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Abstract

ensuring the efficient land use.

The study investigates the impact of the land use changes on the urban heat island effect ratio (UHIER),

focusing on the urban development fringe of Ankara, Turkiye. Initially characterized by rural land uses the areas

has experienced significant transformations into residential estates, mostly including high-rise blocks and low-rise
villas. Urban development patterns in 2013 and 2023 were compared with changes in UHIER and local climate zone
classes (LCZCs) using RS and GIS techniques for UHIER calculation, and the World Urban Database and Access Portal
Tools (WUDAPT) protocol for LCZ mapping. Overall, UHIER values have a tendency to rise, as areas with increaing
UHIER are found to be twice as large as those with decreasing UHIER. Increasing UHIER is highly associated

with increases in open high-rise and sparsely built areas, accompanied by decreases in low plants. UHIER, on the other
hand, is mosly characterized by a reduction in large low-rise built-types. The parts where UHIER remains unchanged
suggests that although compact high-rise, open high-rise, and sparsely built areas have increased, the reduction

in other built types—particularly large low-rise areas—along with a rise in tree density, appears to balance these
changes. Therefore, to prevent high UHI impact when the area is fully developed, more landscaping features,
particularly trees, can be integrated and mid-rise and low-rise developments can be preferred over high-rises,
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1 Introduction

Urban development has various environmental impacts
due to the conversion of natural land cover into built-up
areas, and effective land-use policies are required to
control the negative externalities of the urban expansion,
particularly to prevent the urban heat island (UHI)
effect. The conversion of vegetated areas into impervious
built-up surfaces is one of the most significant drivers
of rising land surface temperatures, which contributes
significantly to the formation of the UHI (Salam et al,
2024). Changes in urban land cover influence the city’s
thermal characteristics, including the UHI effect, and
as land patterns shift, the landscape’s ability to regulate
the UHI also changes (Elliot et al., 2020). The increase
in surface temperatures caused by higher densities,
impervious surfaces, and surface albedo contributes
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to the UHI (Atasoy, 2020; Ding & Shi, 2013; Feng et al.,
2014; Gee & Sarker, 2013; Hoan et al, 2018; Kamali
Maskooni et al,, 2021; Kim & Guldmann, 2014; Wang
& Ouyang, 2017; Zhang et al, 2013; Zhou & Chen,
2018). Green spaces and vegetation, on the other hand,
are effective solutions for mitigating and adapting to
urban temperature conditions (Herath et al, 2018;
Nastran et al., 2019; Ogce et al.,, 2025). Understanding
the impacts of urban development and land use changes
on the UHI and integrating this knowledge into urban
planning efforts can improve the ability of cities to
cope with climate change (Guindon & Nirupama, 2015;
Ishibashi et al., 2019; Keith et al., 2023; Liang et al., 2021;
MacLachlan et al., 2021; Onishi et al., 2010; Villanueva-
Solis, 2017; Wang & Ouyang, 2017).

Remote sensing (RS) data and geographic information
systems (GIS) techniques have been widely used to
assess UHI impacts. These techniques offer practicality,
cost advantages, and the advantage of time-series data
availability (Tian et al, 2021). The impact of urban
development on the UHI effect can be assessed by
monitoring and analyzing land use/land cover (LULC)
changes using RS and GIS techniques, which provide
valuable insights for climate-responsive planning
decisions. Local climate zone (LCZ) classificationd
have been employed to assess LULC changes in urban
development areas and to analyze their association
with UHI variations over time. Acosta-Fernandez et al.
(2025) mention the importance of LCZ classification
in evaluating environmental impacts of urbanization,
specifically in UHI mitigation. The LCZ scheme has
rapidly gained acceptance across various disciplines for
thermal characterization, integrating both urban and
rural areas as part of the broader landscape, enabling
clear characterization and comparison across different
cities (Peiro et al., 2019).

While the UHI effect and LCZ have both been
extensively studied, research combining these two
approaches remains limited, particularly in the context
of rapidly developing urban fringes in developing
countries. Most studies focus on already urbanized
cores or entire metropolitan regions (Lee et al., 2024;
Rahmani & Sharifi, 2023; Wang et al., 2022; Dimitrov,
2021; Zhao et al,, 2021; Yang et al., 2020; Leconte et al.,
2015), overlooking peripheral development areas where
urban growth is more dynamic and where planning
interventions have the potential to mitigate future UHI
impacts. Very few studies (Falah et al.,, 2024; Mushore
et al, 2022; Zhang et al, 2021a, 2021b) explicitly
address the UHI implications of newly developed areas
transitioning from non-built-up to built-up land. In
addition, studies focusing on urban development often
highlight the impact of land-use functions associated
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with economic activities and production. Tiirkiye is one
of the emerging economies facing rapid urbanization,
of which urban population increased from 73% in
2013 to 78% in 2024, and projections indicate further
growth (World Bank,( 2025)). This rapid urbanization, if
unmanaged, risks intensifying UHI effects and associated
heat stress in cities, particularly in large metropolitan
areas such as Ankara. The integration of UHI and LCZ
provides a detailed understanding of how different
built-up forms and green space configurations affect
UHI formation in developing areas. This study considers
the UHI impacts of urban development areas primarily
in the context of residential developments, based on
LCZ changes and offers planning-relevant insights
for sustainable urbanization strategies in developing
countries, contributing both to academic discourse and
practical policy-making. The UHI impact is assessed
through the Urban Heat Island Effect Ratio (UHIER) for
Ankara, Tirkiye, over the period 2013-2023. RS and GIS
techniques are utilized to generate UHIER maps, while
an open community-based modelling platform, World
Urban Database and Access Portal Tools (WUDAPT), is
employed for LCZ mapping of various built-up and land
cover types.

2 Literature Review

Several studies have highlighted how urbanization and
LULC changes influence urban thermal conditions
in terms of UHI effect (Hu & Jia, 2010; Tang et al,
2017; Zhang et al, 2021a, 2021b). The use of RS and
GIS techniques stands out by providing cost and time
efficiency, and by enabling repeatable, practical, and
timely analyses in addressing such issues. For instance,
Zhou and Chen (2018) observed that LULC changes
between 1965 and 2008 intensified the UHI effect in
Wuhan, China. Similarly, Zhao et al. (2016) found that
rapid urban expansion in Shanghai between 1984 and
2014, particularly in areas with wide roads and compact
low-rise buildins, significantly exacerbated the UHI
effect. In the Pearl River Delta, China, Chen et al. (2006)
employed RS to show that UHI intensity was particularly
pronounced in rapidly urbanizing areas between 1990
and 2000. In studies employing RS data, thermal imagery
from satellite sources such as Landsat and MODIS has
been widely utilized to derive land surface temperature
(LST) data and assess the spatial and temporal dynamics
of the UHI phenomenon (Aik et al., 2020; Liu et al., 2016;
Shi et al., 2021; Weng et al., 2014). Li and Yin (2013) used
Landsat and MODIS data to examine the spatial and
temporal dynamics of UHI in Shanghai from 1995 to
2012, observing a shift from a citywide UHIER pattern to
one concentrated around urban cores and other built-up
zones as a result of urban expansion.
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The literature emphasizes not only the impact of LULC
on UHI formation but also the role of land-use strategies,
such as the implementation of green infrastructure,
in mitigating UHI effects in high-density urban areas
(Sharifi & Lehmann, 2014). Comprehensive reviews
by Rizwan et al. (2008) and Kardinal Jusuf et al. (2007)
highlight the critical role of urban design and planning in
mitigating UHI impacts, while Ananyeva and Emmanuel
(2023) further demonstrate that vegetation can
substantially reduce surface temperatures, particularly
in densely built environments. In Brazil, Nakata-Osaki
et al. (2018) developed a GIS-based model by adapting
an empirical formulation originally designed to estimate
nocturnal UHI intensity based on urban geometry. By
integrating urban morphology within a GIS framework,
their model improved the prediction of UHI intensity in
Brazilian cities. Many of these studies apply quantitative
methods, utilizing various indices to examine the
relationship between surface temperature and land cover
characteristics. Certain other studies employ simulation
approaches, integrating machine learning and RS data,
to forecast future UHI trends and impacts, highlighting
the interconnectedness between urbanization, climate
change, and environmental challenges such as increased
heat stress and heat vulnerability (Garzon et al., 2021; Liu
etal., 2021, 2024; Lyu et al., 2022; Li et al., 2024).

Recently, the LCZ classification has been increasingly
integrated into urban climate studies, offering a
standardized framework to distinguish urban and rural
thermal environments based on surface cover and
urban geometry. This approach enables more detailed
assessments of the UHI effect by capturing variations in
urban forms and land use (Stewart & Oke, 2012; Zhao
et al.,, 2019). The LCZ scheme has been instrumental in
UHI analysis across diverse contexts. Numerous studies
have demonstrated that LCZ types exhibit distinct
thermal behaviors: compact or high-density built-up
zones generally produce stronger UHI effects than
open or natural environments (Chen et al., 2023; Yang
et al., 2020). Similarly, Wu et al. (2025) revealed that
LCZ types associated with natural land cover mitigate
SUHI, whereas built-up types tend to increase LST and,
consequently, SUHI. LCZ-based methods have been
widely applied in both comparative and site-specific
studies. For instance, Bechtel et al. (2019) examined
SUHI patterns across 50 cities using MODIS and
Landsat 8 data within the WUDAPT framework, while
Lee et al. (2024) linked planning-related LCZ variations
in South Korea to differences in SUHI intensity and
heat vulnerability. Applications have also extended to
complex terrains and microclimate studies. Badaro-
Saliba et al. (2021) investigated LST-LCZ relationships in
the mountainous areas of Beirut, while Lau et al. (2019)
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combined objective thermal data with subjective heat
perceptions across eight LCZs in Hong Kong, identifying
significantly warmer sensations in compact high-rise
areas. Parvar et al. (2024) highlighted the cooling benefits
of increasing vegetation cover in relation to building
density and height, and Rahmani and Sharifi (2025)
emphasized that inefficient layouts, high density, and
insufficient vegetation exacerbate UHI effects, whereas
green spaces mitigate heat stress. Consistently, Shi et al.
(2022) showed that constructed LCZs, particularly heavy
industrial zones, exhibit the highest UHI indices, while
natural LCZs such as ventilated corridors and scattered
tree areas provide notable cooling effects.

Building on this growing body of LCZ-based research,
several case studies have further demonstrated how the
expansion and spatial arrangement of LCZs influence
UHI intensity and its spatial variability. Mushore et al.
(2022) used the WUDAPT protocol to map LCZs in
Bulawayo, Zimbabwe, and revealed that the expansion
of built-up LCZs led to an increase in urban heat island
(UHI) intensity, while deforestation and the expansion of
lightweight low-rise, as well as compact and open low-
rise zones, contributed to higher surface temperatures.
Similarly, Rahmani and Sharifi (2023) adopted the
WUDAPT protocol to provide LCZ classifications for
two Japanese cities, Sapporo and Hiroshima, and utilized
Landsat 7 and 8 data to retrieve temporal LCZs. Their
study indicated that LCZs with minimal green cover—
such as heavy industry, large low-rise, bare rock and paved
surfaces, and compact low-rise—tended to deteriorate
thermal comfort, and that areas with warmer climates
and denser urban development were more susceptible
to SUHI effects. Zhang et al, (2021a, 2021b) found
that land cover type and surface structure significantly
influenced local climate, and that UHI magnitude varied
notably across LCZ types. Their findings showed that
the highest UHI occurred in the large low-rise LCZ
group, while compact mid-rise and compact low-rise
zones also exhibited elevated UHI, in contrast to newly
developed areas with substantial greening and a few open
high-rise residential or commercial buildings, where
UHI was lower. Falah et al. (2024) examined the thermal
impact of urbanization on LCZs and LST in Seville,
Spain, where built-up areas increased approximately 1.5
times and urban development shifted from compact to
more dispersed and ribbon patterns, particularly in the
outskirts. LCZs such as dense trees and scattered trees,
along with urban greening policies, were found to slightly
mitigate temperature increases in some areas. Dimitrov
et al. (2021) conducted a thermal survey of Sofia,
Bulgaria, in August 2019, and reported that the highest
surface temperatures occurred in sparsely built, open
high-rise, and open mid-rise LCZs, whereas low-plant
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and bush and scrub areas represented the coolest zones.
Wu et al. (2022) investigated thermal comfort in different
urban environment in terms of LCZs in Shenzen, China
using the data of 65 weather stations for the year 2020.
They concluded thermal comfort patterns vary across
various LCZ types.

In this study, the LCZ approach developed by Stewart
and Oke (2012) is adopted to evaluate the local-scale
impacts of different built-up types and densities, as well
as open green space uses, on the UHI effect in urban
development areas. The WUDAPT protocol, as an open-
source tool, is utilized to evaluate the impact of specified
LULC types through LCZ mapping of the south-western
urban development zone of Ankara over a decade. In this
way, the UHI effects of different urban fabrics and land
use patterns in a still-developing area will be revealed,
contributing to the literature. The impact of variations
in urban density and spatial patterns on the urban
heat island effect will also provide guidance for future
planning studies from the perspectives of sustainability
and livability. Although numerous studies have analyzed
the UHI effect and adopted the LCZ framework in
various contexts, the combined application of LCZ and
UHI metrics in rapidly developing urban fringe areas are
overlooked. Most of the previous research has focused
on well-established urban cores or entire metropolitan
regions, leaving a gap in understanding thermal
implications in new development zones transitioning
from non-built-up to built-up land. This study addresses
that gap by integrating UHIER analysis with LCZ
classification over a decade in Ankara’s southwestern
development corridor, a representative case of rapid
urban growth in a developing country context. By linking
spatially explicit LCZ transitions to pixel-level UHIER
changes, this research provides empirical evidence on
how specific development patterns, primarily in the
context of residential land-uses, intensify or mitigate
urban heat, offering both theoretical contributions
to urban climate literature and practical insights for
climate-sensitive planning in emerging economies.

3 Methodology

This section gives information about this study area, data,
and methods used. First the study area is introduced.
Then, UHIER calculations and LCZ analysis are
discussed.

3.1 Study Area

The study area is located in the southwestern part of
Ankara, the capital of Tirkiye. Ankara has a dry-summer
continental climate, a subtype of the temperate climate,
characterized by hot and arid summers, cold winters,
and pronounced seasonal temperature variations. Kong
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et al. (2025) stated that cities located in temperate cli-
mates tend to experience stronger UHI effects com-
pared to those in tropical climates. The population of
Ankara has exhibited a steady increase, growing from
5,045,083 in 2013 to 5,803,482 in 2023 (TUIK, 2025).
The city has a dynamic character in terms of successive
land use changes, driven by population growth through
urban fringe expansion and urban regeneration activities
in built-up areas. Demographic changes have intensified
the demand for housing and other urban services, lead-
ing to rapid urban development. However, the extent to
which this development aligns with the principles of sus-
tainability and livability, one of which is the UHI effect,
remains unclear. Considering these factors, the study area
was selected from one of the fastest-developing urban
zones on the southwestern fringe of the city, encom-
passing recent built-up developments in the Kizilcasar,
Incek, Dodurga, and Alacaath neighborhoods (Fig. 1).
To effectively capture the UHI effect, the study focused
exclusively on the rapidly developing urban fringe, which
exhibits concentrated new built-up areas. For this reason,
the study area has an irregular shape, reflecting the spa-
tial pattern of recent urban growth.

The area has been predominantly transformed in the
past decade by high-rise point blocks and low-rise villa
settlements, replacing many other land uses — particularly
rural ones. Urban development in the area has expanded
spatially, and the real estate market gained significance
between 2010 and 2020, while the southwestern urban
fringe of Ankara emerged as a high-demand zone that
experienced a rapid urbanization process over this period.
It can be stated that planning had a primary influence
on location selection during the planning periods and
on the densification of settlements between 2010 and
2020 (Giines, 2021). Daglioglu (2024) notes that the area
has significant potential as a basis for understanding the
city’s primary growth and expansion dynamics and that
it has undergone rapid transformation driven by land
speculation over the past two decades. She further argues
that the area hosted a few small rural settlements and a
limited number of low-density gated communities before
the early 2000s, whereas following the construction of
two high-rise residential complexes in 2012, numerous
new buildings were added, accelerating the urbanization
of the surrounding area. The most significant changes
in UHIER are anticipated to occur in these development
areas, where rural land uses — primarily dominated by
natural land cover — are being replaced by urban land uses
characterized by built structures and impervious surfaces.

3.2 Data
This study utilized RS data and data generated
through the WUDAPT platform. Landsat 8 satellite
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imagery for the summer seasons of 2013 and 2023 was
obtained from the USGS platform. Scenes with cloud-
free conditions over the study area were selected to
ensure the consistency and reliability of the analysis.
The reference years, 2013 and 2023, were selected to
capture the long-term impact of urban development on
UHIER. 2013 marks the earliest period with consistent
Landsat 8 data and stable LCZ classification, while
2023 represents the most recent year with cloud-free
summer scenes, reflecting peak UHI conditions. Table 1
provides details about the technical specifications.
Although the thermal band has an original image
resolution of 100 m, it is resampled to 30 m by the data
provider before being made available to users.

The images were processed using ArcGIS 10.8.2
software, applying established formulas from the lit-
erature to determine the UHIER value for the region.

Table 1 The information about satellite images used in the study

T
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The study area boundaries were acquired in vector
data format, and statistical analyses were conducted
using Microsoft Excel.

In order to compare 2013 and 2023 summer tempera-
tures, 92 daily temperature records were included in the
analysis covering daily records of June, July and August,
retrieved from an open source (AccuWeather.com) which
retrieves its records from the Esenboga Airport weather
monitoring station—the only consistently available sta-
tion in Ankara throughout the full study period. A one-
way analysis of variance (ANOVA) was performed to
evaluate the difference in summer temperatures between
2013 and 2023. Although the results indicated a statisti-
cally significant difference between the two years, F(1,
182)=8.25, p=.0046, the effect size, calculated using
Cohen’s d, was 0.42, indicating a small to medium effect.
The mean average summer temperature in 2013 was

Date of image Name of the satellite Bands used in the study Wavelength Resolution
capturing (micrometers) (meters)
23.06.2013 Landsat 8

25.07.2013

10.08.2013 Band 4—Red 0.64-0.67 30
27.06.2023 Band 5—Near Infrared (NIR) 0.85-0.88 30
21.07.2023 Band 10—Thermal Infrared (TIRS) 1 10.6-11.19 100 (30)

06.08.2023
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21.30 °C, while in 2023 it was 22.71 °C. These findings
suggest that while 2023 was warmer than 2013, the dif-
ference falls within a moderate range and does not reflect
an extreme thermal anomaly. Therefore, the selected sat-
ellite scenes can be considered representative of typical
summer conditions in their respective years. This sup-
ports the temporal validity of the imagery and addresses
concerns about potential bias introduced by using a lim-
ited number of scenes per year.

The data used in the LCZ analysis were generated
through WUDAPT, an international community-based
modeling framework that produces and disseminates
climate-responsive urban data (Ching et al., 2018). Train-
ing areas are created for 2013 and 2023 as instructed
in WUDAPT, which include 17 climate zones classes
(Demuzere et al., 2021). These classes comprise 10 built
types and 7 land cover types, based on the classifica-
tion by Stewart and Oke (2012), as presented in Table 2.
It should be noted that LCZ classifications include

Table 2 LCZ Classes with definitions ( Stewart & Oke, 2012)
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information on building materials, building height, and
density, all of which are considered factors affecting sur-
face temperature variations.

Various representative areas for each group are
selected within approximately 32,000 hectares through-
out Ankara, covering both the built-up and rural areas.
Then, the training areas are loaded to LCZ generator in
WUDAPT webpage and the resulting LCZ map along
with data files, factsheets, and figures are obtained. The
overall accuracy (OA) turns out to be higher for the most
recent year, 2023, compared to the previous period, 2013,
with values of 0.81 and 0.72, respectively. The lower accu-
racy of the previous period can be attributed to the preva-
lence of squatter settlements, since the outputs show that
the lowest accuracy belongs to LCZ class 3, compact low-
rise. The classification of these irregular settlements has
posed challenges due to the small size of individual build-
ings, which often led to their misclassification as land
cover types such as bush or scrub. Furthermore, many of

LCZ Code Name Definition

Built types 1 compact high-rise

Dense mix of tall buildings to tens of stories. Few or no trees. Land cover mostly paved. Concrete, steel,

stone, and glass construction materials.

2 compact mid-rise

Dense mix of midrise buildings (3-9 stories). Few or no trees. Land cover mostly paved. Stone, brick, tile,

and concrete construction materials

3 compact low-rise

Dense mix of low-rise buildings (1-3 stories). Few or no trees. Land cover mostly paved. Stone, brick, tile,

and concrete construction materials

4 open high-rise

Open arrangement of tall buildings to tens of stories. Abundance of pervious land cover (low plants,

scattered trees). Concrete, steel, stone, and glass construction materials

5 open mid-rise

Open arrangement of midrise buildings (3-9 stories). Abundance of pervious land cover (low plants,

scattered trees). Concrete, steel, stone, and glass construction materials

6 open low-rise

Open arrangement of low-rise buildings (1-3 stories). Abundance of pervious land cover (low plants,

scattered trees). Wood, brick, stone, tile, and concrete construction materials

7 lightweight low-rise

Dense mix of single-story buildings. Few or no trees. Land cover mostly hard-packed. Lightweight

construction materials (e.g., wood, thatch, corrugated metal)

8 large low-rise

Open arrangement of large low-rise buildings (1-3 stories). Few or no trees. Land cover mostly paved.

Steel, concrete, metal, and stone construction materials

9 sparsely built

Sparse arrangement of small or medium-sized buildings in a natural setting. Abundance of pervious

land cover (low plants, scattered trees)

10 heavy industry

Low-rise and midrise industrial structures (towers, tanks, stacks). Few or no trees. Land cover mostly

paved or hard-packed. Metal, steel, and concrete construction materials

Land cover types A dense trees

Heavily wooded landscape of deciduous and/or evergreen trees. Land cover mostly pervious (low

plants). Zone function is natural forest, tree cultivation, or urban park

B scattered trees

Lightly wooded landscape of deciduous and/or evergreen trees

Land cover mostly pervious (low plants). Zone function is natural forest, tree cultivation, or urban park

C bush, scrub

Open arrangement of bushes, shrubs, and short, woody trees. Land cover mostly pervious (bare soil

or sand). Zone function is natural scrubland or agriculture

D low plants

Featureless landscape of grass or herbaceous plants/crops. Few or no trees. Zone function is natural

grassland, agriculture, or urban park

E bare rock or paved

F bare soil or sand
or agriculture

G water

Featureless landscape of rock or paved cover. Few or no trees or plants. Zone function is natural desert
(rock) or urban transportation

Featureless landscape of soil or sand cover. Few or no trees or plants. Zone function is natural desert

Large, open water bodies such as seas and lakes, or small bodies such as rivers, reservoirs, and lagoons
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these settlements were situated in topographically disad-
vantaged areas, such as steep slopes, making it difficult
to distinguish their density as either open or compact. By
2023, however, most of these areas—particularly those on
steep terrain—have either been removed or transformed
as a result of intensive urban regeneration efforts over the
past decade.

At this point, it is important to note that the accuracy
assessment was conducted for the entire Ankara
metropolitan area, including its surrounding rural
regions, covering approximately 32,000 hectares. In
contrast, the study area is limited to the southwestern
development corridor, accounting for approximately
5% of the total region of interest. Moreover, irregular
settlements have not been observed in this area—neither
in the past nor in recent years—as it is a designated
planned development zone of Ankara.

When the accuracy assessment was conducted exclu-
sively for the study area, the results showed a substantial
improvement. Considering the likelihood that a given
pixel belongs to a specific LCZ class for the study area,
it is observed that in the 2013 LCZ map, 90% of the area
has a probability of 50% or higher, and 71% of the area
has a probability of 70% or higher. Class probabilities for
2023 are considerably higher, with 92% of the area hav-
ing a probability of 50% or higher, 83% of the area hav-
ing a probability of 70% or higher, and 74% of the area
having a probability of 90% or higher (Fig. 2). As higher
probabilities indicate greater confidence in the classi-
fication and increase the reliability of the LCZ map, the
over-mentioned probabilities are considered acceptable
in data accuracy of the study area.

To assess sensitivity, we examined the proportion of
low-confidence areas with less than 50% probability
(Table 3). These accounted for around 10% of the study
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Table 3 Probability-Based Accuracy Metrics for LCZ
Classifications
Metric 2013 2023
Weighted Mean Prob 0.813 0.846
Weighted Std Dev 0.194 0.191
% Pixels >50% 90 92

area in 2013 and 8% in 2023, indicating that low-confi-
dence zones have limited spatial influence on the over-
all findings. The probability-based accuracy assessment
indicates that the majority of LCZ-classified pixels have
a high level of confidence implying that misclassifications
are spatially limited and unlikely to influence the inter-
pretation of UHIER patterns at the study area, demon-
strated in Fig. 2.

3.3 Method

The primary method employed in the study involves
the analysis of satellite imagery and statistical evalua-
tion within a GIS environment. The generated UHIER
changes are compared to the changes in LCZ classes in
the study area, in order to reveal the impact of the change
in land use types in UHI values. The method covers
four main steps: (1) Extraction of the satellite images (2)
UHIER calculation, (3) LCZ mapping, and (4) Compari-
son of the changes in UHIER and LCZ classes (Fig. 3).

3.4 UHIER calculation

The UHI effect suggests that land surface temperatures
are higher in urban areas influenced by anthropogenic
development compared to rural areas (Oke, 1973; Tsou
et al,, 2017). This impact is primarily driven by LULC
changes and urbanization (Du et al., 2020; Estoque et al.,

Class Probability 2013 (%)

Value
[J2a-50
B 50 -0
0 175 35 7
I o- 100 T — ilometers

Class Probability 2023 (%)

Value
[J28-50
B 50- 70
0 175 35 7
I 0- 100 e a— Kilometers

Fig. 2 Spatial distribution of class probabilities in generated LCZ maps for 2013 (a) and 2023 (b)
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Fig. 3 Flowchart for the methodology of the study

2017; Zhao et al., 2014). The intensity of the temperature
difference between urban and rural areas can be
measured by calculating the UHIER (Portela et al., 2020).

RS methods (Cetin et al., 2024; Li & Yin, 2013; Li
et al., 2014; Pan, 2016) and Landsat satellite images with
thermal bands are frequently used in UHI calculations
(Halder et al., 2022; Hasanlou & Mostofi, 2015; Seletkovié¢
et al, 2023; Sheng et al, 2017). Landsat’s provision
of free, open-access data, along with its long-term,
uninterrupted observation program, makes it particularly
suitable for temporal studies of the same location. The
steps necessary to calculate UHIER using RS methods are
outlined in Table 4.

According to the applied approaches and formulas,
UHIER results are categorized based on their intensity
levels (Table 5) (Huang et al., 2019; Zhang et al., 2013). In
this study, UHIER values were assessed at four different
levels, ranging from moderately cooler to moderately
warmer. The UHIER result map categorizes the minimum
and maximum values into two classes, with"0"at the
center, representing the dividing point between negative
and positive values. A negative UHIER result indicates
that rural areas are warmer than urban areas, while a
positive UHIER result indicates that rural areas are cooler
than urban areas. As values approach zero, it suggests a
decreasing temperature difference between urban and
rural areas. The UHI maps generated from the study area
were reclassified according to the categories in Table 5.
This reclassification enabled the calculation of areas
exhibiting increases or decreases in UHI values, both in
spatial extent and percentage terms.

uly max | paan LST & reclass
jugustmax | UHIER — UHIER
% maps (2013) map (2013) &
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To generate the UHIER map, LST and corresponding
rural LST maps were first produced separately for June,
July, and August in both 2013 and 2023. This process
yielded a total of six LST and corresponding UHIER
maps, calculated using the formula presented in Table 4.
For each year, the three monthly LST and UHIER
maps were averaged in a GIS environment to produce
composite LST and UHIER maps representing 2013 and
2023, respectively. To analyze temporal changes, pixel-
wise difference maps were generated using map algebra
by subtracting the 2013 UHIER values from the 2023
map. Furthermore, the same method was applied to the
reclassified UHIER maps, resulting in both original and
reclassified UHIER difference maps.

In the reclassified UHIER difference maps, identifying
specific category transitions—such as a shift from a
moderately cooler class in 2013 to a moderately warmer
class in 2023—is essential for understanding the spatial
dynamics of UHIER change. To achieve this, a total
of 18,777 points, each corresponding to a single pixel
(30 m x 30 m), were systematically distributed across the
reclassified UHIER maps for both years. The UHIER class
values at these point locations were extracted using a GIS
environment.

3.5 LCZ Mapping

LCZC scheme, derived from Stewart and Oke, provides
a standardized categorization of land according to built
and land cover types with regard to surface character-
istics, material, structure, and human activity (Stewart
& Oke, 2012). The classification considers height of the
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Table 4 Analyses and formula for Landsat 8 ( Cetin et al, 2022; Huang et al,, 2019; Kumar et al,, 2022)

Analysis Formula

Definitions

Normalized Difference Vegetation Index (NDVI)  (NIR — RED)/(NIR+ RED)

Top of atmospheric reflectance (TOA) ML % Qcal+ AL

TOA to brightness temperature (BT) conversion  (Ky/(In(K1/L)+1))—273.15

Proportion of vegetation (P,)

Land surface emissivity (€) 0.004 % Pv+0.986
LST (BT/(1+ (A% BT/C2) % Ln(e)))
(BT/(1+(0.001

UHIER ATi/Ts=(Ti-Ts)/Ts

((NDVI—NDVI,, Y/(NDVI,,.,, —~NDVI,.. ))?

15 BT/1.4388) * Ln(g)))

- NIR=5th band (Landsat 8)
« RED=4th band (Landsat 8)

+ ML=Radiance multiplicative Band (No.10)

- AL=Radiance Add Band (No.10)

+ Qcal=Quantized and calibrated standard product pixel
values (DN)

« K, =Band-specific thermal conversion was constant

from the metadata (774.8853)

« K,=Band-specific thermal conversion was constant

from the metadata (1321.0789)

- L=TOA

«To obtain the results in Celsius, the radiant temperature

is adjusted by adding the absolute zero (approx.—273.15 °C)

« The minimum and maximum values of the NDVI image can
be displayed directly in the image

« Pv=Proportion of vegetation
« The value of 0.986 corresponds to a correction value
of the Equation

« BT=Top of atmosphere brightness temperature (°C)
+ \=Wavelength of emitted radiance (0.00115)

+ C2=h*c/s=1.4388x 10-2 mK=14,388 mK
h=Planck’s constant=6.626x10-34J s
s=Boltzmann constant=1.38x10-23 JK

c=Velocity of light=2.998x108 m/s

« e=Land surface emissivity

«Ti=The LST of the i-th pixel
s=The mean LST of rural lands

Table 5 UHIER Intensity categories, value ranges, and thermal interpretation

UHIER Value Level Explanation

[-0.17] - [-0.085] Moderately cooler LST value in the urban area is moderately cooler than the rural area
[- 085] [0] Slightly cooler LST value in the urban area is slightly cooler than the rural area

[0] - [0.085] Slightly warmer LST value in the urban area is slightly warmer than the rural area
[0.085] - [0.17] Moderately warmer LST value in the urban area is moderately warmer than the rural area

buildings and surface material, as well as construction
material and densities in built types. For rural areas, land
cover type that dominates the area defines the LCZ class.

In this study, WUDAPT protocol is adopted for LCZ
mapping of Ankara for the respective years. As outlined
by Demuzere et al. (2021), the WUDAPT protocol facili-
tates the creation of LCZ maps and provides a framework
for evaluating their classification accuracy. The proto-
col works with Google Earth Engine in creating training
areas for a single city for a given time. Then, the train-
ing areas are uploaded to the WUDAPT portal to gener-
ate a LCZ map fort the whole city and its surroundings.
The resulting output includes the generated LCZ map
along with the associated data files, factsheets, and fig-
ures, reporting the overall accuracy (OA), the overall
accuracy for urban LCZ classes (OAu), the overall accu-
racy for built versus natural LCZ classes (OAbu), and

the weighted overall accuracy (OAw). (Demuzere et al.,
2021). The accuracies are discussed in the data section in
detail, where it is stated that for the year 2013, 71% of the
study area, and for 2023, 83% of the study area, achieved
a classification accuracy above 70%, indicating a high
level of consistency in classification within the study area
boundaries.

3.6 Comparison of UHIER and LCZ classes

In the third stage of the analysis, changes from 2013 to
2023 were examined by comparing UHIER and LCZ
differences. LCZ values for 2013 and 2023 are calcu-
lated for the areas in 6 UHIER difference groups — high
decrease, moderate decrease, low decrease, no change,
low increase, moderate increase, and high increase —
by extracting LCZ classes from each UHIER difference
group through raster extraction. The resulting LCZ
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difference between 2013 and 2023 is also standardized to
reveal the most significant area increase/decrease in each
LCZ class.

A statistical analysis is provided to understand whether
the variation of UHIER among LCZ groups is significant.
The data for LCZ values are nominal, thus, a non-
parametric Kruskal Wallis test is utilized to compare
the groups, and the null hypothesis states that the mean
ranks are the same in all groups.

k  n2

12 R
H=—"""Y""L 30N +1
N(N+1)l,z=;n,' WD

where H is the Kruskal Wallis H Statistics.

N is the total number of observations.

n; is the number of observations in group i,

R; is the sum of the ranks in group i.

At this point, it is important to clarify that UHIER
maps are generated at a 30 m X 30 m resolution using the
WGS 1984 UTM Zone 36N projection, whereas LCZ
maps are originally in an unprojected coordinate system.
When LCZ maps are reprojected to WGS 1984 UTM
Zone 36N, their resolution defaults to approximately
87.88 mx87.88 m. As a result, some degree of
misalighment may occur when overlaying the two
raster datasets; however, this discrepancy is considered
negligible for the purposes of this study.

4 Results
In this part of the study, results of LST, UHIER and LCZ
analyses are demonstrated.

4.1 LST and UHIER Results
LST and UHIER values were calculated based on monthly
maximum and minimum temperatures, as well as mean
rural LST values, and the results are presented in Table 6.
The LST maps for June, July, and August of 2013 and
2023 were produced and presented in Fig. 4(i). In 2013,
LST values in the study area ranged between 30.97 °C and
41.91 °C, whereas in 2023 they ranged between 26.71 °C
and 36.39 °C.
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The mean LST decreased from 36.09 °C in 2013 to
31.63 °C in 2023. UHIER calculations were carried out
for June, July and August of 2013 and 2023. By averag-
ing the monthly UHIER maps for each year, the annual
average UHIER maps were produced. The resulting
maps are presented in Fig. 4.(ii). In 2013, UHIER values
across the region ranged from —0.17 to 0.15, whereas in
2023, they ranged from —0.17 to 0.11.

As shown in Table 7, there is a marked decrease in the
area extent of moderately cooler areas, which dropped
from 13% in 2013 to just 5% in 2023. In contrast, slightly
warmer areas increased from 23 to 27% and slightly
cooler areas increased from 63 to 67% over the same
period, which implies a shift from moderately cooler
towards either slightly cooler or slightly warmer UHIER
groups. This shift indicates a general warming trend in
the study area, with formerly cooler zones transitioning
toward higher UHIER categories.

The UHIER difference maps, which illustrate the
changes in UHIER distribution in the study area over
a decade, are shown in Fig. 5. As depicted in the figure,
there was an increase in UHIER values in the South-
East and North—North-East regions from 2013 to
2023, while a decrease was observed in the South and
South-West regions. Figure 5.b presents the reclassi-
fied UHIER difference map, where changes are shown
by category. The most significant decrease in UHIER
values is observed in the West and South-East regions,
while the most significant increase is predominantly
scattered across the Northern part of the area.

Overall, 64% of the area shows no change in
the UHIER (Table 8). Meanwhile, 24% of the area
experienced a slight to moderate increase, while 12%
experienced a slight to moderate decrease.

Table 9 illustrates the directional changes in the
UHIER categories over time. Notably, 77% of the areas
classified as moderately cooler in 2013 are projected
to shift to slightly cooler areas by 2023, while 67% of
the areas classified as moderately warmer in 2013 are
expected to transition to slightly warmer areas by 2023.

Table 6 Maximum, Minimum, and Mean Rural LST Values, and Maximum and Minimum UHIER Values for June, July, and August in

2013 and 2023

Year Month LST Max (°C) LST Min (°C) Mean Rural LST (°C) UHIER Max UHIER Min
2013 June 4245 30.97 36.98 0.15 —-0.16
2013 July 44.59 30.81 37.56 0.19 -0.18
2013 August 42.78 29.68 3753 0.14 -0.21
2023 June 25.66 16.78 19.31 0.30 —-0.13
2023 July 41.62 30.18 3761 0.10 -0.20
2023 August 46.07 3232 41.83 0.10 -0.20




Senyel Kurkcuoglu et al. Computational Urban Science (2025) 5:42

715000 720000
n i

715000
n

720000
L

Page 11 of 20

4746000
"

4746000

H 5
H H
g §
$4 1 | EL | '
2| 2023.08 d : Z hen | 2023.08 s L 2
715|l)l)0 720’000 715‘000 720‘000
LST (2013) LST (2023)
(°C) (°C)
[ ]30-35 []25-30
[35-40 [ 130-35
B 40-45 [ Study area [ 35-40 [_]Study area
(i1) UHIER
715000 720‘000 715000 720‘000

a)

4746000
L

4743000
)

4740000
:

4746000

4743000

4740000

715|000 720‘000
UHTER (2013)
I Moderately cooler (-0.17)-(-0.085)
[ Slightly cooler (-0.085)-(0)
[ Slightly warmer (0)-(0.085)
I Moderately warmer (0.085)-(0.17) [ Study arca

715‘000
UHIER (2023)
I Modcrately cooler (-0.17)-(-0.085)
[T Stightly cooler (-0.085)-(0)
[ Slightly warmer (0)-(0.085)
I Moderately warmer (0.085)-(0.17)

Fig. 4 Spatial distribution of (i) LST and (i) UHIER across the study area in a) 2013, and b) 2023

Table 7 Area distribution of reclassified maps by UHIER level

[1Study area

T
720000

UHIER Value 2013 2023

Area (ha) Percent (%) Area (ha) Percent (%)
Moderately cooler (=0.17)—(—0.085) 227 13 93 5
Slightly cooler (—=0.085)—(0) 1,066 63 1,125 67
Slightly warmer (0)—(0.085) 382 23 463 27
Moderately warmer (0.085)—(0.17) 15 1 9 1
Total 1,690 100 1,690 100
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Fig. 5 UHIER difference maps for the study area a) continuous UHIER difference values, and b) reclassified UHIER difference categories indicating

cooling and warming intensity

Table 8 Area distribution of UHIER differences

UHIER Difference Area (ha) Percent (%)
High decrease (-3) 4 0
Moderately decrease (-2) 148 9

Slightly decrease (—1) 47 3
Unchanged (0) 1,087 64

Slightly increase (1) 177 11
Moderately increase (2) 226 13

High increase (3) 1 0

Total 1,690 100

4.2 LCZ Results

UHIER difference maps, shown in Fig. 6, provide a ref-
erence for the degree of change in surface temperatures
over a decade. LCZ maps are generated for 2013 and
2023 in order to reveal changes between the two peri-
ods, and the study area is extracted from both maps. It
is observed that 11 out of 17 LCZ classes are present in
the study area in both years. The maps show the spatial
distribution of each LCZ categories in both years (Fig. 6).
It is observed that the land cover types, particularly low
plants, have decreased in size over time, particularly on
the eastern part of the study area. Compact land-uses, on
the other hand, have tended to increase on the northern
part and at the center. Sparesly-built areas have turned to
be more prevalent recently.

Table 9 Changes in Area Distribution of UHIER Categories between 2013 and 2023

2013 2023 Area (ha) Percent (%) Change
Moderately cooler (-2) Moderately cooler (-2) 52 23 No change
Moderately cooler (—2) Slightly cooler (=1) 174 77 Increase
Moderately cooler (-2) Slightly warmer (1) 1 0 Increase
Slightly cooler (-1) Moderately cooler (—2) 37 4 Decrease
Slightly cooler (-1) Slightly cooler (1) 803 75 No change
Slightly cooler (=1) Slightly warmer (1) 225 21 Increase
Slightly warmer (1) Moderately cooler (—2) 4 1 Decrease
Slightly warmer (1) Slightly cooler (~1) 148 39 Decrease
Slightly warmer (1) Slightly warmer (1) 227 59 No change
Slightly warmer (1) Moderately warmer (2) 4 1 Increase
Moderately warmer (2) Slightly cooler (=1) 03 2 Decrease
Moderately warmer (2) Slightly warmer (1) 10 67 Decrease
Moderately warmer (2) Moderately warmer (2) 5 31 No change
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Fig. 6 Spatial distribution of the LCZ categories across the study area in a) 2013 and b) 2023

Table 10 Distribution of LCZ clases in hectares, and their change
between 2013 and 2023

LCZclass 2013 (ha) 2023 (ha) Change(ha) Change rate
1 3 15 12 3.75
2 47 26 =21 -044
3 19 9 -10 -0.52
4 124 307 182 147
5 117 43 —74 —0.63
6 305 219 -86 —0.28
8 163 15 —148 -091
9 583 888 304 0.52
B 6 13 7 1.13
C 5 2 -2 —0.50
D 324 159 —165 —0.51
Total 1,697 1,697

The change of the size of each LCZ class is pre-
sented in Table 10. It can be concluded that the high-
est increase has been observed in sparsely built areas
(class 9) with an increase of 304 hectares, whereas
the highest decrease has been observed in low plants
(class D) with a decrease of 165 hectares. When con-
sidering change rates, compact high-rise areas (class
1) increased 3.75 times over a decade, whereas only
about 9% of large low-rise areas (class 8) remained
between the two periods. In general, high-rise devel-
opments and sparsely built areas have increased,
whereas all other built types have tended to decrease.
Besides, all rural land uses, except for scattered trees,
have decreased in size.

4.3 Analysis of LCZ changes with regard to UHIER
difference groups

To assess the relationship between LCZ transitions and
variations in UHIER, a statistical analysis is conducted.
To prepare the data for analysis, spatial preprocessing is
performed in ArcMap. First, LCZ layers are resampled
to match the resolution of the UHIER raster. Point data
layers are then created from the UHIER change, LCZ
2013, and LCZ 2023 rasters. After extracting pixel-
level UHIER change values, the corresponding LCZ
classes are assigned. This process results in a dataset
of 18,700 observations covering the entire study area.
A new column is created to indicate LCZ transitions
from 2013 to 2023 (e.g., class 1 — class 2, class 9 — class
4, class C—class 3, etc.). Since the data do not meet
normality assumptions, a Kruskal-Wallis test is applied
to determine whether UHIER values differ significantly
across LCZ transition categories.

The analysis reveals a statistically significant effect of
transition type on UHIER with H(9)=50.91, p<.001),
indicating that land-use changes are associated with
substantial variations in UHIER. Descriptive analysis
shows that the highest mean UHIER values occur
in transitions such as class C—class 5 (M=1.05),
reflecting conversions from bush and scrub to open
mid-rise built-up areas increases mean UHIER values.
Conversely, transitions such as class C—class 9
(M =-2.00), representing changes from bush and scrub
to sparsely built areas, exhibit cooling effects. These
findings suggest that certain development-driven LCZ
transitions substantially amplify UHI intensity, while
others may help mitigate it.

Spatial distribution of the LCZ classes in both years
are analyzed with regard to the UHIER difference map.
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The results of the change in each LCZ class correspond-
ing to each UHIER difference group are shown in Fig. 7.

It can be observed that moderate UHIER increase areas
experienced notable changes in terms of the increase in
open high-rise and sparsely built areas and the decrease
in low plants, all of which are expected to increase the
UHI effect. Although compact high-rise areas have
increased slightly in size, they can contribute to higher
UHI values in the most recent year. Areas with a slight
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UHIER increase experience similar changes to those with
a moderate UHIER increase, but to a lesser degree. The
highest UHIER increase and the highest UHIER decrease
groups have not experienced significant LCZ changes.
It is also important to remind that the highest increase
and highest decrease areas are considerably small in size,
with about 1 ha and 4 ha, respectively. A large portion
of the area remained in the same class in terms of the
UHIER groups. In these areas, it can be concluded that
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Fig. 7 The areas of LCZs and their change in 2013-2023 period in relation to corresponding UHIER difference group
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the increases in open high-rise and sparsely built may
cancel out the decrease in other built types as well as the
increase in scattered trees. The decrease in large low-rise
also considered to play an important role in preventing
these areas from experiencing increased UHI values.
Areas with UHIER decrease, on the other hand, do not
have dramatic LCZ changes. The decrease in large low-
rise seems to have a positive impact on keeping UHI at
lower levels in spite of the increase in open high-rise
and sparsely built areas. Moreover, compact high-rise is
almost not evident in UHIER decrease groups.

These patterns reveal that specific LCZ transitions
have meaningful implications for the UHIER variations.
The area is predominantly characterized by three LCZ
types: open high-rise, open low-rise and sparsely built
land uses. In particular, the increase in open high-rise
and sparsely built areas, both of which typically involve
high surface exposure, can intensify local heat retention,
especially when not mitigated by green infrastructure.
In contrast, open low-rise appears to mitigate UHI
impacts, likely due to its planned low-rise, low-density
development pattern complemented by landscaping
features.The observed reduction in low plants further
suggests a shift toward more susceptibility to rising UHI
effects. Although compact high-rise areas expanded
only slightly, their high density and surface properties
exacerbate UHI conditions. Furthermore, the relative
stability of UHIER in most areas, despite small-scale LCZ
changes, implies that the balance between increasing
and decreasing built-up forms plays a critical role in
regulating local temperatures. The absence of dramatic
LCZ shifts in UHIER decrease areas suggests that
thermal improvement can occur even without large-
scale land cover change, possibly through subtle shifts in
building typology or vegetation presence. These findings
highlight the need to consider both the type and spatial
configuration of LCZs in urban planning efforts aimed
at mitigating UHI related concerns, particularly in areas
where urban development and construction are ongoing.

5 Discussion

Urban development patterns of 2013 and 2023 are com-
pared with regard to the changes in UHI and LCZC for
the southwestern fringe of Ankara. The results show that
the areas experiencing high UHIER increase and high
UHIER decrease are negligible since they cover less than
0.2% of the total area. Moderate decrease and moder-
ate increase areas cover 9% and 13% of the entire area,
respectively, while slight decrease and slight increase
cover 3% and 11% or the entire area, respectively. It is evi-
dent that the groups associated with UHIER increase sur-
pass those associated with UHIER decrease. The overall
UHIER increase encompasses nearly one-quarter of the
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study area, which is approximately twice the extent of the
overall UHIER decrease, covering 12% of the area. The
largest part of the study area remains unchanged in terms
of the UHIER values, covering 64% of the area. When
the UHIER changes are investigated in detail, the largest
trasformation, covering 225 hectares, has been observed
from slightly cooler to slightly warmer, followed by 172
hectares transformed from moderately cooler to slightly
cooler. These two largest transformation areas indicate
UHIER increase. The third largest transformation, on the
other hand, covers 148 hectares, where slightly warmer
areas have become slightly cooler.

LCZ transformations have also been analyzed to
understand the potential impact of land use changes.
In this study, LCZ mapping was conducted using the
WUDAPT protocol, grounded in the classification
framework proposed by Stewart and Oke (2012) and
implemented in accordance with the methodological
guidelines outlined by Demuzere et al. (2021). The
LCZ classification used in this study is based on the
WUDAPT framework, which is a recognized tool in
urban climate literature (Ching et al., 2018; Mushore
et al., 2022; Rahmani & Sharifi, 2023). LCZ maps for
Ankara were derived from the WUDAPT-generated
outputs for 2013 and 2023. The results confirm an overall
increase in built types. The most significant change rate
is observed in compact high-rise areas, with a 3.75 times
increase. The following highest rate is observed in open
high-rise areas, with a 1.47 times increase. When the
size of each LCZ change is considered, the largest change
is observed in sparsely built areas, with an incresae of
304 hectares, followed by open high-rise areas, with an
increase of 182 hectares. Low plants, on the other hand,
decreased by around 165 hectares. Such increase in built
types and decrease in land cover is considered to play a
role in increasing UHIER values in the area. The spatial
correspondances of the UHIER changes and the LCZ
changes are also informative.

Higher UHIER increase and higher UHIER decrease
areas do not reflect significant LCZC changes. They
are also quite small areas in size, therefore, can be
neglected. Moderate UHIER increase areas experienced
considerable increases in open high-rise and sparsely
built classes, accompanied with a decrease in low plants.
Such changes appear to offset the potential UHIER
decrease from reduction of open mid-rise, open low-rise
and large low-rise areas. Additionally, the most evident
increase in compact high-rise is observed in this UHIER
group. The results are in line with the findings in the
literature, indicating that LCZs dominated by dense high-
rise structures exhibite higher temperatures, whereas
areas with vegetation are more effective in reducing heat
(Chen et al., 2023; Herath et al., 2018; Nastran et al,,
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2019; Ogce et al., 2025; Rahmani & Sharifi, 2023). Slight
UHIER increase areas also reflect a similar pattern, with
lower intensities. The results support the findings in the
literature indicating LCZ of built-up leads to higher UHI
values than the natural ones (Shi, et al., 2022). The areas
without UHIER change experience significant changes
almost in all groups, such as increasing open high-rise
and sparsely built areas and decreasing large low rise and
low plant areas. Moreover, the only increase in scattered
trees is observed in this group, although not quite
significant. It can be concluded that although compact
high-rise, open high-rise, and sparsely built areas have
increased, the decrease in other built-types, particularly
large low-rise, and the increase in tree density seem to
balance the UHIER changes. As indicated in Ananyeva
and Emmanuel (2023), vegetation plays an important
role in reducing surface temperatures, with trees offering
greater potential for cooling than shrubs and grass.
Trees and greenery at the ground level are found to be
decreasing overheating of urban areas (Khan et al., 2023).
A tree canopy exhibits stronger cooling potential due
to its shading effect (Hou & Estoque, 2020), while they
increase local breezes in urban areas (Yilmaz & Ozturk,
2024). Slightly or moderately decreased UHIER groups
do not reflect a significant LCZ change except for large
low-rise group. Decreasing large low-rise is related to
various building sites of the previous period, which
turned into built-up areas in the latter period. However,
if the intention is to keep UHIER at lower levels, the
expansion of compact high-rise and open high rise areas
should be limited. Similarly, the expansion of the sparsely
built areas appears to use land inefficiently, which has an
increasing impact on UHI values and should be limited.
Moreover, areas should be reserved for land covers such
as scattered trees.

When the LCZ-UHI relationship is considered, most
previous studies have focused on established built-up
areas and there are fewer studies investigating the effects
of macroform changes in urban development areas. The
results of this study align with findings from Dimitrov’s
(2021) research on urban expansion in Sofia, which also
highlighted the role of open high-rise and sparsely built
areas in contributing to elevated UHI values. In both
studies, low plants were found to mitigate heat effects.
Our results also support the outcomes of ground-based
thermal surveys by confirming similar patterns using
satellite-derived imagery, thereby reinforcing their
validity through an alternative methodology. Unlike
the findings of Mushore et al. (2022), Lee et al. (2024),
and Zhang et al, (2021a, 2021b), where economic or
industrial activities represented by LCZ types such
as large low-rise and lightweight low-rise played a
significant role in urban development areas, our study
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area is primarily characterized by residential land use
types. This distinction allows us to better observe how
variations in different LCZ types related to residential
macroform influence UHIER, while the dominance of
residential LCZ types in our study area makes it possible
to isolate and interpret the thermal effects of residential
land-use patterns more clearly.

The results highlight that the observed increase in
UHIER is primarily associated with the expansion of
open high-rise and sparsely built LCZs, coupled with the
reduction of open green areas, rather than being driven
solely by localized pixel-level transitions. This overall
shift in the composition of the urban fabric reflects the
ongoing urbanization of the southwestern fringe, where
the increase in built-up surfaces and the loss of vegetated
cover have collectively contributed to heat intensification.
These findings confirm that urban development dynamics
and LULC changes play a critical role in shaping spatial
UHI patterns. This pixel-level approach strengthens the
interpretation of spatial heterogeneity in UHIER and
provides an evidence-based foundation for targeted
planning interventions in heat-sensitive areas.

Considering the findings within the context of current
planning and development strategies, it becomes evident
that existing policies provide only partial guidance
for UHI mitigation in Ankara. At the national level,
the Climate Change Mitigation Strategy and Action
Plan (2024-2030) by the Ministry of Environment,
Urbanization and Climate Change (The Ministry of
Environment, Urbanization and Climate Change, 2023)
emphasizes the expansion of green spaces in urban
areas as part of climate adaptation goals, yet it does
not explicitly address UHI dynamics. At the local level,
the Ankara Local Climate Change Action Plan (Ankara
Greater Municipality, (2022) highlights vegetation and
green infrastructure as the primary tools for reducing
UHI intensity, recommending both the expansion of open
green space systems and micro-scale interventions such
as green roofs. However, the Territorial Development
Plan of Ankara (Ankara Greater Municipality, (2007),
which designates the southeastern development corridor,
including the study area, as predominantly residential,
does not refer to UHI or green infrastructure in the study
area. The plan anticipates significant population growth
and building density in the corridor, while fragmented
green space allocations in newly developing residential
zones create both spatial discontinuity and financial
challenges for the municipality in implementing and
maintaining green infrastructure.

In the context of Ankara’s insufficient policy
framework, this study provides evidence-based
insights that can inform local development strategies
for mitigating UHI impacts. The results provide
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evidence-based insights for local planning. Findings
suggest that rapidly urbanizing areas with increasing
open high-rise, compact high-rise, and scattered
built forms are major contributors to UHIER
intensification, whereas promoting open low-rise
typologies integrated with larger, contiguous green
spaces can effectively mitigate UHI effects. Therefore,
a more integrated urban development strategy that
coordinates macroform decisions with continuous,
multi-scaled green infrastructure is essential for
sustainable thermal management in Ankara’s
developing urban fringe.

6 Limitations

LCZ mapping is conducted for an entire city for a spe-
cific time. Therefore, the accuracy of the LCZ map
reflects the level of confidence in the classification
for the entire area as well, but local accuracies may
vary. Class probabilities provided by the WUDAPT
protocol are considered an accuracy measeure for
the sub-sections of the entire region of interest. The
global accuracy may also vary accross different years.
In this study, the accuracy for 2013 is lower than that
for 2023. When the accuracies of the LCZ classes are
investigated, the lowest accuracy for 2013 appears to
be observed in compact low-rise. This issue appears
to stem from the prevalence of squatter settlements,
which are challenging to define due to their small sizes
and clustering patterns. These irregular settlements
consisting of several tiny housing units clustered
together in topographically disadvantaged areas such
as steep slopes, have varying horizontal and vertical
profiles. This variability makes it difficult to determine
their densities. Moreover, in some instances some of
these settlements are incorrectly classified as bush
and scrub due to their small sizes and the presence
of trees covering housing units. However, it is impor-
tant to emphasize that such irregular settlements were
absent in the study area in both years, implying that
the classification accuracy for this area is likely higher
than for the rest of the city. Another limitation of the
study is the incompatibility of raster data resolutions
of different data. Even when re-projected to the same
resolution, the total area of the initial data remains
unchanged. UHIER data derived from Landsat 8
imagery has a resolution of 30 m x 30 m in the WGS
1984 UTM Zone 36N projection. LCZ data, pro-
vided without a projection, has a default resolution of
87.88 m x 87.88 m resolution when projected to WGS
1984 UTM Zone 36N. Consequently, their study area
totals do not match: the former covers 1,690 hectares,
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while the latter covers 1,697 hectares. However, a devi-
ation of 0.4% is considered negligible.

7 Conclusions

Addressing the gap in existing upper-scale guiding plans,
this study delivers empirical evidence on the UHI issue
and provides a basis for formulating potential policy
recommendations. This study provided an in-depth
assessment of the relationship between land use
transformation and UHI dynamics, specifically quantified
through UHIER, in the southwestern urban development
area of Ankara between 2013 and 2023. Utilizing RS
and GIS techniques in conjunction with the WUDAPT
protocol, the analysis demonstrated how shifts in LCZ
types—driven by urban expansion, densification, and
changes in surface materials—directly influence UHIER
variability across space and time. The increase in
impervious surfaces, reduction in vegetated zones, and
increasing built-up densities are shown to be the primary
drivers of increased LST and intensified UHI effects.

The spatial analysis revealed that moderately and
slightly increasing UHIER zones occupy a substantially
larger area than those experiencing decreases. These
increase parts are closely associated with growing open
high-rise and sparsely built LCZ types, accompanied by
a decrease in low plant cover, predominantly grasslands.
Such a pattern suggests that increasing densities alone
are not the sole determinant of thermal intensification—
rather, the type and spatial structure of the urban form,
in combination with surface properties, play a crucial
role. Conversely, moderate and slight UHIER decrease
areas were strongly correlated with reductions in
large low-rise developments. This finding implies that
horizontal urban forms with lower densities and greater
integration with green infrastructure may contribute
to the mitigation of UHI effects. The analysis also
highlighted that a significant portion of the study area
did not exhibit major UHIER change over the decade.
However, LCZ transitions were still evident in these
comparably stable zones, including marked reductions
in compact mid-rise, open mid-rise, and large low-rise
areas. These findings underscore that even in locations
where UHIER values remain static, ongoing land use
restructuring can have latent implications for future
thermal conditions, especially if green elements are not
adequately preserved or replaced.

The role of vegetation, particularly tree cover,
emerged as a vital moderating factor. As emphasized
in the literature, tree canopies provide greater cooling
potential than shrubs or grasses due to their height,
evapotranspiration capacity, and shading effect. In the
study area, a modest increase in scattered trees was
observed, which likely mitigated some of the heat stress
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induced by the loss of low plants. Nonetheless, this
increase appears insufficient to fully counterbalance
the widespread decline in vegetated areas, particularly
given the scale of urban development. From a planning
perspective, the results highlight the importance of
prioritizing climate-sensitive urban development
strategies. These include integrating tree-based green
infrastructure, limiting the expansion of high-rise and
impervious surfaces, and promoting mid- and low-rise
forms that enable the preservation of pervious surfaces
and vegetated zones. Efficient land use planning that
balances densification with ecological considerations is
essential to maintain thermal comfort, reduce energy
demand, and improve urban resilience in the face of
climate change. Future research could build on these
findings by integrating temporal LST series, high-
resolution LCZ mapping, and socio-economic variables
to capture not only the physical but also the behavioral
and policy-driven dimensions of UHI change. Such a
multi-dimensional approach would further strengthen
urban climate adaptation strategies, particularly for
rapidly developing urban fringes like the one analyzed
in this study.
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