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ABSTRACT

ASSESSMENT OF SPATIAL/TEMPORAL VARIABILITY OF
URBAN HEAT ISLAND EFFECT: A CASE STUDY IN THE CENTRAL
DISTRICTS OF iZMiR

The rapid increase in urban population leads to changes in land use/land cover
(LULC) and environmental problems such as Urban Heat Islands. Temperatures in cities
being higher than their rural surroundings is a climatic phenomenon known as Urban Heat
Island (UHI). Besides direct measurements of air temperature, Land Surface Temperature
(LST) that characterizes Surface Urban Heat Island (SUHI) is widely used to determine
the impact of UHL

This study aims to determine the spatial/temporal variability of the SUHI effect
in the central districts of izmir for the years 1990, 2000, 2006, 2012, and 2018. Landsat
satellite images were used for LST, Normalized Difference Vegetation Index (NDVI),
Normalized Difference Water Index (NDWI), Normalized Difference Building Index
(NDBI), Urban Index (UI), and albedo, while the CORINE land cover dataset was used
for LULC maps.

In the study, the relationship between LST and LULC, and spectral indices was
analyzed using zonal statistics, correlation, and regression analyses. In 2018, the highest
LST values were observed for pastures, industry, commercial areas, transportation units,
and mines, respectively. There is a high positive correlation between LST and NDBI, UlI,
Albedo, and a negative correlation with NDVI, respectively, while there is a moderate
positive correlation with NDWI. In the regression model, 60.4% of the variability of the
dependent variable is explained by NDBI and NDVI. NDBI (71.3%) and NDVI (7.6%)
indices were the most effective factors on SUHI formation. The SUHI effect was more
comprehensively evaluated across five different regions adding built-up indices into the
variable set. It is concluded that the changes in LST values, together with the built

environment indices, are largely influenced by changes in LULC.

Keywords: Urban Heat Island, Surface Urban Heat Island, Land Surface Temperature,

Spectral Indices
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OZET

KENTSEL ISI ADASI ETKISININ MEKANSAL/ZAMANSAL
DEGISKENLIGININ DEGERLENDIRILMESI: iIZMIR ILi MERKEZ
[ILCELERI ORNEGI

Kentsel niifusun hizla artmasi arazi kullanimi/arazi ortiisiinde (AK/AQ)
degisikliklere ve Kentsel Is1 Adalar1 gibi ¢evresel sorunlara neden olmaktadir.
Sehirlerdeki sicakliklarin kirsal ¢evrelerden daha yiiksek olmasi, Kentsel Is1t Adas1 (KIA)
olarak bilinen bir iklim olgusudur. Hava sicakliginin dogrudan 6lgiimlerinin yan sira,
Yiizey Is1t Adasini (YIA) karakterize eden Yer Yiizey Sicakligi (YYS), KIA nin etkisini
belirlemek i¢in yaygin olarak kullanilmaktadir.

Bu c¢alisma, Izmir’in merkez ilgelerindeki YIA etkisinin mekansal/zamansal
degiskenligini 1990, 2000, 2006, 2012 ve 2018 yillar1 iizerinden belirlemeyi
amaglamaktadir. Landsat uydu goriintiillerinin termal verileri kullanilarak; YYS,
Normalize Edilmis Fark Bitki Ortiisii indeksi (NDVI), Normalize Edilmis Fark Su
Indeksi (NDWI), Normalize Edilmis Yerlesim Alan1 Indeksi (NDBI), Kent Indeksi (UT)
ve Albedo, CORINE arazi ortiisii veri seti kullanilarak ise AK/AO haritalar1 olusturuldu.

Calismada YYS ile AK/AO ve spectral indeksler arasindaki iliski zonal istatistik,
korelasyon ve regresyon analizleri ile incelendi. 2018 yilindaki en yliksek YYS degerleri
sirastyla meralar, sanayi, ticari alanlarda, ulasim birimlerinde ve maden ocaklarinda
gozlendi. YYS ile sirasiyla NDBI, Ul, Albedo arasinda yiiksek diizeyde pozitif bir iliski
ve NDVI ile negatif bir iliski bulunurken, NDWTI ile arasinda orta diizeyde pozitif bir
iligki vardir. Regresyon modelinde bagimli degiskendeki degisimin %60,4'tt NDBI ve
NDVI tarafindan agiklandi. NDBI (%71,3) ve NDVI (%7,6) endeksleri SUHI
olusumunda en etkili faktorlerdir. YIA etkisi, degisken setine yapilasma indeksleri
eklenerek bes farkli bolgede daha kapsamli bir sekilde degerlendirildi. YYS
degerlerindeki degisikliklerin, yapili cevre indeksleri ile birlikte biyiik o6lciide
AK/AQ’deki degisimlerden etkiledigi sonucuna varildi.

Anahtar Kelimeler: Kentsel Is1 Adasi, Yiizey Is1 Adasi, Yer Yiizey Sicakligi, Spektral
Indeksler
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CHAPTER 1

INTRODUCTION

Urbanization, accelerated with the Industrial Revolution, is a socio-economic
process that causes the spatial distribution of the population to shift from rural areas to
urban areas, and the growth of cities. Urban populations are increasing rapidly due to
global population growth, and economic change'-?. It is stated that the world population,
which is increasing day by day, will reach approximately 8.5 billion in 2030 and 9.7
billion in 20503, It is estimated that 68% of the world's population will live in cities by
20504

Rapid urbanization does not only cause the population to increase in cities. At the
same time, it is a process of land use transformation that creates significant differences in
the physical environment. With the increase in human activities associated with
industrialization, climate changes in cities have accelerated due to the increase in fossil
fuel consumption, greenhouse gas emissions, and transformations in urban landscape
(covering natural surfaces with artificial surfaces)>S. As a result of this change, it has been
observed that the temperatures in cities tend to increase, and the urban climate differs
from the rural surroundings'.

Due to population growth in cities, social, economic, and environmental problems
also increase’. People living in cities directly face the consequences of global climate
changes such as natural disasters (rising sea levels, extreme weather events, etc.), poor
quality water, and air, infertile soil, ecosystem, and land loss®. Urbanization, and urban
land expansion characterized by demographic changes are the most radical, and
irreversible form of land use’. Therefore, the effects of urbanization, and global climate
change are of crucial importance for developing cities’ climate change adaptation®.

Cities create microclimate areas by creating local climate zones!?. This situation
causes different temperatures, surface flow, and wind conditions according to their
environment!!!2, Urbanization causes the rural cover types such as soil, water, and
vegetation to be replaced with impervious surfaces such as concrete, metal, and asphalt'>.

Construction materials with high heat capacity, and low permeability properties used on



urban surfaces (concrete, asphalt, etc.) absorb more solar heat than the materials used in
rural areas!*!®. Heat absorption on these surfaces then spreads to the environment,
causing a significant temperature increase leading to the formation of “UHI” as a
microclimatic environmental problem!®!”. UHI, one of the most discussed issues of
climatic events that occur with urbanization, is defined as the temperature in urban areas
being higher than the temperature of the surrounding rural areas'®!°. In other words, it is
seen as the urban scale equivalent of global warming?®. UHI phenomenon was first
researched by Luke Howard in 1810, and the term was first used by Timothy Richard
Oke'”.

With the rapid change in the built environment, cities are expanding horizontally
while growing vertically. High building densities cause the microclimate in urban areas
to differ significantly from the climate in rural areas’. Therefore, it is inevitable to observe
UHI effects in urban areas where green areas decrease because of the densification of
construction'?. UHI causes increased energy consumption and bills, human health
problems, air pollution and temperature increase, and environmental impacts. The main
negative impacts on human health are heat stroke, heat exhaustion, respiratory problems,
cardiovascular disorders, dehydration, and sleep disorders®!. The UHI effect varies
depending on the morphological structure of the city'?>. The UHI effect becomes more
pronounced as wind speeds are generally low, and air temperatures are high in urban
areas'’. Features that determine the geometry of the city, such as the width of streets, and
avenues, and the height of buildings affect the formation of the UHI effect???*. While this
formation, which occurs mostly at night, provides positive effects in the winter months,
it causes extreme temperature increases in summer?*.

Nowadays, with the rate of urbanization reaching the highest levels, there is a
growing interest in national/regional/urban, and micro-scale studies aimed at reducing the
UHI effect, which negatively affects human health. There is a vast amount of studies in
the literature examining the relationship between urban, and urbanization dynamics, and
UHL. In general, these studies have revealed that the transformation of natural areas into
hard, and impervious ground as a result of urbanization causes the UHI effect to
accelerate, and increase. Therefore, it is very important to determine the UHI effect in
cities. UHD’s are categorized under two main headings: Atmospheric UHI’s (AUHI), and
Surface UHI’s (SUHI)®. There are two ways to demonstrate the UHI effect. The UHI
effect is demonstrated by measuring temperature variations in the atmosphere at different

heights in urban areas (AUHI) and by measuring temperature variations on the surface
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(SUHI)?. In this context, Atmospheric UHI’s are observed by direct measurements of
weather stations, and mobile transits, while Surface UHI’s are observed by indirect
measurements such as remote sensing?’.

Remotely sensed imagery, which helps reveal the effect of the UHI, is used to
measure the ground surface temperature?®. Mapping ground surface temperatures is an
important tool in scientific studies on issues such as climate change, LULC, and weather
forecasting?®>°. For the first time in the literature by Rao, P. (1972) studies have been
carried out to detect Surface UHI’s using remote sensing techniques. Observation of
temporal surface temperature changes, and comparison of LULC changes are provided
by thermal images obtained from satellites®!*2. SUHI is characterized by LST, and it is
detected by remote sensing methods commonly using MODIS, Landsat OLI/TIRS,
Landsat TM, Landsat ETM+, Sentinel, ASTER, and SPOT images which enable
determination of spatial variation, and changes in LST*>*, Studies examining LST values
are critical to improving urban living conditions and making sustainable planning in the
future™.

In our country, it is predicted that the current effects of climate change will
continue to increase in the future. For this reason, the central districts (11 districts) of
Izmir, Tiirkiye's third-largest city, were chosen as the research area. Izmir is an important
city for Tiirkiye with its economic, cultural, and historical rich history, and geographical
location. At the same time, the city faces various challenges related to water resources,
and environmental factors. This situation causes UHI effect to be observed intensively in
[zmir. In this context, the study aims to determine the spatial, and temporal UHI effect in
the central districts of Izmir city, and to propose measures to reduce the effect. The UHI
effect is clearly seen in Izmir, especially during the summer months. This creates risks
for urban quality of life (air pollution, water pollution, lack of green space, climate
change, etc.). In this context, the study aims to evaluate the effect of SUHI on LST values
in terms of LULC change, spectral indices, and built-up indices. For compatibility with
the CORINE data set compared to LULC for LST 1990, 2000, 2006, 2012, and 2018. For
this reason, in order to determine the UHI effect in the central districts of Izmir, July, and
August, which are the hottest months in the summer; LST was created in the ArcGIS
environment using Landsat 8 OLI/TIRS, Landsat 7 ETM+, and Landsat 5 TM thermal
satellite images for the years 1990, 2000, 2006, 2012, and 2018. In the study, urban
parameters such as LST (dependent variable) calculated from satellite images, and

Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index



(NDWI), Normalized Difference Built-up Index (NDBI), Urban Index (UI), and Albedo
(independent variable) were used. The relationship between them has been determined.
Factors affecting UHI formation in the central districts of Izmir have been determined.
Air temperature values of meteorological stations containing the same dates as Landsat
satellite images were compared with LST values. The relationship between LST, and
urban parameters was determined by correlation analysis, and Multiple Linear Regression
(MLR) analysis. The effects of land use types on LST were determined by calculating
LST statistics for CORINE LULC classes. For a comprehensive assessment of a larger
set of variables defining the urban environment, LST and LULC relationships in the study
area were evaluated. As a result of the analysis, built-up indices as urban parameters were
determined using data on the number of buildings, green areas, and average number of
mean household’s size. Five different built environment textures were selected with the
built-up indices determined as population density, building area density, and mean floor
height, together with the LST and LULC maps of 2018. Changes in land use and urban
parameters were detected depending on the LST values in these regions. Thus, the effects
that may have caused UHI formation in the central districts of Izmir were determined.
Finally, suggestions are made to reduce the UHI effect within the scope of the urban

planning.

1.1. Problem Definition

The numbers, frequencies, and areas of impact of climatic, and meteorological
disasters, which have become a global issue beyond environmental problems due to
climate change, are increasing, and are said to continue to affect the world in the long
term. Along with climate change, a significant increase in various weather events has
been observed in many regions of the world in recent years®>*¢. Natural disasters, which
have always existed throughout history, and will continue to exist in the future, threaten
life on Earth, and have significant socio-economic impacts®*®*’. The possible risks of
natural disasters are increasing due to factors such as the rapid growth of the world
population, concentration of population in risky areas, overuse of natural resources,

industrialization, unplanned urbanization, and inadequate infrastructure, while also



accelerating the UHI effects in cities’’. Global climate has warmed by 0.5°C over the last
hundred years due to greenhouse gas emissions contributing to global warming®® and
climate change from human activities, and it is stated that the world will warm between
1.4°C and 5.8°C within the next century>’.

It has been found that meteorological disasters, which constitute a large part of
natural disasters, have increased in the last twenty years. According to EM-DAT, one of
the world's leading disaster databases, 7348 disaster events have been recorded worldwide
in the last twenty years*’. According to the "WMO Atlas of Mortality and Economic
Losses From Weather, Climate and Water Extremes" report published in 2021, it is stated
that 11072 natural disasters related to weather, climate, and water occurred worldwide
between 1970 and 2019 (Figure 1)*!. Half of all recorded disasters during this period,

45% of fatalities, and 74% of economic losses are attributed to meteorological disasters®.

Number of reported disasters
Total = 11 072 disasters
2536
3500
== 3165
3000 i
2500 2250
2000 —
1500 1410 E
1000 711 .
500 |
1970-1979 1280-1989 1290-1999 2000-2009 2010-2012
M Drought Extreme temperature M Flood Landslide M Storm B Wildfire

Figure 1. Distribution of the number of natural disasters originating from weather,
climate and water occurring worldwide in 10-year periods (1970-2019)

(Source: WMO*!)

In the coming years, it is stated that the general temperature increase in the
Mediterranean Basin, including Tirkiye, will reach 1°C-2°C, and the annual average
temperature in Tiirkiye will increase by 2.5°C-4°C in the coming years®®. As a result,
drought is expected in large areas, and particularly in the inland regions, the number of
heatwaves, and extremely hot days is expected to increase. It is emphasized in IPCC
reports, and national, and international scientific model studies that Tiirkiye will have a
warmer, drier, and more uncertain climate structure in the near future*?. Tiirkiye, which

is among the countries at risk in terms of the potential effects of global climate change



(excluding tropical storms, and active volcanoes), is predicted to experience a decrease
in water resources, and ecological disturbances due to the expected increase in natural
disasters associated with climate change®>3.

Our country, which has a wide geography and various climate regions,
experiences a large number and variety of severe meteorological events, including storms,
floods, hail, frost, snow, and drought®®>. Serious increasing trends in the numbers of
meteorological disasters have been observed in Tiirkiye's long-term distribution of
meteorological disaster numbers from 1940 to November 30, 2022. The highest number

of extreme events in Tiirkiye occurred in 2022 with 1030 extreme events. The majority

of extreme events are constituted by heavy rainfall (Figure 2)*.

Meteorological Disaster Distribution Across Tirkiye
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Figure 2. Meteorological disasters between 1940-30 November 2022 number of
extreme events for many years

(Adapted from Turkish State Meteorological Service*)

In the Mediterranean Basin, anthropogenic climate change has been observed on
many variables in recent years. In the future, the region is expected to be one of the
regions most affected by climate change, especially in terms of precipitation and
hydrological cycle**.

Among the provinces where meteorological disasters have been most prevalent in

recent years, Izmir ranks third®’. Located under the influence of the Mediterranean



climate, winters in Izmir are mild, and rainy, while summers are dry and hot. The annual
average temperature is 17.9°C, and the highest rainfall occurs in December, January, and
February. Due to its geographical location, and climatic characteristics, Izmir province is
susceptible to various natural disasters. Among these disasters are frequent occurrences
of storms, and whirlwinds with speeds exceeding 100 km/h during the winter, and spring
periods, floods, and water deluge resulting from heavy rainfall, widespread lightning
strikes resulting from rainfall frequently occurring as thundery showers, short-term
episodic droughts, and forest fires. Additionally, Izmir has experienced the largest forest
fire in the city's history®.

The rapid urbanization of izmir brings about various problems, particularly those
associated with the UHI effect. Due to rapid urbanization, decreasing green areas, and
increasing use of impermeable materials such as asphalt and concrete, issues such as
temperature rise in city centers, discomfort, increased energy consumption, decreased
water resources, air pollution, and loss of biodiversity arise. Additionally, with the
increasing population, there have been significant changes in LULC. Due to LULC
changes such as deforestation and industrialization, the accumulation of greenhouse gases
in the atmosphere is rapidly increasing and contributing to the formation of UHI*.
Therefore, it is considered that meteorological disasters caused by UHI effects will
continue to pose a risk for izmir in the coming years. Therefore, it is important to
implement urban planning, environmental policies, and land use management measures

to cope with climate change and the UHI effect.

1.2. Aim and Scope of the Study

This study aims to temporally and spatially reveal the changes between LULC
and LST created using multispectral imagery and to determine the relationships between
UHI, SUHI, and spectral and built-up indices at the micro-scale. In line with this aim, the
objectives are defined as follows: (1) detecting the changes LST values over time in the
study area; (2) determining the effects of LULC on LST wvalues; (3) elucidating the
quantitative relationship between SUHI effect, and urban parameters; (4) providing

recommendations for reducing the UHI effect from the perspective of urban planning.



The geographical scope of this study encompasses 11 districts in the izmir
Metropolitan Region. The temporal scale of the study covers the months of July, and
August, characterized by intense UHI effects, and higher air temperatures in the Urban
Canopy Layer (UCL). Satellite imagery, and CLC data for 1990, 2000, 2006, 2012, and
2018 are used in the study. The dependent variable of the study is the LST that
characterized SUHI. Among the spectral parameters as urban parameters identified
through the literature review to affect the formation of SUHI, NDVI, NDWI, NDBI, Ul,
and Albedo are the independent variables of the study. In terms of methodological
aspects, this study employs correlation analysis, and MLR analysis to determine the
relationships between LST, and urban parameters; it utilizes specific methodologies such
as zonal statistics to understand, and evaluate the relationship between LST, and land use.
Built-up indices (population density, building area density, mean floor height, and
surrounding green areas larger than 2 ha), LST, LULC, and spectral indices were
evaluated by dividing them into different regions. In conclusion, this study aims to
provide information to shed light on policies, and strategies to reduce or mitigate the heat

island effect in urban areas.

1.3. Research Questions

This study investigates the UHI effect in the central districts of Izmir province.
Based on the problem and the aim of the study, several research questions are determined.
In this regard, this study intends to find answers to the following research questions:
e How do land use/land cover classes affect LST values?
e How are the spectral indices as urban parameters related to LST/SUHI?
e What findings emerge from comparing LST values with built-up indices as urban

parameters?



1.4. Structure of the Thesis

This thesis consists of six chapters.

The first two chapters include the literature review, and information about the
study, while the subsequent four chapters cover the study area, the data used, the
methodology used in the study, the results of the study, and the conclusions.

The first chapter includes general information about the thesis, explanations about
why this topic is important, the problem, the research questions, and the aim, and scope
of the study.

The second chapter of the discussed thesis study describes the methods employed
to assess the Urban Heat Island (UHI) effects stemming from the Urban Climate. It also
includes SUHI and LST concepts.

The third chapter, general information about the study area is provided. In
addition, the data, and data sources used in the study are detailed in this part.

The fourth chapter, the methodology of the study is explained in detail under four
headings: data preparation, assessment of the LST's relationship with LULC change and
spectral indices, comparison of LST with different built environment textures, and
comparison of Air Temperature and LST values.

The fifth chapter, explains the results of the methods examined and shows the
maps of the study area. The effects of the SUHI in the study area are discussed in this
part.

The last chapter provides an overview of the results obtained from the study.

Additionally, suggestions that will contribute to future studies are explained in this part.



CHAPTER 2

LITERATURE REVIEW

In this part of the thesis, general information about Urban Climate, the UHI effect,
SUHI as one of the actors of UHI variability, and LST as a parameter of SUHI is
emphasized. Subsequently, relevant studies on the examination of the relationship
between LST values and different urban parameters (spectral indices and built-up indices)
are discussed, and the expected findings regarding these indices are presented based on

the conducted research.

2.1. Urban Climate

Climate is the long-term pattern of weather conditions in a given region, which is
constantly changing and is the most fundamental factor shaping life. Climate, which is
determined by the climate system of a region, also varies in different parts of the
world*’#%, Climate is an interactive system consisting of five basic components:
atmosphere, hydrosphere, land surface, biosphere, and cryosphere (Figure 3). Many
physical, chemical and biological interactions occur between these interrelated
components of the climate system*. Changes in long-term records of elements such as
solar radiation, temperature, humidity, precipitation, atmospheric pressure and wind, and
natural or anthropogenic changes in the components of the climate system result in
climate change**>*. Therefore, changes in even one of the climate elements have a direct
impact on human health and quality of life, causing changes in thermal comfort level and

ecological balance’!.
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Figure 3. Components of the global climate system and interactions

(Source: IPCC*)

The world climate has been changing continuously for centuries. Since the
industrial revolution (second half of the 18th century), there has been an accelerating
process of climate change due to human activities. While most of this process, which is
closely related to global warming and the increase in greenhouse gases in the atmosphere,
which directly cause climate change and environmental impacts, is caused by natural
causes; the release of greenhouse gases (carbon dioxide, nitrogen oxides, methane, etc.)
and solid/liquid substances in the atmosphere as a result of human activities also
contributes significantly®>3.

It was first stated in 1957 by Roger Randall Dougan Revelle that global warming
could cause a large-scale climate change™. It is predicted that the amount of CO., one of
the greenhouse gases in the atmosphere, will increase from past to present. With this
situation causing global warming, it is stated that there will be difficulties in controlling
climate changes locally and regionally®™. As a result of global climate change;
temperature increase in the atmosphere, temperature increase on the water surface, sea
level rise, change in precipitation cycle, increase in annual precipitation amount, increase
in evapotranspiration and more frequent and intense unusual events are among the

observed effectsS.
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In the literature, the serious effects of land use changes on climate have been
expressed by many studies. Urbanization, one of the land cover changes, negatively
affects climate, biodiversity and ecological systems at regional scale. In particular,
urbanization reduces biodiversity, destroys natural habitats, reduces green areas and
disrupts ecosystem balance, causing significant changes in surface temperatures and air
temperaturesolmaktadir™®>7. With this change, it has been observed that there are
significant changes in local, regional and even global climate (Figure 4). Physical
processes that affect climate and result from land use change include albedo, surface
roughness, topography and the cycling of water vapor and greenhouse gases between the

atmosphere and the earth’®,

GLOBAL: climate change

REGIONAL:

glacid rain,
iospheric ozone,
s, greenhouse gases

Figure 4. Effects of urbanization on climate

(Source: Carmichael®®)

Cities are places where great transformations occur and can easily adapt to
changing conditions®®. The urban ecosystem, which forms a complex network and
includes interactions between various elements, refers to the balance of biotic (human,
plant, animal) and abiotic (air quality, temperature, light, atmosphere) factors generally
found in urban environments>°.

In terms of urban planning, urban ecosystem is defined as the ecological

infrastructure that includes both the infrastructure in the built environment, and the plants,
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and water surfaces that provide ecosystem services at different spatial scales such as
buildings, streets, and neighborhoods®. In summary, the urban ecosystem is where green
areas are destroyed, impervious surfaces, and structural areas are dense, natural drainage,
and water flow are changed; Urban ecosystem can be described as spaces where
transformations occur in water, energy, vegetation, topography, and materials>®. As a
result of these changes in urban areas, climatic conditions such as air temperature,
humidity, wind, and precipitation that differ compared to the rural environment are
expressed as urban climate, which varies at regional, and local scale®!. Urban climate
emerges as a component of urban ecology, and must be examined in terms of planning.
For this reason, the features of the physical space shaped by cities should be reviewed
along with global or local conditions.

The local climate that differs as a result of the interactions between built-up areas,
and the regional climate is called "Urban Climate"®?. Urban climate science began with
the work of Luke Howard in the 1800s®. This study, which is the first systematic urban
climate study, measured the temperature differences in the city of London and the
surrounding rural areas in 1815. All effects that caused the formation of an UHI were
identified. It has been suggested by Howard that artificial temperatures arise in cities due
to the structure of the city, excess population, and fuel consumption®®. The climate of
cities emerges as a modified version of the surrounding macroclimatic conditions, and is
affected by thermal conditions, and air pollutants. Stating that the urban climate is not
completely unique, Landsberg (1981)!! states that the climate undergoes a modification
by being affected by the large-scale climatic conditions in the environment. Due to
changes, climatic conditions in cities differ from rural areas (Table 1). In cities; It is
observed that when wind speed is lower, pollutants are increased in density, wind
direction changes, temperature is higher, radiation is blocked, precipitation is higher, and
clouds are more abundant®. In the urban environments, higher temperatures are observed
at night, and in some cases during the day compared to the rural areas. UHI, which
emerges due to this temperature difference, is a microclimate phenomenon that occurs as

a result of the deterioration of the environmental energy balance in urban areas®.
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Table 1. Comparison of Climate Variables Between Urban and Rural Areas

(Source: WHO®)

Meteorological Parameter Urban Areas Compared with Rural Areas
Solar Radiation Less
Radiation Ultraviolet Radiation (Winter) Less
Ultraviolet Radiation (Summer) | Less
Sunshine Duration Less
Annual Mean Higher
) Radiation Days Higher
Air temperature . .
Minimum Temperature Higher
Maximum Temperature Higher
. Relative Less
Humidity
Absolute No Change
Fog Less
Cloudiness More
L Annual Mean More
Precipitation
Snow Less
Mean Wind-Speed Less
Wind Calms More
Gusts More
. Particles More
Contaminants
Gases More

According to Roth (2013)%, urban climates are characterized by a combination of
processes occurring at various scales, depending on the biophysical nature of cities and
the layered structure of the urban atmosphere. According to Stewart and Oke (2009)°%,
the scale also provides the conceptual framework for modeling each type, identifying the
factors and processes that influence and generate each heat island®. Cities are classified
as horizontal and vertical according to different atmospheric and spatial characteristics®.

Human-made factors determine the horizontal boundaries of the city, and cities
that change over time expand. Due to this change, climatic changes also increase over
time. UHIs are analyzed in three scales: meso, local, and micro’®. Mesoscale refers to the
climatic scale that includes the entire city’!. Local-scale refers to the climatic scale
formed by the aggregation of microscale units. Typical local scales range from one to
several kilometers horizontally’?. The microscale is defined by individual buildings, trees,
and intervening areas forming an urban canopy. This scale includes the roughness
substrate on the vertical. Typical microscales range from one meter to several hundred

meters horizontally®.

14



Depending on atmospheric properties; The city can be examined in three main
vertical layers: Planetary Boundary Layer (PBL), Urban Boundary Layer (UBL), and
Urban Canopy Layer (UCL). Heat islands can be characterized according to different
layers of the urban atmosphere and various surfaces and can be divided into three
categories: Canopy Layer UHI (CLUHI), Boundary Layer UHI (BLUHI) and Surface
UHI (SUHI) (Figure 5)7. PBL is the most general, and largest layer. This layer is where
climate events occur, and atmospheric changes end. UBL is the layer below the urban
impact limit, which is the boundary separating the UCL, and the free atmosphere. The
boundary called the "UCL" on the vertical, covers the gaps between the roughening
elements such as buildings, and trees. The UCL, which is the layer with the highest human
impact, is also the layer with the highest concentration of pollutants in the air’!. CLUHI
and BLUHI are Atmospheric Urban Heat Island (AUHI) as they indicate the heating of
the urban atmosphere, while SUHI refers to the relative temperature of urban surfaces

relative to the surrounding rural areas’.
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Figure 5. Climatic scales and vertical layers found in urban areas

(Source: The Handbook of Natural Resources’?)
It is necessary to know the characteristics of urban areas that affect the atmosphere

to this extent. These characteristics are; urban structure (i.e. distance, height of buildings,

width and area of streets), urban cover/surface cover (i.e. built/paved levels, vegetated
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surfaces, soil surfaces, water surfaces and bare surfaces), urban fabric/texture of building

materials and urban metabolism (i.e. heat, water and pollution from human activities)®.

2.2. Urban Heat Island (UHI)

With the development of cities, buildings, roads, and other infrastructure, replaces
open land, and vegetation, causing the destruction of these areas. Consequently,
permeable humid surfaces transform into impervious, and dry surfaces®>. The most
prominent atmospheric modification resulting from urbanization is known as the "UHI"®’.
The increasing temperatures in cities are the most significant change in climatic factors
and have become a concerning issue for humans®’.

UHI phenomenon implies that the urban areas have higher temperatures than their
rural surroundings'’. The most prominent climatic indicator of urbanization, the UHI, was
first defined for the city of London in 1820 by Luke Howard?®. The profile of heat islands
that can occur during the day or night throughout the year is closely related to urban
morphology'??°. The temperature difference between urban, and rural areas often occurs
on calm nights, caused by the faster cooling of rural areas compared to cities, and the
accumulation of heat by roads, buildings, and other structural elements in cities.
Temperature values can vary according to land use types, and seasons, especially with
urban centers having much higher temperature values compared to the surrounding rural

areas?’. The change in temperature values according to land use type is shown in Figure
6.
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Figure 6. Urban heat island profile

(Source: EPA%")
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UHI and SUHI are two important concepts that express thermal differences in
cities. While human influence is not the main factor in the formation of the SUHI, human
activities are the main factor in the formation of the UHI. Analyzes performed using land
temperatures indicate SUHI, while analyzes performed using air temperatures indicate
UHI™.

UHI is caused by factors such as construction in urban areas and the capacity of
surfaces to absorb and emit sunlight. The temperature in city centers is generally higher
than rural areas. UHI is directly related to urbanization and urban development””.

UHI are analyzed under two main headings: AUHI and SUHI?*. Table 2 shows

the main characteristics of UHI types.

Table 2. Characteristics of UHI Types
(Source: EPA%)

Feature

Temporal Development

Surface UHI

Present at all times of the
day and night

Most intense during the day
and in the summer

Atmospheric UHI

May be small or non-
existent during the day
Most intense at night or
predawn and in the winter

Peak Intensity
(Most intense UHI
conditions)

More spatial and temporal
variation:

Day: 18 to 27°F (10 to
15°C)

Night: 9 to 18°F (5 to 10°C)

Less variation:

Day: -1.8 to 5.4°F (-1 to
3°C)

Night: 12.6 to 21.6°F (7 to
12°C)

Typical Identification
Method

Typical Depiction

Indirect measurement:
Remote sensing

Thermal image

Direct measurement:
Fixed weather stations
Mobile traverses

Isotherm map
Temperature graph

Characteristic of urban climate, UHI is usually marked by maximum sunlight

exposure during daylight hours and low wind speeds during the night’®

. Figure 7 shows
that the magnitude of temperature differences in UHI intensity varies temporally, and
spatially depending on local weather conditions, location, and urban characteristics’’.
Surface and atmospheric temperatures vary in areas where land use is different. While
daytime surface temperatures vary more than air temperatures, nighttime temperature

values appear to be quite similar to each other’®,
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Figure 7. Variation of surface and atmospheric temperature according to land use area

(Source: EPA%)

The layers of the Atmospheric UHI and Surface UHI are shown in Figure 8.
Atmospheric UHI: It is divided into two different subcategories: Boundary Layer UHI
(BLUHI) and Canopy Layer UHI (CLUHI). The reason for this difference is that the
atmosphere has different layers and different surface types®s.

e Surface UHI typically reaches its highest values during the daytime and is
defined as the spreading temperatures on the three-dimensional urban surface of
the city. Roof surfaces, walls, and ground surfaces constitute Surface UHI, and it
is important to distinguish the energy exchanges between them”.

Atmospheric UHI is further categorized into:

e Boundary Layer UHI (BLUHI) is defined as a combination of many local-scale
effects occurring throughout the boundary layer. It can extend up to several
hundred meters above the surface and is most pronounced during nighttime'?.

e Canopy Layer UHI (CLUHI) is the air temperature within the UCL that lies
below roof level on the streets and is limited by building height. Like BLUHI, it

is usually most pronounced during nighttime®s,
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Figure 8. Types of urban heat islands

(Source: Harris and Coutts®’)

The general characteristics of UHI were defined by Oke (1982)!”. UHI intensity;
It decreases with increasing wind speed, decreases with increasing cloudiness, is highest
in anticyclonic conditions, is higher in summer or the hot half of the year, and tends to
increase with the increase in the size and/or population of the city, is highest at night. The
UHI effect may disappear during daylight hours, may be cooler in surrounding areas than
in rural areas, and increases costs for heating and cooling!”.

As shown in Table 3, Oke (1982)!7 also states that the reasons for the occurrence

of UHI differ according to the UCL.
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Table 3. Causes of Urban Heat Island Formation

(Source: Oke'”)

Altered energy balance terms leading to a Features of urbanization underlying energy
positive thermal anomaly balance changes
Canopy Layer

) o Canyon geometry- increased surface area and
1. Increased absorption of short-wave radiation ) )
multiple reflections

2. Increased long-wave radiation from the sky ~ Air pollution- greater absorption and re-emission

3. Decreased long-wave radiation loss Canyon geometry- reduction of sky view factor

4. Anthropogenic heat source Building and traffic heat losses

5. Increased sensible heat storage Construction materials-increased thermal admittance
6. Decreased evapotranspiration Construction materials-increased 'water proofing'

7. Decreased total turbulent heat transport Canyon geometry - reduction of wind speed

There are many factors contributing to the temperature difference between urban
and rural areas, playing a significant role in urban planning, environmental health, and
climate change, which determine the extent of the temperature difference. Figure 9
illustrates the factors affecting UHI. Anthropogenic effects and the urban texture of the
city increase the UHI.

‘ Growth of cities and dense constructionl

‘ Increased energy consumption‘

Increased use of air conditioning
and cooling systems

Urban Canopy
Wind Blocking

I Low Albedo Materials l

Release of heat and pollutants
into the atmosphere as a result
of industrial activities in cities

Traffic in cities Building Density

‘ Decrease in green areas in cities ‘ I Presence of impermeable surfaces

/

Increase of
Urban Temperature

Anthropogenic Effects
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Figure 9. Process of UHIs formation

(Adapted from Nuruzman®'; Pandya®?)
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In this study, Nuruzzaman®' and Pandya®? explained the factors affecting UHI

mentioned in Figure 9. These factors:

Surfaces absorb radiation and trap heat due to the use of materials with low albedo.
Dark surfaces have higher absorption of solar radiation

Heat is trapped in the atmosphere, leading to further warming, due to pollutants
causing heat trapping in the atmosphere. building materials store solar heat and
release it at night.

Reduced wind speed and decreased atmospheric convection result from tall
buildings and uncontrolled construction in wind corridors.

Narrow passages created by tall buildings increase wind speed and intensify air
pollution by creating a canyon effect.

Urban canopies obstruct direct sunlight from reaching the ground, trapping heat
in the atmosphere.

Decreased green spaces due to changes in land cover. Increased impervious
surfaces like roads and parking areas trap heat within the city. paved surfaces heat
up faster and prevent the intake of rainwater in the soil.

Vehicles, air conditioning units, buildings and industrial facilities all radiate heat
into the urban environment. These anthropogenic or anthropogenic waste heat
sources contribute to the heat island effect.

Human-generated CO: emissions contribute to higher temperatures in urban areas.

The combination of these factors in cities increases temperatures, leading to the

formation of the UHI effect®!. Figure 10 shows how UHI affects human life.
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Figure 10. Effects of UHI formation
(Adapted from Nuruzzaman®!; EPA%?)
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The effects of UHIs can create serious problems during the summer months,
especially in dry and tropical regions. Increasing temperatures and air pollution can cause
respiratory difficulties, heat cramps, general discomfort, heat exhaustion, and even deaths
among people living in city centers®"®3. Vulnerable populations, such as the elderly,
young children, low-income individuals, and those who spend working hours outdoors,
are at greater risk®’.

Particularly during the summer months, high temperatures increase general
electricity and energy demand. The increased demand is due to the desire for building
cooling and providing comfort to the public. Increased air conditioning usage results in
waste heat generation and overloading of systems, leading to excessive spending by
individuals and governments®>#,

UHI contribute to a decrease in water quality and rapid changes in water
temperature through thermal pollution, causing serious problems for aquatic life.
Increased pollution due to decreased sewage flow affects rivers, lakes, and ponds, leading
to water scarcity®’.

Increased energy and electricity demand result in burning more fossil fuels,
leading to high emissions of greenhouse gases and air pollutants. Pollutants also increase
the formation rates of ground-level ozone, fine particulate matter, and acid rain, leading
to air quality issues and global climate change®**°.

During the winter season, the temperature increase due to the UHI effect provides

comfort to people®.

2.3. Land Surface Temperature (LST)

SUHI is a type of UHI and is often used when UHI cannot be measured or there
is insufficient data. Often referred to as an alternative, SUHI is considered an important
tool for assessing UHI impacts by reflecting surface temperature differences in urban
areas®’.

The SUHI, present during both day and night, exhibits its effects more
prominently during bright daylight hours”. While the daytime surface temperature

difference between the city center and rural areas ranges from 10°C to 15°C, the nighttime
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surface temperature difference ranges from 5°C to 10°C%®. The size of SUHI varies by
season due to changes in sunlight intensity, land cover, and weather conditions. The most
intense UHI occurs during the summer months when the sky is clear, and winds are calm.
Heavy cloud cover in cities reduces daytime heating, while strong winds reduce the
temperature difference between urban and rural areas?. SUHI are detected by LST
obtained by thermal infrared sensors, typically used on airborne or satellite platforms’.

LST, calculated from satellite-based thermal infrared (TIR) data, dates back to the
1970s%. As the direct driving force in the exchange of long-wave radiation and turbulent
heat fluxes at the surface—atmosphere interface, LST is one of the most important
parameters in the physical processes of surface energy and water balance at local through
global scales”.

At the surface-atmosphere interface, LST is the temperature radiated by the earth's
surface. The main source of this heat is the Sun. Light energy reaching the earth from the
sun turns into heat energy and heats objects. The materials used in urbanization and
construction absorb the energy reaching the earth without reflecting it back. Therefore, it
causes LST to increase. LST is shown as an important factor that affects various types of
events on Earth. LST data is a frequently preferred data type in vegetation change
analysis, LULC change analyses, global warming studies, and meteorological studies™.

Atmospheric UHI are detected by air temperatures obtained from a network of
meteorological stations by direct measurement techniques, while Surface UHI are
detected by LST obtained by thermal infrared sensors usually used on airborne or satellite
platforms”.

There are many studies in the literature where LST is determined with remote
sensing images. LST values produced with remotely sensed images are effectively used
to reveal the effects of land cover changes on climate conditions with Geographic
Information Systems (GIS)°!.

Remote sensing is the remote collection of information about objects without
direct contact using sensors. Remote sensing involves the analysis and interpretation of
measurements of the electromagnetic spectrum that is reflected or emitted and observed
or recorded from an observation point that is not in contact with an observer or target®?.

Figure 11 shows the electromagnetic spectrum.
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Figure 11. Electromagnetic spectrum

(Source: Camps-Valls et al.”®)

The electromagnetic spectrum is a continuous energy medium and is divided into
specific regions. Almost all regions of the electromagnetic spectrum are used in remote
sensing. However, visible (VIS), infrared (IR) and visible (VIS) and microwave (MW)
regions constitute the main spectral regions®>. The wavelength of the visible region used
in remote sensing satellites to obtain information about the earth's surface varies between
400-700 nm. The wavelength of the infrared region varies between between 760 -
1000000 nanometers. The only region that the human eye can perceive is the visible
region. The colors of this region range from red to violet, but the primary colors are red
(600-700 nm.), green (500-600 nm.) and blue (400-500 nm.). LST maps are created using
sensors capable of detecting the surface radiance temperature values in the thermal
infrared wavelength range of the electromagnetic spectrum. It usually includes bands

between 8000-14000 nanometers”™.
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2.4 Studies Examining the Relationship Between LST with Urban

Parameters

UHI and SUHI are closely related to various characteristics that define the urban
environment. These characteristics can be related to factors such as the density of
development in urban areas, the presence of green areas, the presence of water surfaces.
Furthermore, UHI and SUHI can be represented by spectral indices and built-up indices.

There are various studies that examine the relationship between LST with built-
up indices, and spectral indices to determine the UHI effect.

Spectral indices such as Albedo, Normalized Difference Vegetation Index
(NDVI), Normalized Difference Built-up Index (NDBI), Enhanced Vegetation Index 2
(EVI2), and Soil Adjusted Vegetation Index (SAVI) are commonly used in UHI studies.
Additionally, other indices like Urban Index (UI), Index-based Built-up Index (IBI),
Enhanced Built-up and Bareness Index (EBBI), New Built-up Index (NBI), Normalized
Difference Barren Index (NDBal), Normalized Multi-Band Drought Index (NMDI), Bare
Soil Index (BSI), Dry Built-up Index (DBI), and Normalized Difference Impervious
Surface Index (NDISI) are widely employed.

Built-up indices such as Population Density (PD), Sky View Factor (SVF), Mean
Building Height, Building Footprint Density, Land Use/Land Cover (LULC), Road
Network Density (RND), and Building Footprint Density (BVD) are commonly used in
UHI studies.

Studies using remote sensing imagery to determine LST and examining the impact
of urban parameters and LULC on SUHI are provided in Table 4, based on the
literature review.

A comprehensive assessment of these parameters is important for understanding
and managing UHI impacts.

Some of the selected studies in the last ten years using remote sensing imagery to
determine LST and examining the influence of urban parameters and LST in Table 4

based on the literature review.
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Table 4. Summary of Studies with LST in National and International Literature

Parameters Author(s)/Year Study Area Data Aim of the Study Results
Major cities in Determining the  "hottest" 'Complex’ 1.1rban areas have been identified as
Greece (Athens Landsat 7 surfaces  in  the  urban hot spots' in the city. It has been concluded that
Stathopoulou and .. ETMH+, and . . the LST value at these points is high due to the
b 95 Thessaloniki, environment of each city and . . X
Cartalis /2007 CORINE Land . increasing ratio of asphalt and concrete-covered
Patra, Volos and relating LST values to land )
Heraklion) Cover uses surfages and the solar heating of open areas
associated with mines and vacant lands.
Landsat 5 TM It was stated that land use change is an important
Jiang and Tian / Beiiine. China and Landsat 7’ Examining the impact of land factor for the increase in LST value and there is
2010% Jine, ETM-- use changes on LST a strong positive relationship between LULC
Land Surface Temperature and LST.
(LST), and Land Use/Land
Cover (LULC) Zoneuldak While high LST values were obtained in
Sekertekin and met ré; olitan Landsat 8 Investigating the relationship residential areas and open areas, it was observed
Marangoz /2019%7 e ior? Tiirkive OLI/TIRS between LULC and LST that there were lower LST values in forested and
glon, y vegetated areas.
It has been determined that LST values are
— . highest in the discontinuous medium-density
The examination of the impact . . . .
Unal Cilek Adana city Landsat 8 of LULC on the Surface Urban erlza?sofizl:;?s ;:iﬁ;ggg;ﬁég?::g;ﬂ;l Vlt;r}liltlsé
/20228 center, Tirkiye ~ OLI/TIRS Heat Island (SUHI) using the :

obtained LST for winter and
summer seasons

they are higher in commercial units, highways,
and associated land, sports and leisure facilities,
and continuous urban fabric in summer months.

(cont. on next page)
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Table 4. (cont.)

Parameters

Author(s)/Year

Study Area

Data

Aim of the Study

Results

Land Surface Temperature
(LST), Land Use/Land

Cover (LULC),

Normalized Difference
Vegetation Index (NDVI),
and Normalized Difference
Built-up Index (NDBI)

Tran et al. /
2017%

Inner city area of
Hanoi, Vietnam

Landsat 5 TM,
Landsat 7
ETM+, and
Landsat 8
OLI/TIRS

Determining the relationship
between LULC changes and
LST values in the context of
urbanization and analyzing the
correlation between LST, NDVI,
and NDBI for all LULC types in
the study area

The relationship between LST and NDVI,
NDBI within each LULC type was examined.
It was determined that there was a negative
correlation between LST and NDVI, and a
positive correlation between LST and NDBI.
As a result, it was determined that there was a
non-linear relationship between LULC and
LST.

Land Surface Temperature
(LST), Normalized
Difference Vegetation
Index (NDVI), and
Normalized Difference
Built-up Index (NDBI)

Malik et al.
/2019%

Kandaihimmat
Watershed, India

Landsat 8
OLI/TIRS

Development of the
relationships  between  LST
values with NDBI and NDVI for
all seasons (January, May, and
October)

It is seen that LST values are higher on built-
up and bare surfaces and lower in areas with
healthy vegetation, that there is a strong
positive relationship between LST and NDBI,
that there is a strong negative relationship
between LST and NDVI, that NDBI is not only
used to analyze LST but also for any It has
been determined that it can also be used to
determine the urban heat island effect in an
area.

Land Surface Temperature
(LST), Land Use/Land
Cover (LULC), and
Normalized Difference
Built-up Index (NDBI)

Kiilahlioglu et
al. /2022100

Adana, Tiirkiye

Landsat 7
ETM+, and
Landsat 8
OLI/TIRS

Investigation of the relationship
between NDBI, LULC,
impervious surfaces, and LST in
order to reveal the effect of the
Urban Heat Island (UHI) in
Adana province

While there is a positive correlation between
impervious surfaces and LST, there is a
negative correlation between urban green areas
and forest areas (land use) and LST.

(cont. on next page)
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Table 4. (cont.)

Parameters

Author(s)/Year Study Area Data

Aim of the Study

Results

Land Surface Temperature
(LST), Land Use/Land
Cover (LULC),
Normalized Difference
Vegetation Index (NDVI),
Enhanced Vegetation
Index 2 (EVI2), Soil
Adjusted Vegetation Index
(SAVI), Normalized
Difference Built-up Index
(NDBI), Urban Index (UI),
Index-based Builtup Index
(IBI), New Built-up Index
(NBI), Enhanced Built-up
and Bareness Index
(EBBI), and Normalized
Difference Impervious
Index (NDII)

Landsat 5 TM,

Evaluation of changes in LULC of
Ibadan city for the years 1984,
2000, and 2016 and examining the
impact of changes in LULC on
LST and related indices.

It has been observed that the decrease in
vegetated surfaces and the increase in
impervious surfaces revealed by the built-up
index increase the LST values. It was found
that the increase in the built-up area of Ibadan
showed a net change of 8% and the Urban
Index (UI) was the indicator that best
predicted the LST. Negative correlation
between LST and vegetative indices (NDVI,
SAVI, and EVI2); A positive correlation was
observed between impervious surface indices
(NDIIL, NDBI, EBBI, IBI, NBI, and UI) and
LST.

Land Surface Temperature
(LST), Normalized
Difference Built-up Index
(NDBI), Normalized
Difference Barren Index
(NDBal), and Urban Index
(Un

Daramola et al. / Landsat 7
101 *"  Ibadan, Nigeria ETM+, and
2018
Landsat 8
OLI/TIRS
Macarofetal./  lasi, Landsat 8
2017192 Romaniaisthe OLI/TIRS

Investigation of the relationship
between LST with urban indices
(NDBal, NDBI, and UI) in the Iasi
municipality area

There is a strong linear relationship between
LST and urban indices (UI and NDBI), while
the correlation between LST and NDBal is
lower; The R2 value was found to fluctuate
significantly from above 0.4 for NDBI and
Ul to approximately zero for NDBal.
Therefore, it has been determined that the
correct indicators of SUHI effects are NDBI
and Ul indexes in this study.

(cont. on next page)
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Table 4. (cont.)

Parameters

Author(s)/Year

Study Area Data

Aim of the Study

Results

Land Surface
Temperature (LST), and
Normalized Difference
Vegetation Index
(NDVI)

Tiirkyilmaz et al. /
202010

Landsat 5 TM,
Landsat 8
OLI/TIRS,
and General
Directorate of
Meteorology

Canakkale, Tiirkiye

It was examined how well LST
values  represent  the air
temperature. Calculation of LST
values with Artis & Carnahan,
Single Channel, Single Window,
Radiative Radiation Equations,
examination of land cover/land use
and the relationship between
NDVI and LST.

It has been determined that there is a negative
correlation between NDVI and LST values,
temperature deviations occur between air
temperature values at meteorological stations
and LST values, and the Artis & Carnahan
equation is the most successful method for
Canakkale province. The lowest LST values
were observed in forested areas, park areas,
and green areas, and the highest LST values
were observed in urban areas and empty
areas where reinforced concrete and asphalt
structures are dense.

Tonyaloglu /
2019104

Aydm province, Landsat 5 TM,

ifilﬁliroan; districts,  2nd Landsat 8
i > OLI/TIRS
Tiirkiye

Examining the relationships
between LST, NDVI, and building
density, evaluating the effects of
urbanization on the urban thermal
environment.

It was determined that there was a negative
correlation between LST and NDVI values,
and a positive correlation between building
density and LST.

(cont. on next page)
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Table 4. (cont.)

Parameters Author(s)/Year Study Area Data Aim of the Study Results
Land Surface NDVI and SAVI show a negative correlation
Temperature (LST), with LST, while NDBI and Ul show a
Normalized Difference Examining the UHT usine thermal positive correlation. It has been determined
Built-up Index (NDBI), Kolkata gt d U d & Ivzi that in recent times, Kolkata has encountered
Urban Index (UI), Soil Halder et al. / metropolitan and Landsat 8 rﬁmote ls er.lsmi ata afn agla yzing high temperatures due to anthropogenic
Adjusted Vegetation 202110 surrounding area, OLI/TIRS the  relationship of the LST activities such as urbanization,
. distribution with different spectral . T :

Index (SAVI), and India dicat industrialization, population pressure, and
Modified Normalized fndicators. vegetation degradation, with the excessive
Difference Water Index use of public transportation playing a
(MNDWI) significant role in this.

LST values have an inverse relationship with
Land Surface SAVI and a linear relationship with NDBI,
Temperature (LST), Examining the statistical when wind maps are examined, they do not
Normalized Difference relationship between LST values show a reducing effect on LST, regions with
Built-up Index (NDBI), .. e Landsat 8 and SAVI and NDBI images, and high industrialization and geothermal
Soil A(gusted Vegetation Akylirek / 2020'*  Kocaeli, Titrkiye OLI/TIRS determining what effect %here is ac%ivity have high LST values, I%ST values

Index (SAVI), and
Normalized Difference
Bareness Index (NDBal)

between wind speed and directions
and LST.

are ranked from high to low; It has been
determined that these areas are listed as
industrial facilities, urban areas, agricultural
and green areas and water zones.

(cont. on next page)
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Table 4. (cont.)

Parameters Author(s)/Year Study Area Data Aim of the Study Results

Land Surface It has been observed that the urban heat
Temperature (LST), island develops mainly in the northern and
Normalized Difference southern surroundings of the city and the
Vegetation Index Determination of urban heat island range of LST in the common UHI for four
(NDVI), Normalized (UHI) and non-urban heat island different seasons varies from 25.72°C to
Difference Built-up Guha et al. / Rai Indi Landsat 8 (non-UHI) regions of Raipur City 35.69°C. It was concluded that LST showed
Index (NDBI), 202017 aipur, India OLI/TIRS through LST, examining the a strong positive correlation with NDBI, a

Normalized Multi-Band
Drought Index (NMDI),
and Normalized
Difference Water Index
(NDWI)

relationship of LST with NDVI,
NDWI, NDBI and NMDI

moderate to strong negative correlation with
NMDI, and within UHI, NDVI and NDWI
showed a stronger correlation with LST
(NDVI-negative, NDWI-positive) compared
to other indices.

Land Surface
Temperature (LST),
Land Use/Land Cover
(LULC), Normalized
Difference Vegetation
Index (NDVI),
Normalized Difference
Built-up Index (NDBI),
Normalized Difference
Barren Index (NDBal),
and Normalized
Difference Water Index
(NDWI)

Nimishetal )~ Kolka@
2020108 Metropolitan
Area, India

Landsat 5 TM,
Landsat 7
ETM+, and
Landsat 8
OLI/TIRS

Establishing the relationship
between surface temperature and
land use/land cover, determining
the change in surface temperature
and examining the relationship
between LST with NDVI, NDBI,
NDBal, NDWI

It was observed that the residential area in the
study area grew threefold in a period of
twenty years, and a decrease in vegetation
and other classes led to an average increase
of 10.6 degrees in surface temperature.
While a positive correlation was observed
between LST with NDBI and NDBIal, a
negative correlation was observed between
LST with NDVI and NDWI. During the
study period, changes in the landscape
became evident in the center and towards the
north; It was concluded that there was an
increase in LST in these areas as an effect of
this.

(cont. on next page)
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Table 4. (cont.)

Parameters Author(s)/Year Study Area Data Aim of the Study Results
When analyzing the correlation between LST
values and LULC data, it was discovered that
Land Surface Landsat 8 wetlands and forest areas had lower
Temperature (LST), OLI/TIRS, A temporal study of the temperature values, while artificial areas,
Land Use/Land Cover Kacmaz and Landsat 5 TM, influence of land use/land cover bare areas, moors, heathland, natural
(LULC), and Gii(r;biiz 17022109 Aksaray, Tiirkiye =~ MODIS change on land surface grassland areas and agricultural areas had
Normalized Difference MODI11A1, and temperature in Aksaray Province higher temperature values. It was concluded
Vegetation Index CORINE Land from 1990 to 2018 that NDVI values are generally concentrated
(NDVI) Cover around 0 because the largest area of the
province is covered by dry agricultural areas
and barren areas.
Land Surface
Temperature (LST),
Land Use/Land Clover While there was a positive relationship
(LULC), Normalized .
Difference Vegetation between built-up areas (NDBI, DBI, UlI,
NDISI), bare soil (BSI) indices with LST, it
Index (NDVI), L ;
. ] Investigating the effect of LULC was found that there was a strong negative
Normalized Difference . . . . . .
. indices (built-up, bare soil, and relationship between LST with NDVI and
Built-up Index (NDBI), Khan et al. / Beijing, China Landsat 8 barren land, etc.) on LST and NDWI. It is concluded that the LULC index
Urban Index (UI), 202111 Jine, OLI/TIRS > O :

Normalized Difference
Water Index (NDWI),
Normalized Difference
Impervious Index

(NDISI), Bare Soil Index

(BSI), and Dry Built-up
Index (DBI)

determining the effect of green
areas in the study area on LST

can be used to describe LULC-type LSTs and
provide useful information to city managers
and urban planners in the design of smart
green cities.

(cont. on next page)
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Table 4. (cont.)

Parameters Author(s)/Year Study Area Data Aim of the Study Results

Land Surface

Temperature (LST), The city of Examination  of  the factors The conclusion is that in the examined public

Normalized Difference Eeczek and Wloclazvek Landsat 5 TM, (represented by NDVI and NDISI, spaces, the impact of NDVI values on LST is

Vegetation Index Lgchowski / and 12 and which are vegetation cover indices) higher than that of NDISI; however, it is

(NDVI), and Normalized 2023111 selected public Landsat 8 that most affect the high temperature acknowledged that well-conditioned

Difference arcas P OLI/TIRS in city centers and its increase vegetation is not the sole factor influencing

Impervious Surface compared to its surroundings. temperature reduction.

(NDISI)

Land Surface

Temperature (LST), Sky

View Factor (SVF),

Population Density (PD), Daytime LST has a strong negative

A!bedo, Normahzqd ' Understanding urban climate by correlat%on w1'th NDVI and a strong positive

Difference Vegetation Kocaeli . S . . . correlation with NDBI and PD. Night LST
. .. . Landsat 8 investigating the interrelationships . . .

Index (NDVI), Built-up Gergek, and Giiven  province, has a strong negative correlation with NDVI

Index, Mean Building /2023112 [zmit district OLUTIRS, between UHI, SUHI and UPs at the and a strong positive correlation with RND

Height, Building Tiirkiye and ASTER micro  scale using  multivariate and MBH. The findings indicate that UHI is

Footprint Density,
Building Volume
Density (BVD), and
Road Network Density
(RND)

statistics and GIS tools.

weakly associated with night LST and
daytime LST is not related.

(cont. on next page)
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Table 4. (cont.)

Parameters Author(s)/Year Study Area Data Aim of the Study Results
. It has been found that there is a negative
;]a:ii('i()hd’ correlation between albedo and daytime LST
pain, Determination of the correlation and that building roofs with high albedo
Industrial Landsat 8
, between Albedo and LST and values reach lower temperatures. It was
Andrés-Anaya et al.  zones located ~ OLI/TIRS, . . S
3 : . examination of Extreme UHI (E- concluded that the use of materials with high
/2021 in 6 different Terra (MODIS, . . . . . o
. UHI) in selected industrial areas in albedo values in building envelopes would be
locations and ASTER) . . .
o Valladolid an effective solution to reduce heat
within the . . iy .
ovince accumulation in cities and improve the
p temperature drop at night.
Land Surface As a result of the analysis, they determined
Temperature (LST), and that there was an "inverse" relationship
Albedo expected for the LST and albedo relationship
— . . (i.e., LST increased as albedo decreased). It
Examination of the relationship . .
. Landsat 7 . was predicted that surfaces with an albedo
Perugia, between albedo and LST in July of . .
. ETM+, Landsat . value of approximately 0.10 could increase
Bonafoni et al. / Central Italy two urban areas (the cities of
|14 o 8 OLI/TIRS, . o the average surface temperature by more than
2017 and Aprilia, Perugia and Aprilia in Central Italy) o .
Central Ttaly and Sky Arrow using  different spaceborne and 60°C in July. It was concluded that this study,
650 ERA conducted at different times, can reveal the

airborne sensors

average albedo change for the same built-up
areas and provide information about the
materials that can be used for new
settlements.

(cont. on next page)
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Table 4. (cont.)

Parameters Author(s)/Year

Study Area

Data

Aim of the Study

Results

Favretto / 201815

Trieste, North-
East of Italy

Landsat 8
OLI/TIRS

Using remote sensing and GIS
methods in the Province of Trieste to
investigate urban heat island (UHI)
impact factors

It has been determined that building density
and lack of vegetation cause higher
temperatures in the studied region and there
is a strong correlation between these
variables. It was observed that there was a
positive correlation between Albedo and
LST, and a negative correlation between
LST and NDVL

Land Surface Temperature
(LST), Normalized
Difference Vegetation
Index (NDVI), and
Albedo

Yiicer / 2023116

Karabiik
province,
Safranbolu
districts,
Tiirkiye

Landsat 8
OLI/TIRS

Revealing the Relationship between
LST and NDVI, and albedo

It has been determined that there is a
positive relationship between LST and
albedo, a negative relationship between
LST and NDVI, and a negative relationship
between albedo and NDVI, and that the
type of material on the surface, the amount
of moisture on the surface, vegetation and
density are the main factors affecting the
relationship between LST, albedo and
NDVI. It is concluded that the LULC index
can be used to describe LULC-type LSTs
and provide useful information to city
managers and urban planners in the design
of smart green cities.

(cont. on next page)
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Table 4. (cont.)

Parameters

Land Surface Temperature
(LST), Land Use/Land Cover
(LULC), and Albedo

Author(s)/Year Study Area Data Aim of the Study Results
Improvine urban albedo with hich Average albedo: It has been determined that it
reslzlutio ng seographical data on t%le decreases in more densely developed areas
course followed according to previous With. lower tree _cover, hi.gher impervio_u s
. Boston, studies, determining the relationships of fraction, anq higher population density, Whlle
Trlica et al. / Landsat 7 ETM+, . S areas showing lower albedo show higher
17 Massachusetts, albedo measurements with descriptive
2017 and MODIS mean LST. It was concluded that when
USA measures of urban land cover character . . .
(canopy cover, impervious fraction and evaluating albedo, increasing summer
opulation de’nsi ) and mid-mornin temperature and urbanization should be
Is)urI;m ertime LSth]/alues € associated together and used as a part of
) changing land cover characteristics.
Plateau, North- Evaluation of the relationship between ﬁ::sti:itrizzl'ﬂltt (1)sf gégi?észgi%a?niﬁf ;ﬁg;lsr:;
Central Nigeria environmental variables (land cover . . . at &
Odunuga and Badru . ) Landsat 5 TM, and in vegetation and increases in mean LST and
118 (Barakinladi, Jos, change, land surface temperature, .
/2015 Landsat 7 ETM+ albedo occur. It has been determined that
and Kafachan surface albedo and topography) for the chaneine land cover and tfopography are
environs) period between 1986 and 2014 ging pography

associated with surface albedo and LST.




CHAPTER 3

STUDY AREA AND MATERIALS

This chapter includes the location, general information, data used in the study, and

the sources of the data for the selected area chosen as a case study.

3.1. Description of the Study Area

The province of Izmir, located in the Aegean Region and the third-largest city in
Tiirkiye, is situated between the latitudes of 37°45' and 39°15' North and longitudes of
26°15' and 28°20" East (Governorship of Izmir). izmir, with an acreage of 12012 km?,
comprises a total of 30 districts. There are 11 central districts, including Bal¢ova (16 km?),
Bayrakli (30 km?), Buca (178 km?), Bornova (220 km?), Cigli (139 km?), Gaziemir (70
km?), Giizelbahge (77 km?), Karabaglar (89 km?), Karsiyaka (51 km?), Konak (24 km?),
and Narlidere (50 km?)!'"°.

The province of [zmir is situated in the Mediterranean climate zone; therefore,
summers in Izmir are hot and dry, while winters are mild and rainy. There are factors
(differences in physical geography such as elevation, aspect and distance from the coast,
precipitation, temperature and insolation) that cause climate differences throughout the
province!?. Izmir ranks third in terms of meteorological disasters caused by climate
differences®’. Along the coastal areas, the annual average temperature fluctuates between
14-18 °C. In the city, July (27.3 °C) and August (27.6 °C) are the hottest months, while
January (8.6 °C) and February (9.6 °C) are the coldest months'?°.

[zmir, besides hosting its historical, cultural, and commercial centers, the center
of Izmir stands at the heart of the city's economic and social life. izmir has an intensified
UHI effect due to its dense population, wide range of business activities and climate

characteristics. As a result of this effect, electricity consumption increases, water
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resources diminish, and health problems increase in Izmir with the advent of high
temperatures. The urbanization process has led to high building density, decreased green
areas, and widespread asphalt roads and concrete structures in Izmir. Additionally, the
central districts of Izmir are the most densely populated areas and hubs of commercial
and economic activities. Alongside this dense population, large shopping malls, business
centers, and factories contribute to increased energy consumption and heating needs,
further intensifying the UHI effect. Therefore, the study area selected for examining the
phenomenon of UHI and understanding its effects lies within the Izmir Metropolitan
Area, comprising 11 central districts. The chosen study area covers an area of 944 km?,
representing the most densely built-up areas of the city. Figure 12 shows the location of

the study area in Tiirkiye and its location to the surrounding districts and provinces.

Legend
€= Study Area (Central Districts)

Figure 12. Study area

In the province of Izmir between 1938-2022, the mean highest temperature (33.8
°C) is seen in July, while the mean lowest temperature (6 °C) is seen in January (Figure

13).
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Figure 13. Temperature values of Izmir province between 1938-2022

(Source: TSMS!?1)

The hours of sunshine, which is directly related to temperature, is observed at

most in July with 12.3 hours in Izmir between 1938 and 2022 (Figure 14).
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Figure 14. Monthly mean hours of sunshine (hour) for izmir province between 1938-
2022

(Source: TSMS'?)
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According to the data from the Turkish Statistical Institute (TUIK) population
census database, the population of the study area was 1780476 in the year 1990, reaching
2966488 in the year 2022. The numerical values of the population shown in Table 5 are
shown graphically in Figure 15.

Table 5. The Population of Study Area

(Source: TUIK 22124

Years Population
1990 1780476
2000 2273388
2007 2649582
2008 2683842
2009 2740306
2010 2786863
2011 2796931
2012 2816632
2013 2842604
2014 2861542
2015 2891492
2016 2916298
2017 2938546
2018 2947000
2019 2972900
2020 2959835
2021 2959355
2022 2966488

The study area shows a rapidly increasing population graph from 1990 to 2022. A
population explosion occurred, especially between 1990 and 2007 (Figure 15). The

highest population growth over the years has been in the Buca district.
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Figure 15. Population distribution diagram of the study area

(Source: TUIK 22124

Rainfall distribution in Izmir shows significant variations according to months
and seasons. Generally, more than half of the rainfall occurs from the second half of
October until April. Particularly during the winter period, heavy rainfall and storms are
observed. The annual average total rainfall amount is 696.7 mm*>!?°. The prevailing wind
direction in Izmir is southeast and west. While the wind is unstable and mild during the
winter months, it shows stability during the summer months. Generally, the effect of the
wind is observed from the sea towards the land'?’.

According to the data recorded between 1950 and 2021, a total of 1431
extraordinary events related to meteorological/climate change have occurred in Izmir
province (Figure 16). The events occurred as follows: forest fires (1235), landslides (117),
heavy rainfall/floods (62), heavy snowfall (10), storms (4), snowslides (2), and strong
winds (1). Forest fires are the most common event in the province, accounting for 86.3%

of the total events®.
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Figure 16. Distribution chart of the number of extraordinary events due to
meteorological/climate change in [zmir province

(Source: IRAP#)

According to the data recorded between 1950 and 2021, a total of 399
extraordinary events related to meteorological/climate change have occurred in the
central districts of the study area. Forest fires (367) are the most common events in the
central districts. Bornova (92), Buca (73), Bal¢ova (53), and Bayrakli (43) are the most
affected districts by this disaster. The second and third most common disasters in the
study area are sudden rainfall/heavy rainfall (15) and landslides (7), respectively. River
floods occurred only in the Bornova district during these years, while strong winds,

storms, and heavy snowfall occurred in the Konak district (Table 6).
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Table 6. Number of Extraordinary Events Due to Meteorological/Climate Change in the Central Districts of Izmir Province

(Source: IRAP#)

lc)st::‘l;:tls /Sﬁlg:‘?;li:l;ﬁlllll ﬁﬁ:;i:;le /Heavy River Flood Strong Wind Storm  Heavy Snow  Landslide Forest Fire
Bal¢ova - - - - - - - 53
Bayrakh - - - - - - 2 43
Bornova 4 - 1 - - - 2 92
Buca 1 - - - - - 1 73
Cigli 2 - - - - - - 19
Gaziemir - - - - - - - 19
Giizelbahce - - - - - - - 9
Karabaglar 2 1 - - - - 1 11
Karsiyaka 2 - - - - - - 35
Konak 4 2 - 1 1 4 - 8
Narhdere - - - - - - 5
Total 15 3 1 1 1 4 7 367




3.2. Data and Sources

LST, LULC, spectral indices as urban parameters, and built-up indices as urban
parameters were used to determine the SUHI effect in the study area.

LST is also analyzed with CORINE land cover data, which is another determinant
of the SUHI effect. LST values that change depending on the LULC change allow us to
determine how the SUHI effect changes. As a result of the analysis, the mean LST value
is calculated for each LULC. Landsat satellite images are the main data used to determine
the SUHI effect in the study area. LST, which is among the spectral indices as urban
parameters created from satellite images, is the main index of the study. LST allows the
SUHI effect to be analyzed through other spectral indices (NDVI, NDWI, NDBI, Ul, and
albedo). In addition to satellite imagery, it is also possible to examine the SUHI effect
based on built-up indices at the building scale. In this study, LST and built-up indices are
used and compared with different built environment textures, and evaluations are made
based on the findings.

The quantitative data used in the study are categorized under the UHI, divided into
two dimensions: Spatial Aspects and Temporal Aspects (Table 7).

CORINE data for 1990, 2000, 2006, 2012, and 2018 were used to detect LULC
changes in the study area. In order to make a consistent evaluation, the years 1990, 2000,
2006, 2012, and 2018, when CORINE data were taken as determining factor in creating
spectral indices as urban parameters. Landsat 5 TM, Landsat 7 ETM+, and Landsat 8
OLI/TIRS satellite images were used on the dates determined (July-August) in 1990,
2000, 2006, 2012, and 2018. Landsat satellite images and meteorological station data
were used to examine the relationship between LST and air temperature. In order to
examine the SUHI effect in more detail with built-up indices as urban parameters,
representative regions were selected. Data on buildings, number of floors, mean
household size, and urban open-green space are used to construct the built-up indices.

Detailed information about the data used and their sources is presented in Table 7.

44



Table 7. Data Used in the Study

Variable Concepts/

. Dimensions Variable Indicators Data Sources
Categories
Satellite Imagery;
-Landsat 8-9 OLI/TIRS (2018) Secondary Data
_Landsat 7 ETM+ (2000, 2006, Pt l{) o2
2012) p
-Landsat 5 TM (1990)
CORINE Land Cover
1990, 2000, 2006, 2012, and 2018 Secondary Data
Temporal i
A P t CORINE Land Cover Change Cop'ern’lcus Lagd
spects Monitoring Service
1990-2000 (CORINE)'2S
2000-2006
2006-2012
2012-2018
Daily Mean Air T§mp§rature Secondary Data
Values of the Stations in the Meteoroloey 2nd Regional
Central District (°C) (1990, 2000, Dir goratem &
2006, 2012, 2018) (July-August)
Urban Heat Built-up Indices Secondary Data
Island
Izmir Metropolitan
-Building Municipality Directorate
-Number of Floors Branch of Geographical
Information Systems!'?®
-Mean Household Size Izmir ’in Rakamlar1'?®
] -Urban Open-Green Areas and OpenStreetMap Overpass
Spatial Forest Areas Turbo!*°
Aspects

Meteorological Station
Information

-Geographical Coordinates of
Meteorology Stations (Latitude,
Longitude)

-Meteorological Station
Name/Number

- UTM X, Y Coordinate of
Meteorology Stations

Secondary Data
Meteorology 2nd Regional
Directorate'3!
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3.2.1. Landsat Satellite Images

The Landsat Program, a series of Earth observation satellite missions jointly
managed by NASA and the U.S. Geological Survey; on July 23, 1972, the Earth
Resources Technology Satellite (ERTS-1) was launched in cooperation with NASA and
was later renamed Landsat 1'*2. The reference system used to define the locations of
images collected by Landsat satellites on Earth and adopted by the USGS is the
Worldwide Reference System (WRS-1). This grid system is used to catalog Landsat
images from Landsat 1 to Landsat 3. Due to the limitations of the WRS-1 system, WRS-
2, developed as an extension of this system, is used today. This system, used since Landsat
4, has been developed to cover the Earth with more lines and paths. Additional Landsat
satellites have been launched to create a remote sensing data archive.

Landsat 2, Landsat 3, Landsat 4, and Landsat 5 were launched into space in 1975,
1978, 1982, and 1984. Landsat 5 was the longest-operating satellite that observed Earth,
working for almost 29 years. The Landsat 6 satellite, which failed to reach orbit in 1993,
is not included in successful Landsat counts. Landsat 7, Landsat 8, and Landsat 9 were
launched into space in 1999, 2013, and 2021'*. Landsat 8 and Landsat 9 are the current
active satellites in orbit. Landsat satellites are used to document land changes resulting
from urbanization, climate change, forestry, agriculture, and human-induced changes and
have medium-resolution spectral bands'*?.

Apart from Landsat, there are also MODIS, Sentinel, and ASTER satellites used
in LST calculations. The Sentinel satellite was first launched in 2014, ASTER and
MODIS in 1999, and the SPOT satellite in 1986. In this study, in order to establish the
relationship between LULC and LST, satellite images containing the CORINE Land
Cover years must be used. ASTER and MODIS satellites cannot be used because they do
not contain images from 1990, and Sentinel satellites do not contain images from 1990,
2000, 2006, and 2012.

The Landsat satellite imagery demonstrates continuity, having been regularly sent
into orbit since 1972. This long-term continuity is crucial for conducting extended
monitoring and change analyses. Additionally, free access is provided and has global
coverage. The Landsat satellite series provides imagery in various wavelengths and
spectral bands, enabling the identification and analysis of diverse surface features.

Therefore, the Landsat satellite, which has become a fundamental component of various
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scientific research and applications, provides an advantage in time series analysis in this

study.

Land Surface Temperature (LST)

Landsat 5 TM, Landsat 7 ETM+, and Landsat 8 OLI/TIRS satellite images are
used for this thesis. Satellite images for the years 1990, 2000, 2006, 2012, and 2018 for
the calculation of the LST of the study area were obtained free of charge from the Earth
Explorer site in the date ranges given in Figure 17. There is no single dated satellite image
covering the province of Izmir. Therefore, two suitable dates have been determined for
each year covering the province of Izmir. While determining these dates, care was taken
to choose the images with the lowest cloudiness rate. Because the increase in cloudiness
increases the margin of error in the LST value. Then, these different dated satellite images
were converted into a single raster to generate the LST values.

In this study, satellite images from Landsat 8 OLI/TIRS satellite for 2018 (July 3
and August 20), Landsat 7 ETM+ satellite for 2012 (July 10 and July 26), 2006 (July 10
and August 27), and 2000 (July 25 and August 10), and Landsat 5 TM satellite for 1990
(July 6 and August 23) were used to avoid seasonal differences when comparing the

results (Figure 17).

SATELLITE IMAGES

LANDSAT 8 OLI/TIRS LANDSAT 7 ETM+ LANDSAT 5 TM
2018 2012 2006 2000 1990
03072018 [ 10.07.2008
[ommare | S0
) Fr 1007208 [19072002 | | 04082006 | 18.072000 | 22011990
Displayed - :
Dates r28.072018 [ 26072012 | [20082006 | 25072000 | | [ 31071990
04082018 roas202 | | 21082006 | | 03082000 07.08.1990
1 13.082018 [ 2008201 | 10.082000
(19082000 | [16.081990 |
26.08.2000 23081990
LEGEND

Image Covering All Central Districts [ ] image used in the Study
[ | image covering Part of Central Districts ~ #  Cloudy Image

Figure 17. Satellite images used and displayed dates in the study area
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After each Landsat satellite operates for a certain period of time, it is replaced by

a new generation satellite. Detailed information about all Landsat data used within the

scope of this study is given in Table 8, Table 9, and Table 10.

The Landsat 5 TM satellite has a 16-day temporal resolution and 8-bit radiometric

resolution. The satellite contains 1 thermal band, and has 7 bands in total (Table 8).

Table 8. Landsat 5 TM Band Combinations

(Source: USGS!3)

Satellite (Sensor) Spectral Bands Wavelenght Resolution
(micrometers/pm) (meters)
Band 1-Blue 0.45-0.52 30
Band 2-Green 0.52 - 0.60 30
Landsat 5 Band 3-Red 0.63 - 0.69 30
(Thematic Mapper-  Band 4-Near Infrared (NIR) 0.76 - 0.90 30
™) Band 5-Shortwave Infrared (SWIR) 1 1.55-1.75 30
Band 6-Thermal 10.40 - 12.50 120 * (30)
Band 7-Shortwave Infrared (SWIR) 2 2.08 -2.35 30

Landsat 7 ETM+ satellite has a 16-day temporal resolution and 8-bit radiometric

resolution. The satellite contains 1 thermal band and has 8 bands in total (Table 9).

Table 9. Landsat 7 ETM+ Band Combinations

(Source: USGS!®)

Satellite (Sensor) Spectral Bands Wavelength Resolution
(micrometers/pm) (meters)
Band 1-Blue 0.45-0.52 30
Band 2-Green 0.52 - 0.60 30
Landsat 7 Band 3-Red 0.63 - 0.69 30
(Enhanced Band 4-Near Infrared (NIR) 0.77 - 0.90 30
Thematic Mapper Band 5-Shortwave Infrared (SWIR) 1 1.55-1.75 30
Plus-ETM+) Band 6-Thermal 10.40 - 12.50 60 * (30)
Band 7-Shortwave Infrared (SWIR) 2 2.09-235 30
Band 8-Panchromatic (PAN) 0.52-0.90 15
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Landsat 8 OLI/TIRS satellite has a 16-day temporal resolution and 16-bit

radiometric resolution. The satellite contains 2 thermal bands and has 11 bands in total

(Table 10).
Table 10. Landsat 8 OLI/TIRS Band Combinations
(Source: USGS'3%)
Satellite (Sensor) Spectral Bands Wavelenght Resolution
(micrometers/pm) (meters)
Band 1-Coastal Aerosol 0.43-0.45 30
Band 2-Blue 0.45-0.51 30
Band 3-Green 0.53-0.59 30
Landsat 8 Band 4-Red 0.64 - 0.67 30
(Operational Land Band 5-Near Infrared (NIR) 0.85-0.88 30
Imager - OLI) Band 6-Shortwave Infrared (SWIR) 1 1.57-1.65 30
Band 7-Shortwave Infrared (SWIR) 2 2.11-2.29 30
Band 8-Panchromatic (PAN) 0.50 - 0.68 15
Band 9-Cirrus 1.36-1.38 30
Landsat 8 (Thermal g, 4 10_Thermal Infrared (TIRS) 1 10.6 - 11.19 100 * (30)
Infrared Sensor -
Band 11-Thermal Infrared (TIRS) 2 11.50 - 12.51 100

TIRS)

Spectral Indices as Urban Parameters

In the study "How are the spectral indices as urban parameters related to

LST/SUHI?" In order to answer the question, NDVI, NDWI, NDBI, UI, and Albedo

spectral indices were created from Landsat satellite images. Five maps were created for

each index according to the dates determined in Figure 17. In the continuation of the

study, each index was correlated with LST, and the relationship between LST and spectral

indices was determined. Parameters affecting SUHI formation were determined by

examining regression analysis according to the determined correlation.
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3.2.2. Land Use/Land Cover (LULC)

Within the scope of the thesis study, CORINE Land Cover (CLC) data produced
by Copernicus Land Monitoring Services with an accuracy of 85% and above for the
years 1990, 2000, 2006, 2012, and 2018 were used to determine the changes in LULC of
the study area.

CORINE (Coordination of Information on the Environment) is a land cover
delineation and classification project that aims to produce maps of various land cover
classes, biotopes, and air quality on a continental scale as defined by the European
Environment Agency. The first CLC dataset of the program initiated in 1985 was
produced in 1990. The data, updated every six years, had its latest update in 2018. LULC
data are produced for 39 countries, including European Union member states and Tiirkiye
(for 27 countries in 1990). As shown in Table 11, the inventory has 3 hierarchical levels

including 44 land cover classes!?%!%7,

Table 11. CORINE Land Cover Classes

(Source: Copernicus Land Monitoring Service (CORINE)'®

LEVEL 1 LEVEL 2 LEVEL 3

1.1.1 Continuous urban fabric

1.1 Urban fabric
1.1.2 Discontinuous urban fabric

1.2.1 Industrial or commercial units

1.2.2 Road and rail networks and

1.2 Industrial, commercial and .
associated land

transport units
1. ARTIFICIAL 1.2.3 Port areas

SURFACES 1.2.4 Airports
1.3.1 Mineral extraction sites

1.3 Mine, dump and

construction sites 1.3.2 Dump sites

1.3.3 Construction sites

1.4 Artificial, non-agricultural ~ 1.4.1 Green urban areas

vegetated areas 1.4.2 Sport and leisure facilities
2.1.1 Non-irrigated arable land

2. AGRICULTURAL

AREAS 2.1 Arable land 2.1.2 Permanently irrigated land

2.1.3 Rice fields

(cont. on next page)
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Table 11. (cont.)

2. AGRICULTURAL
AREAS

2.2 Permanent crops

2.2.1 Vineyards

2.2.2 Fruit trees and berry plantations

2.2.3 Olive groves

2.3 Pastures

2.3.1 Pastures

2.4 Heterogeneous
agricultural areas

2.4.1 Annual crops associated with
permanent crops

2.4.2 Complex cultivation patterns

2.4.3 Land principally occupied by
agriculture, with significant areas of
natural vegetation

2.4.4 Agro-forestry areas

3.1 Forests

3.1.1 Broad-leaved forest

3.1.2 Coniferous forest
3.1.3 Mixed forest

3.2 Scrub and/or

3.2.1 Natural grasslands
3.2.2 Moors and heathland

3. FOREST AND herbaceous vegetation )
SEMINATURAL associations 3.2.3 Sclerophyllous vegetation
AREAS 3.2.4 Transitional woodland/shrub
3.3.1 Beaches, dunes, sands
S 3328 k
3.3 Open spaces with little are Tocks
or 1o vegetation 3.3.3 Sparsely vegetated areas
3.3.4 Burnt areas
3.3.5 Glaciers and perpetual snow
4.1 Inland wetlands 4.1.1 Inland marshes
4.1.2 Peatbogs
4. WETLANDS 4.2.1 Salt marshes
4.2 Maritime wetlands 4.2.2 Salines
4.2.3 Intertidal flats
5.1 Inland waters 5.1.1 Water cour.ses
5.1.2 Water bodies
5. WATER BODIES 5.2.1 Coastal lagoons

5.2 Marine waters

5.2.2 Estuaries
5.2.3 Sea and ocean

In this study, CLC data were created at Level 2. The dataset for calculating the

average LST values of LULC classes with zonal statistics is shown in Figure 18.
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Figure 18. Land cover/use change of study area by years

(Adapted from Copernicus Land Monitoring Service (CORINE)!2%)

3.2.3. Data Used in the Representative Regions

Representative regions were selected to evaluate the SUHI effect through different
built environment textures. In addition to the change in LST and LULC, buildings,

number of floors, mean household size, and urban open-green areas data were used to
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obtain data on population density, building area density, mean floor height, and green
areas larger than 2 ha.

Green areas contribute to the reduction of the SUHI effect due to impervious
surfaces. Therefore, it is important to examine green areas in different built environment
textures to be selected. The distributions of Urban Open-Green Areas and Forest Areas
downloaded from OpenStreetMap Overpass Turbo within the study area are shown in
Figure 19. Urban Open-Green Areas include parks, recreation, and cemetery areas with
trees. There are a total of 939 ha of Urban Open-Green Area, and 18656 ha of Forest Area
within the area. Most urban open-green areas are located in the Bayrakli district, while

most forest areas are located in the Buca district (Table 12).

Legend
Central Districts Boundary
[ urban Dpen-Green Areas

[ Forest Areas

Figure 19. Urban open-green areas and forest areas

(Adapted from OpenStreetMap Overpass Turbo!3)

53



Table 12. Urban Open-Green Areas Size and Forest Areas Size

(Adapted from OpenStreetMap Overpass Turbo!3)
Central Districts Urban Op((eg-n(i}tl;el(::)Areas Size For((e:}n?tr:'el?:)Size
Bal¢ova 77.2 211.3
Bayrakh 221 151.7
Bornova 128.8 4245.2
Buca 110.6 5819.7
Cigli 80.3 473.5
Gaziemir 13.9 1539.3
Giizelbahce 68.4 662
Karabaglar 48.1 1115.2
Karsiyaka 79.2 1335.2
Konak 100.4 40.3
Narhdere 10.5 3063.5
Total 938.4 18656.9

Current data on buildings and number of floors in the study area were obtained
from Izmir Metropolitan Municipality Directorate Branch of Geographical Information
Systems. There are a total of 372029 buildings in the study area. The highest building
density is observed in Konak (31.3 building/ha), Bornova (2.7 building/ha), Karabaglar
(6.4 building/ha), and Buca (2.9 building/ha) districts, respectively. The district with the
lowest building area density is Narlidere (1.5 building/ha) (Figure 20).
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[ Buildings in Central Districts

Figure 20. Buildings in study area

(Adapted from izmir Metropolitan Municipality'*®)

There are 43 different number of floors in the study area. While buildings with 1
number of floors are the most, there are only one building each with 40, 41, 42, 48, 49,

and 53 number of floors. The number of floors of the buildings is given in Table 13.

Table 13. Number of Floors in Study Area

(Adapted from izmir Metropolitan Municipality'*®)

Number of Floors Number of Buildings
1-2 197590
3-4 117895
5-6 40991
7-8 9429

9-10 4772
11-12 835
13-14 180
15-16 129
17-18 69
19-20 29
21-22 46
23-24 10
25-26 11

27+ 42
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Mean household size data was used to calculate the population for selected

specific region in the study area. Figure 21 shows the mean household size data for the

11 districts'®.
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Figure 21. Mean

(Source: Izmir’in Rakamlari

household sizes in study area

129)

3.2.4. Meteorological Stations in Study Area

Within the scope of the study, the data of fifteen meteorological stations located

in the central districts of Izmir province were obtained from Meteorology 2nd Regional

Directorate (Izmir Meteoroloji 2. Bélge Miidiirliigii). The locations and names of the

stations are shown in Figure 22.
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N
A Station Name / Station Number
<\ \/_/J\/\ izmir Kaklig Havaliman1 / 17225
KARSIYAKA Cigli Havalimani / 17218
\

Kargiyaka / 18446

Bayrakli / 18440
BORNOYA

NARLIDERE /1 \
GUZELBAHCE
/ // KARABAGLAR BUCA

GAZIEMIR & \ 13 Balgova / 19133

[ o & P
S i _& / 14 Narhdere / 18450
Legend \ 15 Gizelbahge / 18444
[ Central Districts Boundary
N s 12 0

1 Meteorological Station

Bornova Orman Sahasi / 18442

Bornova / Zeytincilik Arg. / 18031

H Konak / Alsancak Liman Feneri / 17485
ﬂ/ B Konak /18448

-~ o U B W N =

9 Buca/ 18443

10 izmir Gaziemir Havalimam / 17821

T lIzmir Adnan Menderes Havalimani / 17219

12 izmir Balge / 17220

Figure 22. Meteorological stations in study area

(Source: Meteorology 2nd Regional Directorate!3!)

In order to compare the air temperature values of the meteorological stations with
the LST values, air temperature data were obtained from the 2nd Regional Directorate of
Meteorology. It is important to choose the appropriate time interval to determine the
relationship between LST and air temperature. Therefore, the air temperature data are the
same as the dates on which Landsat satellite images were used. Data on 3 July and 20
August for 2018, 10 July and 26 July for 2012, 10 July and 27 August for 2006, 25 July
and 10 August for 2000, and 6 July and 23 August for 1990 were used. Air temperatures
for these dates are shown in detail in Table 14.

There are two stations for 1990 and 2000, four stations for 2006, six stations for
2012, and fifteen stations for 2018. While Izmir Bolge/17220 and Izmir Adnan Menderes
Havalimani/17219 stations have been used since 1990, nine stations have started to be

used as of 2018.

57



Table 14. Mean Air Temperature Value on Specific Days at Meteorological Station

(Source: 2nd Regional Directorate of Meteorology'?’)

Air Temperature Value (°C)

1990 2000 2006 2012 2018

Station Name / Station Number 6 July 23 August 25July 10 August 10 July 27 August 10 July 26 July 3 July 20 August
Cigli Havalimani / 17218 0 0 0 0 26.9 27.8 30.6 27.8 29.3 29.9
[zmir Adnan Menderes Havalimani / 17219 26.4 25.9 26.0 20.1 26.9 26.8 30.8 28.9 30.1 30.3
[zmir Bolge / 17220 28.5 28.0 30.9 30.2 27.5 29.1 30.9 28.8 29.2 30.4
Izmir Kakli¢ Havalimani / 17225 0 0 0 0 27.2 0 31.3 29.3 32.1 0
[zmir Gaziemir Havalimani / 17821 0 0 0 0 0 0 32.7 31.8 324 0
Bornova/Zeytincilik Ars. (TAGEM) / 18031 0 0 0 0 0 0 31.8 26.8 31.0 30.5
Bayrakli / 18440 0 0 0 0 0 0 0 0 29.5 30.8
Bornova Orman Sahasi / 18442 0 0 0 0 0 0 0 0 28.3 27.5
Buca / 18443 0 0 0 0 0 0 0 0 29.5 29.9
Giizelbahge / 18444 0 0 0 0 0 0 0 0 26.9 28.3
Karstyaka / 18446 0 0 0 0 0 0 0 0 29.3 31.1
Konak / 18448 0 0 0 0 0 0 0 0 28.8 28.4
Narlidere / 18450 0 0 0 0 0 0 0 0 28.6 28.5
Konak/Alsancak Liman Feneri/ 17485 0 0 0 0 0 0 0 0 29.9 29.6
Balgova / 19133 0 0 0 0 0 0 0 0 27.8 29.0
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CHAPTER 4

METHOD

This chapter describes the methodologies used to assess the SUHI effect with
LULC variation, spectral indices and built-up indices as urban parameters. The method
followed for the analysis and examination of the SUHI effect occurring in the study area
is depicted in the flowchart (Figure 23). Method flowchart includes inputs, and analyses
and evaluation criteria for products and their relationships.

The flowchart of the method is created within the scope of the three research
questions sought to be answered in the study. The inputs in the study are CLC, Landsat,
and different built environment textures. The year ranges examined in the study are 1990,
2000, 2006, 2012, and 2018. The reason in determining these years is that these years are
radyly available in the CLC dataset.

Within the scope of the research question "How do LULC classes affect LST
values?", LULC maps of the CLC dataset for the years 1990, 2000, 2006, 2012, and 2018
were obtained. Average LST values of LULC changes were calculated with the zonal
statistics tool in the ArcGIS program. In addition, how the LULC changes over the years
were analyzed.

Within the scope of the research question "How are the spectral indices as urban
parameters related to LST/SUHI?", NDVI, NDWI, NDBI, UI, and Albedo parameters,
especially LST, were created using Landsat satellite images. Appropriate images were
obtained for each year in July and August when the SUHI effect is most common. The
Landsat types used vary according to the year of launch. The relationships between LST,
characterizes the SUHI effect, and other spectral indices were determined by correlation
and regression analysis. Although LST images were produced according for different
dates, correlation and regression analysis were conducted for the most recent year 2018.
The study's independent variables are NDVI, NDWI, NDBI, Ul, and Albedo parameters,
while LST is the dependent variable.
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"What findings emerge from comparing LST values with built-up indices as urban
parameters?" To answer the research question, five regions with different built-up
environmental textures of 100 hectares were identified, with different LST values in 2018
and where LULC changes were observed. LST was associated with Built-up indices such
as mean floor height, building area density, population density, and green areas larger
than 2 ha. In line with the divergence in parameters in the regions, the factors causing the

SUHI effect were identified.
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4.1. Data Preparation

In order to determine the SUHI effect, a total of six different spectral indices,
including LST, NDVI, NDWI, NDBI, U, and Albedo, have been calculated according to
the equations below (Table 15). For each index, maps were created based on Landsat

satellite images on the specified dates from 2018.

Table 15. Equations of Spectral Indices as Urban Parameters Used in Study

Indices .
References Used Equation
Stathopoulou BT
and Cartalis, LST T, =
2007 o1+ [(A = BT/p)Ing, ]}
NIR — Red
J , 2000 NDVI [ ———
ensen NDVI NIR + Red
McFeeters Green — NIR
’ NDWI NDW[ = ——
1996 Green + NIR
SWIR1 — NIR
Zha et al. 2003 NDBI NDBl =z —M7—M —
SWIR1 + NIR
Kawamura et Ul Ul = SWIR2 — NIR
al., 1996 " SWIR2 + NIR
Liane. 2001 Albedo 0.356p; + 0.130p, + 0.373p3 + 0.085p,4 + 0.072p5 — 0.0018
& 0.356+0.1304+0.3734+0.085+0.072

4.1.1. Calculation of Land Surface Temperatures (LST)

LST map was created using a raster calculator in ArcGIS (version 10.8.2). The
steps shown in Figure 24 are applied to determine the LST and map the SUHI effect. LST
maps were created in 6 steps. In the first step, there is Equation (1), in the second step,
there is Equation (2), in the third step, there is Equation (3), in the fourth step, there is
Equation (4), in the fifth step, there are Equation (5), (6), and (7), and in the last step,
there are Equation (8) and (9). In Table 16, the metadata of the satellite images used in

the equation are given.
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Figure 24. Flowchart for LST

The thermal bands (TIR) of Landsat satellite images are used when determining
the SUHI effect. In the study, 6th band was used for Landsat 7 ETM+ and Landsat 5 TM,
and only 10th band was used for Landsat 8 OLI/TIRS. The radiance values of the digital
numbers (DNs) of the thermal bands were obtained and the brightness temperatures were
calculated from these values. NDVI calculations were made using the red (Red) and near
infrared (NIR) bands of Landsat satellites. For Landsat 7 ETM+ and Landsat 5 TM, the
near infrared (NIR) and red bands (Red) correspond to bands 4 and 3, respectively, and
for Landsat 8 OLI/TIRS, bands 5 and 4, respectively. Then, LST values were calculated
by creating an image of vegetation proportion and surface emissivity. All the formulas

required for the creation of the LST map are shown in steps.
Top of Atmospheric Spectral Radiance

The first step is to convert the digital numbers (DNs) of the Landsat thermal bands
(Band 10 and Band 6) to the top of atmospheric (TOA) spectral radiance (LA) with the

Equation (1) taken from the USGS web page!’.

LA = ML * Qcal + AL (1)
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In this equation in step one, M; represents the band-specific multiplicative
rescaling factor, while Q.,; represents the thermal infrared (TIR) band of the images. For
this equation, 10" (Landsat 8 OLI/TIRS) and 6™ (Landsat 5 TM and Landsat 7 ETM+)
bands are used according to the type of satellite images. A4; is the band-specific additive

rescaling factor.

Conversion of Radiance to At-Sensor Temperature

In the second step, digital numbers (DNs) are converted to reflection. In the
second step, the satellite thermal constants and thermal band data in the metadata file
(MTL file) of the downloaded satellite images are used. Thus, TOA spectral radiance
(LA) is converted to brightness temperature (BT). We convert reflection to BT with the
following Equation (2)!3%14°,

K,

BT = (K /L) + 1]

—273.15 (2)

where BT represents the TOA brightness temperature (°C). The band-specific
thermal conversion constants from the metadata are K; and K.
“For obtaining the results in Celsius, the radiant temperature must be revised by

adding the absolute zero (approx. —273.15°C)”.

Table 16. Metadata of the Satellite Images

LANDSAT 8

Thermal constant, Band 10

K; 774.8853
K, 1321.0789
Rescaling factor, Band 10
M, 0.0003342

Ap 0.1

(cont. on next page)
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Table 16. (cont.)

LANDSAT 7

Thermal constant, Band 6

K; 666.09
K, 1282.71
Rescaling factor, Band 6
M, 0.067087
Ap -0.06709

LANDSAT 5
Thermal constant, Band 6
K; 607.76
K, 1260.56
Rescaling factor, Band 6
M, 0.055375
AL 1.18243

NDVI Method for Emissivity Correction

It is evaluated under 3 headings.
-Calculating Normalized Difference Vegetation Index (NDVI): In the third step,
Equation (3), the proportion of vegetation estimated by the NDVI is used as an input
parameter to measure the land surface emissivity. Vegetation is used to reduce the impact
of UHI in urban areas. The LST value is affected by the radiant temperature difference
between the vegetation and the urban area'*!. NDVI is obtained by mathematical
processing of the near infrared (NIR) and red band (Red). It is important to estimate the
NDVI. Because the amount of vegetation available is an important factor, the NDVI can

be used to understand general vegetation conditions'#?

NDVI NIR — Red 3
" NIR + Red ’ (3)
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where NIR represents the near infrared and red represents the red band. Band 4
and band 3 for Landsat 5 TM and Landsat 7 ETM+, respectively; Band 5 and band 4 are
used for Landsat 8 OLI/TIRS. NDVI takes a value between -1 and 1 in the Equation (3).
Values close to +1 (0.8 - 0.9) are the areas with the highest vegetation density'*’. The
calculation of the NDVI is very important for the calculation and correlation of Equation

(4) and (5).

-Calculating the Proportion of Vegetation (Pv)

In the fourth step, Equation (4), the plant highly associated with NDVI proportion
of vegetation (P,) is obtained by the following equation. The ratio of the vertical
projection area of vegetation (including leaves, stems and branches) on the ground to the
total area is expressed as Pv!#*. Pv was developed by Carlson and Ripley (1997) and is
an important step for the calculation of Land Surface Emissivity (LSE)'.

NDVI, (v: maximum value) and NDVI; (s: minimum value) values differ for
every area and can also be obtained from the histogram. However, in global conditions,
the NDVI maximum and minimum values for vegetation and soil are considered 0.5 and
0.2 respectively. For vegetated surfaces, a value of 0.5 may be too low, but overall values
from NDVI can also be calculated from the reflection on the surface. However, in the
case of an NDVI calculated from TOA reflectivity, a fixed value cannot be said as the

maximum and minimum values will depend on atmospheric conditions'#>14°,

NDVI — NDVI; \?
= ) 0

NDVI, — NDVI,

In the study, the fourth step was calculated by using the maximum and minimum

values in the NDVI map created according to the third step.

-Calculating Land Surface Emissivity (LSE)

The contact of the rays from the sun with the objects can occur in three different

ways. These three situations are; reflecting, transmitting or absorbing radiation falling on
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objects. Objects absorb these energies, allowing them to heat up and reach equilibrium
temperature. When the objects reach the equilibrium temperature, they emit radiation
depending on the object feature and the temperature it has. Emissivity (g, ) is also called
the radiant ability of the object!*S.

To estimate the LSE, the proportion of vegetation step must be completed. Each
object has its own unique emissivity value, and the value range varies between 0 and 1.
LSE, which largely depends on the characteristics of the land cover (vegetation, soil type,
etc.) of the study area, is an important parameter for calculating the LST value!'4!47,

In the fifth step, the emissivity (€) associated with P, is obtained by the following
Equation (5).

a=tnbh tea (1-PF)+ G, ®)

In this equation, €, is the emissivity value of vegetation surfaces and €, is the
emissivity value of soil surfaces. C represents the surface roughness and its constant value
is taken as 0.005 (the C value is 0 for homogeneous and flat surfaces)'*®. The Emissivity
value of Landsat satellite images varies between 0.96 and 0.99 depending on the structure

of the surface and the values are calculated according to Equation (6)'%.

. NDVI<NDVI,,
g={en P, +e3 (1—P)+ C,, NDVI,<NDVI<NDVI, , (6)
e + C, NDVI>NDVI,, .

If the NDVI value is less than 0, the land is considered to be covered with water
(emissivity value = 0.991). Between 0 and 0.2 the land is covered with soil (emissivity
value = 0.996), between 0.2 and 0.5 the land is covered with a mixture of soil and
vegetation, and if it is greater than 0.5, the land is considered covered with vegetation
(emissivity value = 0.973)!46:14,

According to the study of Sobrino et al. (2004)'*®, a typical emissivity value of
0.99 is selected for vegetation. The selection of a typical value for soil is more difficult.
There is a higher variation of emissivity values for soils compared to vegetation. In the
same study, by considering a total of 49 soil spectra, the average soil value was obtained
as 0.973 (standard deviation 0.004). In this context, the LSE equation calculated using

vegetation cover rate and constants is as follows in Equation (7).

66



&, = 0.004 % P, + 0.986 . (7)

Land Surface Temperature (LST)

In the final step, LST or the emissivity-corrected LST (Ty) is calculated using TOA
brightness temperature and vegetation emissivity proportion as shown in the Equation
(8)95.

BT

Ts = {1+[(A*BT/p)lng, ]} ’

(8)

In the equation, T represents the LST value in Celsius, while 4 is the wavelength
of the emitted radiance (center wavelength of Band 10 for Landsat 8 (4 = 10.8 um) and
center wavelength of Band 6 for Landsat 7, Landsat 5 (1 = 11.45 pum) is used). BT is the
brightness temperature of Band 10 and Band 6. ¢, is the emissivity calculated using the

Equation (9).
¢ —2
p=h==1438x102mK, )

The p value needs to be calculated to complete step 6 and generate the LST maps.
In the equation, ¢ is Boltzmann's constant (1.38x10723 J/K), h is Planck's constant
(6.626x1073* Js), and c is the velocity of light (2.998 x 108 m/s).

All these steps will be calculated separately for the years 2018, 2012, 2006, 2000,
and 1990 and as a result, five LST maps will be obtained.
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4.1.2. Spectral Indices as Urban Parameters

Calculation of Normalized Difference Built-up Index (NDBI)

This index was developed by Zha et al. (2003)'%, is designed for automatic
mapping of residential areas with Landsat bands. The NDBI index is based on the ability
of artificial earth objects to reflect more in the shortwave infrared (SWIR) spectrum than
in the near-infrared (NIR) spectrum. Often used to evaluate the SUHI effect, this index
uses spectral differences between different surface types. Additionally, the relationship
between NDBI and SUHI helps us understand the contribution of urban development to
the UHI effect. This allows the detection of built-up areas such as buildings and

structures. NDBI is calculated using Equation (10) below!°.

NDBI = SWIR1 — NIR 10
" SWIRI + NIR "’ (10)

SWIR1 and NIR refer to the spectral reflectance values in the shortwave infrared
and near-infrared regions, respectively. Band 5 and band 4 for Landsat 5 TM and Landsat
7 ETMH+, respectively; band 6 and band 5 were used for Landsat 8 OLI/TIRS. The value
of the index ranges from -1 to +1. Values closer to +1 represent more built-up or urban
areas. Values close to -1 generally indicate natural areas such as water and vegetation.
More pronounced SUHI effects are observed as a result of regions with high NDBI values

absorbing more thermal energy'**!°!.

Calculation of Urban Index (UI)

The UI parameter allows us to express how the intensity of urbanization affects

temperature increase. This index, obtained from satellite images, determines the

difference between urban and natural areas. The urban index developed by Kawamura et
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al. (1996) '%3. takes advantage of the inverse relationship between the near-infrared (NIR)
and shortwave infrared (SWIR) reflectance of urban areas in the region'*?. The following

is calculated using Equation (11)!33.

. SWIR2 — NIR
" SWIR2 + NIR ’

(11)
Where SWIR2 and NIR refer to the spectral reflectance values in the shortwave
infrared and near-infrared regions, respectively. Band 7 and band 4 for Landsat 5 TM and
Landsat 7 ETM+, respectively; Band 7 and band 5 were used for Landsat 8 OLI/TIRS.
The value of the index ranges from -1 to +1. Ul values increase as urban density increases.
Higher pixel values indicate denser and more urbanized areas, while lower values
represent less developed areas dominated by natural features. Therefore, in urban areas
with high Ul, greater SUHI effects are observed due to the excessive absorption of

sunlight by impervious surfaces'®.

Calculation of Normalized Difference Water Index (NDWI)

The NDWI spectral index is used to detect the presence of water in remote sensing
images. An effective indicator of the liquid water content of vegetation, NDWI is less
susceptible to atmospheric scattering effects!>*. Developed by McFeeters (1996), NDWI
maximizes the reflectance of water by using the green wavelength, while minimizing the
reflectance of vegetation and soil cover by using the near-infrared (NIR) wavelength.
Therefore, the presence of water is determined by the difference between these two bands.

NDWI is calculated using Equation (12)'%.

NDWI = Green — NIR 12
" Green + NIR ’ (12)

Band 2 and band 4 for Landsat 5 TM and Landsat 7 ETM+, respectively; band 3
and band 5 were used for Landsat 8 OLI/TIRS. The value of the index ranges from -1 to
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+1. While water features have positive values, soil and vegetation features have zero or
negative values'®. In order to establish the relationship between NDWI and SUHI, it is
important to analyze water availability and temperature changes, especially in urban

areas.

Calculation of Albedo

Developed by Liang (2001)'*8, Albedo is defined as the reflection of solar
radiation in all reflective wavelengths by the surface. Albedo satellite images are
calculated with Equation (13) and using blue (p;), red (p2), NIR (p3), SWIR1 (p,), and
SWIR2 (ps) bands.

Abedq = 035601 +0.1300; +0.373p; +0.085p, +0.072ps — 0.0018 s
edo = 0.356+0.130-+0.373+0.085+0.072 o (43

The relationship between LST and albedo is negative. Albedo refers to how much
a surface reflects sunlight. Colors affect the albedo of a surface. Light-colored surfaces
(e.g., white sand, snow) have high albedo, reflecting a large proportion of sunlight, and
therefore usually result in low LST values. On the other hand, dark-colored surfaces (e.g.
black asphalt) absorb most of the sunlight and therefore have low albedo. Such surfaces
can result in higher LST values because the energy from sunlight is largely absorbed and

137 As a result, the color of surfaces is a critical factor

the surface temperature increases
in determining albedo values and hence LST.

Blue, red, NIR, SWIR1, and SWIR2 bands are used for the Equation (13). For
Landsat 5 TM and Landsat 7 ETM+, these bands are 1, 3, 4, 5, and 7, respectively. For
Landsat 8 OLI/TIRS, these are bands 2, 4, 5, 6, and 7. Albedo value varies between 0 and
1. While high albedo values result in low LST values, low albedo values result in high
LST values due to absorption'*®. In nature, albedo values cannot approach the 0 and 1

limits. A value of 0.90 is typical for snowy surfaces and values around 0.10 are typical

for dark asphalt pavements. The range 0.06-0.10 represents oceans with low albedo and
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the range 0.80-0.90 represents glaciers with high albedo. The 0.15-0.30 albedo range
refers to vegetation, forests and green areas, while the 0.12-0.35 albedo range is usually
urban areas. Surfaces with high albedo reflect more sunlight, absorb less heat and have
lower temperatures. Therefore, the relationship between Albedo and SUHI is important

in this respect!’.

4.2. Assessment of the LST's Relationship with LULC Change and

Spectral Indices

The relationships between LST data and LULC, and spectral indices in SUHI
effect were determined. Zonal Statistic, Correlation, and Regression analysis methods
were used when determining relationships. Spectral indices and LULC values obtained

as a result of the analysis were examined.

4.2.1. Assessment of the Relationship between LST and LULC Changes

Zonal statistics involve summarizing the properties of raster cells that intersect or
fall within specified regions or polygons. These statistics are commonly used in GIS for
analyzing spatial data within defined geographic areas'®’. They are widely employed in
various fields such as environmental sciences, geographic analysis, agriculture, ecology,
urban planning, and natural resource management. In remote sensing studies, zonal
statistics are frequently used to perform statistical analysis of data properties within
specified regions or polygons. This statistical method typically operates with raster
databases, such as satellite images. Zonal statistics involve mapping each pixel of a raster

161 " As a result, statistical summaries such as

image to a geographic attribute or value
mean, minimum, maximum, etc., of the data values collected within a specific area (zone)

are calculated'®”.
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In this context, "Zonal Statistic Tool" in the ArcGIS environment was used to
evaluate the relationship between LST and LULC changes in the study area. The raster
layer containing LST data and LULC polygon layer was used as input. For each LULC
class, mean LST values in 1990, 2000, 2006, 2012, and 2018 and their changes according

to these years were calculated.

4.2.2. Assessment of the Relationship between LST and Spectral Indices

In studies investigating the formation of UHI, correlation and regression analysis
are frequently used to determine the relationship between variables and the effect of a
variable on other variables.

To evaluate the relationships between LST and spectral indices, regression and
correlation analyses were conducted based on the most recent year (2018) in the study.
For the analysis, random points were assigned to the study area with the simple random
sampling method. The randomly selected points cover urban areas with varying land use
types representing different parts of the city, including regions with higher population
density, various land use types across the city, and areas transitioning from the city center
towards the outskirts. Therefore, the available number of cases within the study area is
1078. In ArcGIS environment, the "Extract Values to Point" tool extracts the cell values
of 1078 random points on the raster images created with spectral indices. IBM-SPSS
Statistic program was used for the analysis of the values recorded in the attribute table
and the relationship between spectral indices was analyzed.

To measure the strength and direction of the linear relationship between LST and
spectral indices variables, Pearson Correlation Analysis was used to calculate the
correlation (r) between the variables. MLR analysis- stepwise multiple regression was
used to estimate the effects of spectral indices on SUHI. While the spectral indices used
in the study are our independent variables, LST was included in the analysis as the
dependent variable.

Correlation is the relationship between two or more variables. Correlation analysis
1s a statistical technique used to test the relationship between two variables and to measure

the direction and strength of this relationship, if any. The main purpose of correlation
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analysis is to explain how the dependent variable will change when the independent
variable changes'®?. However, correlation does not establish a cause-and-effect
relationship between two variables and does not indicate that the cause of one variable is
the other variable!®.

There are two different correlation coefficients used in correlation analysis,
Pearson's Product Moment Correlation Coefficient (for linearly distributed variables) and
Spearman's Rank Correlation Coefficient (for non-linearly distributed variables'®. As a
result of correlation analysis, the presence of linear relationships and the degree of these

relationships are calculated by the correlation coefficient. The correlation coefficient is

denoted by "r" and takes values ranging from -1 to +1 as shown in Table 17'%164,

Table 17. The scale of Correlation Coefficient

(From Selvanathan et al'%%)

Pearson’s Correlation Coefficient Interpretation
0<r<0.19 Very Low Correlation
02<r<0.39 Very Correlation
04<r<0.59 Moderate Correlation
0.6<r=<0.79 High Correlation
08<r<1.0 Very High Correlation

A correlation coefficient of "0" means no linear relationship, while a correlation
coefficient of "1" is considered a perfect correlation. If the values of both variables tend
to increase or decrease together, this indicates a positive correlation and they have
positive "r" values. If the value of one of the variables increases while the other decreases,
that is, if there is an inverse relationship between the variables, this indicates a negative
correlation and they have negative "r" values. The correlation's direction, type and
strength can also be evaluated through the scatterplot of the correlation coefficient (r).
The graph also allows us to determine whether there is anything that may distort the
correlation, such as outliers!®.

Regression analysis is used to measure the cause-and-effect relationship between
two or more variables!®. In other words, it is an attempt to express the effect of one or
more independent variables on a dependent variable. First of all, regression analysis is

divided into linear regression analysis and non-linear regression analysis according to the
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linearity of the relationship between variables. In addition, according to the number of
variables, it is divided into two as simple regression analysis (one dependent, one
independent variable) and multiple regression analysis (more than one independent, one
dependent variable)!¢2. There are three types of multiple regression. These are; Standard
Multiple Regression, Hierarchical MLR, and Stepwise Multiple Regression'%.

In this study, MLR was used because the relationship between variables is linear
and has more than one independent variable. MLR, a statistical technique, uses two or
more independent variables to predict the outcome of a dependent variable. The stepwise
method, which determines the selection of independent variables in the model in
regression analysis, evaluates the effects of potential independent variables in the model.
Thanks to this method, model selection is made by testing the significance of the model

d166

after each variable is added'®®. MLR analysis, which is based on various assumptions, is

used to ensure that the regression model works correctly and to assess the reliability of

the results obtained. According to Brien and Scott'%, and Taylor!®’

, the assumptions of
regression analysis are explained step by step below.

Assumption 1) A linear relationship between the dependent and independent
variables: MLR looks at linear relationships. There should be a linear relationship
between the dependent variable and each of the independent variables. The visuals of the
scatterplots of each variable should be examined for linearity.

Assumption 2) The independent variables are not highly correlated with each
other (Multicollinearity): The fact that the Pearson correlation coefficient of the
independent variables is greater than 0.90 indicates that there is a multicollinearity
problem. The independent variables influence each other so much that the impact on the
dependent variable cannot be clearly read. Assumptions are tested with the Variance
Inflation Factor (VIF) method.

Assumption 3) The variance of the residuals is constant (Homoscedasticity):
For each value of the dependent variable, the variance of the independent variables should
be equal. We can check the relationship between the dependent variable and each variable
with scatterplots.

Assumption 4) Independence of observation: The model emphasizes that

outliers have a strong influence on the regression equation. This assumption is tested in

the early stage of the analysis using scatterplots or the Durbin Watson statistic.
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Assumption 5) Multivariate normality: Variables should be normally

distributed. This assumption is tested through Normal P-P plot and histogram graphs.

4.3. Assessment of LST with Different Built Environment Texture

In order to address the SUHI effect in the study area more comprehensively, a
comparison was made according to the characteristics of the built-up indices, spectral
indices, and LULC.

There are many built-up indices as urban parameters that contribute to the SUHI
effect. These parameters are population density, building height, land use, infrastructure,
and economic activities. This study tries to answer the question "What findings emerge
from comparing LST values with built-up indices as urban parameters?". In this context,
built-up indices, especially LST, LULC, and spectral indices play an important role in
determining the temperature profile of the built environment and determining the urban
parameters that contribute to the formation of SUHL

Cao et al.'s (2011)'%8 study suggests that green spaces larger than 2 hectares have
a significant cooling effect. Therefore, one of the indices in the study was determined as
green areas larger than 2 ha (Figure 19). Built-up indices examined; population density,
building area density, mean floor height, and surrounding green areas larger than 2 ha.
Examined spectral indices; LST, NDVI, NDWI, NDBI, UI, and albedo.

In this context, five representative regions of 100 hectares were selected from the
study area for 2018 (Figure 25). While determining the representative regions, attention
was paid to select areas with high population density and different LST values and LULC

classes.
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Figure 25. Selection of representative regions

In determining the population in the selected regions, it was assumed that there
were an average of 3 apartments on each floor, and the number of household size living
in each apartment building (number of floors x 3) was found. The mean number of
household size in the district where the population of the region is located (Figure 21)
was multiplied by the number of household size in each apartment. As a result, the
approximate value of the number of inhabitants in the region was obtained. The
population of a building is found by multiplying the total number of households in each
building by the average household size in the district where it is located. Approximately
the population in the region was obtained by the sum of the populations found for each
building. According to the standard published in the Izmir Metropolitan Municipality
Building Bylaws'®, each floor must be at least 3.60 meters. Therefore, the building height
1s obtained by multiplying the number of floors by 3.60 meters.

4.4. Assessment of Air Temperature and LST Values

Assessing the relationship between air temperatures based on meteorological data
and surface temperatures measured by LST can help determine how UHI impacts change

over time and how they affect air temperatures. The points of meteorological stations only
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correspond to one or a few pixels on LST images. Since this is insufficient for the
assessment, a comparison between LST values and air temperatures for the location of
weather stations within a given buffer area should be made. In the studies, various buffer
sizes were used depending on the scale difference. Kriiger and Givoni!”® used a fixed
buffer size of 125 meters in their study and Yokobori and Ohta!”! used a fixed buffer size
of 300 meters in their study. In some studies, ranges were determined to determine the
buffer width. Yan et al.'”? determined buffers between 20 and 300 meters in their study,
and Johnson et al.!”® determined buffers between 50 and 1000 meters in their study.
Considering the studies conducted to determine the buffer size, correlation analysis was
performed on buffers of five different sizes starting from 100 meters. As a result of the
analysis, LST and air temperatures were compared, taking into account the buffer size
with the highest correlation coefficient.

The measured air temperature data for all years used in the study can be evaluated
for only two stations (Izmir Bolge and izmir Adnan Menderes Havalimani) out of fifteen
stations taken from Meteorological stations. In order to compare LST and air temperature
values, the region of two meteorological stations was determined. As a result of the
correlation analysis for the determined region, LST values were created according to the
buffer that provided high correlation. The average air temperatures of two stations on
certain days in 1990, 2000, 2006, 2012, and 2018 were compared with the average LST
values covering the buffer zone at the specified distance. In 2018, with the availability of
air temperature data at fifteen different stations, LST values for 2018 for each station were
created according to the determined buffer zone distance. The trend between LST values

generated per station and air temperatures was analyzed.
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CHAPTER 5

RESULTS

5.1. Land Surface Temperature (LST) Maps

Within the scope of the study, LST maps of the study area for the years 1990,
2000, 2006, 2012, and 2018 were created using Landsat 5 TM, Landsat 7 ETM+, and
Landsat 8 OLI/TIRS satellite images. It is seen that the minimum and maximum LST
values calculated from Landsat satellite images vary between 15.7 °C and 48.2 °C. Maps
of LST values converted from K to °C unit are shown in Figure 27.

Considering the maximum and minimum values of the LST maps in five years,
classification was made with 4°C intervals. In addition, the graph of the minimum,
maximum, and mean values calculated from all images is given in Figure 26. When the
values are examined, the maximum temperature of 48.2 °C was calculated from the
images of 2012 and the minimum temperature of 15.7 °C was calculated from the images

of 2006. It was determined that the average temperature value of all years was minimum

30.9 °C and maximum 32.8°C (Figure 26).
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Mean of LST Value 32.1 31.6 30.9 32.8 32.8

Maximum of LST Value  43.9 48.2 47.6 48.2 439

Figure 26. Minimum, maximum, and mean values of LST
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LST maps in Figure 27 reveal that the decrease in the LST value in 2006 is greater
than the LST values in 1990, 2000, 2012, and 2018. In addition, when the map in 2018 is
compared with the maps of other years and the increase in the LST value is greater than
the changes in other years. Especially in 2006, the lowest LST value (15.7°C) was
observed in Narlidere district compared to other years. In 2018, it is determined that the
LST values of Cigli district are higher than other districts. This may be due to the fact
that there are “Industrial, Commercial and Transport Units” in the region where the LST

value is high.

max: 439 (°C} min: 193 (°C]

LST (°C)
Bl 15.7-209
B 21249
[ 25-289
[129-329
[]33-36.9
I 37-409
B 41-44.9
B 45+

Figure 27. LST maps produced from Landsat images for the years (a) 1990, (b) 2000,
(c) 2006, (d) 2012, (e) 2018
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5.2. Land Use/Land Cover (LULC)

When the LULC analysis of the years 1990, 2000, 2006, 2012, and 2018 were
evaluated, changes are observed in all classes of CORINE Land Cover. Particularly, the
most changes are observed in the “Urban Fabric”, “Industrial, Commercial, and Transport
Units”, and “Heterogeneous Agricultural Areas” areas (Table 18).

When Table 18 is examined, the LULC hectares in central districts with the
highest total spatial percentage and hectare value are respectively; “Shrub and/or
Herbaceous Vegetation Associations”, “Forests”, “Urban Fabric”, “Heterogeneous
Agricultural Areas”, and “Industrial, Commercial, and Transport Units” areas. “Inland
Waters”, “Marine Waters”, and “Pastures” areas have the lowest total spatial percentage
and hectare value within the study area.

From 1990 to 2018, the “Urban Fabric” and “Industrial, Commercial, and
Transport Units” areas increased by 4.85% and 6.5%, respectively, reaching 15122 and
9686 hectares in 2018. However, the “Forest Area” increased by only 0.82%. In 2018,
the majority of the study area consisted of “Shrub and/or Herbaceous Vegetation
Associations Area” (23.75%), “Forests Area” (23.73%), “Urban Fabric” (16.01%),
“Heterogeneous Agricultural Areas” (12.54%), and “Industrial, Commercial, and

Transport Units” (10.26%).

Table 18. Area Sizes of Study Area According to CORINE Land Cover Classification

(Adapted from Copernicus Land Monitoring Service (CORINE)!%%)

CORINE Land Cover Unit Years
1990 2000 2006 2012 2018
Hectare
11 Urban Fabric 10535 14164 14529 14988 15122
% 11.16 15 15.38 15.87 16.01
1.2 Industrial, Commercial Hectare 3551 6672 8941 9514 9686
and Transport Units % 3.76 7.06 9.47 10.07 10.26
1.3 Mine, Dump and Hectare 1400 2059 1985 1404 1514
Construction Sites % 1.48 2.18 2.10 1.49 1.60
1.4 Artificial, Non- Hectare 1029 1225 632 612 631
Agricultural Vegetated Areas % 1.09 1.30 0.67 065 067
Hectare
21 Arable Land 4583 2935 3698 3652 3652
% 4.85 3.11 3.92 3.87 3.87

(cont. on next page)
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Table 18. (cont.)

Hectare 1859 1806 1104 663 663
2.2 Permanent Crops
% 1.97 1.91 1.17 0.70 0.70
Hectare 657 1402 369 344 344
2.3 Pastures
% 0.70 1.48 0.39 0.36 0.36
2.4 Heterogeneous Hectare 18013 13380 12923 11991 11841
Agricultural Areas % 19.07 14.17 13.68 12.70 12.54
Hectare 21635 19581 22475 22987 22408
3.1 Forests
% 22.91 20.73 23.80 24.34 23.73
3.2 Shrub and/or Herbaceous Hectare 24552 25027 21412 22023 22429
Vegetation Associations % 2600 2650 2267 2332 2375
3.3 Open Spaces with Little Hectare 2755 2683 2826 2695 2583
or No Vegetation % 2.92 2.84 2.99 285 2.74
Hectare 3608 3398 3443 3448 3448
4.2 Coastal Wetlands N
Yo 3.82 3.60 3.64 3.65 3.65
Hectare 79 33 32 32 32
5.1 Inland Waters o
7o 0.08 0.04 0.03 0.03 0.03
Hectare 184 75 71 87 87
5.2 Marine Waters o
% 0.19 0.08 0.07 0.09 0.09
Hectare 94440 94440 94440 94440 94440
Total Area o
% 100 100 100 100 100

The increase and decrease in land cover change between 1990-2000, 2000-2006,
2006-2012, and 2012-2018 are given in Table 19. Overall, between the years, the areas
of “Urban Fabric” and “Industrial, Commercial, and Transport Units” increased, while
“Arable Land”, “Pastures”, “Permanent Crops”, “Heterogeneous Agricultural Areas”,
and “Inland Waters” areas decreased. The highest increase in the “Urban Fabric” and
“Industrial, Commercial, and Transport Units” areas is observed during 1990-2000. The
highest decrease in the “Arable Land” and “Heterogeneous Agricultural Areas” areas
occurred during 1990-2000. Between 2000 and 2006, the highest decrease is observed in
the “Pastures” and “Permanent Crops” areas. The forest area decreased by 2.18% between
1990 and 2000. However, no change is observed in six out of fourteen classes in 2012-

2018." Numerical values belonging to Table 19 are spatially represented in Figure 28.
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Table 19. Changes in the Area Sizes of Central Districts of Izmir, According to the
CORINE Land Cover Classification in the Determined Years

(Adapted from Copernicus Land Monitoring Service (CORINE)!2%)

Central Districts of izmir

CORCIll: :Esi;i:goiover Unit Change Between Years
1990-2000 2000-2006 2006-2012 2012-2018
_ Hectare 3629 T 365 | R 1 134
1.1 Urban Fabric % t 3.84 I 0.38 I 049 t 014
1.2 Industrial, Hectare § 3121 T 2269 | BRLE! T 2
Commercial and
Transport Units % I 3.30 1 2.41 1 0.60 t 0.19
1.3 Mine, Dump and Hectare I 659 l -74 l -584 t 110
Construction Sites % t 0.70 l -0.08 l -0.61 t 0.11
L4 Artiﬁcial, Non- Hectare I 196 1 -593 l -20 t 19
Agricultural Vegetated
Areas o, 1 o2 l -0.63 l -0.02 1 0.02
Hectare l -1648 1 763 1 -46 0
2.1 Arable Land
% 1 -1.74 1t os1 1 -0.05 0
Hect -53 -702 -441 0
2.2 Permanent Crops e: e 1 20,06 l 2074 l 047
2 | A :
Hectare 745 -1033 -25 0
2.3 Pastures o I l l 0
° T o | | o0
2.4 Heterogeneous Hectare l -4633 l -457 l 932 l -150
Agricultural Areas %, 1 -4.90 l -0.49 l -0.98 l -0.16
1 Fores Hectare | -2054 1 2894 1 52 | 5
.1 Forests o 061
| ST 1 307 T o054 | 2
3.2 Shrub and/or Hectare 1 475 | 3615 1 o1 1 406
Herbaceous Vegetation
Associations % T o050 l 383 I 0.65 T o4
3.3 Open Spaces with Hectare l -72 | R UE! l -131 l -112
Little or No Vegetation % l 20.08 I 015 l 014 l 011
Hectare l -210 1T 4 | 0
4.2 Coastal Wetlands % 022 ' 0.04 ' 0.01 0
5.1 Tnland Wat Hectare -46 l -1 0 0
.1 Inland Waters
% | o004 | om 0 0
H -109 -4 16
5.2 Marine Waters cetare l l I 0
% | on | oo 1 002 0
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When the LULC change is examined within twenty-nine years, the most change

is observed between 1990-2000, and the least change is observed between 2012-2018.

However, changes in specific classes are observed between 2000 and 2012 (Figure 28).

Fiure 29 shows to which classes the changes of Figure 28 belong.
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Figure 28. Changes of study area, according to the CORINE land cover classification in

the determined years

(Adapted from Copernicus Land Monitoring Service (CORINE)!?%)
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Figure 29. Legends of changes according to the CORINE land cover classification in
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Between 1990-2000:

- The “Arable Land” area has transformed into “Pastures”, “Shrub and/or
Herbaceous Vegetation Associations”, “Urban Fabric”, and “Industrial, Commercial, and
Transport Units” areas.

- The “Forests” area has transformed into “Shrub and/or Herbaceous Vegetation
Associations”, and vice versa.

“Pastures”, “Permanent Crops”, “Shrub and/or Herbaceous Vegetation
Associations”, and “Heterogeneous Agricultural Areas” areas have transformed into the
“Urban Fabric” area.

- “Marine Waters”, “Mine, Dump, and Construction Sites”, and “Heterogeneous
Agricultural Areas” areas have transformed into the “Industrial, Commercial, and
Transport Units” area.

- “Forests” and “Shrub and/or Herbaceous Vegetation Associations” areas have
transformed into “Mine, Dump, and Construction Sites” areas.

- The highest rate of change occurred at 20.6% from “Forests (3.1)” to “Shrub
and/or Herbaceous Vegetation Associations (3.2)”, and 17.7% from “Heterogeneous
Agricultural Areas (2.4)” to “Urban Fabric (1.1)”, respectively.

The districts with the most change are Cigli, Buca, Bornova, and Gaziemir.
Between 2000-2006:

- The “Forests” area has transformed into “Shrub and/or Herbaceous Vegetation
Associations”, and vice versa.

- “Arable Land” and “Pastures” areas have transformed into “Mine, Dump, and
Construction Sites”.

- “Open Spaces with Little or No Vegetation” area has transformed into “Shrub
and/or Herbaceous Vegetation Associations”.

- “Mine, Dump, and Construction Sites” area has transformed into the “Urban
Fabric” area.

- “Pastures” and “Mine, Dump, and Construction Sites” areas have transformed
into the “Industrial, Commercial, and Transport Units” area.

- The highest rate of change occurred at 73.9% from “Shrub and/or Herbaceous
Vegetation Associations (3.2)” to “Forests (3.1)”.

The most change is observed in the use of “Shrub and/or Herbaceous Vegetation

Associations”. There were no changes in the Konak, Balcova, and Bayrakli districts.
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Between 2006-2012:

- The “Forests” area has transformed into “Shrub and/or Herbaceous Vegetation
Associations”, and vice versa.

- “Mine, Dump, and Construction Sites” area has transformed into the “Urban
Fabric” and “Industrial, Commercial, and Transport Units” areas.

- “Permanent Crop™ area has transformed into the “Urban Fabric” area.

- The highest rate of change occurred at 31.4% from “Forests (3.1)” to “Shrub
and/or Herbaceous Vegetation Associations (3.2)”.

No LULC change is observed in Giizelbah¢e and Balgova districts. There was
minimal LULC change in the Konak, Karabaglar, and Narlidere districts.

Between 2012-2018:

- In the Cigli district, “Heterogeneous Agricultural Areas” and “Open Spaces with
Little or No Vegetation” areas have transformed into the “Urban Fabric” area.

- The “Mine, Dump, and Construction Sites” area has transformed into the
“Industrial, Commercial, and Transport Units” area in Gaziemir and Bornova districts.

- In Buca, Gaziemir, and Giizelbahge districts, the “Forests” area has transformed
into the “Shrub and/or Herbaceous Vegetation Associations” area.

- In Gaziemir and Bornova districts, the “Heterogeneous Agricultural Areas” area
has transformed into the “Urban Fabric” and “Industrial, Commercial, and Transport
Units” areas.

- In the Bornova district, the “Shrub and/or Herbaceous Vegetation Associations”
area has transformed into the “Industrial, Commercial, and Transport Units” and “Mine,
Dump, and Construction Sites” areas.

- In the Bayrakli district, the “Open Spaces with Little or No Vegetation” area has
transformed into the “Artificial, Non-Agricultural Vegetated Areas” area.

- The highest rate of change occurred at 43.9% from “Forests (3.1)” to “Shrub
and/or Herbaceous Vegetation Associations (3.2)”.

There was no LULC change in the Karstyaka, Konak, Karabaglar, Narlidere, and

Balgova districts.
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5.3. Assessment of the Relationship between LST and LULC Changes

In this part of the study, the obtained LST values and the relationship of these

values with LULC were examined. According to the evaluation results, the average LST

values of LULC classes in the period from 1990 to 2018 increased in almost all land

classes. When the relationship between LST values and LULC classes is examined, the

lowest LST values are in “Marine Water” and “Forests” respectively; the highest LST

values are observed in the “Pastures Areas”, “Arable Land”, “Industrial, Commercial and

Transport Units Area”, “Mine, Dump and Construction Sites Area”, and “Urban Fabric”

area respectively (Table 20).

Table 20. LST Change of LULC Areas of Study Area for the Years 1990, 2000, 2006,
2012 and 2018

CORINE Land Cover

Land Surface Temperature (LST)

a Mean (°C) Standard Deviation

a

s8es 1990 2000 2006 2012 2018 1990 2000 2006 2012 2018
1.1 Urban fabric 32.8 32.8 325 34.0 34.6 1.68 1.41 1.72 1.41 1.40
1.2 Industrial,

commercial and transport  33.1 335 335 352 355 1.97 1.71 2.17 1.84  2.06
units

1.3 Mine, dump and 330 330 336 355 354 209 176 223 164 182
construction sites

1.4 Artificial, non-

agricultural vegetated 334 32.7 32.8 33.6 343 1.88 1.82 1.92 1.63 1.72
areas

2.1 Arable land 34.0 31.7 324 345 34.6 1.92 243 281 270  2.54
2.2 Permanent crops 30.1 30.6 31.1 32.7 329 1.37 1.44 1.64 1.45 1.48
2.3 Pastures 352 33.5 36.1 37.0 386  2.04 1.71 1.45 1.23 1.60
2.4 Heterogencous 335 328 321 339 338 212 214 227 199 215
agricultural areas

3.1 Forests 29.5 29.0 28.1 30.1 29.9 239 219 229 206 2.12
3.2 Scrub and/or

herbaceous vegetation 335 329 323 34.1 333 250 244 258 235 231
associations

3.3 Openspaces with litle . 5,0 535 346 345 165 162 306 277 313
or no vegetation

4.2 Coastal Wetlands 27.4 27.1 25.6 274 266 219 1.97 246 1.89 1.96
5.1 Inland waters 32.6 28.2 23.7 26.9 264 2091 1.81 0.92 1.12 0.80
5.2 Marine waters 26.3 27.8 26.10 2834 28.11 2.6 1.30 1.94 1.68 1.87
Mean LST for study area  32.07 3156 3094 3282 3276 279 267 3.04 267 287
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It is observed that LST values in LULC areas increase due to the growth of
“Urban Fabric, “Industrial, Commercial and Transport Units Area”, and “Open Spaces
with Little or No Vegetation Areas” over time. It has been determined that LST values
have decreased over time due to the decrease in “Inland Waters” areas. However, it is
concluded that although the size of the pasture areas decreased, the LST values increased.
“Pastures” areas attract more sunlight because they generally have a flat and open surface.
Accordingly, it is thought that pasture areas increase the LST value. When the change in
the SUHI effect between 1990, 2000, 2006, 2012, and 2018 is examined, it is concluded
that the SUHI effect increased by approximately 0.2 °C in the study area.

When the standard deviation results are evaluated, it is seen that the LST values
in the LULC classes, especially for the years 2006 and 2018, are higher, that is LST values
in 2006 and 2018 showed higher variability than other years. There may be several
reasons for this. LULC in a given region may have changed over time. Climate changes
can have significant impacts on surface temperature. Between 2006 and 2018, there may
have been a particularly pronounced climate change, which could be one reason for the
increase in LST wvalues. Different meteorological conditions (e.g. temperature,
precipitation, wind) in different years can affect surface temperature. In 2006 and 2018,
there may be significant changes in these factors. In order to evaluate this change, it needs

to be analyzed together with environmental factors.

5.4. Assessment of Change in Spectral Indices as Urban Parameters

Spectral indices maps produced from Landsat images for 2018 are shown in
Figure 30.

NDVI value of the study area in 2018 are between 0.59 and -0.35. These values
on the NDVI image show the vegetation level in the study area. White tones represent
high NDVI values, and black tones represent low NDVI values. It is seen that NDVI
values are predominantly low in the study area. It has been observed that there are large
areas with high NDVI values in the southwest of the study area. Narlidere, Giizelbahge,

and the northern parts of Bornova have vegetation-rich areas. Cigli Sasali Zoo and
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Balgova Inciraltt Urban Forest are also areas with very high NDVI values. The decrease
in the NDVI value co-occurs with the increasing number of buildings in the city center.

NDWI values of the study area in 2018 are between 0.32 and -0.53. These values
on the NDWI image show the water surfaces in the study area. White tones represent high
NDWTI values and black tones represent low NDWI values. Due to the Gediz Delta located
in Cigli, the highest NDWI value in the study area is seen in this region. Values are higher
in Konak, Bornova, and Buca districts. The reason for this may be due to the ponds in
Buca and Konak. Additionally, the presence of water in park areas also increases the
NDWI value.

NDBI values of the study area in 2018 are between 0.34 and -0.46. These values
on the NDBI image show the residential areas in the study area. White tones represent
high NDBI values, and black tones represent low NDBI values. It has been observed that
there are large areas with NDBI values in the study area. Since the NDBI value represents
the regions with dense construction, the regions with forest areas are seen in black.
Narlidere and Giizelbahge districts are calm areas. The increase in white color actually
shows that the presence of green areas in those districts is decreasing. Especially green
areas, should be increased in these areas.

UI values of the study area are between 0.37 and -0.58. These values on the Ul
image show urban areas in the study area. White tones represent high Ul values, and black
tones represent low UI values. It has been observed that there are large areas with Ul
values in the study area. Ul is also similar to NDBI. It showed a similar distribution.
Therefore, exclusion of parameters evaluating the same criteria in future studies may lead
to more effective evaluations.

Albedo values of the study area are between 0.84 and 0.05. These values on the
albedo image define the ability of surfaces in the study area to reflect light. White tones
represent high albedo values, and black tones represent low albedo values. It has been
observed that there are large areas with low albedo values in the study area. Looking at
the albedo colors, it is actually expected that the centers of the districts would not be
white. Especially these regions in the study area are the areas with high impervious
surfaces. The presence of an industrial area in the Cigli district causes high LST values
and albedo values are very high in this district. On the contrary, low albedo values are
expected due to the excess of impervious surfaces in industrial areas. This situation causes

us to make wrong theoretical evaluations.
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Figure 30. Spectral indices maps produced from Landsat images for the 2018 (a) NDVI,
(b) NDWI, (c) NDBI, (d) Ul, (e) Albedo

5.5. Assessment of the Relationship between LST and Spectral Indices

Another aspect investigated in this study is the relationship between LST and
spectral indices as urban parameters. To assess these relationships, correlation and MLR
were conducted. Correlation and Regression Analyses were computed using statistical

data analysis methods in the IBM SPSS Statistics environment. To statistically

90



demonstrate the strength of the linear relationship between variables, values of all LST
and NDVI, NDWI, NDBI, Ul, and albedo maps generated from Landsat images for the
year 2018, the most recent year used in the study, were compared to 1078 randomly
selected points within the study area. Correlation analysis, a fundamental statistical
technique, was employed to examine the relationship between LST (dependent variable)
and the selected spectral indices (independent variables). The Pearson correlation
coefficient used in the study indicates the degree of linear relationship between variables.

The findings obtained from Pearson Correlation analysis are depicted in Table 21.
According to the Pearson Correlation, the magnitude of numerical values represents the
strength of the relationship between pairs of variables. Red hues signify a positive
correlation, while blue hues indicate a negative correlation. As correlation values
approach 1.0, the positive correlation between pairs strengthens, whereas a stronger
negative correlation is observed as it approaches -1.0. Correlation values nearing 0
suggest a weak or no correlation between variable pairs. The presence of “**” indicates

a statistically significant association at the 0.01 level (Table 21).

Table 21. Pearson Correlation (r) between LST with spectral indices for 2018

Correlations
LST NDVI NDWI NDBI Ul Albedo
Pearson Correlation LST 1.000 -0.664%*  0.512**  0.776%* 0.749**  0.665%*

NDVI  -0.664** 1.000 -0.936%*  -0.824** -0.912%*  -0.633**
NDWI  0.512**  -0.936** 1.000 0.678** 0.800** 0.472%*
NDBI 0.776**  -0.824**  0.678** 1.000 0.968** 0.698**

Ul 0.749%%  -0.912%*  0.800%*  0.968** 1.000 0.721%*

Albedo  0.665%%  -0.633**  0.472%*  0.698*%  0.721%* 1.000

Sig. (1-tailed) LST , <.001 <.001 <.001 <.001 <.001
NDVI .000 . .000 .000 .000 .000
NDWI .000 ) .000 .000 .000
NDBI .000 .000 ) .000 .000
Ul .000 .000 .000 . .000
Albedo  .000 .000 .000 .000 .

N LST 1078 1078 1078 1078 1078
NDVI 1078 1078 1078 1078 1078
NDWI 1078 1078 1078 1078 1078
NDBI 1078 1078 1078 1078 1078
Ul 1078 1078 1078 1078 1078
Albedo 1078 1078 1078 1078 1078

Pearson’s r > 0.5 (bold), (**) Correlation is significant at 0.01 level. 99% confidence interval

91



There exists a high-level and negative correlation between LST and NDVI (r=-
0.664; p<0.01). This indicates that LST values tends to be high in areas with low NDVI,
and low in areas with high NDVI values.

There is a moderate-level and positive correlation between LST and NDWI
(r=0.512; p<0.01). This indicates that LST values tends to be high in areas with high
NDWI, and low in areas with low NDWI values.

There is a high level of positive correlation between LST and NDBI (r=0.776;
p<0.01). This indicates that LST values tends to be high in areas with high NDBI, and
low in areas with low NDBI values.

There is a high level of positive correlation between LST and UI (r=0.749;
p<0.01). This indicates that LST values tends to be high in areas with high UI, and low
in areas with low UI values.

There is a high level of positive correlation between LST and Albedo (r=0.665;
p<0.01). This indicates that LST values tends to be high in areas with high Albedo, and
low in areas with low Albedo values. However, a negative relationship between LST and
albedo is expected to be observed in theory. Because as the surface albedo increases, the
ability of the surface to reflect sunlight increases. In this case, as the surface reflects more
sunlight back, it receives less heat and this causes the surface temperature to decrease.

The relationship between the variables is also illustrated in the scatterplot in

Figure 31.
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Figure 31. Scatterplots between LST with spectral indices as urban parameters for 2018

Most studies in the literature, assess the relationship between LST and spectral
indices usually through correlation analysis. Studies by Tran et al. (2017), Daramola et
al. (2018), and Tonyaloglu (2019) indicate a negative relationship between LST and
NDVI. Conversely, studies by Daramola et al. (2018), Khan et al. (2021), and Halder et
al. (2021) suggest a positive relationship between NDBI, Ul, and LST. Guha et al. (2020)
and Yiicer (2023) found a positive relationship between Albedo and LST. In the study by
Nimish et al. (2020), a positive relationship is observed between NDBI and LST, while a
negative relationship is noted between NDVI and NDWI. However, there is no single
consensus regarding NDWI. Guha et al. (2020) reported a positive relationship between
LST and NDWI, whereas Nimish et al. (2020) concluded a negative relationship between
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LST and NDWI. These findings align with the results obtained within the scope of the
thesis.

Understanding the correlations between the remote sensing indices used in the
study and LST/SUHI is crucial. Indices contributing to SUHI formation should be
identified, and strategies to mitigate SUHI effects should be developed.

MLR analysis examines the multivariate relationships between LST and
independent variables. With this approach, it will be indicated through which parameters
the SUHI effect can be interpreted when there is no LST available. Understanding how
the SUHI effect in the absence of LST can vary under the influence of other independent
variables is an outcome of regression analysis. Before starting regression analysis,
assumptions should be evaluated. Thus, we ensure the accuracy and reliability of the
regression analysis.

The first assumption is checked before regression analysis. The linear relationship
between the dependent variable and independent variables is examined through scatter
plots. Linearity is checked by creating a separate graph for the dependent variable and
each independent variable. This process is conducted after correlation analysis (Table 21).
Upon examining the graphs, a linear relationship between the dependent variable and
independent variables is observed.

According to the stepwise regression method in MLR analysis, a step-by-step
approach is used to determine the effects of potential independent variables in the model.
At each step, the model's performance is evaluated, and statistically insignificant
variables are eliminated, or new variables are added. Table 22 presents the coefficients
table resulting from the stepwise regression method. Albedo was not included in the
analysis owing to a positive correlation obtained contrary to theoretically reported
negative relationship with LST, four models were formed additively for the independent
variables NDVI, NDWI, NDBI, and UlI, respectively. When examining the 'Standardized
Coefficients Beta' column of the models, a negative relationship between LST and UlI,
and NDWI is inferred. However, they showed a positive correlation in the correlation
analysis. Therefore, there is an inconsistency between correlation and regression analysis
in data processing. To be on the safe side, it is considered reasonable to eliminate these

variables.
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Table 22.Table of Coefficients

Coefficients®
Unstandardized | Standardized Correlations Collinearity
Coefficients Coefficients Statistics
Model B IESrtrccl;r Beta t Sig. ireég Partal | Part|Tolerancel VIF
1 (Constant) | 34679 | 0.068 508.592 | <.001
NDBI 24.935] 0.618 0.776 40.338 | <001 | 0.776 [0.776 [0.776 | 1.000 | 1.000
2 (Constant) | 35096 | 0.198 176.895 | <.001
NDBI 22.926 | 1.089 0.713 21.052 [ <001 | 0.776 |0.540]0.404 | 0321 | 3.115
NDVI -2.754 | 1.230 0.076 | -2.239 | .025 | -0.664 [-0.068]-0.043] 0.321 | 3.115
3 (Constant) |34 192 | 0.230 148.447 | <.001
NDBI 18.872 | 1.201 0.587 15.713 [ <001 | 0.776 [0.432 (0295 | 0252 | 3.972
NDVI 51347 | 2826 -0.588 | -7.552 | <.001 | -0.664 |-0.225|-0.142| 0.058 |17.244
NDWI 20782 | 2860 0436 | -7.267 | <001 | 0.512 [-0.216-0.136| 0.098 |10.251
4 (Constant) | 34 046 | 0.236 144.195 | <.001
NDBI 26.677 ]| 3.174 0.830 8.404 | <001 | 0.776 [0.249 | 0.157 | 0.036 |27.900
NDVI ~ | 3.029 -0.669 | -8.020 | <.001 | -0.664 [-0.238|-0.150| 0.050 |19.911
24.290
NDWI lo.134 | 2919 -0.402 | -6.556 | <.001 | 0.512 |-0.196|-0.123| 0.093 |10.737
Ul -8.963 | 3.376 -0.344 | -2.655 | .008 | 0.749 [-0.081]-0.050] 0.021 [48.004

a. Dependent Variable: LST

Another assumption is that there should be no multicollinearity among the
independent variables. For this, the VIF value in Table 22 should be less than 10'7*. When
looking at Model 3 and Model 4, it is observed that the VIF values are high. Therefore,

due to the multicollinearity problem among the variables in Model 3 and Model 4, Model

2 (NDBI, NDVI) is a more suitable model for regression analysis.

In regression analysis, identifying outliers is important. Std. Residual and Cook's

Distance in the Residuals Statistics table are examined (Table 23). The value in the Std.

The residual row should fall within the range of -3.29 to +3.29. The maximum value in

the Cook's Distance row should not exceed +1'7°. There are no outliers in the analysis.
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Table 23. Residuals Statistics

Residuals Statistics®

Minimum | Maximum Mean Std. Deviation N

Predicted Value 27.2936 38.8234 33.0601 2.26649 1078
Std. Predicted Value -2.544 2.543 0.000 1.000 1078
Standard Error of Predicted 0.056 0.507 0.114 0.037 1078
Value

Adjusted Predicted Value 27.2688 38.8653 33.0601 2.26715 1078
Residual -5.17454 5.34529 0.00000 1.75625 1078
Std. Residual -2.941 3.038 0.000 0.998 1078
Stud. Residual -2.951 3.048 0.000 1.001 1078
Deleted Residual -5.21123 5.37920 0.00002 1.76484 1078
Stud. Deleted Residual -2.962 3.059 0.000 1.001 1078
Mabhal. Distance 0.075 88.462 3.996 4.782 1078
Cook's Distance 0.000 0.037 0.001 0.002 1078
Centered Leverage Value 0.000 0.082 0.004 0.004 1078

a. Dependent Variable: LST

We interpret whether errors in predictions are normally distributed by examining

the Histogram and Normal P-P Plot graphs. Upon reviewing Figure 32 and Figure 33, we

observe that errors in predictions are normally distributed.
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Figure 32. Histogram graph
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Normal P-P Plot of Regression Standardized Residual
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Figure 33. Normal P-P plot of regression standardized residual

In order to satisfy another assumption of regression analysis, Homoscedasticity
condition, the points in Figure 34 should be spread as evenly as possible. The points in

the figure are widely spread, indicating that the condition is met.

Scatterplot
Dependent Variable:LST

Regression Standardized Residual

Regression Standardized Predicted Value

Figure 34. Scatterplot of regression analysis
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The final assumption of regression analysis is that the errors should be
independent from each other. Accordingly, the Durbin-Watson coefficient in the Model
Summary table should be between 1 and 3. Upon examining Table 24, we conclude that
the errors are independent from each other. Thus, all assumptions of regression analysis

have been met.

Table 24. Model Summary of Regression Analysis

Model Summary®

Model| R |R Square|Adjusted R Square|Std. Error of the Estimate| PRESS |Durbin-Watson
1 0.776* 0.602 0.602 1.80986
2 0.777° 0.604 0.603 1.80649
3 0.789°¢ 0.622 0.621 1.76447
4 0.790¢|  0.625 0.623 1.75952(3354.492 1.963

a. Predictors: (Constant), NDBI

b. Predictors: (Constant), NDBI, NDVI

c. Predictors: (Constant), NDBI, NDVI, NDWI

d. Predictors: (Constant), NDBI, NDVI, NDWI, Ul

e. Dependent Variable: LST

Table 24 is also a summary table of the model. Shows the results of MLR using
the Stepwise method. The appropriate model determined for the regression analysis in
this study is Model 2. NDBI and NDVI were used to measure the effects of the
independent variables on LST/SUHI. In the model, 60.4% of the variability in the
dependent variable is explained by independent variables: NDVI, and NDBI. When
looking at the Coefficient table, the NDBI independent variable shows a positive
relationship with LST, while NDVI shows a negative relationship. The relative impact of
the independent variables on LST/SUHI are in the order NDBI (71.3%) and NDVI
(7.6%). In this study, understanding the relationship between dependent and independent
variables will help determine the effects that cause the increase in LST values and will be

a preliminary study to develop strategies to reduce the SUHI effect.
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5.6. Assessment of LST with Different Built Environment Texture

In this study, the SUHI effect was interpreted through LST maps, and temperature
differences in the study area were determined. By comparing LST values with spectral
indices of five regions, built-up indices, and LULC, the factors that increase/decrease the
SUHI effect were determined. While population density, building area density, mean
floor height, and green areas larger than 2 ha were evaluated as built-up indices; LST,
NDVI, NDWI, NDBI, UI, and albedo images were evaluated as spectral indices.
Characteristic features of the built environment in representative regions and results of
analysis in these regions are shown in Table 25.

Region A is located in Cigli district. In region A, the approximate population
density is calculated as 360 person/ha. There are 2283 buildings in the area with a building
area density of 200. The mean of floor height of the buildings is 7, with floors ranging
from 1 to 11. Urban Fabric (1.1) makes up the majority of region A, while Scrub and/or
Herbaceous Vegetation Associations (3.2) cover a very small area. There are also none
green areas larger than 2 ha in this region. Within these characteristics, the mean LST
value in the region is 36.6°C. The mean values of NDVI (max:0.35, min:0.04), NDWI
(max:-0.01, min:-0.37), NDBI (max:0.15, min:-0.23), UI (max:0.13, min:-0.38), and
albedo (max:0.37, min:0.09) values are 0.13, -0.16, 0.01, -0.07, and 0.21, respectively.
When the spectral indices maps are analyzed, it is seen that NDVI and NDWI values are
low in the region. Due to the predominance of urban areas, NDBI and UI values are high.

Region B is located in the Bornova district. In region B, the population density is
calculated as approximately 500 person/ha. In the area with 3107 buildings, the building
area density is 240. Buildings with floor numbers ranging from 1 to 9, mean floor height
i1s 6.7. While "Urban Fabric (1.1)" constitutes the majority of region B, there are also
"Mine, Dump and Construction Sites (1.3)", and "Artificial, Non-Agricultural Vegetated
Areas (1.4)". In this region, there is more than 2 ha of green space within area 1.4.
(covering 9.7% of the area). Within these characteristics, the mean LST value in the
region is 34.6°C. The mean values of NDVI (max:0.47, min:0.01), NDWI (max:-0.04,
min:-0.41), NDBI (max:0.10, min:-0.26), Ul (max:0.08, min:-0.45), and albedo
(max:0.46, min:0. 15) values are 0.15, -0.17, -0.02, -0.11, and 0.22, respectively. When
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the spectral indices maps are analyzed, the NDWI value is lower than the NDVI value in
the region. Due to the predominance of urban areas, NDBI and Ul values are high.

Region C is located in Bornova district. In region C, the approximate population
density is calculated as 480 person/ha. There are 2221 buildings in the area with a building
area density of 300. The number of floors is between 1 and 29, mean floor height is 9.
There are also buildings with 37 (1), 38 (1), and 41 (1) floors. While the majority of region
C is composed of "Urban Fabric (1.1)", there are also "Industrial, Commercial and
Transport Units (1.2)", and "Heterogeneous Agricultural Areas (2.4)". There are also
none green areas larger than 2 ha in this region. Within these characteristics, the mean
LST value in the region is 35.3°C. The average values of NDVI (max:0.30, min: -0.05),
NDWI (max:0.08, min:-0.29), NDBI (max:0.11, min:-0.18), UI (max:0.12, min:-0.29),
and albedo (max:0.32, min:0.08) values are 0.08, -0.11, -0.002, -0.07, and 0.21,
respectively. When the spectral indices maps are examined, the NDVI value in the region
is lower than the NDWI value. Due to the predominance of urban areas, NDBI and UI
values are high.

Region D is located in Konak district. The approximate population density is
calculated in the region as 430 people/ha. There are 1463 buildings in the area and the
building area density is 320. Buildings with floor numbers ranging from 1 to 13, mean
floor height is 13.9. There are also 25 (1) and 35 (1) floor buildings in the region. In
region D, there are "Urban Fabric (1.1)", "Industrial, Commercial and Transport Units
(1.2)", and "Artificial, Non-Agricultural Vegetated Areas (1.4)". In this area, there is a
green area of more than 2 ha known as Kiiltiirpark within the 1.4 area (covering 36.6%
of the area). Within the scope of these characteristics, the mean LST value in the region
15 32.3°C. The mean values of NDVI (max:0.41, min:0.01), NDWI (max:0.03, min:-0.39),
NDBI (max:0.19, min:-0.31), UI (max:0.21, min:-0.44), and albedo (max:0.48, min:0.09)
in the region are; 0.14, -0.16, -0.06, -0.14, and 0.19. When the spectral indices maps are
analyzed, the NDVI value in the region increased in direct proportion to the size of the
green area. Wetlands within the green area also increased the NDWI value. NDBI and UI
values decreased as the urban area decreased.

Region E is located in Balgova district. The approximate population density is
calculated in the region 580 people/ha. There are 2085 buildings in the area with a
building area density of 280. Buildings with floor numbers ranging from 1 to 11, mean

floor height is 13.2. While the majority of the E region consists of "Urban Fabric (1.1)"
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area, there are also "Forests (3.1)", and "Scrub and/or Herbaceous Vegetation
Associations (3.2)" areas in the region. There are also none green areas larger than 2 ha
in this region. Within the scope of these characteristics, the maximum, minimum and
mean LST values in the region are 35.2°C, 27.9°C, and 33°C respectively. The average
values of NDVI (max:0.37, min:0.03), NDWI (max:-0.07, min:-0.36), NDBI (max:0.19,
min:-0.29), UI (max:0.19, min:-0.44), and albedo (max:0.44, min:-0. 11) values are 0.16,
-0.18, -0.05, -0.13, and 0.18, respectively. When the spectral indices maps are analyzed,
NDVI value increases in forest areas. NDWI value also increased. Due to the
predominance of urban areas, NDBI and UI values are high except for forest areas.

It is considered inadequate to evaluate the LST value with the built-up indices of
population density, mean floor height, and building area density alone. When the built-
up indices, which have an increasing effect on the LST value, are evaluated with other
features in the region, it is determined that there are also decreases in the LST value.

NDVI and NDWI values vary depending on the presence of green areas and
wetlands. Especially green areas larger than 2 ha, wetlands and forest areas within green
areas increase the NDVI value. Even if the building area density and mean floor density
of the buildings around the green areas are high, the LST value is low. Even though the
population density of region B is (500 people/ha), the LST value is low due to the green
area around it. Although the mean floor height and population density are higher in E
region, the mean LST value is 33°C. Although the building area density and mean floor
height are high in region D, the LST value is low thanks to the Kiiltiirpark located in the
area.

It has been determined that LST has the highest temperature values in areas where
"Urban Fabric (1.1)", "Industrial, Commercial, and Transport Units (1.2)", "Mine, Dump
and Construction Sites (1.3)", and "Heterogeneous Agricultural Areas (2.4)"have a higher
share. NDBI and Ul values are higher in areas with dense residential areas where there
are fewer natural features capable of mitigating high temperatures.

Therefore, the most effective built-up indices on LST are green areas larger than
2 ha. It cannot be said that other indices alone affect LST. When evaluated together with

the LULC change, meaningful results emerge.
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Table 25.Characteristic Features of the Built Environment in Representative Regions

and Results of Analysis in These Regions

Representative Region

Region A Region B Reglon C Region D Region E

Location of Map
Building Area
Density
LST
o .
o '
o .
g h“l_ T % i.
- i ' ” =
NDBI b o 7l 4 ";
e e L
i N
T = T # = L]
= 3L
W B & 1 ;
Ul 4 |
" 5 |
“ A |
Mean LST (°C) 36.6 34.6 353 323
_ 0,
L1 03%) 1.1 - (80%) B ] gzof’; 1.1 - (45%) 11— (71%)
LULC (Codes) 3'27(7%)" 1.3 - (12%) 2'4_(190/2) 1.2 - (19%) 3.1 - (14%)
. _ (R0 . _ 0 _ 0
1.4 - (8%) 32 - (3%) 1.4 - (36%) 3.2 - (15%)
Population
Density 360 500 480 430 580
(person/ha)
Building Area 200 240 300 320 280
Density
Mean Floor
Height (m) 7 6.7 9 13.9 132
Green Areas
Larger than 2 ha absent present absent present absent

(present/absent)
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5.7. Assessment of Air Temperature and LST Values

Due to the correspondence of one or more pixels on the LST image to the locations
of meteorological stations, five different-sized buffer zones of 100, 200, 300, 400, and
500 meters have been created. The cell size of the LST image is 30x30 meters. Therefore,
100-meter intervals have been determined in the buffer zone to accommodate more pixels.
The correlation between the average LST values of fifteen stations belonging to five
different buffer zones and air temperatures has been examined based on the 2018 values

(Table 26).

Table 26. Pearson Correlation between Air Temperature and LST 2018

LST 2018
Buffer 100 Buffer 200 Buffer 300 Buffer 400  Buffer 500
) Pearson's r 0.645%* 0.649** 0.642** 0.635*%* 0.667**
‘T‘“ P 0.005 0.004 0.005 0.005 0.003
emperature
n 15 15 15 15 15

Pearson’s r > 0.5 (bold), (**) Correlation is significant at the 0.01 level.

As a result of the analysis, a strong positive correlation and a significant
relationship have been found between the LST 2018 values and air temperature. The
correlation coefficients calculated according to the buffers are as follows: Buffer 100:
=0.645, p<0.01; Buffer 200: r=0.649, p<0.01; Buffer 300: r=0.642, p<0.01;
Buffer 400: r=0.635, p<0.01; Buffer 500: 1=0.667, p<0.01. Accordingly, the 500-meter
buffer, which has the strongest correlation with air temperature, has been selected.

To ensure consistency, the dates of Landsat satellite image usage and the dates of
air temperatures are the same. The evaluated dates by year are as follows: for 1990, July
6, and August 23; for 2000, July 25, and August 10; for 2006, July 10, and August 27; for
2012, July 10, and July 26; for 2018, July 3, and August 20. Only two of the fifteen
stations in the study area (Izmir Adnan Menderes Havalani and Izmir Bélge) provide
temperature data for five years. Since average air temperature and LST values will be

taken for the stations by year, the values must be consistent. Therefore, the average air
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temperatures of two stations for specific days in 1990, 2000, 2006, 2012, and 2018 have
been compared with the LST values covering the 500-meter buffer zone.

It is observed that there existed a mean difference of 5.82 °C between LST values
and temperature values obtained from meteorological stations over five years. In 2000, it
is observed that the LST value and air temperature decreased compared to other years. In
2006, although the air temperature increased from the previous year, a decrease in LST
value is observed. Generally, it is observed that the LST value and air temperature values
linearly increased in 2012 and 2018. In addition, it is observed that in 2006, the minimum
difference between air temperature and LST value was 5.05 °C, and the maximum
difference was 6.80 °C in 2000. Generally, it can be said that there is an increasing trend

in average temperature values between 1990 and 2018 (Figure 35).
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Figure 35. Temperature relationship between meteorological station and LST

When the temperature data belonging to meteorological stations (Table 14) are
examined, temperature data are found only for the year 2018 for fifteen stations.
Therefore, the LST values within the 500-meter buffer areas of each station were
compared with the temperature values in Figure 36. Konak/Alsancak Liman Feneri
station is the station with the least difference (0.1°C) between LST and temperature
values. Cigli Havalimani is the station with the highest difference (7.2°C). It is generally

observed that the mean difference between stations is 4.28 °C.
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Figure 36. Comparison of mean LST and mean air temperature for 2018
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CHAPTER 6

CONCLUSION

With the increasing world population, it is estimated that by 2050, 68% of the
world's population will live in cities. As a result of this, many problems arise in cities,
such as the reduction of vegetation, the intensification of impermeable surfaces and
buildings, and significant transformations in water and energy balance, vegetation,
topography, and building materials. UHI due to climate change and increasing
temperatures as a result of UHI can harm human health, lead to extreme weather events,
and reduce air quality by increasing energy consumption as well as greenhouse gas
emissions. Therefore, monitoring urban development in the context of global climate
change is of great importance.

In this study, the SUHI effect in 11 districts of the Izmir Metropolitan Area was
examined in terms of spatial and temporal changes based on various urban parameters,
including LST, LULC, spectral indices, and built-up indices. The time series of the study
includes the years 1990, 2000, 2006, 2012, and 2018. Spatial and statistical analysis
methods such as zonal statistics, correlation, and regression analysis were utilized to
establish relationships between LST/SUHI and related parameters.

Within the scope of the research question of the thesis study "How Does Land
Use/Land Cover Classes Affect LST Values?":

- LST values are higher in "Urban Fabric", "Industrial, Commercial, and Transport
Units", "Mine, Dump, and Construction Sites", and "Heterogeneous Agricultural Areas"
while lower in forest areas and green areas. This means that the presence of dense green
areas in cities reduces the SUHI effect.

- LST wvalues are higher in "Pastures", "Arable Land", "Artificial, Non-
Agricultural Vegetated Areas", "Industrial, Commercial, and Transport Units", and
"Urban Fabric" respectively while lower in "Marine Waters", "Coastal Wetlands", and

"Forests".
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- When the LULC change by the years is analyzed, "Heterogeneous Agricultural
Areas and Forest" areas have been largely replaced by "Urban Fabric”, and Industrial,
Commercial, and Transport Units" leading to an increase in LST values, affecting the
formation of SUHI.

Within the scope of the research question of the thesis study "How Are The
Spectral Indices as Urban Parameters Related to LST/SUHI?":

- Correlation analysis has shown that LST is highly correlated with NDBI, UI,
Albedo, and NDVI variables. There is a high correlation between LST with NDBI
(r=0.776; p<0.01) (positive), UI (r=0.749; p<0.01) (positive), Albedo (r=0.665; p<0.01)
(positive), and NDVI (r=-0.664; p<0.01) (negative), respectively, while there is a
moderate positive correlation with NDWI (r=0.512; p<0.01).

- In the regression model, 60.4% of the variability of the dependent variable is
explained by NDBI and NDVL

- In the study, the most effective spectral index among the appropriate indicators
of SUHI effects is NDBI (71.3%). In addition, NDVI (7.6%) is also an effective parameter
to reduce the SUHI effect.

Within the scope of the research question of the thesis study "What Findings
Emerge from Comparing LST Values with Built-up Indices as Urban Parameters?":

- To further investigate the SUHI effects in the built environment, designated
built-up indices (population density, building area density, mean floor height, and
surrounding green areas larger than 2 ha) were evaluated in conjunction with LST, LULC,
and spectral indices.

- The most effective built-up indices on LST are green areas larger than 2 ha. The
LST value is low in areas with more than 2 ha of green space. It cannot be said that other
indices alone affect LST. When evaluated together with the LULC change, meaningful
results emerge.

When LST values are compared with meteorological values, an average
difference of 5.82°C was observed over five years. Additionally, in the comparison made
based on station data for 2018, it was observed to reach up to 7°C. This is because LST is

measured during daylight hours while air temperature is measured throughout the day.
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Limitations

- Wind is an important parameter for SUHI. The lack of access to air corridor data
in the study was restrictive in addressing the wind issue of the study. In further studies, a
more comprehensive evaluation can be made based on wind direction and air corridor
data.

- LST characterizes SUHI. Since air temperature could not be measured in this
study, LST data was used. In further studies, the area can be explored with more mobile
stations. Thus, a more accurate result regarding UHI will emerge than that given by SUHL

- Due to the use of openly available sources, Sky View Factor (SVF), and Road
Network Density (RND) built-up indices could not be evaluated in the study. If it is
desired to make an evaluation specific to the built environment in further studies, further

evaluation can be made using these indices.

Recommendations

Based on the findings obtained within the scope of the thesis study, various
intervention tools that can be applied in cities to contribute to the reduction and
minimization of the SUHI effect through minor improvements and structural
interventions are presented for urban planning and design processes.

Recommendations obtained according to the research question "How Does Land
Use/Land Cover Classes Affect LST Values?":

- Cigli is the district with the highest LST value. Therefore, to reduce heat island
formation, cool, green, and permeable coating materials should be used in areas with large
impermeable surfaces (e.g. shopping mall parking lots, gardens of public buildings, and
industrial areas).

- Green space is not available in sufficient quantity in the study area. Greening
works should be carried out in the work area and green areas should be planned to be 10
m? per person under the Planning Principles Regulation in the Zoning Law No. 3194.

New planned areas should be planned in harmony with green areas.
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Recommendations obtained according to the research question "How Are The
Spectral Indices as Urban Parameters Related to LST/SUHI?":

- The NDBI value, which has a significant relationship with SUHI, should be
reduced in the study area. Therefore, controlling urban sprawl should be a priority.

- The number of bicycle paths needs to be increased, especially in Buca, Bornova,
Cigli, and Karabaglar districts, where LST values are high. In order to prevent floods that
occur as a result of excessive rain events in Izmir, the concept of "Sponge City" should
be adopted in order to collect rainwater in the area where it falls as much as possible.

Recommendations obtained according to the research question "What Findings
Emerge from Comparing LST Values with Built-up Indices as Urban Parameters?":

- As aresult of the study, green areas larger than 2 ha significantly reduce the LST
temperature. Therefore, unnecessary large areas in the city center should be used for
projects to reduce the SUHI impact. Empty areas such as the demolished prison in Buca,
[zmir are suitable for such projects.

- Establish institutional structures to develop short-, medium-, and long-term
spatial strategies at the national, regional, and local levels to prevent and reduce the
formation of heat islands. Regularly creating district-based heat island maps and
identifying areas with temperatures higher or lower than the city's average temperature.

Conducting research on the decrease in wind speed due to unconscious
construction in air corridors in Izmir and investigating the regions where this effect may
be effective.

Increasing studies forming the basis for climate analysis that includes the climatic
conditions of Izmir and repeating them over many years to obtain more accurate results.

Prioritizing efforts to reduce LST temperature in areas with high SUHI density
when planning for rapidly urbanizing areas.

Arranging the positions of trees on residential plots to reduce summer sun
exposure and increase winter sun exposure.

Ensuring harmony between streams and greenery by using streams passing
through the study area as blue corridors.

These practices can contribute to creating more sustainable and healthy urban
environments by reducing the heat island effect. This study provides various urban
parameters that can be examined in future research to understand the causes, spread, and

effects of the SUHI effect more deeply, thereby guiding future urban planning and
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environmental policy decisions. Comparisons can be made with parameters that can
provide more detailed results at the city scale, allowing for a more detailed evaluation of

the effects on the SUHI effect.
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