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Abstract. This study investigates green infrastructure strategies to mitigate urban heat island effects in the
Pagaalan1 neighbourhood of Balikesir, Tiirkiye. The research was structured in three stages. First,
neighbourhood-scale land use/land cover (LULC) changes were analysed for 2000, 2013, and 2024.
Second, land surface temperature (LST) patterns for the same years were evaluated to assess the thermal
consequences of urban transformation. The results revealed a substantial increase in built-up areas, a
marked decline in vegetation cover, and an expansion of high-temperature zones, with LST values ranging
from 33.20 to 40.31 °C. Third, ENVI-met simulations were conducted in a selected sub-area under three
scenarios: baseline, deciduous vegetation, and coniferous vegetation. While thermal differences were
limited at 07:00, more pronounced variations emerged later in the day. At 10:00, the baseline scenario
showed localised heat accumulation over impervious surfaces, whereas deciduous vegetation generated
broader cooling zones. At 13:00, the deciduous scenario recorded the lowest minimum potential air
temperature (28.70 °C), while the coniferous scenario exhibited a wider extent of temperatures above
31.52 °C. By 16:00, deciduous vegetation maintained the strongest cooling effect, producing a more
thermally balanced microclimate. These findings highlight green infrastructure as a critical strategy for
enhancing urban thermal resilience and sustainability.

Keywords: /andscape planning, urban heat island (UHI), land surface temperature (LST), blue-green
infrastructure, ENVI-met, ecology, sustainability and energy-efficient design in architecture

Introduction

Increasing population pressure accelerates urban development activities aimed at
meeting essential needs such as housing, transportation, and other fundamental services
(Sun et al., 2024; Ogunbode et al., 2025). Not only population growth but also the broader
processes of globalization have accelerated the spatial expansion of urban areas, leading
to a continual increase in the built environment. This transformation is reshaping the
physical morphology of cities, whilst also having a significant impact on changes in land
use and land cover (LULC), as well as environmental sustainability (Lambin et al., 2001;
Senik and Uzun, 2022; Hua et al., 2024). This process is leading to significant changes in
land-use patterns, particularly in regions experiencing rapid urbanization, and is
reshaping the spatial organization. The changes that have occurred over time have created
significant pressures on the urban ecosystem. This has resulted in an increase in building
density and the proliferation of impervious hard surfaces, while concomitantly leading to
a decrease in green spaces (Ahiablame et al., 2012; Liu et al., 2017; Kim et al., 2024;
Hepcan et al., 2025). In addition, the increase in building density and population is
resulting in a substantial rise in the city's total energy demand. The reliance on non-
renewable energy sources for meeting energy demand leads to increased carbon
emissions and other harmful greenhouse gases in the atmosphere. This, in turn,
accelerates global climate change while simultaneously intensifying the urban heat island
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(UHI) effect at the local scale (Nikolopoulou and Steemers, 2003; Olah, 2012; Yuan et
al., 2022; Agson-Gani, 2025). The phenomenon of UHI causes both surface and air
temperatures in city centres to reach significantly higher levels than in surrounding rural
areas. This situation has a negative impact on thermal comfort conditions in urban open
spaces, which are crucial for human health (Yang et al., 2016; Qian and Li, 2023; Tagil
et al., 2024). A large number of scientific studies conducted on this subject have found
that surface temperatures in densely built-up urban areas are significantly higher than in
the surrounding rural landscapes. In this context, the continued and uncontrolled
expansion of urban areas not only undermines ecological sustainability but also exerts
adverse impacts on human health and overall quality of life (Kushwaha, 2021; Liu et al.,
2022; Popa et al., 2022).

The literature has extensively demonstrated that high-rise development intensifies the
UHI effect, with areas characterized by dense clusters of multi-storey buildings exhibiting
substantially greater thermal loading compared to zones dominated by low-rise structures
(Peng et al., 2012; Yao et al., 2017; Unsal et al., 2024). This situation is associated with
a high degree of building density, which limits wind circulation and, consequently,
reduces natural ventilation. This alters the balance between solar radiation and reflection
and increases anthropogenic heat emissions (Lee et al., 2014; Diren et al., 2022). Research
aimed at mitigating the heat stress specific to urban canyons indicates that strategies such
as increasing vegetated areas, employing high-albedo surface materials, integrating
shading plant species, and implementing blue—green infrastructure (BGI) systems are
effective in reducing the intensity of the UHI effect and enhancing outdoor thermal
comfort (Nuruzzaman, 2015; Oropeza-Perez and Ostergaard, 2018; Lai et al., 2021; Yin
et al., 2023; Ramer et al., 2025). Furthermore, a review of the literature reveals that
strategies such as the implementation of reflective coatings, the incorporation of shade-
providing vegetation, and BGI systems have been demonstrated to effectively mitigate
the severity of the UHI, while also significantly enhancing outdoor thermal comfort
conditions in urban areas (Gunawardena et al., 2017; Budzik et al., 2025). In this context,
Land Surface Temperature (LST) a critical parameter for evaluating urban microclimatic
conditions is an indicator derived from satellite-based remote sensing that reflects the
thermal properties of surfaces and their contribution to the surface energy budget
(Algretawee et al., 2019; Li et al., 2025). LST provides researchers with a significant
analytical tool with which to determine the spatial patterns of the UHI by accurately
revealing differences in building density, material properties, vegetation distribution, and
shading conditions (Taloor et al., 2024; Xiong et al., 2025). Studies emphasize that, in
particular, BGI solutions provide multifaceted benefits by reducing LST values,
preventing flood events, and enhancing ecosystem services. Accordingly, accurately
planning, designing, and managing the relationship between urban morphology and local
climate supported by LST-based analyses is regarded as a critical determinant in the
development of sustainable, climate-adaptive, and resilient cities (Hamel and Tan, 2022;
Siehr et al., 2022; Lan et al., 2025).

The planning and design of green infrastructure systems aimed at mitigating the UHI
effect require a comprehensive and detailed analysis of current climatic conditions and
LULC (Zhang et al., 2018). In this process, the use of advanced simulation models
capable of accurately representing microclimatic variables is crucial for ensuring that
planning and design decisions at the urban scale are grounded in robust scientific
evidence. While monitoring-based approaches provide a valuable analytical tool for
assessing thermal comfort conditions in urban areas in relation to the UHI, LST analyses,
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in particular, constitute a critical indicator for revealing the intensity and spatial
distribution of the UHI, as they objectively and spatially represent the thermal behavior
of urban surfaces. LST provides a fundamental reference for the current state of the urban
microclimate by accurately determining the thermal responses of different surface
materials, vegetation density and shading conditions through remote sensing (Yan et al.,
2024; Rahimi et al., 2025). Among the most widely employed methods for assessing
urban thermal comfort in scientific studies, the ENVI-met model enables high-resolution
spatial and temporal analyses of microclimatic variables (such as air temperature, relative
humidity, wind fields, and mean radiant temperature (MRT) owing to its capacity to
simulate interactions between the atmosphere, surfaces, and vegetation in three
dimensions (Salata et al., 2016; Yilmaz et al., 2018). Thanks to its capacity to model
atmosphere, surface, vegetation interactions in three dimensions, ENVI-met enables the
analysis of microclimatic variables at high spatial and temporal resolutions and provides
an important methodological framework for evaluating the effectiveness of green
infrastructure strategies (Simon et al., 2018).

The aim of this study is to analyze the formation and dynamics of the urban heat island
effect in the Pasaalan1 neighborhood of Karesi district, Balikesir province, using LULC
and LST data, and to identify the potential role of green infrastructure applications in
mitigating this effect using the ENVI-met simulation model. The study adopted a multi-
scale analytical approach. In this context, LULC and LST data from 2000, 2013, and 2024
were analyzed to identify LULC changes and surface temperature trends in the
neighborhood. This large-scale LULC and LST analysis provided the basis for the
microclimatic investigations conducted in Pasaalan1 Neighborhood; after examining the
existing urban fabric within the identified sub-area, two different green infrastructure
scenarios were developed. The first scenario is based on planting arrangements using
deciduous species, while the second relies on coniferous species. The microclimatic
impacts of both scenarios were comparatively analyzed using the ENVI-met model. The
assessment of the existing conditions together with the proposed green infrastructure
configurations aims to provide a scientific basis for planning and design processes by
revealing the effectiveness of different plant species in mitigating the urban heat island
effect. Additionally, this study is expected to contribute to the development of strategies
and solution proposals for reducing urban heat islands in Pasaalan1 Neighborhood, where
building density has been increasing. The original contribution of this study arises from
its integrated analytical framework, which evaluates the urban heat island effect through
a multi-scale approach. LULC and LST analyses conducted at the neighborhood scale for
the years 2000, 2013, and 2024 reveal the long-term thermal trends of Pasaalami
Neighborhood, while micro-scale ENVI-met simulations within a selected sub-area
provide a detailed assessment of the impacts of green infrastructure scenarios on the local
microclimate. The combined interpretation of LULC, LST and ENVI-met results offers
a comprehensive framework rarely addressed in the literatiire on how regional thermal
trends can be transformed through micro-scale interventions, and presents, for the first
time in Balikesir, a scenario-based urban climate assessment.

Materials and methods
Material

Residential buildings in Yasamkent and the surrounding area, situated in the Pagaalani
neighbourhood which has been designated as the study area are located along the urban
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expansion axis of Balikesir, one of Turkey’s major provinces, and fall within the
administrative boundaries of the Karesi district. The study area is geographically located
between 39° 39" 40.94" and 39° 39’ 32.27" north latitude and 27° 54" 30.07" and 27° 54’
40.65" east longitude. Over the past three decades, Pagaalan1 Neighborhood has become
a significant residential zone within the westward spatial growth trajectory of Balikesir.
Such peripheral expansion, commonly observed in medium-sized Anatolian cities, is
often associated with increased development pressure along urban fringes and the
consequent transformation of natural areas (Aydin, 2009; Giliney, 2018). The population
of Karesi district stood at 80,500 people in 2000, rising to 167,549 people by 2013. By
2024, the population had reached 190,427 people. Similarly, the population of Pasaalani
neighbourhood has also increased over the years. In 2000, the population of Pagaalani
Neighbourhood was around 9,000 people; by 2013, it had reached 21,119 people, and by
2024, it had reached 30,816 people. This demonstrates that there has been a significant
increase in population over the years in both Karesi District and Pasaalani
Neighbourhood. The location of the study area and the images are shown in Figures I
and Figure 2.
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Figure 1. Location of the study area

Prior to 2005, the study area was predominantly characterised by agricultural
activities. However, following the issuance of planning permission from that date
onwards, a rapid urban transformation process was initiated, resulting in a substantial
increase in construction activities. Areas previously used for agricultural activities have
been replaced by extensive impervious surfaces as a consequence of the urban
development process. When the study area is evaluated in terms of its climatic
characteristics, it is located within the transition zone between the Mediterranean and
Marmara climates. This zone is defined by hot, dry summers and mild, rainy winters. The
mean annual temperature ranges between 14 and 15 °C, while the average annual
precipitation is approximately 600-700 mm (Balikesir Regional Directorate of
Meteorology, 2025). In recent years, temperatures exceeding 35 °C have become
increasingly frequent during the summer months, thereby intensifying the urban heat
island (UHI) effect, particularly in areas with high building density.
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Figure 2. Images relating to the study area

Methods

This study is structured around three main methodological stages, each comprising a
series of analytical steps leading to the final results. In the first two stages of the method,
LULC and LST analyses for the Pagaalan1 neighbourhood were conducted for the years
2000, 2013 and 2024 using Remote Sensing (RS) and Geographic Information Systems
(GIS). In the third stage of the method, the ENVI-met model is used to simulate 4-hour
potential temperature dynamics for the current conditions within the study area and for
two alternative vegetation scenarios. These scenarios include a design utilising coniferous
species and a design utilising deciduous species. All the datasets obtained were
subsequently evaluated in an integrated manner.

In recent years, the combination of LULC analysis, LST assessment and advanced RS
techniques has emerged as an effective approach to understanding ecosystems in urban
areas. Furthermore, the integrated use of RS and GIS plays a significant role in
interpreting the relationship between LULC and LST (Lou et al., 2025; Arsiso, 2025).

In the first stage of the method, satellite imagery from 2000, 2013 and 2024 was used
for LULC analysis, alongside the Random Forest (RF) algorithm, a machine learning-
based classification method. The RF algorithm is among the most widely used
classification methods in LULC analysis in recent years (Purwanto et al., 2022). RF is a
classification method based on the combination of decision trees and is known for its high
accuracy rates. Each decision tree performs calculations regarding the dominant class unit
to classify specific classes based on the training data used as input (Av1 et al., 2023;
Ewunetu and Abebe, 2025). Within the scope of this study, LULC analysis was carried
out in five main stages: data acquisition, creation of training/test datasets, calculation of
spectral indices, classification, and accuracy analysis. Landsat 5 TM satellite imagery for
the year 2000 and Landsat 8 OLI satellite imagery for the years 2013 and 2024 were used
as the data set. Additionally, support was obtained from programmes such as Google
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Earth Engine and Google Earth Pro. In the study, separate models were trained using the
training datasets created for each year, and land cover maps were generated by applying
these models to the satellite imagery of the relevant year. To represent the land cover
classes, 50 random points were selected for each class, and these points were used as
reference data. In the classification, the study area was divided into three land cover
classes. These classes were defined as Built-up, Vegetation and Bare land. During the
classification process, the following spectral bands from the Landsat image were used:
Blue, Green, Red, Near-Infrared (NIR), Short-Wave Infrared 1 (SWIR1) and Short-Wave
Infrared 2 (SWIR2): Furthermore, to better distinguish land cover, the Normalised
Vegetation Index, Normalised Built-up Index, and Bare Land Index spectral indices were
calculated. These indices were derived using combinations of spectral bands and
incorporated as inputs into the classification process.

An accuracy analysis was conducted to evaluate the performance of the classification
results. In calculating the accuracy analysis, Producer’s Accuracy (PA), User’s Accuracy
(UA), Overall Accuracy (OA) and the Kappa Coefficient (Baccari et al., 2024) were used.
The accuracy analysis was carried out using the confusion matrix generated from the test
datasets. The Kappa statistic was used to assess how much better the classification result
was compared to random classification.

In the recent stage of the methodology, LST maps for the study area and its immediate
surroundings were generated for the years 2000,2013 and 2024. The primary purpose of
producing these LST maps was to examine the changes in surface temperatures that
occurred within the district over a 24-year period and to enable a more in-depth
interpretation of the thermal dynamics influencing the region.

For this purpose, the LST was derived using the thermal infrared (TIR), red, and near-
infrared bands of Landsat satellite images from July 20-28. When using Landsat 5 TM
sensor images for the year 2000, the red (Band 3), near-infrared (Band 4), and thermal
infrared (TIR) (Band 6) bands were selected. In 2013, Landsat 8 data were used, and for
this sensor, the red (Band 4), near-infrared (Band 5), and thermal (Band 10) bands were
included in the analyses. Since Landsat 8 was also used for 2024, the bands were defined
as red (Band 4), near-infrared (Band 5), and thermal (Band 10). The TIR bands of both
sensors are highly sensitive to thermal radiation emitted from the Earth’s surface,
enabling the computation of Brightness Temperature (BT), which subsequently forms the
basis for LST estimation. This approach provides a reliable and methodologically robust
framework for extracting surface temperature information from multi-temporal Landsat
datasets and for assessing long-term thermal variations within the study area. All satellite
images were obtained within the scope of the Landsat Collection 2 Level-1 dataset to
ensure data standardization and comparability. This dataset provides imagery that has
undergone geometric and radiometric corrections, sensor calibration, and preprocessing
suitable for temporal analyses. Thus, it enables consistent and reliable analysis of Landsat
data across different years.

In cases where detailed land-cover information is not required, or when the primary
objective of the study is to examine the spatial distribution of surface temperatures, it is
common practice to adopt a constant surface emissivity value. In this approach, the
thermal digital numbers (DN) were first converted into spectral radiance using the sensor-
specific radiometric calibration coefficients. Subsequently, the radiance values were
transformed into Brightness Temperature (BT) through the inverse Planck function,
utilizing the K: and K- thermal calibration constants specific to each Landsat mission.
Surface temperature was then calculated by applying the Single-Channel (SC) algorithm,
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in which BT is corrected using a constant emissivity value (¢ = 0.98). The LST was
obtained using the following equation:
Brightness Temperature (BT) was calculated using the following equation:

K3
BT = In(Ky/ LA+ 1) (Eq.1)
In this equation,;
K1, K2: Satellite sensor-specific calibration constants,
In: Natural logarithm,
LA: spectral radiance,
BT: Brightness temperature (Kelvin).
LST was derived using the Single-Channel (SC) Method, which applies the following
equation:

LST = ——— (Eq.2)

- 1+(Ax%)x1n ©

In this equation,;
BT: Brightness temperature (Kelvin),

p=1.438x107
In: Natural logarithm,
€=0.98,

A = the central (peak) wavelength of the thermal infrared band.

In the subsequent stage of the methodology, the ENVI-met model was employed to
simulate the potential temperature distribution across the study area.

The ENVI-met model, developed by Michael Bruse in 1993, was designed to
reproduce small-scale atmospheric conditions (Bruse and Fleer, 1998; Tsoka et al., 2018).
The ENVI-met climate software is an advanced simulation model that has been used as a
decision support tool in urban design processes, particularly in recent years. The ENVI-
met model can be applied at various scales, ranging from a single building to a
neighbourhood, with a maximum of 250 grids. The model has the ability to simulate
surface-atmosphere interactions in urban environments with a typical horizontal
resolution of 0.5-10 m (Bruse and Fleer, 1998; Ertem Mutlu and Yilmaz, 2024). With the
newly developed plant-as-object approach, vegetation is no longer represented merely as
dispersed grid cells characterized by leaf area density (LAD); instead, plants are modeled
as integrated entities capable of interacting with and dynamically adapting to the
surrounding environmental conditions (Kriiger et al., 2011; Perini and Magliocco, 2014).
This methodological innovation not only enables a more realistic assessment of plant
atmosphere interactions but also facilitates the simulation of key microclimatic processes
such as shading effects, modifications in wind flow, evapotranspiration dynamics, and
radiation balance. The model plays a significant role in the detailed analysis of vegetation
contributions to thermal comfort, the mitigation of urban heat island effects, and overall
microclimatic regulation within urban environments (Ali-Toudert and Mayer, 2007;
Faragallah and Ragheb, 2022).

In this study, a detailed methodological framework was adopted to enable a
comparative analysis of the existing conditions and the proposed green space design
scenarios. In the first stage, a comprehensive field survey was conducted to document the
environmental and physical characteristics of the study area. This included the collection
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of site-specific spatial data alongside up-to-date meteorological observations obtained
from radar, airport, and meteorological station records. To quantify potential temperature,
meteorological data from July were utilized, and the relevant datasets were acquired from
the Balikesir Regional Directorate of Meteorology. In the second stage, the fundamental
datasets required for the modeling process were prepared using the site plan obtained
from the Balikesir Metropolitan Municipality and high-resolution satellite imagery from
Google Earth dated 2025. These datasets were subsequently integrated into a three-
dimensional urban morphology model using the ENVI-met BIO+ Science version,
through which the geometric configuration of the area, surface cover characteristics, and
material parameters were defined in detail. As shown in Table I, the ENVI-met model
input data set comprises a series of variables pertinent to the study.

Table 1. ENVI-met model input data

Location Balikesir/Karesi
Climate type Transition ecosystem
Simulation time July
Total simulation duration 7:00 am, 10:00 am, 13:00 pm, 16:00 pm
Spatial resolution 2m x 2m X 2m
Study area size 167.390.16 m?

Two distinct green infrastructure scenarios were developed for the study. The first
scenario is based on planting arrangements utilizing deciduous species, while the second
scenario incorporates coniferous species. In the final stage, microclimatic outputs were
visualised using the Visualise Results (Leonardo) module for spatial evaluation. Based
on the prepared model inputs, INX (input) and SIMX (simulation) files were generated,
and simulations were run for every 4 hours (7:00 am, 10:00 am, 13:00 pm, 16:00 pm).
This numerical modelling enables the calculation of fundamental parameters at the
microclimatic level, such as air temperature, relative humidity, wind speed, surface and
wall radiation, and potential temperature. The total study area covers 167.390.16 m?. In
its current state, 27% of the area is occupied by buildings, while 32% is allocated to road
infrastructure. In the second simulation, where deciduous species were integrated into the
vacant areas, the proportion of green spaces increased to 12%. A comparable procedure
was applied in the simulation involving the selection of coniferous tree species. In the
existing condition, the absence of tree and shrub communities, along with the presence of
only limited lawn surfaces and groundcover species, is noteworthy. However, due to the
insufficient ecological functionality and spatial density of this vegetation, it was not
included in the modeling and analytical processes. In addition, in the second scenario,
deciduous tree species were introduced, consisting of 30 Platanus orientalis and 30 Tilia
tomentosa. In the third scenario, coniferous species were used, including 30 Pinus pinea
and 30 Pinus nigra. In both vegetation scenarios, a total of 60 trees were planted with a
spacing of 5 m between trees. The trees were modeled with a height of 10 m and a crown
diameter of 6 m and were evenly distributed across the study area to ensure consistent
comparison of the cooling performance of different vegetation types. The method flow
chart is presented in Figure 3.
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Figure 3. Method flow chart

Results

An examination of the temporal changes in the LULC analyses for the years 2000,
2013 and 2024 reveals, as shown in Figure 4, that the Pasaalan1 neighbourhood and the
study area have been affected by urban development, and that urban green spaces have
gradually given way to further development over time. When LULC changes are
examined on a hectare-by-hectare basis (Table 2), it is evident that built-up areas within
the study area increased significantly between 2000 and 2024. Built-up areas increased
by 57.1% between 2000 and 2013, and by a total of 58.8% between 2000 and 2024. The
decline in vegetation areas over time is striking. A decrease of 64.8% occurred between
2000 and 2013, and a decrease of 75.3% between 2000 and 2024. This situation indicates
an intensive land conversion process, particularly during the initial period (2000-2013).
When bare land areas are examined, a 50.7% increase was observed during the 2000—
2013 period, whilst a 13.2% decrease occurred during the 2013-2024 period.
Nevertheless, there has been a net increase of 30.9% in bare land areas over the 2000—
2024 period as a whole.

The overall accuracy and Kappa coefficient values, which were primarily used in the
accuracy analysis, were calculated when evaluating the land use and land cover (LULC)
classification results for the years 2000, 2013 and 2024 (Table 3). The calculation results
revealed that the highest overall accuracy (97.7%) and Kappa coefficient (0.96) values
were recorded for the year 2024.

In the study, a comparative analysis of LST distributions for the years 2000, 2013 and
2024 was carried out at neighbourhood level, revealing a significant change in
temperature between the three periods (Figure 5). It was determined that the LST values
for the three years examined in the study ranged from 33.20 to 40.31 °C. Furthermore, it
was observed that surface temperatures within the 38.50—40.31 °C range were recorded
over a wider area between 2000 and 2024. This indicates that LST values have increased
in line with the growing level of urbanisation in the neighbourhood. Furthermore, LST
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values in the area of the selected Yasamkent residential buildings within the
neighbourhood were measured at 33.20-35.57 °C in 2000, 36.66—-37.52 °C in 2023, and
38.00—40.31 °C in 2024. The rise in temperatures observed in the Pasalan1 neighbourhood
and the Yasamkent residential buildings can be regarded as the result of multifaceted
environmental processes. However, LULC analyses reveal that, over a 24-year period,
LST values have also increased as a result of built-up development.
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Figure 4. LULC maps for the years 2000, 2013 and 2024

Table 2. Changes in land use/cover between 2000, 2023 and 2024, expressed in hectares

Year Built-Up Vegetation Bare Land
2000 240.04 332.25 353.16
2013 277.38 117.81 532.26
2024 381.78 82.89 462.78
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Table 3. LULC classification accuracy analysis

Overall Kappa Built-up Area |Vegetation (PA Bare land
Years
accuracy Coefficient (PA /UA) / UA) (PA/UA)
2000 %95.9 0.93 %91.6 / %91.6 | %95.2/%95.2 | %100/ %100
2013 %96.5 0.94 %92.3 /%100 | %100/%100 | %100/ %88.8
2024 %97.7 0.96 %100 /%100 | %100/ %93.7 | %93.7/ %100
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Figure 5. LST maps for the years 2000, 2013 and 2024

Moreover, the primary rationale for employing LST analysis in this research lies in its
capacity to integrate small-scale temperature variations with broader (neighbourhood or
district) thermal dynamics. In doing so, microclimatic changes can be interpreted more
objectively and consistently in relation to regional thermal patterns, enabling a more
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robust assessment of spatial temperature heterogeneity and its environmental
implications.

In the next stage of the study, three scenarios were designed (Figure 6) using the
ENVI-met microclimatic simulation software to evaluate the potential contributions of
green infrastructure practices in mitigating the urban heat island (UHI) effect, and the
study area was selected as Yasamkent residential buildings and its immediate
surroundings, located in the Pagaalan1 neighbourhood of Balikesir Province.

Figure 6. (a) Existing condition of the study area. (b) Vegetation design scenario developed for
ENVI-met simulations. In the design scenario, the planting areas were kept identical to the
existing layout, while only the tree species were modified to represent deciduous and coniferous
alternatives

In the study, the first scenario represents the existing spatial condition characterized
by a high proportion of impervious surfaces and limited vegetative cover. In the second
scenario, the green infrastructure was enhanced by integrating deciduous tree species into
currently vacant urban spaces. The third scenario, in contrast, involved the incorporation
of coniferous tree species into the same areas. All three scenarios were modeled over a 4-
hour period, and the resulting outputs were mapped through ENVI-met’s Leonardo
module and subjected to comparative analyses. In the comparative evaluation of the three
scenarios, potential air temperature distributions were assessed using the map outputs
corresponding to morning hours (07:00 and 10:00), noon (13:00), and afternoon (16:00).
The evaluation results are presented in Figure 7, Figure 8, Figure 9, Figure 10.

An examination of the simulation outputs obtained at 07:00 (Figure 7) reveals no
substantial differences in potential air temperature between the existing condition and the
proposed scenarios. The observation that the minimum and maximum potential
temperatures of the Baseline, Deciduous Vegetation, and Coniferous Vegetation
simulations range between, 22.59-23.73°C, 22.40-23.74 °C and 22.41-23.73 °C
respectively, is directly associated with the fact that solar radiation has only limited
influence on surface heating during this early time period. In other words, during the early
morning hours, both atmospheric and surface energy balances remain largely influenced
by longwave radiative cooling processes that occur overnight. As a result, the distinct
thermal characteristics of asphalt, concrete, and vegetated surfaces have not yet become
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pronounced. This finding indicates that the thermal behavior of urban surface materials
exhibits a relatively homogeneous pattern at this time of day. As the duration and intensity
of solar exposure increase, the heat storage and conduction properties of different surface
materials begin to dominate, leading to more pronounced differences among the scenarios
later in the day. Therefore, the absence of statistically significant variation during the
morning hours highlights the Ilimited discriminative power of early-morning
measurements in urban microclimate modeling, while emphasizing that the most
meaningful divergences emerge during midday and afternoon periods. However, the
coniferous vegetation simulation reveals a localized concentration of higher temperatures
in the western sector of the study area, suggesting that vegetation structure and shading
patterns may influence early-morning thermal distributions.

Baseline Simulation

Deciduous Vegetation Simulation

Figure 1: envymet unfolded 5
07.00.01 31.07.2025

Potential Air Tempature

<23.03°C
23.10 *
23.17 *
2324
2330
23.37
-23.44
2351 *

Figure 1: envymet unfolded
07.00.01 31.07.2025
wycana

Potential Air Tempature

<2257°C
22.69 °
22.80 °
22.92
23.03
23.15
23.26
23.38 °

A3388A3884
2

o o o o
[a¥s¥aXaXaXaaNel

23.49 °
>23.61°C
Min: 22.40 °C
Max: 23.74 °C

23.58 *
>23.65°C
Min: 22.59 °C
Max: 23.73 °C

Xm) X (m)

0.00.8 . . . ' —
A 08 1000 2009 2000 4000 5000 600D 7000 8060 %000 10000 A

oot <mone tout o met <miant tout

Coniferous Vegetation Simulation

Figure 1: envymet unfolded 3
07.00.01 31.07.2025

Potential Air Tempature |
<22.65°C
22.76 °
22.86 °
22.97
23.07 °
2318 °
2328
2339 °
2349 °
>23.60 °C
Min: 22.41 °C
Max: 23.73 °C

00
X (m)

e <nighe oot

33883884848

Figure 7. ENVI-met model simulations for the 07:00 a.m. time step

Analysis of the ENVI-met outputs at 10:00 reveals that distinct spatial variations in
potential air temperature have begun to emerge among the Baseline, Deciduous
Vegetation, and Coniferous Vegetation scenarios (Figure 8). These differences coincide
with the increase in solar altitude, which enhances the influence of surface material heat-
storage properties as well as vegetation-driven shading and evapotranspiration in shaping
the thermal structure of the urban environment. The Baseline Simulation map indicates a
notable concentration of higher temperatures, particularly in the southern and
southwestern sections of the study area. This thermal accumulation results from the rapid
absorption of solar radiation by unshaded impervious surfaces, leading to elevated
potential air temperatures at this time of day. In contrast, the Deciduous Vegetation
Simulation demonstrates a broader distribution of cooler temperature zones relative to the
Baseline scenario. This pattern reflects the growing shading capacity of deciduous trees
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during the morning hours, coupled with the initiation of evapotranspirative cooling, both
of which contribute to a more homogeneous and cooler microclimate at ground level.
While the Coniferous Vegetation Simulation also exhibits a general cooling trend, a
localized hotspot becomes apparent in the western portion of the study area, suggesting
that canopy structure and airflow reduction associated with coniferous species may
induce localized thermal accumulation despite their overall cooling contribution.
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Figure 8. ENVI-met model simulations for the 10:00 a.m. time step

The ENVI-met simulation conducted for 13:00 corresponding to the period of
maximum solar incidence in July reveals pronounced thermal variations across the study
area under different vegetation scenarios (Figure 9). July, characterized by its
exceptionally high radiative load, prolonged sunshine duration, intense short-wave
radiation, and minimal cloud cover, intensifies surface heat accumulation, thereby
amplifying microclimatic differences between the scenarios.

In all three scenarios, the potential air temperature shows an increasing trend from
north to south. This pattern is attributable to the elevated position of the sun in the sky
during July, which exposes south-facing surfaces to longer durations of direct solar
radiation. Deciduous trees, which reach maximum foliage density in summer, effectively
reduce short-wave radiation input in northern sections through extensive shading.
However, toward the south, increased solar exposure and higher radiative forcing enhance
surface heat storage, leading to progressively higher temperature values in that direction.

In contrast, the scenario incorporating coniferous tree species generates a distinct
thermal pattern under the intense radiative conditions of July. Compared to the baseline
scenario, the presence of coniferous trees contributes to the formation of relatively cooler
areas, indicating a measurable cooling effect. However, this cooling remains less
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pronounced than that observed in the scenario with deciduous tree species. In particular,
at 13:00, when shortwave solar radiation reaches peak levels, the lowest potential air
temperatures are observed in the deciduous tree scenario, whereas the coniferous scenario
exhibits comparatively higher temperature values. This difference can be attributed to the
limited horizontal shading provided by coniferous trees, whose year-round foliage and
narrow, vertically oriented crown structures reduce their effectiveness in mitigating
midday solar radiation. The quantitative results further substantiate these microclimatic
distinctions. The deciduous tree scenario records the lowest minimum potential air
temperature at 28.70 °C, reflecting a slight reduction in air temperature despite July’s
extreme radiative conditions. By comparison, the baseline and coniferous scenarios
exhibit higher minimum temperatures of 28.72°C and 28.77°C, respectively. Moreover,
the coniferous tree design scenario encompasses a larger spatial extent of areas with
temperatures exceeding 31.52 °C compared to the deciduous tree design scenario.
Furthermore, in this scenario, high temperature values are particularly concentrated along
the west-central axis of the working area.
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Figure 9. ENVI-met model simulations for the 13:00 p.m. time step

The 16:00 data clearly reveal the thermal differentiation among the scenarios
(Figure 10). In the baseline scenario, the continued radiative heat release resulting from
the high heat storage capacity of impervious surfaces such as asphalt and concrete leads
to pronounced thermal disadvantages that persist even during the afternoon hours. In
contrast, in the scenario incorporating deciduous vegetation, the cooling effect of green
spaces becomes evident, as indicated by the dominance of blue tones in the temperature
distribution maps, reflecting a more thermally balanced environment at the spatial scale.
In this proposed scenario, the microclimatic regulation effect is observed to be stronger
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and more widespread due to the shading and evapotranspiration processes provided by
the vegetative cover. The prevalence of blue tones in the maps not only signifies an
immediate cooling effect but also indicates the presence of a sustained cooling potential
that continues into the later hours of the day. In the scenario where coniferous tree species
are selected, a gradual decrease in temperature from west to east is observed.
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Figure 10. ENVI-met model simulations for the 16:00 p.m. time step

Discussions

In this study, spatial and temporal changes in the region were identified through LULC
and LST analyses conducted at a larger scale; based on these analyses, the importance of
green infrastructure in mitigating potential temperature increases was highlighted. Based
on the findings, different design scenarios prioritising green infrastructure were
developed for a sub-study area selected at a smaller scale, and the effects of these
scenarios on microclimatic conditions were examined. Thus, an assessment was made of
the design approaches through which green infrastructure could be implemented to reduce
urban temperatures. There are numerous scientific studies in the literature that evaluate
LST and LULC analyses conducted at a larger scale in conjunction. For example, in their
study, Patel et al. (2024) investigated the effects of LULC and LST on outdoor thermal
comfort. Findings based on peer-reviewed literature from the past 24 years demonstrate
that LULC significantly influences urban thermal environments. Furthermore, the study
identified strategies such as increasing vegetation cover, managing surface albedo and
optimising urban form as effective approaches for reducing urban heat and improving
outdoor thermal comfort. Dissanayake (2020) examined the relationship between LULC
and LST over a 23-year period in the coastal city of Galle, Sri Lanka. Analyses using
Landsat data and the Random Forest classification method showed that as built-up areas
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increased and vegetation cover decreased, LST rose in parallel. In their study, Feng et al.
(2025) examined the temporal changes in pasture areas in the Khushab and Bhakkar
districts of the Punjab region between 2000 and 2020, using LULC, LST and vegetation
indices. The findings indicate that land-use changes and climate variability exert
significant pressure on ecosystems in semi-arid regions.

It is observed that between 2000 and 2024, there was a 75.3% decrease in areas covered
by vegetation in the Pasaalani neighbourhood, whilst the rate of built-up increased by
58.8% over the same period. These changes in land use represent a highly risky situation
for the urban ecosystem. Over the 24-year period, it has been observed that LST values
in the neighbourhood have also increased in a similar manner due to the effects of
urbanisation. The LST values measured in residential buildings in Yasamkent and its
immediate surroundings (33.20-35.57 °C in 2000, 36.66—37.52 °C in 2023, and 38.00—
40.31 °C in 2024) demonstrate the necessity of strengthening green infrastructure in this
area.

In this study, 4-hour ENVI-met simulations representing July conditions were carried
out for residential areas in Yasamkent, which have undergone intensive development
between 2000 and 2024. Within this scope, the effects of different vegetation cover design
scenarios on the urban microclimate at 07:00, 10:00, 13:00 and 16:00 were evaluated
comparatively. The findings indicate that, across all analyzed time intervals, the scenario
incorporating deciduous tree species generated more extensive areas characterized by
lower air temperature values compared to both the bare land scenario and the scenario
dominated by coniferous tree species. This pattern is clearly reflected in the temperature
distribution maps, where blue tones indicating cooler conditions are markedly more
dominant.

The primary factor behind this outcome is the combined effect of the dense shade
created by deciduous trees during the summer season and their high evapotranspiration
capacity. From the early morning hours onward (07:00 and 10:00), the canopy limits the
amount of incoming shortwave solar radiation reaching ground surfaces, thereby delaying
surface heating. During midday (13:00) and afternoon hours (16:00), this effect becomes
more pronounced, as the vegetation significantly suppresses the release of heat
accumulated throughout the day. These results confirm that deciduous tree species exert
a decisive cooling influence on urban microclimate under summer conditions.

In contrast, the temperature reductions observed in the scenario employing coniferous
tree species were more limited when compared to those achieved in the deciduous tree
scenario. This difference may be explained by the relatively lower leaf area index and
reduced evapotranspiration capacity of coniferous species during the summer period,
despite their year-round foliage.

Overall, the comparative results clearly demonstrate that strategically planned green
infrastructure interventions can significantly reduce potential air temperatures in urban
environments. The integration of deciduous trees into vacant urban spaces emerges as an
effective strategy for mitigating the urban heat island effect, preventing excessive heat
accumulation, and enhancing outdoor thermal comfort. These findings support the notion
that the incorporation of vegetative green infrastructure into urban planning processes is
not only ecologically beneficial but also a strategic necessity for climate-responsive and
sustainable urban development.
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Conclusions

The role of green infrastructure components in mitigating the urban heat island effect
has been extensively addressed in the literature for a long time. In this context, recent
studies have clearly demonstrated that plant species selection directly affects
microclimatic performance through its shading potential and evapotranspiration capacity.
Increasing green spaces in urban areas plays a significant role in lowering surface
temperatures and improving the microclimate by dispersing accumulated heat.

In this study, the temporal changes in LULC and LST values were examined using a
multi-scale analytical approach. LULC and LST data for the years 2000, 2013 and 2024,
analysed at the neighbourhood level, indicate that surface temperatures have risen over
the past 24 years in areas of the study area where urbanisation has increased and
vegetation cover has decreased. A comparative analysis of the green infrastructure
scenarios proposed within the scope of ENVI-met simulations revealed that the scenario
dominated by deciduous tree species had more positive effects on the microclimate.
Simulations conducted specifically under July conditions show that cooler microclimatic
areas are formed in this scenario and that cooler areas are significantly increased in
temperature distribution maps.

Consequently, the systematic integration of green infrastructure approaches into
planning and design processes is crucial for mitigating the urban heat island effect and
adapting to climate change. Furthermore, green infrastructure approaches stand out as an
effective tool for enhancing adaptation and resilience to climate change, making
significant contributions to the creation of healthy and sustainable urban environments.
In light of the findings obtained from the study, it is recommended that planning and
design decisions be developed by considering the type, density, and spatial distribution
characteristics of green infrastructure components in efforts to reduce the urban heat
island effect.

Acknowledgements. This study was carried out within the scope of the project titled “[ENVI-met iklim
Modeli Yardimiyla Kentsel Is1 Adalarinin Azaltilmasina fligkin Stratejilerin Incelenmesi]” (Project No:
2025/102), supported by the Balikesir University Scientific Research Projects Unit.

REFERENCES

[1]  Agson-Gani, P. H., Regenauer-Lieb, K., Taylor, R. A., Roshan, H., Rahman, S. S. (2025):
An ultra-high-temperature geothermal battery for sustainable solar power. — Energy
Conversion and Management 341: 119892. https://doi.org/10.2139/ssrn.5105470.

[2] Ahiablame, L. M., Engel, B. A., Chaubey, I. (2012): Effectiveness of low impact
development practices: Literature review and suggestions for future research. — Water Air
Soil Pollut 223: 4253-4273. https://doi.org/10.1007/s11270-012-1189-2.

[3] Algretawee, H., Rayburg, S., Neave, M. (2019): Estimating the effect of park proximity to
the central of Melbourne city on Urban Heat Island (UHI) relative to Land Surface
Temperature (LST). — Ecological Engineering 138: 374-390.
https://doi.org/10.1016/j.ecoleng.2019.07.034.

[4] Ali-Toudert, F., Mayer, H. (2007): Effects of asymmetry, galleries, overhanging facades
and vegetation on thermal comfort in urban street canyons. — Solar Energy 81: 742-754.
https://doi.org/10.1016/j.solener.2006.10.007.

[5] Arsiso, B. K. (2025): Urban land cover transformations and thermal dynamics through
integrated LULC, UHI, and ecological vulnerability assessment using remote sensing

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(3):5647-5668.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2403 56475668
© 2026, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1007/s11270-012-1189-2
https://doi.org/10.1016/j.solener.2006.10.007

Altiner: Urban heat island mitigation potential of green infrastructure: Insights from LST, LULC, and ENVI-met modeling in

[10]

[11]

[12]

[13]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

Pasaalan1 neighborhood, Balikesir, Tiirkiye
- 5665 -

indices in the City of Addis Ababa, Ethiopia. — Sustainable Cities and Society 135: 107017.
https://doi.org/10.1016/j.scs.2025.107017.

Avci, C., Budak, M., Yagmur, N., Balcik, F. (2023): Comparison between random forest
and support vector machine algorithms for LULC classification. — International Journal of
Engineering and Geosciences 8(1): 1-10. https://doi.org/10.26833/ijeg.987605.

Aydin, 1. (2009): Balikesir sehrinde 2003-2008 doéneminde yesil alanda meydana gelen
degisimler. — Nature Sciences 4(3): 83-96.

Baccari, N., Hamza, M. H., Slama, T., Sebei, A., Ouerghi, S., Elsheikh, R., Rebai, N.,
Hasanean, H., Almazroui, M., Elhag, M. (2025): Assessment of machine learning
techniques in mapping land use/land cover changes in a semi-arid environment. — Earth
Systems and Environment 9(2): 519-539. https://doi.org/10.1007/s41748-024-00562-2.
Balikesir Regional Directorate of Meteorology (2025): Balikesir ilinin iklim Durumu. —
https://izmir.mgm.gov.tr/FILES/iklim/balikesir_iklim.pdf.

Bruse, M., Fleer, H. (1998): Simulating surface—plant—air interactions inside urban
environments with a three dimensional numerical model. — Environmental Modelling &
Software 13(3-4): 373-384. https://doi.org/10.1016/S1364-8152(98)00042-5.

Budzik, G., Sylla, M., Kowalczyk, T. (2025): Understanding urban cooling of blue—green
infrastructure: a review of spatial data and sustainable planning optimization methods for
mitigating urban heat islands. — Sustainability 17(1): 142.
https://doi.org/10.3390/sul17010142.

Diren Ustiin, D., Kaplan, E., Unal, Y. (2022): istanbul sehir is1 adas1 ve kentsel gelisim
senaryolarina bagh degisimi. — Cevre, Iklim ve Siirdiiriilebilirlik 23(1): 55-68.
Dissanayake, D. M. S. L. B. (2020): Land use change and its impacts on land surface
temperature in Galle City, Sri Lanka. — Climate 8(5): 65.
https://doi.org/10.3390/cli8050065.

Ertem Mutlu, B., Yilmaz, S. (2024): Farkli yesil alan oranlarinin dis mekéan termal konfora
etkisinin Envi-Met analizi ile belirlenmesi: Erzurum 6rnegi. — Journal of Adnan Menderes
University, Agricultural Faculty 21: 1. https://doi.org/10.25308/aduziraat.1315173.
Ewunetu, A., Abebe, G. (2025): Integrating google earth engine and random forest for land
use and land cover change detection and analysis in the upper Tekeze Basin. — Earth
Science Informatics 18(2): 227. https://doi.org/10.1007/s12145-025-01750-y.

Faragallah, R. N., Ragheb, R. A. (2022): Evaluation of thermal comfort and urban heat
island through cool paving materials using ENVI-Met. — Ain Shams Engineering Journal
13(3): 1016009. https://doi.org/10.1016/j.asej.2021.10.004.

Feng, L., Naz, 1., Quddoos, A., Zafar, Z., Gan, M., Aslam, M., Hussain, Z. K., Soufan, W.,
Almutairi, K. F. (2025): Exploring rangeland dynamics in Punjab, Pakistan: Integrating
LULC, LST, and remote sensing for ecosystem analysis (2000-2020). — Rangeland
Ecology & Management 98: 377-388. https://doi.org/10.1016/j.rama.2024.09.008.
Gunawardena, K. R., Wells, M. J., Kershaw, T. (2017): Utilising green and bluespace to
mitigate urban heat island intensity. — Science of The Total Environment 584-585: 1040-
1055. https://doi.org/10.1016/j.scitotenv.2017.01.158.

Giiney, Y. I. (2018): Balikesir kent morfolojisi: Tarihsel bir okuma. — Tiirkiye Kentsel
Morfoloji Ag1, 383-394.

Hamel, P., Tan, L. (2022): Blue-green infrastructure for flood and water quality
management in Southeast Asia: evidence and knowledge gaps. — Environmental
Management 69(4): 699-718. https://doi.org/10.1007/s00267-021-01467-w.

Hepcan, S., Coskun Hepcan, C., Johnson, B., Takma, C. (2025): Optimizing
multifunctionality and ecosystem services supply in eugene's green spaces. — Carpathian
Journal of Earth and Environmental Sciences 20(2): 255-264.
https://doi.org/10.26471/cjees/2025/020/330.

Hua, Y., Yan, D., Liu, X. (2024): Assessing synergies and trade-offs between ecosystem
services in highly urbanized area under different scenarios of future land use change. —

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(3):5647-5668.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2403 56475668
© 2026, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.scs.2025.107017
https://doi.org/10.1016/S1364-8152(98)00042-5
https://doi.org/10.3390/su17010142
https://doi.org/10.25308/aduziraat.1315173
https://doi.org/10.1016/j.asej.2021.10.004

Altiner: Urban heat island mitigation potential of green infrastructure: Insights from LST, LULC, and ENVI-met modeling in

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Pasaalan1 neighborhood, Balikesir, Tiirkiye
- 5666 -

Environmental and Sustainability Indicators 22: 100350.
https://doi.org/10.1016/j.indic.2024.100350.

Kim, J., Park, J., Cha, S., Kwon, S. (2024): Applying low-impact development techniques
for improved water management in urban areas. — Water 16(19): 2837.
https://doi.org/10.3390/w16192837.

Kriiger, E. L., Minella, F. O., Rasia, F. (2011): Impact of urban geometry on outdoor
thermal comfort and air quality from field measurements in Curitiba, Brazil. — Building
and Environment 46: 621-634. https://doi.org/10.1016/j.buildenv.2010.09.006.
Kushwabha, K., Singh, M. M., Singh, S. K., Patel, A. (2021): Urban growth modeling using
earth observation datasets, Cellular Automata-Markov Chain model and urban metrics to
measure urban footprints. — Remote Sensing Applications: Society and Environment 22:
100479. https://doi.org/10.1016/j.rsase.2021.100479.

Lai, S., Leone, F., Zoppi, C. (2021): Policies to decrease land surface temperature based on
land cover change: An assessment related to Sardinia, Italy. — In: International Conference
on Innovation in Urban and Regional Planning, pp. 101-109.
https://doi.org/10.6092/1970-9870/7143.

Lambin, E. F., Turner, B. L., Geist, H. J., et al. (2001): The cause of land cover change
moving beyond the myths. — Global Environmental Change 11: 261-269.
https://doi.org/10.1016/S0959-3780(01)00007-3.

Lan, Y., Liu, Z., Zheng, J., Tang, Y. (2025): Advances in research on the impact of urban
blue-green landscape patterns on heat island effects: A systematic literature review. —
Environmental Monitoring and Assessment 197(9): 985.
https://doi.org/10.1007/s10661-025-14415-6.

Lee, T. W., Choi, H. S., Lee, J. (2014): Generalized scaling of urban heat island effect and
its applications for energy consumption and renewable energy. — Advances in Meteorology
2014: 948306. https://doi.org/10.1155/2014/948306.

Li, Y., Wang, Y., Yang, M., Du, Y., Liu, J. (2025): What is the relationship between urban
heat island (UHI) effect and urban surface parameter (USP) at micro-scale? A case study
in Gulangyu, China. — Sustainable Cities and Society 134: 106959.
https://doi.org/10.1016/j.5¢s.2025.106959.

Liu, L., Lin, Y., Wang, L., Cao, J., Wang, D., Xue, P., Liu, J. (2017): An integrated local
climatic evaluation system for green sustainable eco-city construction: A case study in
Shenzhen, China. — Building and Environment 114: 82-95.
https://doi.org/10.1016/j.buildenv.2016.12.018.

Liu, H., Cui, W., Zhang, M. (2022): Exploring the causal relationship between urbanization
and air pollution: Evidence from China. — Sustainable Cities and Society 80: 103783.
https://doi.org/10.1016/j.s¢s.2022.103783.

Lou, C., Al-qaness, M. A. A., AL-Alimi, D., Dahou, A., Abd Elaziz, M., Abualigah, L.,
Ewees, A. A. (2025): Land use/land cover (LULC) classification using hyperspectral
images: A review. — Geo-Spatial Information Science 28(2): 345-386.
https://doi.org/10.1080/10095020.2024.2332638.

Nikolopoulou, M., Steemers, K. (2003): Thermal comfort and psychological adaptation
as a guide for designing urban spaces. — Energy and Buildings 35(1): 95-101.
https://doi.org/10.1016/S0378-7788(02)00084-1.

Nuruzzaman, M. (2015): Urban heat island: causes, effects and mitigation measures-a
review. — International Journal of Environmental Monitoring and Analysis 3(2): 67-73.
https://doi.org/10.11648/j.ijema.20150302.15.

Ogunbode, T. O., Oyebamiji, V. O., Sanni, D. O., Akinwale, E. O., Akinluyi, F. O. (2025):
Environmental impacts of urban growth and land use changes in tropical cities. — Frontiers
in Sustainable Cities 6: 1481932 https://doi.org/10.3389/frsc.2024.1481932.

Olah, A. B. (2012): The possibilities of decreasing the urban heat island. — Applied Ecology
and Environmental Research 10(2): 173-183. DOI:10.15666/acer/1002 173183

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(3):5647-5668.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2403 56475668
© 2026, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.indic.2024.100350
https://doi.org/10.3390/w16192837
https://doi.org/10.1016/j.rsase.2021.100479
https://doi.org/10.1016/S0959-3780(01)00007-3
https://doi.org/10.1155/2014/948306
https://doi.org/10.1016/j.buildenv.2016.12.018
https://doi.org/10.1016/j.scs.2022.103783
https://doi.org/10.11648/j.ijema.20150302.15
https://doi.org/10.3389/frsc.2024.1481932
https://doi.org/10.15666/aeer/1002_173183

Altiner: Urban heat island mitigation potential of green infrastructure: Insights from LST, LULC, and ENVI-met modeling in

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[48]

[49]

[50]

[51]

[52]

[53]

Pasaalan1 neighborhood, Balikesir, Tiirkiye
- 5667 -

Oropeza-Perez, 1., Ostergaard, P. A. (2018): Active and passive cooling methods for
dwellings: A review. — Renewable and Sustainable Energy Reviews 82: 531-544.
https://doi.org/10.1016/j.rser.2017.09.059.

Patel, S., Indraganti, M., Jawarneh, R. N. (2024): A comprehensive systematic review:
Impact of Land Use/Land Cover (LULC) on Land Surface Temperatures (LST) and
outdoor thermal comfort. — Building and Environment 249: 111130.
https://doi.org/10.1016/j.buildenv.2023.111130.

Peng, S., Piao, S., Ciais, P., Friedlingstein, P., Ottle, C., Bréon, F. M., Myneni, R. B. (2012):
Surface urban heat island across 419 global big cities. — Environmental Science &
Technology 46(2): 696-703.

Perini, K., Magliocco, A. (2014): Effects of vegetation, urban density, building height, and
atmospheric conditions on local temperatures and thermal comfort. — Urban Forestry &
Urban Greening 13(3): 495-506. https://doi.org/10.1016/j.ufug.2014.03.003.

Popa, A. M., loja, 1. C., Nita, M. R., Onose, D. A. (2022): Urban sustainability assessment
of Romanian cities. — Carpathian Journal of Earth and Environmental Sciences 17(2): 373-
385. https://doi.org/10.26471/cjees/2022/017/229.

Purwanto, A. D., Wikantika, K., Deliar, A., Darmawan, S. (2022): Decision tree and
random forest classification algorithms for mangrove forest mapping in Sembilang
National Park, Indonesia. — Remote Sensing 15(1): 16. https://doi.org/10.3390/rs15010016.
Qian, W., Li, X. (2023): A cold island connectivity and network perspective to mitigate the
urban heat island effect. — Sustainable Cities and Society 94: 104525.
https://doi.org/10.1016/j.scs.2023.104525.

Rahimi, A., loja, C., Khoramrou, S., Nobar, Z. (2025): Modelling nature-based solutions
in densely built-up areas. — Carpathian Journal of Earth and Environmental Sciences 20(2):
347-361. https://doi.org/10.26471/cjees/2025/020/338.

Ramer, H., Walker, R., Derickson, K., Keeler, B. (2025): Bringing Just Green Enough
Down to Earth: Limits and Possibilities for Anti-Gentrification Park Planning. — Journal of
the American Planning Association 91(4): 523-536.
https://doi.org/10.1080/01944363.2025.2494999.

Salata, F., Golasi, 1., de Lieto Vollaro, R., de Lieto Vollaro, A. (2016): Urban microclimate
and outdoor thermal comfort. A proper procedure to fit ENVI-met simulation outputs to
experimental data. — Sustainable Cities and Society 26: 318-343.
https://doi.org/10.1016/j.s¢s.2016.07.005.

Siehr, S. A., Sun, M., Aranda Nucamendi, J. L. (2022): Blue-green infrastructure for
climate resilience and urban multifunctionality in Chinese cities. — Wiley Interdisciplinary
Reviews: Energy and Environment 11(5): e447. https://doi.org/10.1002/wene.447.

Simon, H., Lindén, J., Hoffmann, D., Braun, P., Bruse, M., Esper, J. (2018): Modeling
transpiration and leaf temperature of urban trees—A case study evaluating the microclimate
model ENVI-met against measurement data. — Landscape and Urban Planning 174: 33-40.
https://doi.org/10.1016/j.landurbplan.2018.03.03.

Sun, Y., Jiao, L., Guo, Y., Xu, Z. (2024): Recognizing urban shrinkage and growth patterns
from a global perspective. — Applied Geography 166: 103247.
https://doi.org/10.1016/j.apgeog.2024.103247.

Senik, B., Uzun, O. (2022): A process approach to the open green space system planning.
— Landscape and Ecological Engineering 18(2): 203-219.
https://doi.org/10.1007/s11355-021-00492-5.

Tagil, S., Danacioglu, S., Yurtseven, N. (2024): Time series clustering of sea surface
temperature in the Mediterranean and Black Sea marine system. — International Journal of
Climatology 44(16): 6083-6099. https://doi.org/10.1002/joc.8687.

Taloor, A. K., Parsad, G., Jabeen, S. F., Sharma, M., Choudhary, R., Kumar, A. (2024):
Analytical study of land surface temperature for evaluation of UHI and UHS in the city of
Chandigarh India. — Remote Sensing Applications: Society and Environment 35: 101206.
https://doi.org/10.1016/j.rsase.2024.101206.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(3):5647-5668.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2403 56475668
© 2026, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.rser.2017.09.059
https://doi.org/10.26471/cjees/2022/017/229
https://doi.org/10.1016/j.scs.2016.07.005
https://doi.org/10.1016/j.apgeog.2024.103247
https://doi.org/10.1007/s11355-021-00492-5
https://doi.org/10.1002/joc.8687
https://doi.org/10.1016/j.rsase.2024.101206

Altiner: Urban heat island mitigation potential of green infrastructure: Insights from LST, LULC, and ENVI-met modeling in

[54]

[61]

[62]

[63]

Pasaalan1 neighborhood, Balikesir, Tiirkiye
- 5668 -

Tsoka, S., Tsikaloudaki, A., Theodosiou, T. (2018): Analyzing the ENVI-met microclimate
model’s performance and assessing cool materials and urban vegetation applications—A
review. — Sustainable Cities and Society 43: 55-76.
https://doi.org/10.1016/j.s¢s.2018.08.009.

Unsal, O., Aksak, P., Kartum, S. (2024): Investigation of surface urban heat island by high-
rise buildings: Istanbul Levent Region. — Papers in Applied Geography 10(4): 376-392.
Xiong, W., Wu, Q., Qi, J., Li, J., Zhu, S., Qiu, B. (2025): Spatiotemporal dynamics of land
surface temperature and its drivers within the local climate zone framework. — Sustainable
Cities and Society 133: 106859. https://doi.org/10.1016/j.scs.2025.106859.

Yan, Y., Jian, W., Wang, B., Liu, Z. (2024): Multi-scale effects of LCZ and urban green
infrastructure on diurnal land surface temperature dynamics. — Sustainable Cities and
Society 117: 105945. https://doi.org/10.1016/j.scs.2024.105945.

Yang, L., Qian, F., Song, D. X., Zheng, K. J. (2016): Research on urban heat-island effect.
— Procedia Engineering 169: 11-18. https://doi.org/10.1016/j.proeng.2016.10.002.

Yao, L., Yang, X., Zhu, C., Jin, T., Peng, L. L., Ye, Y. (2017): Evaluation of a Diagnostic
equation for the daily maximum urban heat island effect. — Procedia Engineering 205:
2863-2870. https://doi.org/10.1016/j.proeng.2017.09.911.

Yilmaz, S., Mutlu, E., Yilmaz, H. (2018): Alternative scenarios for ecological
urbanizations using ENVI-met model. — Environmental Science and Pollution Research
25(26): 26307-26321. https://doi.org/10.1007/s11356-018-2590-1.

Yin, Z., Liu, Z., Liu, X., Zheng, W., Yin, L. (2023): Urban heat islands and their effects on
thermal comfort in the US: New York and New Jersey. — Ecological Indicators 154:
110765. https://doi.org/10.1016/j.ecolind.2023.110765.

Yuan, X., Su, C. W., Umar, M., Shao, X., Lobont, O. R. (2022): The race to zero emissions:
Can renewable energy be the path to carbon neutrality? — Journal of Environmental
Management 308: 114648. https://doi.org/10.1016/j.jenvman.2022.114648.

Zhang, Y., Li, Y. (2018): Green infrastructure and its role in urban sustainability: A review.
— Environmental Management 62(4): 615-624.
https://doi.org/10.1007/s00267-018-1046-9.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(3):5647-5668.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2403 56475668
© 2026, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.scs.2018.08.009
https://doi.org/10.1007/s11356-018-2590-1
https://doi.org/10.1016/j.ecolind.2023.110765
https://doi.org/10.1016/j.jenvman.2022.114648

