area percentage (from a classified LUC map from 2023) have been identified
as the influencing variables in this study (Figure 3). These variables are crucial as they
capture the environmental and anthropogenic factors affecting the cooling effects of urban
wetlands [1,47,61]. The mean value of each influencing variable for each wetland was ex-
tracted using the 1000 m buffer zone created. This approach comprehensively evaluates the
spatial and environmental variables and provides a robust understanding of the changes in
the cooling effects of urban wetlands and their conditions.
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Figure 3. Influencing variables used in this study. (a) Enhanced Vegetation Index (EVI); (b) Modified
Normalized Difference Water Index (mNDWI); (c) Impervious surface area percentage; (d) Topo-
graphic wetness; (e) Digital elevation model (DEM); and (f) Slope.

3. Results
3.1. LUC and LST of the Colombo City

Figure 4 shows the LUC and LST maps of Colombo City in the dry season in 2023.
The impervious surface areas and human activities were mainly concentrated along the
coastal belt in the western and central parts of the city. The impervious areas have been
expanding towards the north, east, and southern parts, consuming their natural vegetation
and causing significant urban landscape changes. This expansion is not only changing the
composition and configuration of the city but also threatening the existing urban wetlands.

Urban wetland areas are mainly concentrated in the central part of Colombo City,
near the coastal belt, with some peri-urban wetlands located at a considerable distance
from the city center (Figure 4a). The LUC maps reveal that urban wetlands in Colombo are
significantly affected by encroachment from impervious surfaces. Notably, Green Space 1
and Green Space 2 are primarily concentrated in the eastern and southern parts of the city,
with scattered patches observed around impervious surface areas in the central, western,
southern, and northern parts of the city. Water areas are predominantly found in the
western, middle, northern, and southern parts and surrounding urban wetlands.
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Figure 4. LUC and LST patterns in 2023. (a) LUC map in 2023; and (b) LST map in 2023.

The Landsat-derived LST was captured around 10:20:15 local time during the dry
season in 2023. The results show that the LST ranged from 24.34 ◦C to 36.69 ◦C, with a
mean LST of 29.42 ◦C (Figure 4b).

Figure 5 shows the area percentage (%) and the mean LST values (◦C) of Colombo
City in 2023. Three LUC categories—Green Space 1 (28.02 ◦C and 11.87%), Green Space 2
(29.03 ◦C and 50.21%), and water (26.25 ◦C and 3.41%)—are lower than the mean LST of
the study area, indicating that these categories provide the urban cooling effect. In contrast,
impervious surface areas indicate the highest mean LST (30.94 ◦C), exceeding the mean
LST of the entire study area. Furthermore, these impervious surfaces (35%) of the total area
significantly contribute to the intensification of the UHI effect in Colombo City.

3.2. Cooling Effect of Urban Wetlands

Tables 1 and S3 reveal the significant cooling potential of urban wetlands. The average
cooling intensity was 2.17 ± 0.76 ◦C, with a range from 0.45 ◦C to 3.59 ◦C in the dry season
in Colombo City. The cooling extent of the urban wetland varied from 120 to 450 m in
the dry season, with an average of 285 ± 93.80 m. The average cooling efficiency of the
urban wetlands was 0.82 ± 0.35 ◦C per 100 m and 2.52 ± 2.46 ◦C per hectare (ha) in the dry
season. The TVoE of the urban wetland was 1.42 ha in Colombo (Figure 6). These results
show the crucial role of urban wetlands in mitigating the UHI effect.
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Figure 5. LUC area (%) and the mean LST (◦C) of each land use category in 2023.

Table 1. Results of the urban wetland characteristics.

Parameter Unit Mean Standard Deviation Minimum Maximum

Area ha 93.94 327.72 1.15 1805.17
Mean LST ◦C 28.05 0.70 26.51 29.60
Turning Point Temperature ◦C 30.22 0.95 28.57 31.96
Turning Distance m 285.00 93.80 120.00 450.00
Cooling Intensity ◦C 2.17 0.76 0.45 3.59
Cooling Extent ha 284.43 693.68 19.00 3848.00
Temperature Gradient to 1 km ◦C 7.24 2.54 1.51 11.95
Distance to Urban Core km 12.55 6.27 0.60 29.10
Distance to Coast km 6.4 3.82 0.1 15.8
LSI - 2.54 1.37 1.09 6.97
Hydrological Connectivity - - - 0 1

Furthermore, we gathered data on the wetland shape (LSI), hydrological connectivity,
and distance to the urban core for all wetlands. The average LSI results of the urban
wetlands were 2.54 ± 1.37, and the range varied from 1.09 to 6.97 (Tables 1 and S3). The
results indicate that the wetlands of Colombo City range from simple, compact shapes, such
as near circular or square, to more irregular, fragmented shapes. These transformations
from simple to complex shapes indicate increased urban landscape complexity due to the
fragmentation of natural wetland areas, which are affected by urban expansion, roads,
buildings, and other urban structures’ development.

Figure 7 shows the correlation coefficients (R) between the mean LST of urban wet-
lands and their associated characteristics. A negative correlation was shown between
wetland areas and the mean LST of wetlands (R = −0.44) because urban wetlands act as
natural cooling systems due to their high water content and vegetation, and they promote
evapotranspiration and reduce the LST in urban areas. Conversely, the cooling intensity
was positively correlated with the wetland area (R = 0.26) (Figure 7) and the wetland area
with the LSI (R = 0.69) (Figure 7). The results suggest that wetlands have the potential to
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enhance urban cooling due to heat exchange and shading. More complex wetland shapes
increase edge effects, promoting more significant interaction with the surrounding areas
for cooling effects.

 
Figure 6. TVoE of urban wetlands of Colombo, Sri Lanka.

Figure 7. Correlation analysis with urban wetland characteristics.
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Figure 7 illustrates the correlation between the wetland area, turning distance, LSI,
and cooling extent. The results reveal significant positive correlations (R = 0.99, R = 0.44,
and R = 0.75, respectively), indicating that urban wetlands and more complexly shaped
wetlands promote their cooling effects. In addition, the high R values suggest that the
wetland size and shape (LSI) strongly control the cooling extent due to higher evapo-
transpiration, heat absorption, and thermal regulation capacity in urban wetlands. The
positive LSI correlation with the cooling extent reveals that irregularly shaped wetlands
with higher edge effects facilitate better microclimatic relations, promoting heat dissipation.
These findings highlight the crucial role of urban wetlands and their impact on urban
thermal regulation.

The results indicate that the distance to the coast shows negative correlations with
three critical factors related to urban wetland cooling, namely the turning point temperature
(R = −0.72), cooling intensity (R = −0.59), and LSI (R = −0.32) (Figure 7). These negative
values suggest that when wetlands are located far from the coastal area, their turning point
temperature increases, and cooling intensity and LSI decrease. The reason for this can be
explained by the influence of coastal proximity on wetland microclimates. Coastal areas
typically benefit from moderated temperatures due to the cooling effects of large water
bodies, enhancing humidity and evaporative cooling. Urban wetlands near the coast can
better maintain lower temperatures because of the continuous coastal influence. However,
when wetlands are located far from the coastal area, they lose this direct coastal cooling
effect. The positive relationship between the distance to the coast and the distance to the
urban core (R = 0.49) indicates that wetlands located away from the coast are closer to
densely built urban areas. In Colombo, Sri Lanka, coastal areas are often protected under
the Coastal Conservation Act, while urban areas expand inland (Figure 4a). Wetlands near
urban cores show reduced cooling effects due to more heat-absorbing surfaces, such as
roads and buildings, and less natural vegetation.

The results show positive correlations with the cooling intensity and turning point
temperature and wetlands’ mean LST with the turning point temperature (R = 0.68 and
R = 0.61, respectively) (Figure 7), indicating that wetlands enhance their cooling effect to
this critical threshold and that the mean LST of wetlands influences their cooling intensity.
These findings reveal the critical role of urban wetlands, emphasizing their significant role
in urban thermal management.

3.3. Cooling Intensity of the Urban Wetlands

Figure 8 and Table S3 show the LST and cooling intensity of the urban wetlands in
Colombo City. The cooling intensity of the urban wetlands in Colombo City varies across
four categories. Nine wetlands provide a cooling intensity >2.51 ◦C, eight wetlands provide
the range of 2.01–2.50 ◦C, another eight wetlands offer a cooling intensity between 1.51
and 2.00 ◦C, and five wetlands contribute > 1.50 ◦C of cooling effect. Within the >2.51 ◦C
cooling intensity category, the urban wetlands show an average wetland area of 283 ha and
an average cooling extent covering an area of 739 ha. The average LSI for this category
is 3.6. The 2.01–2.50 ◦C category shows an average wetland area of 11 ha, an average
covering area of 96 ha, and an average LSI of 2.1. The 1.51–2.00 ◦C category reveals an
average wetland area of 12 ha, an average covering area of 95 ha, and the average LSI for
this category is 2.0. The fourth category is <1.5 ◦C, showing an average wetland area of
15 ha, an average cooling extent of 70 ha, and an average LSI of 1.9 (Figure 8 and Table S3).
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Figure 8. Cooling intensity of urban wetlands in Colombo, Sri Lanka in 2023.

The results demonstrate the significant influence of the wetland area and LSI on the
wetland cooling intensity. For instance, in the categories 2.01–2.50 ◦C and 1.51–2.00 ◦C, the
average wetland areas are 11 ha and 12 ha, respectively, with cooling extents of around
96 ha and 95 ha, respectively (Figure 8 and Table S3). This slight change in the cooling
extent is due to the minor variation in the LSI values. This trend is particularly noticeable
in categories >2.51 ◦C and >1.5 ◦C, indicating the connection between the wetland area,
cooling extent, and LSI.

3.4. Cooling Effect of Urban and Peri-Urban Wetlands

The relationship between the wetland area and mean LST for urban and peri-
urban wetlands showed a negative correlation (R = −0.33 and R = −0.57, respectively)
(Tables S4 and S5). These results reveal that peri-urban wetlands provide greater cooling
effects compared to urban wetlands. Furthermore, urban and peri-urban wetlands showed
positive relationships between wetland areas and cooling intensity with cooling extent. For
urban wetlands, the relationships were R = 0.44 and R = 0.56 (urban wetlands), respectively,
and for peri-urban wetlands, the relationships were R = 0.57 and R = 0.61, respectively
(Tables S4 and S5). The results further indicate that peri-urban wetlands have higher cooling
effects compared to urban wetlands. The results also indicate a relationship between the
cooling intensity and the LSI in urban wetlands (R = 0.58) compared to peri-urban wetlands
(R = 0.45) (Tables S4 and S5), indicating that urban planners should consider the role of the
LSI and its connection with cooling intensity when designing urban wetlands.

3.5. Cooling Effects of Urban Wetland Types

The results revealed a negative relationship between the wetland area and mean
LST in water- and vegetation-based wetlands (R = −0.50 and R = −0.43, respectively)
(Tables S6 and S7). Furthermore, evaporation from water areas consumes heat from the



Remote Sens. 2025, 17, 1919 14 of 25

surrounding environment. In contrast, vegetation-based wetlands mainly depend on shade
and transpiration, which are less effective at absorbing and scattering heat. As a result,
water-based wetlands contribute significantly to cooling fragmented urban areas.

The results indicate a positive relationship between the cooling intensity and LSI
(R = 0.71 and R = 0.29), cooling extent and wetland area (R = 0.99 and R = 0.87), and
cooling intensity and cooling extent (R = 0.52 and R = 0.71) for water-based and vegetation-
based wetlands, respectively (Tables S6 and S7). The results further indicate that the
relationships between the cooling intensity and LSI and cooling extent and wetland area are
stronger in water-based wetlands compared to vegetation-based wetlands, indicating that
the spatial configuration of water-based wetlands improves heat dissipation in fragmented
urban landscapes. In contrast, the relationships between the cooling intensity and cooling
extent are more powerful in vegetation-based wetlands compared to water-based wetlands
because of their broader spatial coverage and potential to impact microclimates over larger
areas via shade and wind moderation.

3.6. Influencing Variables of Cooling Effect

Tables 2 and S8 show the variables that influence the cooling effects of urban wetlands.
The dependent variable was the mean LST of each wetland. The independent variables
were the EVI, MNDWI, topographic wetness, DEM, slope, and impervious surface area
(%) (see Table S8). Hydrological connectivity (Table S3) was excluded from the analysis
because all wetlands were connected to at least one water canal or river in the study area.

Table 2. Influencing variables of cooling effect (R2 values). The dependent variable is the mean LST
of wetlands.

Variable Average Value Standard Deviation Minimum Maximum

EVI −0.6492 −0.2400 −0.9307 −0.1531
MNDWI 0.1208 0.4432 −0.8376 0.7761
Topographic wetness −0.3079 −0.1219 −0.5618 −0.0654
DEM 0.5748 0.2006 0.1364 0.8443
Slope 0.2556 0.1237 0.1085 0.6010
Impervious surface (%) 0.5816 0.2288 0.1610 0.9696

The cooling effects of urban wetlands positively influenced the EVI (R2 = −0.64 ± 0.24)
and MNDWI (R2 = 0.12 ± 0.44) (Table 2). The results indicate the critical roles of green space
and water areas in controlling the cooling effects of urban wetlands. Our study revealed
that the EVI controls the cooling effect of 64%, with a 24% variation, indicating high and
low vegetation presence from the edge of the wetlands, indicating cooling effects (Table 2).
The positive value of the MNDWI indicates that 12% of the area contributes less effectively
to reducing the temperature in the surrounding environment and that 44% shows high
variability because of significant changes in the surrounding urban landscape characteristics.
Urban processes increase the impervious surfaces and reduce water availability, declining
the wetlands’ cooling effect from the edge of wetlands and vice versa.

The topographic wetness indicates a negative relationship (−30% with −12% low
variability), emphasizing the consistent role of topographic wetness in stabilizing micro-
climates (Table 2). In contrast, the positive value of DEM (57%) with variability (20%)
suggests the existence of high- and low-lying areas, indicating the cooling and warming
effects (Table 2). The wetland areas are mainly located at lower elevations compared to
the surrounding urban areas, and the elevation gradient from the wetlands to relatively
higher elevated urban landscapes plays a vital role in regulating the cooling effects of
urban wetlands. Generally, lower elevations are more prone to heat retention. The slope
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and impervious surface (%) also show positive values (the slope contributes 25%, and
impervious surfaces contribute 58%, with 12% and 22% variability, respectively) (Table 2).
The lower slope value indicates that most wetlands are in relatively flat terrain, which may
reduce the natural cooling effects. The impervious surface (%) reveals substantial urban
development surrounding the wetland landscape, and the variability suggests that highly
less urbanized areas encompass wetland areas.

4. Discussion
4.1. Influence of Wetland Characteristics on Urban Cooling

Urban wetland design and optimization are practical strategies to mitigate the UHI
effect in cities. Consequently, urban wetlands have received significant attention from urban
planners and policymakers, especially their design and functionality, maximizing cooling
effects and ecosystem services. For this, several critical questions should be clarified:

(1) Where should urban wetlands be established—within urban cores or peri-urban areas?
(2) What should the optimal size and shape be (simple or complex configuration)?
(3) What type of wetland is most suitable—water- or vegetation-based wetlands?
(4) How does the surrounding urban landscape influence the cooling intensity of wetlands?

(1) Wetland location

The location of urban wetlands within urban cores or peri-urban areas remains a
critical consideration in landscape design and urban planning. Several studies revealed the
fundamental role of wetlands in reducing UHI effects through evapotranspiration and heat
absorption [43,96,97]. However, the degree of cooling effectiveness differs based on the
location [47], landscape composition [61], shape [43], urban morphology [98,99], distance
to the urban core, and distance to the coast. From the viewpoint of landscape ecology, peri-
urban wetlands provide a higher cooling intensity due to their considerable spatial extent,
lower fragmentation, higher connectivity with other natural lands, and reduced exposure to
anthropogenic heat sources [47,100–102]. Studies have reported that the wetland size and
landscape configuration (shape) determine the cooling efficiency [102]. Wetlands in peri-
urban areas have substantial vegetative biomass and higher water availability, enhancing
the evaporative cooling of the wetlands [61,103,104]. Conversely, despite their limited
extent, wetlands in urban core areas play a critical role in urban cooling within dense urban
environments [43].

The cooling intensity of wetlands in urban core areas contributes to decreasing the sur-
rounding temperature (see Section 3.2). The LSI influences the cooling intensity, and higher
LSI values of wetlands in urban core areas increase the edge effects that enhance cooling
efficiency [61,105]. Therefore, establishing a multi-scale wetland system in urban core
areas with higher hydrological connectivity is ideal for expanding cooling effects [104,106].
Urban core wetlands should be strategically planned to maximize the cooling effects of
connectivity with the other natural lands and establish green corridors with rich hydrologi-
cal connectivity [20]. In contrast, peri-urban wetlands should be prioritized for large-scale
cooling benefits and regional climate resilience [61,98]. Our study revealed that urban
wetlands are vital for localized microclimate sustainability, while peri-urban wetlands offer
higher thermal regulation. Considering spatial heterogeneity, connectivity, and land use
policies, a balanced, integrated wetland strategy can maximize the cooling benefits in the
urban core (<15 km) and peri-urban (>15 km) areas (see Section 2.7).

(2) Wetland size and shape

The optimal size and shape of urban wetlands are critical to maximize their cooling
benefits [61,106,107]. The results of our study revealed that medium and larger-sized wet-
lands with more complex shapes (higher LSI values) show more powerful cooling effects
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due to edge effects, higher evapotranspiration, and microclimatic regulation. Intercon-
nected multi-scale wetlands rather than small, isolated wetlands promote heat dissipation
and create microclimatic zones with a lower LST in urban areas [47,99]. For example, studies
in cities such as Copenhagen [105] and cities in Northeast China [61] such as Beijing [108],
Hangzhou [99], Chengdu [47], and Shenzhen [109] revealed that urban wetlands reduce
surrounding temperatures by 2–3 ◦C, indicating urban wetlands positively impacting urban
cooling. Similarly, our study revealed that the positive correlation between wetland size
and cooling extent corresponds with the results in the inland basin and subtropical urban
cities [47,61].

The complexity of the wetland shape plays a significant role in urban cooling [61].
Higher LSI values indicate irregularly shaped wetlands with more edge effects, facilitating
heat exchange [47,108]. Several studies reported this phenomenon: wetlands with complex
shapes revealed a broader cooling capacity compared to compact, circular wetlands in
China [47,61,110] and high-latitude cities [105]. Our study showed that wetlands with
complex configurations had higher cooling effects (see Section 3.2). However, excessive
fragmentation may reduce urban wetlands’ connectivity and cooling efficiency. Urban
planners should prioritize an optimal wetland design with a balanced size, shape complex-
ity, and connectivity. Our study showed that wetlands between 10 and 50 ha with higher
shape complexity (LSI 2-4) offer significant cooling effects of urban wetlands.

(3) Wetland type

Water- and vegetation-based wetlands revealed that water-based wetlands provide
more powerful cooling effects due to their higher specific heat capacity and evaporative
cooling possibility [69,106,111,112]. However, integrated wetlands require the consider-
ation of water- and vegetation-based wetlands, spatial configuration, and hydrological
connectivity (see Section 3.4). They absorb and release heat at different times of the day and
in different seasons. For instance, Xue et al. (2019), Wu et al. (2021), and Cheng et al. (2019)
reported that wetlands with a heterogeneous structure can provide more consistent cooling
effects [47,61,110]. Hydrological connectivity further influences the cooling effects of urban
wetlands [105,106]. Behampore Town (India) and Chengdu (China) revealed that wetlands
with better hydrological connectivity show enhanced cooling effects and sustainability of
the wetlands [47,113]. These results correspond with our results, indicating the importance
of spatial planning in integrating wetlands for urban cooling (see Section 3.4). In addition,
the water depth of wetlands plays a critical role in urban cooling [114,115]. Urban wetlands
with a deep water capacity can store more heat during the daytime and release heat slowly
at nighttime [116].

In contrast, shallow water wetlands store heat and cool faster due to higher evapo-
ration rates, suggesting that an optimal balance of wetland depth should be maintained
based on local climatic conditions and urban configurations [61,100]. In temperate climate
zones [46,61,66,117], water-based wetlands showed more substantial cooling effects in the
daytime, and mixed wetlands provide significant cooling benefits in tropical climates by
balancing evaporation and shading. Therefore, urban planners should focus on integrating
water- and vegetation-based wetlands with enhanced spatial and hydrological connectivity
rather than prioritizing a singular wetland type.

(4) Urban landscape

The cooling intensity of urban wetlands depends on the surrounding urban landscape
and is controlled by urban expansion, road network development, suburban growth,
hydrological modifications, and topographic factors [47,61]. Many studies reported that
the EVI and mNDWI control UHI effects [102,118,119]. The higher EVI and mNDWI
values indicate more vegetation and water areas that mitigate the UHI effects [99,106,110].



Remote Sens. 2025, 17, 1919 17 of 25

Studies have shown negative correlations between the EVI, mNDWI, and LST. Our study
reveals a negative relationship between these variables and the mean LST of wetlands
(see Section 3.6). The observed low negative relationships indicate the fragmentation of
wetland connectivity due to urban development and variations in green space and water
availability in the surrounding landscape.

Topographic wetness and DEM are important variables for wetland cooling ef-
fects [120–122]. Lower-elevation areas often correspond with wetland basins, possessing
the ability to retain heat due to decreased airflow and higher relative humidity. Studies have
shown that topographic wetness stabilizes microclimate conditions and that the negative
relationship with the mean LST of the wetlands in Colombo suggests that the cooling effects
of urban wetlands can be enhanced by topographic wetness. Therefore, urban planners
should give more consideration to these factors when locating wetlands in urban areas.

The impervious surface area modifies the cooling effects of urban wetlands [61,62,102].
The expansion of impervious surface areas improves heat absorption, reduces soil perme-
ability, and intensifies surface runoff, reducing wetland functionality [101,106]. In addition,
the changes in spatial configuration in the urban landscape impact the thermal interactions
of the wetlands [81,101]. Urban wetlands within built environments experience reduced
cooling efficiency due to heat advection and anthropogenic heat sources [46,110]. The heat
advection in urban areas indicates when the warm temperature in surrounding impervious
surface areas moves into cooler spaces, such as urban wetlands, affecting their natural
cooling effect.

Moreover, our study reveals that contiguous and interconnected wetlands increase
the cooling intensity of the wetlands and that dense green spaces and water areas fur-
ther expand the cooling effects of Colombo’s wetlands. Urban planners and designers
should focus on strategic urban planning, integrating urban wetlands with sustainable
land use policies. Finally, integrating influencing variables into locating and designing
urban wetlands will further maximize urban cooling, particularly in rapidly urbanizing
coastal cities.

4.2. Implication for Urban Wetland Design

In general, urban wetlands have lower temperatures compared to non-wetland ar-
eas [106]. The cooling effect is mainly characterized by evaporation from wetlands, which
increases air humidity and reduces the ambient temperature, which plays a major role
in thermal buffering in urban areas, creating microclimate environments [61,110]. The
results of this study confirm that urban wetlands in the coastal city of Colombo provide
a cooling effect during the dry season. Compared with previous studies in inland cities
such as Chengdu (Southwest China) [47], Changchun, Jilin City (Northeast China) [61], and
Copenhagen [105], the results of this study indicate that the cooling effect of urban wetlands
in Colombo was impacted by various factors, namely the area, extent (m), shape (LSI),
hydrological connectivity, covering area (ha), distance to urban core (km), and distance
to coast (km) and its spatial context—whether located in urban or peri-urban areas or
wetland-type water-based or vegetation-based wetlands. Among these factors, our study
indicates that the wetland size is the primary factor in explaining the cooling effect (see
Section 3.2 and Figure 6). The TVoE of urban wetlands in Colombo was 1.42 ha (Figure 6),
and this effective area is highly connected with the wetland shape, location, and wetland
type. Our study further reveals that wetlands with more complex shapes enhance the
cooling efficiency in coastal urban areas. In addition, hydrological connectivity also plays a
pivotal role in the cooling effectiveness of these wetlands.

Urban planners have significant challenges due to the limited availability of urban
space and the esthetic value of wetlands, as well as some urban wetlands that are strongly
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conserved by acts and regulations due to high biodiversity. Wetland conservation and
restoration planning in Colombo aims to maintain climate resilience and enhance disaster
risk management. Urban wetland protection in Colombo is governed by policies established
by the Department of Wildlife Conservation under the Fauna and Flora Protection Ordi-
nance, No. 2 of 1937 [123], alongside regulations from the Ministry of Environment [124],
the Central Environmental Authority [125], and the Urban Development Authority [126].
The RAMSAR wetland management strategies and the Metro Colombo Urban Wetland Sta-
tus Report from 2021 further support the protection of urban wetlands in Colombo [73,127].
To maximize the benefits of urban wetlands, these policies and strategies must be effectively
integrated with cross-sectoral policies encompassing health, transport, and agriculture.
Community-based urban wetland conservation practices are essential for enhancing wet-
land cooling effects, protecting biodiversity, and mitigating the impacts of extreme weather
events in Colombo.

However, understanding the optimal wetland size is crucial to reducing the UHI effect
in urban areas. Studies have shown that larger wetlands increase the cooling effects [47,101];
however, this cooling effect is reduced beyond a certain threshold [61,102]. This threshold
may vary across cities due to climate, urbanization, influencing factors, and urban landscape
differences. For example, the thermal threshold value of wetlands (TVoE) is 1.12 ha in
Copenhagen [105], 5.25 ha in Shenzhen [109], 0.30 ha in Nanning [128], 0.55 ha in the Pearl
River Delta [102], and 1.47 ± 0.34 ha in Chengdu [47]; the TVoE of our study was 1.42 ha.

In addition, urban wetland planners should consider construction costs and the trade-
offs between cooling effects and combined wetland ecosystem services [1,129]. Moreover,
our study emphasizes the significant role of small- and medium-sized wetlands in ad-
vancing urban cooling, especially in limited land areas in urban areas (Table S3). Finally,
the threshold value is a crucial reference for effective urban wetland planning and design
in Colombo.

Analysis of the influencing variables of all wetlands indicated that the topographic
wetness surrounding these wetlands had negative values (see Section 3.6, Table 2). This
negative correlation suggests that the moisture condition of the surrounding wetlands is
crucial for designing effective wetlands in urban areas. Many studies revealed that the
hydrological connectivity and topographic wetness determine the wetland water renewal
and hydrological functions within wetlands [61,128].

4.3. Limitations and Future Directions

This study has several limitations. First, the 30 m resolution of Landsat 8 and 9 OLI/TIRS
images limits their application in landscape planning. Second, the land cover data from
Google Earth challenges the recognition of small wetland patches via visual interpretation.
Future studies should consider high-resolution images and smaller wetland patches for fur-
ther studies. The above limitations may impact the accuracy of determining the minimum
wetland area, affecting the urban cooling intensity effect. Third, thermal cycling in urban
wetlands (the absorption and scattering) should be examined. The impact of urbanization
on urban wetlands’ cooling effect needs further exploration, such as the spatial-temporal
changes in the urban cooling effect due to the urban processes in cities. Our study mainly
concentrates on urban wetland areas and their shape and influencing factors. However,
the cooling effect is highly complex and impacted by multiple factors. Our study may
not use all the influencing factors, indicating the need for comprehensive future studies
considering building heights, urban form, heat fluxes, wind speed, the water depth of the
wetland, water connectivity frequency, and seasonal and diurnal variations. Future studies
should consider long-term climate simulations and multi-variable assessments to optimize
wetland placement for urban sustainability.
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5. Conclusions
This study examined the cooling effects of urban wetlands in mitigating UHI effects in

the coastal city of Colombo. The results indicate that wetlands provide significant urban
cooling during the dry season, which is influenced by spatial factors such as the wetland
size, LSI, hydrological connectivity, and surrounding urban landscapes.

Urban wetlands in Colombo show a substantial cooling efficiency (0.82 ± 0.35 ◦C
per 100 m), indicating a relationship between the wetland size and cooling intensity. The
TVoE was 1.42 ha on Colombo’s wetlands. Therefore, strategically establishing wetlands in
urban areas offers a practical guide to decreasing the UHI effect. Hydrological connectivity
is crucial for maintaining the wetland cooling efficiency in highly urbanized areas. The
wetland surrounding the landscape also plays a significant role—wetlands in high-degree
impervious surface areas showed more substantial urban cooling, while influencing factors
such as the EVI, MNDWI, topographic wetness, DEM, slope, and impervious surface
percentage control the cooling effect of the wetlands. The results further indicate that
adjacent connected, cluster-wise wetlands with substantial green spaces and water areas
around the wetland landscape expanded the cooling effect.

Our study suggests the need for integrated, hydrologically connected wetlands with
a mix of vegetation and water areas in urban planning to enhance urban thermal com-
fort. Finally, this evidence-based approach helps urban designers, policymakers, and
climate adaptation planners optimize urban wetlands and their cooling effects for future
city designs.
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Abbreviations

UHI Urban heat island
LUC Land Use/Cover
LST Land Surface Temperature
GEE Google Earth Engine
EVI Enhanced Vegetation Index
mNDWI Modified Normalized Difference Water Index
TVoE Threshold value of efficiency
TIR Thermal infrared
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COP13 Conference of the Parties to the Ramsar Convention on Wetlands
LSI Landscape Shape Index
DEM Digital elevation model
SRTM Shuttle Radar Topography Mission
OLI Operational land imager
IS Impervious surfaces
GS 1 Green Space 1
GS 2 Green Space 2
RF Random Forest
TIRS Thermal Infrared Sensor
DNs Digital numbers
MWA Mono-Window Algorithm
NASA National Aeronautics and Space Administration
CI Cooling intensity
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