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The rapid expansion of urban areas has accelerated the urban heat island (UHI) phenomenon, exacerbated by
climate change's effects. Therefore, the long-term sustainability of the urban regions faces a severe challenge. The
study investigates the magnitude of the UHI phenomenon in Baghdad using Land Surface Temperature (LST) data
acquired from the Sentinel-3 satellite and OpenStreetMap (OSM) urban infrastructure data. This study examines
the changes in the UHI between 2016 and 2023. It tends to determine the spatial distribution of UHI concerning
different cities and investigate the relationship between the effects of urban development and the magnitude of
UHI. In this regard, the data indicated that the magnitude of UHI increased significantly during the measured
period. The mean temperature rise has reached 1.34°C throughout the city, with a particularly significant increase
of 2.6°C in the highly populated regions inside the municipality boundaries. An empirical investigation reveals a
strong positive correlation between building density (0.89) and road density (0.823) with the intensity of the UHI.
Conversely, the green areas display a moderate negative correlation (-0.56) linked to the UHI intensity. The results
illustrate the substantial impact of urban infrastructure development on the UHI, defined by remarkably high UHI
coefficients in heavily populated areas. Thus, the study results will provide valuable policy suggestions that will
significantly help the relevant policymakers and urban planners in their efforts to enhance urban resilience and
public health in Baghdad. It is also a systematic and organized approach that can be applied in other rapidly
urbanizing areas.

Keywords: urban heat island (UHI), land surface temperature (LST), OpenStreetMap (OSM), sustainable urban
planning, remote sensing and GIS

1 INTRODUCTION

Urban Heat Island (UH]I) is defined by the significantly elevated temperature of urban areas compared to their rural
environments [1]. This effect is predominantly caused by urbanization, which has been found to raise the
temperature contrast between urban and rural areas by absorbing and retaining heat using large impervious
surfaces such as concrete and asphalt. This is due to the decrease in vegetation cover, the increase in heat
caused by human activities, and the presence of impervious surfaces, among other reasons that have led to the
temperature of cities being higher than in rural areas [2]. The intensification of UHI effects is caused by rapid
urbanization and industrialization; hence, this has had a significant impact on both urban residents and ecosystems
[3]. The study of UHI is important because, in most cities, the central business district is warmer than the remote
areas. According to Tang [4], UHI greatly affects every densely populated area, where social-economic activities
and human transformations are the main drivers that cause temperature rise. For example, in cities such as
Shanghai in China, the UHI effect is linked with heat waves, which cause adverse health effects on residents of the
area concerned [5].

Some recent works have employed remote sensing and GIS techniques to assess the spatial-temporal variation
and analyze UHIs at global and regional scales. For example, by remote sensing through satellite image(s) in the
thermal infrared spectrum, surface temperature can be tracked along with land-use/land-cover changes that are
very important in understanding UHI and its underlying causes [6]. Some of the key drivers of UHI, as identified
through these technologies, are impervious surface areas, vegetation cover, landscape layout, albedo, and climate-
all critical in determining the pattern of UHI [7].

Sentinel-3, among other remote sensing technologies, is necessary for monitoring the environment since it
provides data for monitoring various ecological and environmental parameters. Based on satellite imagery, thermal
bands, and many other sensors, these technologies produce data on environmental indicators concerning
vegetation health, land cover, land surface temperature, etc [8]. Remote sensing data analysis allows the
monitoring and mapping of ecosystem change, locates where environmental degradation occurs, and provides a
basis to evaluate various impacts of human activities on the environment [9].

Geographic Information Systems (GIS) represents the primary key to the spatial analysis approach, and it provides
the means for integrating, analyzing, and visualizing this geospatial data concerned with land cover/land use and
land surface temperature change, among many other environmental parameters. Further, in urban areas, using
technologies such as remote sensing and GIS will allow the mapping of heat islands and heat island patches,
hence assessing their dynamics spatially and temporally [10]. Geostatistical analysis and spatial modelling permit
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the quantification of the intensities of UHI, the assessment of the relationship between land surface temperatures
and land cover type, and the description of future trends of UHI formation [11].

Numerous studies have analyzed the utility of remote sensing and GIS in studying and monitoring UHI in many
places worldwide. Recently, some research has been conducted to identify the causative factors of UHI, consider
the effect of artificial patterns on temperatures, and develop planning strategies to reduce heat island effects by
considering urban and green infrastructure systems [12]. Remote sensing and GIS technologies have been
effectively utilized in vital areas, such as the spatial and temporal patterns of UHIs, the importance of vegetation in
reducing heat island effects and determining planning priorities for green infrastructure [13].

Rapid urban expansion and climate change conditions in Baghdad highlight the need to consider the UHI
phenomenon. The dynamics of the UHI in Baghdad may provide an understanding that can support urban planners
and policymakers in taking appropriate interventions to reduce this aspect's negative impact on urban livability and
public health [14]. Therefore, mapping the spatial and temporal variations of Baghdad's UHI allows for identifying
hotspots and susceptible areas that will be targeted concerning prioritization; immediate remedial actions will be
taken to avoid heat-related illnesses and discomfort among the population [15]. Moreover, investigating the
relationship between urban development, land use changes, and UHI intensity in Baghdad can provide valuable
insights for sustainable urban growth and climate resilience strategies [16].

The current study developed and applied a new methodological approach by integrating high-resolution Sentinel-3
satellite data with the detailed OpenStreetMap urban infrastructure data, allowing for an accurate determination of
UHI dynamics across Baghdad. This provides important insights into how various urban planning elements interact,
such as road and building densities, green spaces, and their impact on UHI intensity. Unlike most studies of the
past that are static in UHI, this investigation carried out a temporal analysis between 2016 and 2023. It indicates
that rapid urban development brought a significant increase in the intensity of UHI over time through dynamic
representation of urban temperature patterns. It also discussed practical actions that can be recommended to
urban planners and decision-makers in developing effective strategies for mitigating UHI effects, enhancing urban
sustainability, and improving public health in Baghdad. Besides, such a methodological approach may be applied
to other cities with similar challenges, which promises valuable inputs and practical solutions in urban planning and
policy development for such cities.

2 MATERIALS AND METHOD
2.1 Study area

Baghdad is located at 33°13" N latitude, 44°13' E longitude, and 34 meters altitude. The urban activities are mainly
concentrated in the city Centre (within the municipality border), as shown in Fig. 1 [17, 18]. With a population of
over 8 million, Baghdad is vulnerable to urbanization and climate change. The city has severe temperatures and
hot summers [19]. Urban expansion and climate change are the two major contributing elements to UHIs [14, 15,
20]. The studies found that rapid urban sprawl increased the surface temperatures in Baghdad, thus increasing
daytime and nighttime UHIs [15]. Factors contributing to the creation of surface temperatures in Baghdad include
land use change through reduced vegetation cover and change of natural land use to impervious surfaces [21].

Population growth, increased energy use, waste accumulation, and transportation congestion are some of the
variables that amplify the impact of urban expansion on climate change in Baghdad [22]. Green open spaces have
been identified under the City Master Plans as valuable in modifying climatic effects that would improve the local
environment, aesthetics, and quality of life in the urban area [23]. Moreover, urban expansion in Baghdad has
significantly enhanced the degradation of natural vegetation, directly leading to higher temperatures [24].

Some previous studies applied GIS and remote sensing to monitor urban development, assess water quality, and
investigate bioclimatic indices in Baghdad [25-27]. While remote sensing and GIS have contributed significantly to
sustainable urban development and environmental policy [28], there has been a lacked geographical distribution of
UHIs. Spatial evaluation of UHI is essential because it will determine the long-term sustainability of the larger city.
In turn, heat patterns and their causes may be selected to improve strategies or measures to reduce the impacts of
the urban heat index and ensure a more resilient urban environment over time for Baghdad.
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Fig. 1. Geographic location and urban extent of Baghdad Governorate
2.2 Data

The Sea and Land Surface Temperature Radiometer (SLSTR) is one of the instruments carried on the Copernicus
Sentinel-3 mission and is designed for a wide range of applications covered under Earth observation. SLSTR
shows critical information concerning the measurement of land surface temperature (LST) [29]. Several thermal
infrared bands are carried by SLSTR, which enables the retrieval of LST, one of the most important parameters in
climate monitoring and environmental studies [30]. The Sentinel-3 mission is designed to have a dual-view
capability in SLSTR. It captures near-nadir and oblique observations that will allow for proper atmospheric
corrections, further enhancing LST retrievals [30-32]. The SLSTR provides a spatial resolution of 1 km in the
thermal infrared bands and a swath width of 1,400 km, thus allowing comprehensive coverage with significant
detail on the Earth's surface. Moreover, it enables frequent acquisitions over the globe in one to two days, which
would be advantageous in environmental monitoring and climate studies by tracking changes in LST over time [33].
Advanced processes of calibration and validation increase the SLSTR reliability for applications such as
assessment of urban heat islands, monitoring of droughts, and health analysis of vegetation [34, 35].

Sentinel-3A and B satellites pass over the Baghdad Region around 6:00 to 8:00 a.m. in the daytime and 6:00 to
8:00 p.m. in the nighttime. Generally, urban surfaces during the daytime absorb sunlight and retain heat, while at
night, that heat dissipates. However, due to differences in how materials retain heat, urban objects like concrete
and asphalt lose heat much more slowly than rural areas or green spaces, creating a constant temperature
difference. This difference allows the nighttime LST data to measure the UHI effect more accurately, showing the
residual heat in urban areas after sunset [36]. Thus, this makes nighttime imagery more appropriate for UHI
assessments than daytime data, in which solar heating and temporary heat emissions from anthropogenic activities
(e.g., traffic, industry) can obscure the analysis.

In this study, two nighttime Sentinel-3 images were selected, one from 2 July 2016 and another from 2 July 2023.
While Sentinel-3 nighttime images are acquired between 6:00 and 8:00 PM, which coincides with sunset in
Baghdad (around 7:09 PM in July 2016 and 7:10 PM in July 2023), urban surfaces remain significantly warmer
than rural areas due to their higher thermal inertia. Research suggests that even early nighttime data can
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adequately capture the thermal characteristics of urban areas, which facilitates accurate UHI assessments [37, 38].
Rural areas start cooling immediately after sunset, while urban surfaces remain warmer for some time because of
their higher thermal inertia, thereby maintaining a distinct temperature contrast. Studies based on MODIS and
Landsat data have proven that urban-rural temperature differences are significant soon after sunset, reinforcing the
importance of capturing this difference for UHI studies [39, 40]. Although Sentinel-3 data were acquired before the
full nighttime cooling phase, delayed heat influx from urban areas guarantees that temperature differences will
remain detectable.

The Sentinel-3 images were used to perform a temporal analysis and examine changes in UHI in relation to urban
development patterns. After downloading the images, they were corrected using the Sentinel Toolbox within the
Sentinel Application Platform (SNAP) software, version 9.0.0. The nighttime LST for both dates was then retrieved
for Baghdad. These LST images were subsequently exported in Geotiff format to ArcGIS software, version 10.4.1,
for further analysis. Then, in ArcGIS, we integrated OpenStreetMap data with the LST images to enhance the
analysis.

2.3 Methodology

The applied methodology in this study is presented in Fig.2. In this study, Sentinel-3 LST products are used to
investigate spatial distribution and the intensity of the UHI effect in Baghdad. Pre-processing of Sentinel-3 LST
images has been done with major steps to guarantee data accuracy. First, the subset of the images was done
using SNAP to be limited to the area of interest within the Baghdad region. The images have been reprojected into
UTM Zone 38N to match the Open Street Map infrastructure data layers over Baghdad city. This reprojection
ensures that the LST data matches the OSM layers in space.

The intensity of UHI was assessed based on some reference points outside the city limits that had very few or no
artificial structures; hence, their natural temperatures were low. The values of the LST in urban zones were
subtracted from the average temperature from those reference points to determine the magnitude of the UHI effect
[41, 42]. The UHI images were then exported to ArcGIS software for further analysis.

The main infrastructure layers in OSM were used to segment Baghdad into zones (Fig.1). Major roads and urban
districts formed the absolute physical base in the zone boundary, and each zone consisted of a mix of residential,
commercial, and industrial land uses. The segmentation was done to capture the variety in each zone regarding
the density of buildings, road networks, and green spaces.

Building density for each zone was calculated based on OSM vector data which represents the current urban
setting. OSM has been acknowledged to offer global coverage and instantaneous information in which volunteer
contributions ensure data validity, even in fast-developing areas[43, 44]. Through this collaborative methodology,
accurate updates can be made, making OSM a highly reliable source for any type of urban studies[45]. Detailed
building footprint data within each zone were used to quantify urbanization effects on UHI. The total built-up area
was extracted using ArcGIS by taking the sum of the area of all building polygons in square kilometers (km?2).
Building density was calculated as a ratio of the built-up area over the total land area of the particular zone such as
follows:

__ Total Built up area (km?)
Total Zone Area (km?2)

The building density (%) x(100) (1)

The areas of green spaces such as farms, meadows, orchards, grass, and greenery were estimated to give an idea
about the distribution and magnitude of areas with green spaces in different zones, considering the share of the
green spaces in each zone in relation to the total area of the specific zone. This analysis reflects the current state
of urban greenery, as it is based on OpenStreetMap (OSM) data, which is constantly updated through global
contributions. Therefore, the green-space ratio for each zone represents the sum of the areas of the green spaces
within the zone, divided by the total area of the zone, as follows:

Area of Green Spaces (km?)
Total Zone Area (km?)

Green Space Ratio (%) = x(100) (2)

Road density was calculated for each zone to assess the influence of roads on UHI. It is defined as the length of
all roads in the unit area of each specified zone divided by the overall area of that zone. This categorization has
helped quantify the contribution of road infrastructure to the UHI effect. Given that OSM is constantly updated to
reflect existing situations, using OpenStreetMap data ensures that this analysis will reflect the existing road
network.

__ Totallength of roads (km)
Total Zone Area (km?2)

Density of Roads €))

Before conducting statistical analysis between UHI and other variables (building density ratio, green space ratio,
and road density), zonal statistics were performed using ArcGIS to obtain the mean UHI values for each zone. This
provided a summary measure of UHI for each segmented area. Subsequently, Pearson correlation analysis was
conducted to determine the relationships between UHI intensity and urban infrastructure variables, such as building
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density, road density, and green space ratio. A significance level of p < 0.05 was used to assess the statistical

validity of the correlations.
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Fig. 2. Methodological Workflow for UHI Assessment

Integration of Sentinel-3 LST data with Open Street Map vector data allows an in-depth spatial analysis of urban
infrastructure with respect to temperature patterns. This technique provides a new light on the relationship between
UHI intensity and other planning parameters in different zones, demonstrating its versatility for urban sustainability
research.

3 RESULTS AND DISCUSSION
3.1

Based on data from OSM, the following land use distribution in Baghdad city has high information value about the
urban structure and its contribution to the UHI effect. Five main land uses dominate Baghdad city: residential,
commercial, industrial, green spaces, and infrastructure/construction surfaces, as shown in Fig.3.

Land use classification in Baghdad city
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Fig. 3. Land use classification map of Baghdad City
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Residential areas are concentrated within the municipality border, with most of the green spaces outside, and
therefore pose a considerable challenge and opportunity in urban planning. The highly concentrated residential
zones within the city contribute to the heat island issue since high building and infrastructure concentration in an
area tends to trap heat. This effect is enhanced by limiting green spaces throughout the municipality, which
constrains the natural cooling effect of vegetation. This causes the core area to be hotter than the outskirts of the
urban area, which tends to be cooler due to the greater prevalence of green spaces.

The other land use classes, such as commercial, industrial, infrastructure, and water bodies, play an essential role
in configuring Baghdad's urban environment. Commercial and industrial areas are relatively small compared to the
total area but are likely to be dispersed throughout the city; hence, they contribute to the localized heat due to high
activity levels and energy use. Infrastructures and construction areas are highly dispersed in the municipality, which
can be considered as the continuous development and extension of the city. Even though these places were to be
used for urban development purposes, they tend to replace green spaces, which could worsen UHI. The difficulty is
mainly related to the balancing development of infrastructures with the need for green spaces to make the urban
environment sustainable. In general, this distribution of land use classes indicates a very complex urban
environment in Baghdad, whereby the different classes of land use are highly concentrated inside and outside the
municipality border, thereby highly influencing the city's microclimate and quality of life.

3.2 Road network map

The road network in Baghdad city, especially within the municipality borders, is highly concentrated with roads,
particularly residential ones, compared to areas that extend to the governorate borders (Fig. 4). This indicates that
the urban core of Baghdad has a very high density of streets within its municipality boundary, showing the dense
population and increased urban development in the area. It likely supports the residents' daily mobility needs to
access residential areas, commercial centers, and essential services.

This effect is reversed once outside municipality borders, where the road network significantly thins, showing a
transition from urban to more rural. The less-dense network heightens the expectation of lower intensities of
development, probably larger, less frequent road types that connect distant localities rather than service densely
residential neighborhoods. The bringing of road concentration within the municipality underpins the urban-centric
development pattern of Baghdad, which is highly concentrated on infrastructure investments in the city core as a
supporting role of its major functions for economic, social, and political activities.
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Fig. 4. Road network distribution in Baghdad City
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3.3 UHI Intensity and distribution

After dividing the study area into several zones using Open Street Map vector layers, the mean UHI for each zone
was calculated from Sentinel-3 UHI images in ArcGIS using the zonal statistics tool, as illustrated in Fig. 5. The UHI
intensity maps illustrate clear patterns across Baghdad and hotspots in certain areas. Remarkably, it is noticed that
the zones, which are confined within the heart of the urban center, show outstandingly high values of UHI,
indicating strong heat retention. Contrasting that, the rural zones on the city's outskirts present lower UHI values.
Such UHI intensity differences outline the effect of different urban densities and types of land use: higher
temperatures were found in more central areas because of high infrastructure concentration and very scarce green
spaces. More vegetation and open spaces regained lower temperatures in rural zones. Higher UHI values have
clustered in central urban areas dominated by high-density residential and commercial classes. This provides little
green space to cool down the environmental temperature, though a high concentration of buildings, roads, and
infrastructure usually dominates it. The dense network of roads within the municipality's borders, especially the
residential and commercial areas, contributes significantly to the trapping of heat and, hence, the higher values of
UHI in these regions. In contrast, outskirt areas with abundant green space and less intensive land use display
lower values of the UHI.
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Fig. 5. Urban Heat Island (UHI) intensity maps of Baghdad City for the years (2016 and 2023)
3.4 Correlation between urban infrastructure and UHI

The zoning of Baghdad facilitates the distribution analysis of urban infrastructure and its effect on the Urban Heat
Islands UHI. The zone definition allows a practical study to be carried out on the influence of building density, road
networks, and green spaces on local temperature variations. The analysis utilizes OpenStreetMap (OSM) data, an
up-to-date source that reflects current land use, and it focuses on the 2023 UHI image to confirm that results reflect
the present conditions of the city. The UHI patterns of 2016 can be used as a baseline for historical reference;
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however, OSM data reflects land use in the most recent period and, therefore, is more appropriate for giving
context to the current land relationship between urban infrastructure and UHI. Because land use and urbanization
have changed significantly between 2016 and the present, applying OSM land use data to analyze UHI patterns
from 2016 will not provide a valid picture of what existed at that time. This methodology aligns UHI analysis with the
latest urban features, thus clarifying how present-day infrastructure contributes to UHI, making feasible area-
specific mitigation design recommendations for different zones within Baghdad.

34.1 Influence of building density on UHI intensity

The urban density in a polygon is calculated as the ratio between the area covered by buildings and the total area
of the polygon. It measures the proportion of area utilized for urban purposes and reflects the intensity of land use.
Urban density is an indication measure that has been considered essential for the proxy understanding of the
pattern of UHI as an indication of the level of urbanization in an area. This clearly shows how much of the land is
covered by building structures- a good indicator of how urbanization affects local climate patterns.

As shown in Fig. 6, the significant positive correlation strongly demonstrates the dependence of building density on
the UHI, with a correlation coefficient of +0.89. This high correlation value reflects that with an increase in building
density, the intensity ascertained by UHI consistently increases, underlining strong urbanization influence on local
temperature patterns. Higher building densities come with more impervious surfaces that absorb and retain more
heat than natural landscapes. Therefore, these areas usually record higher temperatures than other regions,
exacerbated by the reduced air circulation that traps heat. The strong correlation of +0.89 confirms the strong
association between building density and UHI intensity, underscoring the important role of densely built
environments in driving local temperature increases. Clearly, this relationship illustrates well that urbanization,
especially in a highly built-up form, is one of the major causes of the origin and development of UHIs.
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Fig. 6. Correlation and distribution map showing the relationship between building density and UHI intensity in
Baghdad City

3.4.2 Role of green spaces in modulating UHI

This study focused only on green spaces and road density within municipality boundaries since the UHI intensities
are already observed to be lower in rural areas (Fig.5 and 6). The most practical reason for this is that urban areas
have denser infrastructure and fewer green spaces, making them particularly vulnerable to high temperatures.
Therefore, narrowing the scope of the study to an urban area allowed to address the most urban-affected areas of
the UHI, where introducing more green spaces would be effective.
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Estimating the ratio of green spaces in a polygon involves determining the area covered by green spaces like
parks, agricultural land, meadows, orchards, grasslands, and greenery and then dividing it with the overall area of
the polygon. This ratio is expressed as a percentage, indicating the proportion of land occupied by green spaces.
Understanding this scale is critical to assessing the role of vegetation in mitigating UHI effects.

Green space is the most influential factor in mitigating UHI impacts. Vegetation in the urban area will cool the
surrounding temperatures through evapotranspiration and shading. While impervious surfaces absorb and retain
heat, the green spaces release air moisture into the atmosphere, further cooling the air and lowering ambient
temperatures within the locality. Fig. 7a and ¢ show that higher green space ratios tend to lower UHI intensities,
which underlines the effectiveness of green spaces in moderating urban temperatures and improving thermal
comfort. This is further supported by the fact that the green space ratio and UHI intensity correlation stand at -0.56,
meaning there is a moderate inverse relation: with an increase in green space, there is a decrease in UHI intensity
and vice versa.

3.4.3 Impact of road networks on UHI

Road density, defined as the total length of roads per unit area within each zone, has been calculated and is
accompanied by UHI values that reflect the degree of temperature anomalies or heat accumulation in these areas.
An analysis of road density and the UHI relationship reveals a strong positive correlation of approximately 0.823
(Fig. 7 b and c). This significant correlation indicated that those zones with higher road densities may exert a more
intensive UHI effect. These findings have important implications for urban planning, showing that consideration
must be released on the impact of road infrastructure on the pattern of urban heating.
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Fig. 7. The influence of green space and road density on Urban Heat Island (UHI) intensity in Baghdad City. (a)
The relationship between green space and UHI intensity. (b) The relationship between road density and UHI
intensity. (c) A distribution map displaying the spatial effects of green space and road density on UHI intensity

across the city

3.5 Temporal changes in UHI

The UHI observations for Baghdad from 2016 to 2023 (shown in Fig. 5) depict a significant increase in the UHI of
the majority of the city. During this period, the average change in UHI across all assessed regions is an increase of
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about 1.34°C. More specifically, zones within the municipality boundaries show a stronger rise, with the average
UHI rising by 2.6°C, indicating the effects of rapid urban expansion and land transformation in recent years.

However, some areas showed different patterns. Zone 1, for example, shows a decrease in the intensity of the UHI
values, falling from 1.15°C in 2016 to 0.30°C in 2023. This contrasts with the overall upward trend and suggests
that local factors, for instance, land use change, potential increase in green space, or infrastructure development,
all contributed to the local cooling. This phenomenon supports previous findings that while urbanization overall
amplifies the impacts of UHI, rural areas expose a cooling trend due to the increased vegetation cover, lower
population density, or land management practices that retain less heat [14, 46].

More evidence indicates that the cities of Baghdad suffer the most from urban heat due to the growth of dense
infrastructure and the reduction of green spaces. Some rural and peri-urban areas might show declining trends for
urban temperatures because of environmental planning and microclimate regulation[47, 48], but this local decline
within zone 1 indicates how spatial variation in land use and urban planning can drive urban temperature trends,
thus highlighting the need for specific mitigation strategies to manage the temperature disparity between the
different regions of the city.

3.6 Implications for urban planning
3.6.1 Urban design and planning considerations

Increased Urban Heat Island Intensity from 2016 to 2023 reflects critical urban design and planning concerns.
Rapid urbanization has exacerbated UHI by expanding developed areas and shrinking natural space, mainly in the
most populated regions. The current scenario calls for re-evaluating urban planning strategies to harmonize
environmental sustainability with economic and social development. Urban planners need to implement appropriate
measures to balance population and economic growth with the environmental implications of urban sprawl.
Coherent development strategies must be incorporated to match economic growth with social welfare and
ecological conservation in sustainable urban planning, especially at the urban-rural boundary [49].

3.6.2 Policy implications and recommendations

Public authorities should pay more attention to park and green territory design and conservation in cities, including
green infrastructure, as the core of development policies within urban areas. Such measures may be exemplified
by extending parklands, encouraging green roofs, and preserving natural landscapes to mitigate the heat retention
effect from a heavily built-up environment [50-52]. In addition, urban road network development should incorporate
a UHI effect mitigation strategy. This could include reflectivity and permeable materials on the surface of the roads
and tree-lined streets with shade to decrease the surface temperature. Some studies show that street geometry
and material changes could reduce UHI in cities [53, 54]. Other strategies could be compact and mixed-use
developments that minimize impervious surface area. Each will reduce large road network demands, thereby
mitigating UHI.

These urban planning strategies can only be actively implemented by coordination and cooperation among
policymakers and planners. Policymakers should establish incentives to encourage green infrastructure integration
into urban development projects [55]. These can involve tax breaks or grants to those initiatives that include green
roofs, urban parks, and permeable construction materials. Additionally, regulations should be implemented to limit
urban expansion and require new areas to contain sufficient green spaces, emphasizing sustainable land use
practices that balance urban growth and environmental protection. This requires reorganizing urban development
to limit or at least reduce the negative impacts of urban expansion and ensure sustainable urban growth [56].
Public awareness campaigns are also being promoted to support them educating residents about the benefits of
green infrastructure and energy-efficient practices which can ensure community support for strategies to mitigate
the effects of UHI.

3.7 Mitigation strategies
3.7.1 Enhancing urban greenery and reflective materials

Increased greening of the urban environment by parks, gardens, and even green roofs is crucial for mitigating the
Urban Heat Island effect through decreasing surface and air temperatures, especially in any part of the city with a
greater population and thus more excellent heat retention. Moreover, using reflective materials on building and
road surfaces will significantly reduce ambient temperatures by reducing heat absorption [57]. This is effective in
highly built-up surface areas, such as along main roads [58]. Land use contexts make these varied approaches
differ in efficiency. For instance, while increased vegetation provides cooling efficiency in residential areas, using
reflective materials may serve better in commercial and industrial zones where space is often limited.

3.7.2 Promoting energy-efficient practices

Encourage energy-efficient building materials and designs, like reflective roofing and improved insulation, which
can reduce air conditioning demands, thus lowering overall heat emissions [59]. Reflective roofing materials used
in cool roofs manage to reflect more sunlight without much heat absorption. In effect, they significantly reduce
cooling demand in buildings by at least improving insulation that minimizes heat transfer, reducing overall energy
consumption in cooling.
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Beyond mitigating UHI, these energy-efficient practices are most likely to reduce greenhouse gas emissions, lower
household energy costs, and improve indoor comfort for the residents [60]. Such practices will be paramount in
making the urban environment sustainable through the reduction of environmental impact from buildings while
offering a better quality of life with comfortable indoor temperatures in a world with lower utility costs. The
incorporation of energy-efficient strategies into the processes of urban planning is an essential consideration for
addressing long-term sustainability goals [61].

3.7.3 Strategies for rural conservation and sustainable development

Protecting natural landscapes in rural areas is very important for ecological balance and the support of biodiversity.
Nature conservation areas provide the critical function of preservation of local climates in these places, which may
mitigate the extension of UHI effects to their regions [62]. Enhancing environmentally friendly rural development
while using sustainable agriculture and land use practices to manage pressures due to urban growth is also
necessary. This must be accomplished by carefully preserving natural habitats and reducing environmental impacts
from infrastructure development in road network planning [63, 64]. While urban areas are expanding further, it is
crucial to seek a balance between their growth and the preservation of natural landscapes. This will involve
infrastructure planning that does not overburden rural areas with unimportant projects and steps to ensure that
urbanization is not carried out at the cost of environmental sustainability [65].

4 CONCLUSIONS

The current study considers the UHI effect in Baghdad, confirming the predominant role of urbanization in
enhancing temperature at a local scale. Integrating data from the Sentinel-3 satellite on LST with the information on
urban infrastructure from OSM made it possible to map UHI's spatial and temporal dynamics within Baghdad's
urban areas between 2016 and 2023. Results indicated that higher building and traffic density are associated with
the positive intensity of the UHI urban heat island while the green area is vice versa. Specifically, high building and
road densities magnify the intensity of urban heat islands. In contrast, a decrease in the area of greenery would
enhance the UHI. Over seven years, the considerable increase in UHI intensity points to rapid urbanization's
impact on the city's microclimate.

The study highlights the necessity of incorporating sustainable urban planning approaches that focus on
maintaining and extending green spaces and incorporating reflective materials into the construction of urban
amenities as a viable measure for attenuation of UHI effects. The results of this study are appropriate for urban
planners and decision-makers within Baghdad because they present useful, applicable knowledge for enhancing
urban resilience and promoting public health. Furthermore, the methodology developed in this research might be
easily adapted for other cities with similar challenges and thus further contribute to a broader discussion related to
sustainable cities in response to climate change and rapid urbanization.
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