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Abstract

While many studies have investigated ecosystem services, the cooling potential of green
and blue infrastructures (GBIs) for alleviating extreme heat in arid regions has been studied
less frequently. The aim of this study is to measure GBI cooling potential for mitigating
extreme heat in arid and semi-arid regions, using Ahvaz City (south-west Iran) as a case
study. Multiple data sources were used with the InVEST urban cooling model to estimate
cooling ecosystem services (CESs) by evaluating the cumulative effects of shade, evapotran-
spiration, and albedo. Results show: (a) spatial heterogeneity in GBI cooling effects; (b) the
highest cooling capacity (Cooling Capacity Index = 0.75) is achieved along the Karun River
corridor and adjacent irrigated agriculture, where land surface temperature is reduced by
2–6 ◦C relative to built-up areas; and (c) interconnected GBIs and high vegetation density
enhance cooling. High cooling capacity (>0.6) covers only 8.3% of the city (14.2 km2),
predominantly the Karun River (4.2 km2) and adjacent agriculture (10.0 km2). In contrast,
built-up areas (76% of the city) exhibit low cooling capacity (<0.3). Therefore, improving
GBI connectivity and integrating passive cooling strategies are essential to enhance thermal
resilience and should be prioritized in urban planning to maximize CES effectiveness and
reduce heat-related risks.

Keywords: urban cooling; ecosystem services; green-blue infrastructure; heat mitigation;
InVEST model; arid cities; Ahvaz

1. Introduction
Natural systems provide ecological services that support all life on earth [1]. Ecosystem

services (ES) include a variety of productive, regulatory, support, and cultural functions.
Cooling service is one ES that deals with temperature regulation systems and is most
commonly discussed in urban areas. The presence of vegetative cover, such as trees and
urban green spaces, provides shading, increases evapotranspiration, and moderates albedo.
This can help to reduce heat island effects in urban areas [2,3]. The cooling service can
be viewed as part of the “oasis effect” provided by green infrastructures [4]. The cooling
service’s impact on surface temperature reduction and urban heat island mitigation has
been extensively researched and explained [5,6].

The scope of investigations into cooling ecosystem services has been expanded. In this
context, some studies investigate vegetation’s role in urban cooling and its ability to reduce
surface temperature [5,6]. Furthermore, research on landscape features (e.g., water bodies)
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to mitigate urban heat fluxes, cooling, and energy savings for cooling is investigated [3,7].
At the same time, some researchers are trying to combine the cooling effect of ESs into
urban planning and the making of policy decisions. This research is usually focused on
the development of green infrastructure strategies [2,3,8]. Similarly, this body of work
investigates the role of vegetation and landscape features (e.g., water bodies) in mitigating
heat flux exchanges and providing additional cooling benefits, resulting in less energy
and demand for mechanical cooling in the urban environment and improved thermal
comfort [3,7].

These investigations will highlight the significance of cooling ecosystem services
(CESs), so the emphasis will be on incorporating CESs into actionable urban planning and
policymaking. In this regard, the development of green infrastructure (GI) has emerged
as a significant strategy to promote sustainability and resilience, as it plays an important
role in providing CESs in the face of climate change [2,9]. As a result, conserving and
creating urban green space is identified as a strategy for preventing rising temperatures
and extreme heat events [8,10]. The InVEST model, for example, has been used as a support
tool in urban planning and policymaking, producing spatially explicit results that better
inform decision-makers [2,11]. Furthermore, CESs can be viewed as an adaptation strategy
to climate change [12,13]. This is due to urban green spaces’ inherent ability to respond to
climate change with a cooling effect [14,15].

FLUS and PLUS are still conducting research into dynamic modeling for urban cooling
effects. The modeling attempts to simulate assumptions about CES provision and predict
future changes [16,17]. Empirical studies of the CES impact in cities such as Paris and
Minneapolis-St. Paul show that green infrastructure has physical benefits [2].

Concurrently, studies are looking into the effects of CESs on thermal comfort, including
the critical influencing factors of tree canopy density, ground cover, water features, surface
albedo, and shade scale on CESs [18,19]. Now, the performance of these factors will
vary according to the local context. Detommaso et al. [18] investigate the cooling effects
of vegetation [18]. Zuo et al. [19] attempt to quantify outdoor climate comfort using
the landscape features described above. Zhou et al. [9] report a cooling effect based on
landscape patterns. Overall, the findings of these studies show that cooling effects reduce
energy demand and urban thermal comfort [17,20,21].

The combination of remote sensing and numerical models, such as the Cooling Capac-
ity Index used in InVEST, improved our ability to comprehensively quantify urban cooling
potential. The integral methodology for assessing cooling efficiency takes into account
key components such as evapotranspiration, shading, and albedo [22,23]. Devices like
ENVI-met contribute to additional high-resolution measurements of local microclimate [22].
Remote sensing was used to conduct similar measurements using satellite-derived data to
investigate cooling effects and measure cooling potential in relation to cities [24,25].

A review of the literature reveals a significant amount of work in subtropical [4,26] and
temperate/warm-temperate [27,28] climates, while work in arid areas is less prominent.
As a result, there appears to be a gap in more comprehensive empirical evidence that
specifically investigates the performance and benefits of green infrastructure in arid areas
and under extreme heat conditions. Furthermore, research findings from temperate or
more humid regions are not entirely replicable in arid areas [29]. Furthermore, arid areas
are subject to long-term droughts, which emphasize water availability. This context creates
a significant barrier to understanding the utility of CESs [30]. As a result, there is a distinct
gap in the consideration of arid environments and extreme temperature exposure, which is
understood in the literature to be temporal.

However, the majority of CES studies using the InVEST model focus on subtropical
areas [4,26] or temperate and warm-temperate climates [27,28]. As a result, arid regions re-
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ceive less consideration. Critically, the results of these studies cannot be generalized to arid
areas due to fundamental differences in their environments, such as hydrology, vegetation
physiology, and energy balance [29]. Furthermore, arid cities experience prolonged drought
and severe water scarcity, posing critical constraints on green infrastructure performance.
These raise concerns about the validity of standard InVEST parameterizations. Evapotran-
spiration and vegetation cooling efficiency are extremely important [30]. Although Zardo
et al. [31], Kadaverugu et al. [17], and Hamel et al. [2] used InVEST in dry or semi-arid
environments, they paid less attention to recalibrating the model using local microclimate
data and the explicit trade-offs between water and cooling benefits. This study attempts
to build on previous work by locally calibrating InVEST’s biophysical parameters using
species-specific traits of common desert vegetation in Ahvaz. It also attempts to validate
model results using satellite-derived land surface temperature.

This study focuses on a significant gap identified during the literature review. The
main focus of the research is on the ability of CESs to provide green spaces and mitigate
extreme heat in arid urban areas. To this end, the city of Ahwaz in Iran was chosen as the
case study. Ahwaz, in south-west Iran, has one of the hottest urban temperatures ever
recorded [32], but there are also environmental stressors and serious air quality challenges
to urban thermal comfort. Thus, this study tries to answer two main concerns: (1) How
do different types of green infrastructure affect land surface temperature in Ahvaz, which
includes various vegetation types? (2) How does local calibration of Invest improve the
accuracy of predicting cooling effects in extreme arid environments? This study addresses
this gap by focusing on the city of Ahvaz, Iran; while there have been studies of both
subtropical and temperate climates (e.g., Guangzhou, Würzburg, London, Chicago), the
findings from humid climates may not apply to arid systems. This study aims to contribute
to climate-adaptive urban planning with a focus on the arid environment in Ahvaz, Iran.
It may demonstrate appropriate green infrastructure, species selection, and management
techniques. Furthermore, the information presented may help to support a focus on the
transferability of cooling measures to other dry and semi-dry cities.

2. Materials and Methods
2.1. The Area of Study

Ahvaz, the capital of Khuzestan Province, is located in southwestern Iran at 31◦30′ N
and 48◦40′ E, and at an average elevation of 12 m on an alluvial plain (Figure 1). Ahvaz is
divided into two halves by the Karun River, the largest and most water-rich river in Iran,
and the city is classified as BWh (hot desert climate) in the Köppen-Geiger system. Maxi-
mum temperatures frequently exceed 45 ◦C in the hot mountains, with recorded highs near
53 ◦C [32]. The average annual rainfall is less than 250 mm. The most precipitation occurs
in winter, while summers are generally rain-free. These unfavorable climate conditions,
coupled with quickly expanding urbanization, widespread impervious surfaces, and very
limited green infrastructure, have made the urban heat island (UHI) effect and thermal
discomfort even worse. Besides the urban heat island effects, Ahvaz also has phenomenally
unfavorable air quality as a result of dust and sandstorms that almost always come from
southern Iraq and the Arabian Peninsula.

Over the course of the year and most days, particulate matter (PM) concentrations
continuously exceed World Health Organization standards, marking Ahvaz one of the
most polluted cities in the world. Two primary reasons establish Ahvaz as a pertinent
case study for evaluating urban cooling services: first, various environmental stressors,
including extreme heat, low humidity, and chronic air pollution; and second, an arid and
hyper-arid environment.
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Figure 1. Area of study.

2.2. Method

The purpose of this study is to examine the cooling effect and GI effectiveness in an
arid area. The multi-stages and phases will be discussed based on Figure 2, and the detailed
models and methods utilized are detailed in the sections below.

 
Figure 2. Flowchart of the research methodology.
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2.3. Data Collection and Preparation

The three types of input data required to run the InVEST urban cooling model (v3.12.0)
are: (1) land use/land cover (LULC), (2) biophysical parameters, and (3) climatic data. The
datasets are prepared to ensure spatial and temporal consistency (see Table 1). The data
acquisition and processing were carried out based on the InVEST urban cooling model
criteria to maintain the accuracy and reproducibility of the modeling outputs.

Table 1. Input data characteristics for the InVEST urban cooling model.

Input Variable Format Type Unit/Range Temporal
Scope

Spatial
Resolution Source/Notes

Land Use/Land
Cover

Raster
(GeoTIFF)

Spatial map

Integer
LULC codes Static

30 m

Ahvaz
Municipality [33]

Reference
Evapotranspiration
(ET0)

mm/day Daily
Iran
Meteorological
Organization [34]

Area of Interest
(AOI)

Vector
(Shapefile) Polygon N/A Static Urban district

Ahvaz
Municipality
shapefile [33]

Biophysical
Parameters Table (CSV) Tabular

Includes: LU
code, kc,
shade, etc.

Static N/A
User-defined
based on LULC
codes

Reference Air
Temperature

Numeric (◦C)

Scalar value

18–35 ◦C avg Local Iran Meteorology
Organization [34]

UHI Effect 1–6 ◦C Day/night Urban–rural
difference Empirical studies

Air Blending
Distance Numeric

(meters)

50–600 m Static N/A Sharp et al. [35]

Maximum Cooling
Distance 250–450 m Static N/A Sharp et al. [35]

2.4. Land Use Map Preparation

The land use/land cover (LULC) map was generated and processed based on Ahvaz
Municipality shapefiles [33] and validated through visual inspection of Sentinel-2 imagery
(10 m resolution) and short field visits. The six categories of LULC classification are
provided based on the requirements of the InVEST urban cooling model, including bare
land, built-up areas, farming lands, palm gardens, urban green spaces, and water. Unique
land use codes (Lucode) will be assigned to each class of the biophysical table. The final
LULC layer was projected to the UTM Zone 39N system projection. The LULC became a
raster, with a uniform cell size, and then clipped to the boundaries of the study area so that
it would be spatially compatible with the other model inputs.

2.5. InVEST Urban Cooling Model

The cooling capacity is estimated through three biophysical mechanisms: shade,
evapotranspiration, and albedo.

2.5.1. Cooling Capacity Index (CCI)

The initial cooling capacity index for each pixel is calculated in the InVEST model
using an assessment of local shading, evapotranspiration, and albedo [31,36]. The shading
factor (shade) describes the amount of tree canopy (for trees over 2 m tall) associated with
each LU/LC class and has a value between 0 and 1. Furthermore, albedo is an essential
factor for reducing heat (Table 2).
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Table 2. Biophysical parameters for land use/land cover classes in Ahvaz.

Lucode Lulc_Desc Shade (0–1) Albedo (0–1) Crop
Coefficient

Building
Intensity (0–1)

Green Area
(Binary)

1 bare land 0 0.28 0.2 0 0

2 built-up 0.1 0.22 0.1 0.7 0

3 farming (irrigated) 0.2 0.18 0.9 0 1

4 palm garden 0.7 0.15 0.95 0 1

5 urban green space 0.75 0.18 0.95 0 1

6 water (Karun) 0 0.06 1 0 0

The Evapotranspiration Index (ETI) represents the potential normal evapotranspira-
tion. It refers to the evaporation and transpiration from plants (or evaporation from the soil
for areas without vegetation). Then, it is divided by the maximum value of raster ET0 in
the specified area, referred to as ETmax, as Equation (1):

ETI =
kc · ET0

ETmax
(1)

The albedo factor is the representative of the solar radiation fraction that is reflected
by a given LU/LC type [37]. The albedo factor ranges from 0 to 1. This model combines
the three factors (shade, albedo factor, and ETI) in the cooling capacity (CC) index as
Equation (2):

CCi = 0.6 · shade + 0.2 · albedo + 0.2 · ETI (2)

In Equation (2), the default weighting values are 0.6, 0.2, 0.2. The values were obtained
empirically and exhibited more influence of shading than evapotranspiration. In the case
of Zardo et al. [31], a weight of 0.2 was assigned to the evapotranspiration of areas smaller
than two hectares, while shading received a weight of 0.8.

Building intensity influences the nighttime temperature. As a result, building intensity
coefficient for each land use type should be provided in the biophysical table by the user
in order to predict nighttime temperatures accurately [24]. Hence, the model modifies
Equation (2) to Equation (3):

CCi = 1 − building intensity (3)

2.5.2. The Urban Cooling Index (Impact of Large Green Spaces)

The cooling model calculates the urban mitigation index (UMI) that explains the
cooling potential of large green areas (>2 ha) on their surrounding environment [32].
Whenever a large green space does not impact a particular pixel, the UMI is equivalent to
the cooling capacity (CC) of that pixel. To realize this process, the model first computes the
green area values within the cooling search distance (dcool) around each pixel (GAi) and
the cooling capacity provided by each park (CCparki) as Equations (4) and (5):

GAi = cell area · Σj∈d radius from igj (4)

CCParki = Σj∈d radius from igj · CCj · e
− d(i,j)

dcool (5)

In this equation, if the cell area is in hectares per cell, then:
For each pixel (j), (gj = 1) if it is green space, otherwise (gj = 0).
(d(i, j)) is the distance between pixels (i) and (j).
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(dcool) is the distance over which a green space provides cooling.
(CCpark,i) is the weighted average of CC values from nearby green spaces.
The user should determine green areas in the LU/LC classification. It is defined as

the “green_area” parameter in the biophysical table (Table 1). Then, the HM index will be
calculated as Equation (6):

HMi =

{ CCi
CCparki

Otherwise
if CCi ≥ CCparki or GAi < 2 ha (6)

2.5.3. Estimation of Air Temperature

At the scale of the city, the model employs the UHI index to estimate the reduction in
heat. The air temperature without air mixing (Tairnomix) for each pixel is calculated through
Equation (7):

Tairnomix.i = Tair.re f + (1 − HMi) · UHImax (7)

in which Tair.ref is the reference rural air temperature. UHImax is the maximum urban heat
island (UHI) effect for the city. Finally, the actual air temperature (Tair) is obtained by
applying a Gaussian kernel (Table 3). It will be defined by the core radius (r) in order to
unmixed temperature (Tair_nomix).

Table 3. Climatic parameters used in the InVEST urban cooling model for Ahvaz.

Parameter Value Justification

Reference Air Temperature 37.8 ◦C Rural baseline on a representative hot summer day [34]

Urban Heat Island Effect(UHI) 2 ◦C Based on regional microclimate studies in Khuzestan [24]

Air Blending Distance 100 m Appropriate for low-rise, dispersed urban form

Maximum Cooling Distance 300 m Empirically observed effective radius for sparse green patches in arid zones

2.6. Urban Cooling Capacity

Ultimately, the urban cooling capacity is defined by the capability of green spaces
within urban areas to mitigate and reduce the local urban heat island effect. It overall
influences the thermal comfort in urban environments.

2.6.1. Model Validation and Sensitivity Analysis

To validate the model results, the estimated LSTs were compared to actual temperature
data collected at the Ahvaz meteorological station. The result was <1.2 ◦C, which is an
acceptable range for this scale of modeling [35].

Furthermore, a sensitivity analysis was carried out on the three main factors: shadow,
albedo, and ETI. The weights of these parameters were adjusted based on the InVEST
model assumptions and arid climate characteristics, so that the shadow factor received the
highest weight and albedo received the lowest weight; in arid climates, evapotranspiration
and shading play a much more important role in the ecosystem cooling process than surface
reflectance. Based on the findings that shading dominates cooling in arid cities [7,31], the
default weights (0.6/0.2/0.2) are retained.

2.6.2. Model Limitations

The access to the biophysical parameters through the local measurement was a major
limitation. Therefore, the desired data are obtained from literature and expert judgment.
The data scarcity in arid cities limited this work, but we tried to choose parameters trans-
parently documented and well-documented (Table 2) to be consistent with peer-reviewed
and valid research in similar climates.
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3. Results
3.1. Land Use/Land Cover (LULC)

The land use/land cover (LULC) map for Ahvaz City is shown in Figure 3 and Table 4.
The classification includes six general classes: bare land (17.26%), built-up areas (39.04%),
agricultural land (35.29%), palm gardens (1.05%), urban green space (2.58%), and water
bodies (4.75%). The built-up areas are dominant in the urban core. The agricultural land
and palm gardens are concentrated in peri-urban and urban edges, while the main water
bodies for the city include the Karun River, which runs through the city. The river buffer
includes surrounding agricultural land and green space located within the built-up areas.
Bare land is primarily located at the urban edges, especially in the northwest and southeast
areas. The reclassified LULC data is the fundamental and spatial basis needed for modeling
urban cooling in the cities and for analyzing the distribution of cooling services.

 
Figure 3. Land use map of Ahvaz City and its countryside.

Table 4. Land use/land cover composition in Ahvaz (2025).

Land Use Class Area (%)

Built-up 39.04

Farming (irrigated) 35.29

Bare land 17.26

Water 4.75

Urban green space 2.58

Palm garden 1.05

Total 100.00
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Evapotranspiration (ET0) and Vegetation Coefficient (Kc)

Daily reference of Evapotranspiration (ET0) ranges from 12.23 to 13.13 mm/day
(Figure 4A), with a mean = 12.68 mm/day. Lower ET0 values (<12.4 mm/day) cover 62%
of the built-up core, correlating with low vegetation cover (r = 0.78, p < 0.01). Higher
ET0 (>12.9 mm/day) occurs in irrigated crops and palm gardens, which are located in
western/southwestern agricultural zones. The crop coefficient (Kc) varies from 0.1 (built-
up) to 1.0 (water bodies) (Figure 4D). The high Kc (0.90–0.95) belong to the Urban green
spaces and palm gardens. In contrast, the lowest (Kc = 0.10) is related to the built-up areas.
A strong positive correlation exists between Kc > and LST reduction (r = −0.82, p < 0.001).
The correlation confirms the high-evapotranspiration of land covers that drive cooling.
The spatial morphology is fully reflective of land cover type and surface temperature
interactions and adventitious humidity.

  
Daily Evapotranspiration Albedo 

  
Estimated air temperature values Evapotranspiration coefficient 

A B 

C D 
Figure 4. (A) Daily evapotranspiration; (B) albedo; (C) estimated air temperature values; (D) evapo-
transpiration coefficient.
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The albedo ranges from 0.06 (low/Karun River) to 0.28 (high/bare soils) (Figure 4B).
Low-albedo areas coincide with the Karun River. The residential areas with high potential
for absorbing solar energy show higher temperatures at the surface. Furthermore, the
high-albedo categories are concentrated in open fields, light surfaces, and some specialized
agricultural areas. If those areas reflect sunlight, they produce comparatively less thermal
energy, potentially reducing spatial heat accumulation. About 18% of the city (mainly bare
land) formed the high-albedo surfaces (>0.25) cover but contribute minimally to active
cooling, as confirmed by their weak correlation with LST reduction (r = −0.12, p = 0.15).
Overall, the core of the urban zone showed a moderate value of albedo, while peripheral
areas and some vegetated or bare land showed more reflectance.

The air temperature over Ahvaz on a midsummer day ranges from 37.8 ◦C to 39.55 ◦C
(Figure 4C). Generally, the hot spots are within intense urban core areas and also built-up
areas. These areas are covered with highly impermeable surfaces such as asphalt and
concrete. So they absorb heat; therefore, they retain heat, adding to the urban heat island
effect. The hottest 10% of the city (39.3–39.55 ◦C) covers about 28 km2 of high-density built-
up areas that include >85% impervious surface cover. Logically enough, the vegetation or
water does little to cool within these regions. Cooler temperatures are characteristic of the
Karun River and the adjacent green and agricultural lands.

The vegetation coefficient (Kc) specifies the evapotranspiration rate of vegetation types
and different land cover components relative to a reference crop under similar water and
atmospheric conditions (Figure 4D). Kc values varied from moderately low values of 0.1 to
high values of 1.0, with all values concentrated along the Karun River and nearby green
or agricultural land cover types. Low Kc distributes over impervious surfaces and little
vegetation with low evapotranspiration rates. This spatial pattern of Kc values is influenced
by land use and vegetation type, and is an important contribution to water use efficiency
and cooling potential. For these reasons, these spatial results form an important input into
the InVEST urban cooling model, as well as climate adaptation planning more broadly in
cities like Ahvaz that have hot and dry climates.

The cooling capacity (CC) in Ahvaz ranged from 0.12 to 0.75 (Figure 5A) (Table 5),
with a mean of 0.31. The average CC of 0.31 indicates the entire city was mapped with low
cooling potential. Only 8.3% of the city (14.2 km2) experiences the high CC (>0.6). This
area is concentrated along the Karun River corridor (4.2 km2) and adjacent agricultural
zones (10.0 km2). In contrast, 76% of built-up areas have low CC (<0.3), suffer severe
cooling deficit.

Table 5. Cooling Capacity (CC) statistics for Ahvaz (dimensionless index, range: 0–1).

Statistic Value

Minimum 0.12

Mean 0.31

Maximum 0.75

Standard Deviation 0.21

The low CC values in the city center are due to intensified urban heat island (UHI) ef-
fects, which are composed of high building density, impervious surfaces, and limited green
cover. The moderate CC values were located in the peri-urban areas, which transitioned
neighborhoods with some cooling capacity but very little benefit of cooling by vegetation.
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Cooling capacity of Ahvaz City Cooling capacity of green spaces 

A B 
Figure 5. (A) Cooling capacity of Ahvaz City; (B) cooling capacity of green spaces.

The Green Space Cooling Capacity (GSCC) ranges from 0 to 1. This value indicates
the green spaces’ potential to reduce local air temperature and decrease heat absorption
(Figure 5B). The area with high GSCC (>0.7) covers 12.1 km2. This area primarily in-
cludes palm gardens (1.8 km2) and irrigated agriculture (10.3 km2). The moderate GSCC
(0.4–0.6)is related to the urban parks (2.58% of the city area), which contribute only 4.5 km2.
It indicates the limited spatial impact of urban parks. The spatial pattern indicates natural
coastal corridors and peripheral green areas that function as the primary cooling sources,
while inner-city areas maintain a significant cooling deficit; the findings of this study
indicate prioritization of urban greening potential.

3.2. Heat Mitigation Index

The Heat Mitigation Index (HMI) ranges from 0.02 to 0.99 (mean = 0.45, SD = 0.34)
(Figure 6, Table 6). The HMI map summarizes urban heat mitigation potential throughout
Ahvaz for a midsummer day. The HMI of Karun River and immediate vegetated buffers is
>0.8 (strong mitigation). This area covers just 6.7 km2. Conversely, minimal heat mitigation
cover 41% of the city (70.3 km2) with HMI < 0.3. This means HMI strongly correlates with
proximity to green-blue infrastructure (r = −0.76, p < 0.001), with cooling effects decaying
beyond 300 m from green patches. For the entire city, heat mitigation demonstrated a
significant heterogeneity and a high standard deviation (~0.34).

Table 6. Heat Mitigation Index (HMI) statistics for Ahvaz (dimensionless, range: 0–1).

Statistic Value

Minimum 0.0207

Mean 0.4504

Maximum 0.99

Standard Deviation 0.3364
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Figure 6. Heat Mitigation Index (HMI) of Ahvaz.

4. Discussion
The primary aim of this research is to conduct an extensive review of cooling ecosys-

tem services in urban areas. In this respect, the current study targets two main goals:
(a) understanding the cooling capacity of urban areas; and (b) understanding the role of
green spaces in mitigating heat intensity in Ahvaz City. In order to achieve these goals, the
urban cooling model of the InVEST 3.13.0 software suite was employed, and a variety of
biophysical characteristics, including shade, evapotranspiration, and albedo coefficient,
were assessed and analyzed in an integrated manner.

The results indicated a clear spatial heterogeneity in cooling capacity in the region.
The Karun River and green and blue infrastructure demonstrated considerable potential. In
these areas, dense vegetation cover, proximity to water bodies, and permeable surfaces con-
tribute to cooling through shading and evapotranspiration. Built-up areas and impervious
surfaces exhibited low cooling potential, thereby intensifying the uhi phenomenon.

Shading, evapotranspiration, and albedo are three key biophysical drivers of spatial
patterns of cooling capacity in Ahvaz. It makes sense that the highest observed cooling
capacity (reaching a cooling capacity index (CCI) of 0.75) caused by green infrastructure of
the city (up to 0.75) was found in irrigated agricultural productions, palm tree gardens, and
urban green space areas. Each land cover type is characterized by high crop coefficients
(Kc = 0.9–0.95), high tree canopy cover (shade = 0.75–0.70), and moderate albedo (0.15–0.18).

Thus, green infrastructure patches act locally as “cool oasis” (which raises air tempera-
ture) to latent heat (evaporation and transpiration). The combination of these mechanisms
in green infrastructure can reduce land surface temperature (LST) by 2–6 ◦C. The findings
of Alavipanah et al. [5] and Wang et al. [25] in similar arid cities confirm the aforementioned
results. The magnitude of cooling means the shift of thermal comfort indices from “very
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hot” (>46 ◦C) to “hot” (35–40 ◦C). It will potentially reduce heat stress and related health
risks during summer months [2,10].

According to Jim et al. [4], this phenomenon is commonly referred to as “oasis effect”,
and it is particularly pronounced within arid environments where the thermal contrast
between vegetated and non-vegetated surfaces is extreme. The oasis effect in Ahvaz is
illuminated by reference air temperatures in built-up zones that reached 39.5 ◦C. In contrast,
vegetated areas near the Karun River experienced 37.8 ◦C, which remained cooler. This
phenomenon extends beyond just a microclimatic condition, which is functional to assume
a critical function in promoting life.

The Evapotranspiration Index (ETI) values fell in the range of 12.23 to 13.13 mm/day.
The observed potential evapotranspiration rates in intensively irrigated urban landscapes
are comparable to hyper-arid cities like Riyadh, Saudi Arabia [38]. If reliable water sources
such as the Karun River were available, the strong evaporative cooling potential could
be sustained even in extreme aridity. This means that, while water scarcity is a critical
concern in urban greening. Irrigated green infrastructure plays a strategic role in desert
cities, providing significant cooling benefits.

The ETI demonstrates that irrigated vegetation continues to provide a high evaporative
cooling value, although the area experiences an arid climate. Similarly, the ETI illustrates
an elevated evaporative demand even under arid conditions. While water is a limiting
factor for actual evapotranspiration, this still demonstrates that irrigated green spaces
provide a substantial cooling effect. This should be taken into consideration in developing
urban green space plans and for maximizing cooling benefits in urban areas. The ETI graph
serves as an important contextualized mapping indicator of vegetation performance and
demonstrates the correlation between high transpiration rates and low temperatures. This
relationship indicates that vegetation with higher transpiration activity produces a cooling
effect, which is evident in the spatial relation of high ETI values corresponding to lower
air temperatures (Figure 6). This data corroborates the studies reported by Alavipanah
et al. [5] and Wang et al. [25], both of which report that urban vegetation can reduce surface
temperatures by 2–6 ◦C depending on cover density and species composition.

Albedo, as the third component of the cooling index, has a double function. For
instance, areas with high albedo surfaces, such as barren lands with an albedo of 0.28,
reflect a larger proportion of solar radiation, giving them less heat gain, but they do not
play a large role in active cooling compared to areas with vegetation. In comparison, the
Karun River has a low albedo of 0.06, but shows a high cooling capacity, which is due to
evaporative cooling and advection, not reflectivity. Naturally, in arid climates, evaporative
cooling wins out over radiative cooling. Likewise, while the water bodies may be dark, they
can change phase and consume energy and act as a thermal buffer, something consistent
with Jandaghian and Colombo [7], who feel that the cooling effect of water bodies is not
due to albedo, but to latent heat exchange and the modulation of microclimatic currents. A
mechanism confirmed by Jandaghian and Colombo [7] that indicates water bodies cool via
latent heat change and microclimatic modulation, not albedo.

An analysis of the HMI and UMI indices shows that both the structure of the landscape
and the size of green spaces are influential in terms of cooling efficacy. In this study, green
spaces greater than 2 hectares demonstrated they could create cooling effects up to 300 m
in distance. This result aligns with the studies presented by Jaganmahan et al. [7] and
Chibuike et al. [39]. This 300-m radius should be considered as a practical planning buffer.
Normally, the residential areas within the cooling radius experience measurable thermal
relief and the beyond it remain exposed. The distance indicates that the effective cooling
distance exceeds the range of measurable microclimate effects. In Ahvaz City, the share
of green space is limited at 3.63% of the total city area (2.58% urban green space and
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1.05% palm groves). In addition, the spatial configuration of most of the built-up areas is
outside the cooling effect. Thus, they have little benefit from green spaces, and the green
patches are acting as isolated heat islands. Together, these results show the important role
of large connected green spaces and riparian areas in mitigating urban heat stress. This is
especially significant in dry climates where natural cooling capacity is limited.

The combination of the Karun River corridor and the integrated agricultural areas
had the largest decrease in temperature (HMI = 1), therefore verifying the importance of
connectivity and the continuity of green-blue infrastructure in obtaining the cooling benefits
(Figure 4). This aligns with a fundamental principle of landscape ecology: ecosystem
services are not just about patch area; structure and function are also critical in the value
of ecosystem services [8]. By comparison, connectivity, rather than physical distance, had
inefficient cooling benefits for the scattered green spaces in the central part of Ahvaz.
As such, these results indicate that we need to plan green networks [2,37], as well as
support the concept that designing green spaces as linked complex systems is better than
treating individually owned or developed green spaces as single product facilities like
isolated parks.

Urban construction density contributes as an underlying influencer of nighttime heat,
which is often omitted from urban cooling analysis. The built-up area characteristics of
Ahvaz involve high building density (coefficient 0.7) increases thermal mass, delaying
heat dissipation after sunset Malekzadeh et al. [24]. This pattern indicates that daytime
LST maps alone are insufficient for heat risk assessment. Therefore, nighttime thermal
monitoring is essential for public health planning in hot-arid cities.

4.1. Policy and Practice Implications

Although the evidence presented in this study was obtained from a specific case study
of an urban area within an arid and extreme heat context, it is applicable to other hot,
water-scarce regions across the globe. Three actionable, evidence-based planning strategies
could be proposed based on these research findings as follows:

1. The Karun River should be designated as a “Cooling Corridor” through spatial
planning. The city’s formal and strategic development plan should include a 30–50 m
green-blue buffer along the urban stretch of the Karun River. It could be incorporated into
the future Ahvaz development master plan. It must be protected as a climate resilience
corridor. Vacant or underutilized lots in this zone should be planted with drought-resistant
urban vegetation such as date palm (Phoenix dactylifera) and tamarisk (Tamarix spp.). These
changes will combine high evaporative cooling with drought tolerance [40], making green
spaces more resilient. The river’s perennial flow could be used to maintain cooling without
interfering with potable water supplies [29,30].

2. The thermal equity could be embedded into development regulations. Two manda-
tory standards, including: (a) ≥30% permeable surface cover, and (b) ≥15% tree canopy
coverage at maturity is required to be mandatory in 300 m (the empirically observed cool-
ing radius) of existing green spaces in persistent nighttime or mixed-use projects. This
is essential to ensure that thermal benefits extend beyond park boundaries into adjacent
neighborhoods. These measures could reduce the current inequity where 92% of residents
live outside effective cooling zones.

3. Cool Surfaces Retrofit Program is recommended to launch in high-risk districts to
face with nighttime UHI. This includes the areas identified as nighttime UHI (e.g., Districts
2, 4, and 6), such as densely built areas. The municipality should incentivize or mandate
the use of high-albedo materials (≥0.4) for roofs and pavements [3,19]. Impose the plot
coverage limits (≤60%) to enhance airflow. As a result, surface temperatures will reduce
about 3–5 ◦C, and it will accelerate nighttime cooling.
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Critically, all greening initiatives must be developed based on non-potable water
strategies. This makes it evident that treated wastewater for irrigation in Ahvaz’s extreme
water stress, receives the utmost priority, such as models run in Riyadh and Dubai to
dissociate urban cooling from freshwater extraction [29,30].

These strategies could be applied in similar hot and dry climate cities. Each implication
is based on local biophysical conditions and aligned with municipal governance structures.
Furthermore, by integrating these measures with good governance, Ahvaz could position
itself as a pioneer of a water-conscious, heat-resilient model. This model is applicable to
other arid cities throughout the Middle East and North Africa.

Ultimately, outcomes of CES modelling provide practitioners with important empirical
evidence that could inform urban planning and ultimately guide interventions in a wise
urban planning system.

4.2. Limitations

The CESs model proposed by the InVEST model has some shortcomings. First, the
InVEST model assumes static or steady-state conditions, and therefore applies static inputs
for the Et0 and air temperature. Consequently, it is not capable of addressing diurnal or
seasonal variability. Second, the model’s predictive precision is limited by the lack of this
type of in situ microclimate validation, for instance, in terms of air temperature, humidity,
and wind speed. In the InVEST model results, empirical calibration is required [41,42].
This calibration method produces a more reliable model. Third, and by default, land use is
considered homogeneous. Thus, variation within each land use type regarding vegetation
structure, species composition, and management is ignored. Finally, the socioeconomic
status of heat-exposed individuals was less considered.

To better understand distributive equity in cooling access, future research could also
consider population density, vulnerability indicators, and equity in land use. Research
could also include merging high-resolution remote sensing with in-situ microclimate
monitoring (simply put, putting thermometers in a number of urban locations) to improve
the reliability and refine model outputs. Time series thermal dynamic modeling would also
allow for increased variation in climate scenarios. Socio-economic data could be used to
assess equity of distribution in cooling services, and species-specific evapotranspiration
studies could identify the best urban green space species for maximum cooling potential.
These could be developed as future research topics.

5. Conclusions
This study evaluated the cooling effectiveness of GBI components in urban envi-

ronments, specifically examining them in the arid city of Ahvaz (Iran). The summer
temperatures often exceed 45 ◦C, combined with high pollution levels, was the ratio-
nale for choosing the Ahvaz case study. The InVEST urban cooling model incorporated
high-resolution land use and biophysical parameters along with the associated shading,
evapotranspiration, and albedo data. The most significant finding from the investigation is
spatial heterogeneity for providing CESs. Specifically, components of GBIs, including river
corridor, irrigated agriculture, palm gardens, and urban green spaces, have cooling rates
up to 0.75, with high evapotranspiration (12.23–13.13 mm/day). Additionally, integrated
and connected GBIs (such as the Karun River) provided the most cooling effect in terms of
urban heat mitigation.

The research demonstrated that green spaces have a significant impact on cooling
ecosystem services. Green spaces can refer to irrigated and rain-fed agricultural areas,
gardens (palms, etc.), and urban green spaces, which provide a cooling potential of up
to 0.75 with high evapotranspiration rates (12.23–13.13 mm/day). Continuous green
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spaces, like the corridor of the Karun River and inter-connected vegetation areas, offer
the highest cooling potential. In comparison, dense urban residential areas, characterized
by dense impervious surfaces and high building density, not only have limited cooling,
but also increase urban heat island effects. Green spaces account for only 3.63% of the
area. Major built-up areas, situated outside of green spaces, have a significant cooling
effect. The study presents three overarching themes: (a) the need for increasing large-scale
green infrastructure, (b) continuity, and (c) coastal corridors as an important factor in
moderating temperature in dry regions. Some useful recommendations for dry cities were
prioritized to increase the effectiveness of cooling ecosystem services. The central tenets of
the recommendations were using climate-adapted vegetation and increasing continuity
of green space. Also, the use of passive strategies (i.e., reflective materials and improved
design) may also be useful. The findings also revealed potential avenues for future research
in dry cities around the world. Main areas of consideration included dynamic temporal
modeling, empirical validation of microclimate, and socio-economic factors to improve
cooling service assessments and considerations of equitable urban climate resilience, and
areas to pursue in future research.
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