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Abstract 6 
 7 
Background: Urbanization provides several opportunities to human being to live better and comfortable life. On 8 
the other hand, it also comes with some costs and side effects like worsen climate conditions. In local concept, 9 
pre-climate conditions in rural area can be called as natural when they are compared against post-climate 10 
conditions after urbanization expands over and swallows these natural areas. So, these natural conditions are 11 
changed to worsen conditions by some civic activities in cities through urbanization. One of the urbanization 12 
side effects is thermal pollution caused by specific urban activities and patterns on land surfaces in cities. Thus, 13 
thermal pollution changes city’s local climate and negatively affects the city’s comfort level at least locally. 14 
There are several researches focusing on that issue in cities. Each one made its contribution to the area to build 15 
up a strong knowledge. One great contribution comes from the researches focusing on analyzing time serious 16 
thermal data with continuous distribution over cities. 17 
Method: Here in this research is introduced and suggested a Simulated Single Data (SSD) statistical analyze 18 
method for the studies based on time serious data. Therefore the method was applied to Remote Sensing (RS) 19 
LANDSAT satellites’ bands especially to time series’ thermal bands of Izmir city to reveal where generally 20 
Urban Hot Spots (UHS) appear and Urban Heat Islands (UHI) develop in the city w.r.t. this SSD image from 21 
long period of time. Stereo representation of the study region is also used to visually examine the topographical 22 
effect on UHI distribution. 23 
Conclusions: The study clearly demonstrated that industrial regions and roads with large surfaces, somehow 24 
bare lands even with spare bushes or grassy lands and more significantly the slope urban land parts within 25 
special aspects are the main contributors of UHSs and UHI developments in the city even w.r.t. long term data. 26 
Thus those contributors affect the city pre-natural climate conditions negatively and then let UHSs to appear and 27 
UHIs to develop at and around where these urban land cover structures are located or seen in the city. Those city 28 
parts are the most risky zones that city authorities take serious actions for caring their city chronical climate 29 
(thermal) conditions and to focus on for returning these zones back to their pre-natural climate environmental 30 
conditions. There are also some nature based solutions that are given and suggested in the conclusion section of 31 
the paper for compensation of the effects caused by those contributors in the city.  32 
 33 
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Introduction 55 
 56 
Human have been experiencing drastic urban sprawl especially since the beginning of second half of 20th 57 
century (Kii et al., 2017). Currently, almost 5% of global lands has also been converted to urban lands, more 58 
than half of the world’s population moved into these urbanized areas, and this is expected to reach 66% by 2050 59 
(Lutz et al., 2001; Schneider, 2012). Because human benefits from urbanization by getting better economic status 60 
due to economic growth and better life style. On the other hand, drastic urbanization has caused numerous 61 
environmental problems such as cropland occupation, urban heat island effects, ecological degradation, and 62 
jeopardized ecological and socioeconomic systems (He et al., 2014; Liu and Zhang, 2011). Thus, cities as 63 
urbanized areas can be assumed as living organisms invading the earth natural lands, like swallowing those 64 
natural lands surrounding urbanized areas previously while they grow and spread around. Thus, uncontrolled 65 
urbanization causes a big serious treat over these natural areas through the time sooner or later. Therefore, the 66 
development of society and the rapid urbanization together have changed the game by dominating the Earth in 67 
several ways, thus the energy balance, infiltration, storm water runoff, precipitation, temperature, air quality, 68 
storage carbon and local biodiversity regimes have been changing contrarily to their previous natural conditions 69 
especially at the places where the cities locate and grow in a period of time, and this change also contributes the 70 
environmental degradation and depreciates the quality of life even in cities (Cheng et al., 2008; Pickett et al., 71 
2011).  72 

Because of such migration rural to urban, urban expansion is often rapid and unplanned, which mostly lead to 73 
unwanted results as those mentioned above (Oke, 1997; Zhao and Chen, 2005; Gao, 1996). Furthermore, 74 
urbanization mostly ends up with decrease in natural lands especially in developing countries (e.g., decreases 75 
seen in green space, open spaces and water bodies). Even if green spaces as most important natural signs and key 76 
factors for an urban ecological system fulfil an indispensable mission for cleaning the air, adjusting the 77 
microclimate, eliminating noise, beautifying the surroundings and so on. They also support high-quality life style 78 
for urban settlers, since green spaces act as “lungs” for cities (Boryan et al., 2011). As mentioned above, 79 
uncontrolled urbanization generally leads to the destruction of this natural environment, mainly swallows the 80 
green spaces in or around the cities, particularly in developing countries. Urbanization makes environment 81 
vulnerable to natural hazards too and even causes channel-bank and road-surface erosion, habitat destruction, 82 
landscape degradation and fragmentation, climate change, species extinction as bad as the reduction of net 83 
primary productivity (Oke, 1997; Zhao and Chen, 2005; Gao, 1996; Guo, 2015; Kalnay & Cai, 2003). 84 

Collectively, uncontrolled growth of many cities and towns in the world nowadays takes a great national and 85 
global attention about energy security, greenhouse gas emissions, environmental changes and major 86 
modifications to the natural landscape. Knowing the huge negative effect of uncontrolled urban growth in the 87 
world on the natural resources, understanding the extinction of natural environment and ecosystem, and spatial 88 
and temporal land cover change as well as the factors affecting these changes are important for rising up 89 
sustainable rational economic, social and environmental policies (Coseo & Larsen, 2014; Zhong et al., 2014; El 90 
Garouani, 2017).  91 

In fact, cities generally provide some opportunities to their residents by supplying new urban lands to dwell 92 
and startup businesses. In most developing and undeveloped countries, cities mainly attract people for these 93 
reasons and some other opportunities provided by cities. This rapid move to cities especially after second half of 94 
the last century concludes with uncontrolled urban growth mostly in a wildest way. So, this new land provision 95 
offered by cities and resulting uncontrolled urban growth mostly ends with harmful effect costing to the same 96 
residents as uncomfortable life style and unfortunately in an unsustainable way. However, sustainability 97 
measures should be taken as top priorities by city authorities to meet the information society expectations in 98 
today’s world especially when it comes to cities. One of priorities in terms of sustainability measures for our 99 
cities today and in the future is thermal sustainability since cities are the place of several urban activities which 100 
rapidly become sources of heat pollution in the world. The effect of heat increase caused by cities can be the 101 
source of several and serious problems for the entire world like degradation of local comfort by climate change, 102 
drought to sea level rise and etc.  103 
 104 
Importance of UHI analyses for cities 105 
 106 
One of prominent consequences of Global Warming is rapid increase in temperature at some particular areas in 107 
addition to the general increase in the earth. These particular areas mostly are ‘Urbanized’ or “built up” regions 108 
where the most of the land in these regions are covered with buildings and artificial entities. In addition to the 109 
urban structures, several reasons like emission of gases from vehicles and industries, high population density, 110 
less green patches, heavy machineries have caused to originate higher temperature sites called “Urban Heat 111 
Islands (UHI)” (Kim, 1992). According to the United State Environmental Protection Agency (US EPA), the 112 
term of "Heat Island" describes “built up areas that are hotter than nearby rural areas and the annual mean air 113 
temperature of a city with 1 million people or more can be 1.8-5.4°F (1-3°C) warmer than its surroundings” (Liu 114 
and Zhang, 2011). 115 
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The intensive civilian immigration from rural to urban areas especially during the second half of the last 116 
century due to the industrialization especially in developing countries can be shown as the most important reason 117 
for the development of UHIs in our cities today. Since this movement causes a rapid and unplanned urban 118 
growth in cities almost all around the world, this process then ends up with a cost as a reduction of vegetated 119 
areas and invasion of impervious built-up surfaces at where cities are located in the world. Thus, our natural 120 
environments at those parts of the Earth are transformed into solid concrete blocks or impervious surfaces. On 121 
the other hand, this transformation in cities causes a significant negative effect on city local weather and climate 122 
too (Landsberg, 1981). One of the most familiar effects of this transformation is the urban heat island 123 
developments in cities (Streutker, 2002), which is the direct representation of environmental degradation (Lu et 124 
al., 2009). 125 

The concept of urban heat island was first described by Luke Howard in 1833 (Howard, 1833; Kim, 1992). 126 
Since then, UHI researchers payed more attention (Liu and Zhang, 2011; Detwiller, 1970; Gartland, 2008) and it 127 
is studied by so many researchers (Detwiller, 1970; Fukui, 1970; Camilloni and Barros, 1997). Recently, due to 128 
the uncontrolled growth of cities with the developing society and corresponding accelerated urbanization, the 129 
urban heat island has become more and more significant issue and has had severe impact on different urban parts 130 
and on the comfort conditions of some urban environments especially for city residents (Chen et al., 2009). 131 
There are also several other studies carried out to investigate the impacts of UHIs in cities (Yan et al., 2012; 132 
Choi et al., 2012). 133 

These previous studies clearly demonstrated that rapid urban growth concludes with the decrease in the 134 
vegetated areas, the increase of the surface temperature and hence changes the urban microclimate. Actually, one 135 
of the significant impact of an urbanization process due to specific city activities which cause local temperature 136 
increase and then consequently negative changes in the local climate is the emerge of urban head spots (UHSs) 137 
and then the formation of urban heat islands (UHIs), which furtherly deteriorates life style and quality of city 138 
inhabitants and energy consumption and then impacts urban planning (Chen et al., 2016; Streutker, 2002; Chen 139 
et al., 2009). Therefore, changing and increasing recent requirements of society and accelerated urbanization 140 
processes nowadays, make the urban heat island more and more significant issue for cities and it has had a 141 
severe and contra impact on developed urban areas and city residents’ living environments (Chen et al., 2009). 142 

Urban heat spot and urban head island analyses fundamentally depend on determination of Land Surface 143 
Temperature (LST) values. Thus, urban LST data analyze has become a useful indicator of the ecological 144 
environment and climatic conditions over different spatiotemporal concern for cities (Reza et al., 2009; Kuang et 145 
al., 2013). Land surface temperature therefore takes an active role in many environmental analyses by providing 146 
important information for the surface physical properties and regional climate (Weng, 2001). A scientific 147 
analyze on urban land expansion is a must for integrative urban planning and regional sustainability and 148 
mitigating climate change effect (Kalnay & Cai, 2003; Guo, 2015; Tozer, 2018). Therefore, LST analyses 149 
become an important issue for today’s cities to deal with thermal pollution and carrying our cities to sustainable 150 
and resilience levels. 151 

As emphasized above, urban lands which are generally covered by impervious surfaces transferred from pre-152 
natural lands cause serious problems, such as heat islands, waterlogging and photo-chemical smog in cities. 153 
Many remote-sensing researchers have been studying with LST to reveal these negative effects of built-up lands 154 
transferred from natural environment (Nie et al., 2016; Mustafa et al., 2019). Remote Sensing (RS) is one of the 155 
most promising techniques providing spatiotemporal image based earth observation data (Lu et al., 2014). Along 156 
with Geographical Information Systems (GIS), remote sensing helps widely to the studies focusing on for 157 
example urbanization by providing urban land coverage even for entire cities and quantification of urban sprawl 158 
and also urbanization side effects like emerge of UHSs and formation of UHIs (Almazroui et al., 2017; Sun et 159 
al., 2015; Son et al., 2018; Dadras et al., 2014; Zhao et al. 2020). 160 

Urban heat island can be observed when the surface heat fluxes at the urbanized sites are monitored through 161 
mapping the land surface temperature (LST) distribution spatially (Dousset and Gourmelon, 2003; Sun et al., 162 
2010). Mapping the spatial distribution of LST in a city is the most fundamental process for the determination of 163 
urban heat island distribution having a great negative impact on cities’ local climate. Without mapping LST 164 
distribution by the help of geospatial technologies there will be no chance to perform UHI analyzes for today’s 165 
cities especially where information societies nested and whose residents desperately need their cities to be 166 
governed smartly and sustainably in every possible ways since UHI data gathering and analyzes and UHI 167 
mitigation, all become a part of today’s smart city concept. If city authorities decide about transferring their 168 
cities to smart one, in addition to other issues, they should also consider mapping UHI distribution even in timely 169 
manner by gathering appropriate and periodic data and setting up an analyzing environment. This must also help 170 
to construct a strong, reliable and sustainable decision support system to meet their smart cities’ requirements at 171 
high levels. 172 

Since thermal conditions in a city are time depended, timely analyses of land surface temperature distribution 173 
in cities become an important issue in terms of cities’ local climate sustainability under the threat of thermal 174 
conditions. Therefore, this study focuses on spatio-temporal analyses of local climate formation driven by 175 
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thermal conditions in a city (here is Izmir) by the help of remote sensing (RS) data, so LANDSAT 5 and 8 time 176 
series images. 177 
 178 
UHI development and its relation with urbanized lands 179 
 180 
Evapotranspiration is the process which water is transferred to the atmosphere by evaporation process from soil 181 
and water and by transpiration from plants (Kalma et al., 2008; Zhang et al., 2016b). Therefore, it is also a 182 
natural cooling process that decreases the surface temperature naturally (Santamouris et al., 2019; Miralles et al., 183 
2011). 184 

As it is mentioned above, transformed land surfaces in cities mostly are impervious, which causes rain water 185 
runoff greater than natural surface in rural areas (Xiao et al., 2007; Tang and Xu, 2016). Less vegetation cover 186 
and high rated runoff on impermeable surfaces cause reduce the soil moisture, shading and the rate of 187 
evapotranspiration in urban areas since these impervious urban surfaces are not capable of capturing and 188 
trapping enough water to increase evaporation to cool down and reduce temperature of these surfaces (Sun et al., 189 
2016). Because replacement of natural land surfaces with impermeable surfaces (built surfaces) reduces the 190 
vegetation and moisture-trapped soils which use a relatively large proportion of the absorbed radiation during the 191 
evapotranspiration process and release water vapors that contribute to cool the surrounding air (Mohammad et 192 
al., 2019). Therefore temperature of these surfaces accumulates in time and rich to high levels especially during 193 
the long hot summer daytimes. Then this process contributes UHIs to develop at certain regions in cities. In 194 
short, the cooling down process of a land surface needs evaporation (Dong et al., 2019). It even means that the 195 
water or moisture content of the land and land cover in a certain extent regardless of land cover type is the main 196 
issue for cooling down process of the land (Anderson, 2012). In other words, if a land covers having some water 197 
in its content (like plants) or holds some water as capillary process (like soil), temperature of the land is 198 
transferred to that water content. This also means that the surface transfers and releases its temperature by using 199 
its water content through evapotranspiration or transpiration and this process cools down that land part itself. 200 
Land parts with soil and vegetation covers in cities are capable of holding water in their contents in some extent 201 
but not impervious surfaces because of runoff. Therefore more heat energy enters into air in urban area with 202 
impervious surfaces and makes the temperature rise rapidly and also increases the local warming and then 203 
worsens the local climate and comfort level at that part of the city (Nie et al., 2016). All those closely located 204 
and locally warmed areas contribute each other and then accumulate local heat, finally cause to develop UHIs in 205 
cities and in general similar processes in different cities then contribute the global warming in the world like 206 
butterfly effect.  207 

Except trees and water bodies and soil lands even with very few bushes and urban lands with grass cover 208 
which are capable of water infiltration, the other land use/land cover types in cities are generally built-up 209 
(shelters, residential, commercial, administrative and industrial building areas with single, double, triple or 210 
multi-storey) and open areas (like paved areas) and even barren lands, so those areas in cities are impervious 211 
areas as mentioned above and they occupies cumulatively a largest portion of a city especially in developing 212 
countries. This improper urban growth issue in developing countries causes loss of forest lands and trees by 213 
replacing natural vegetation sites with urbanized lands and proceeds with significant increase in impervious 214 
urban lands and consequently with an increase in the surface radiant temperature (Kumar et al., 2012). While 215 
such an urban growth happens, most of the natural areas like forest fields are transferred to urban areas with 216 
several types of city built-up materials such as concrete, stone and most importantly metal and asphalt which 217 
significantly contribute UHI developments at where these types of urbanized lands are in cities. This land cover 218 
change causes those areas absorb more heat than when they intertwined with the nature. So, the increase in the 219 
land surfaces covered by artificial material with high heat capacity, and then the increase in these permeable 220 
surfaces which they can absorb heat during daylight time much more than the previous cases and heat release 221 
during cooling processes even with high energy consumption in such urban area cause UHIs to develop at these 222 
city parts and to severely affect the surrounding areas (Takeuchi et al., 2010). Due to different land use/land 223 
cover composition, slight variation in the mean temperature distribution is normally expected which it is also 224 
experienced here in this research as well (Fig. 6, 7 and 9).  225 

The urban heat island (UHI) phenomenon has been becoming more or less an important issue for most of the 226 
cities throughout the world especially in developing countries and then in terms of global warming and 227 
consequently even for global climate change. As it is mentioned by Shahmohamadi et al. (2011) they are the city 228 
regions under the threat of temperature accumulating in the way discussed as in the previous paragraph and 229 
therefore they are the city parts which are hotter than the rural or natural areas surrounding the city. In other 230 
words, an urban heat island is a metropolitan area which is significantly warmer than its surrounding rural areas; 231 
thus, the higher urbanization leads to more distinct urban heat islands with huge temperature differences between 232 
urban and rural areas and even between these UHI sites and the cool sites in cities. So, urban heat island appears 233 
as higher temperatures areas in cities, in comparison to temperatures of suburban and rural areas, which means 234 
the higher the urbanization level the more prominent the UHI process (Pickett et al., 2011; Santamouris, 2013). 235 
Thus, one of the negative affects appearing as UHSs and UHI developments over cities is because of significant 236 
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decrease in the ; natural areas where they turn into impervious built-up urban sites. These previous natural city 237 
areas which recently turned into built areas now start to absorb incoming radiation from the sun much more than 238 
their previous natural cases and then they re-radiate it back into the surrounding environment and consequently 239 
this process causes UHIs to build up in cities (Solecki et al., 2004; Gartland, 2008). Is short, buildings, concrete, 240 
asphalt and industrial structures are generally the most responsible urbanization materials and the 241 
transformations from natural to build up surfaces causing urban heat island developments in cities (Amir et al., 242 
2020; Mohajerani et al., 2017). This is actually because of that these built surfaces tend to absorb a significant 243 
proportion of incident radiation, which is later released as heat and these city construction materials including 244 
concrete, brick, tar and asphalt cause higher absorption of solar radiation and low albedo (low reflection) due to 245 
difference of thermal properties (Mohajerani et al., 2017; Ji Zhou et al., 2010). These urban materials have also 246 
high heat capacity and they retain heat and slowly release at night. As well as those materials, anthropogenic 247 
heat which is released by industrial activities, vehicle traffic, power plants, air conditioners, and as heat waste in 248 
urban areas is also other key factors causing UHSs to appear and then UHIs to develop (Shahmohamadi et al., 249 
2011; Coseo & Larsen, 2014). This additional heat causes the increase of temperature especially even in night 250 
time at that land parts in cities if there is no cooling precautions in these city parts (Ayanlade, 2016; Bala et al., 251 
2020). 252 

Air pollution and greenhouse gas emissions also cause to increase the temperature in urban areas 253 
(Shahmohamadi et al., 2011). Main polluters are generally industrial activities taken place in cities’ industrial 254 
zones. It is obvious that air pollutants, particularly aerosols released after some industrial activities are seen as 255 
abundant amount in that over polluted urban areas (Wei et al., 2017; Lim et al., 2009). These polluted air 256 
including aerosols and greenhouse gases absorb the large proportion of re-radiated long wave (infrared) radiation 257 
and inhibit the corresponding radiative surface cooling producing a pseudo-greenhouse effect, which is also 258 
another process that is responsible for urban heat island to develop (Chen et al., 2020; Zoran M. and Zoran L., 259 
2005). 260 

Urban geometry is also other one of key factors for forming UHIs which represent the building structures and 261 
space among the buildings in cities (Li et al., 2020). The lack of urban spaces for city extension in developing 262 
countries increases the public demand for denser constructions; this requirement transforms them into vertical 263 
cities. The intense urbanization with dense building coverage and narrow streets and without green spaces results 264 
in high urban heat island effect in the cities (Shafaghat et al., 2016; Mohammed and Salman, 2018). The 265 
temperature variations may be linked with greater temperature absorbance by man-made materials and denser 266 
building pattern which creates a blockage to air-flow in narrow streets like steep valleys between tall buildings 267 
and trapped air with accumulated temperature in these urban valleys and then these sites appear as UHI 268 
development sites in cities (Gunawardena et al., 2017).  269 
 270 
UHS, UHI, LST in terms of Local Climate 271 
 272 
Takeuchi (Takeuchi et al., 2010) in their study emphasized that currently more green spaces, forest and unused 273 
lands have been converted into commercial and business centers, government offices, residential areas and 274 
public amenities. This conversion contributes UHI phenomena to develop in these urbanized lands transformed 275 
from natural or bare fields. Therefore it is useful to know UHI distribution in cities to protect these lands from 276 
heat pollution due to urbanization causing local climate change. This information will be very helpful for city 277 
administrators who like to govern their cities sustainably (Zurina and Hukil, 2012). 278 

 279 
UHSs 280 
 281 
There is also a special urban thermal feature which is called as urban hot spot (UHS) appearing at some city 282 
zones with certain urban activities, like industrial activities (Corumluoglu et al., 2015). So, these UHS locations 283 
are the city spots under an extreme heat stress mainly seen at where anthropogenic activities are in cities (Chen 284 
et al., 2006; Ren et al., 2016). The places where anthropogenic heat releases from vehicles, air conditioners, 285 
industrial and other urban activities and from other heat sources in cities like power plants and even from city 286 
parts experiencing removal of vegetation cover in great extent and then increase in impervious surfaces happen 287 
are the main suspicious urban parts where UHSs probably appear and contribute the UHI formation (Memon et 288 
al., 2008; Du et al., 2016a; Senanayake et al., 2013). UHI development is also a matter of time especially during 289 
long and hot summer seasons (Chen et al., 2002). Therefore, it is highly important to make timely analyses on 290 
urban heat island distribution in cities for providing an information base to city authorities to make them to 291 
produce sustainably affective solutions for their cities’ futures in terms of cities heat problems. Only in this way, 292 
they would have a chance to make successful decisions for their city plans in a sustainable way, for the future of 293 
their cities and to protect their cities’ natural environments where city residents live and like to live (Liu and 294 
Zhang, 2011).  295 
 296 
UHI development 297 

https://www.spiedigitallibrary.org/profile/Maria.Zoran-16317
https://www.spiedigitallibrary.org/profile/notfound?author=L._F._V._Zoran
https://www.spiedigitallibrary.org/profile/notfound?author=L._F._V._Zoran
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 298 
City regions developed as rapid, dense and uncontrolled vertical urbanization sites which minimize vegetated 299 
areas by transferring these fields into the built-up surfaces, urban canyons with several floor buildings appearing 300 
as street valleys between these dense and vertical buildings on both sites of these problematic city streets cause 301 
the reflected radiance to scatter between the buildings and contribute the warming (Giannopoulou et al., 2010). 302 
During a day time, solar energy is trapped due to these multiple reflections between the buildings which create 303 
mentioned urban canyons. Thus, the incoming solar radiation heats up such buildup areas in cities during 304 
daylight times of an entire day especially in summer seasons and then some amount of this absorbed energy by 305 
the buildings and impervious surface materials in the urban canyon streets are regenerated and radiated back as 306 
heat energy especially at nights by these same buildings and materials in the street (Senanayake et al., 2013; 307 
Solecki et al., 2004; Nie et al., 2016). Therefore rough, intricate and complex structure of urban valleys is 308 
another problem of urban areas, which reduces the convective heat removal and transfers it by wind (Williams 309 
and Davis, 2007). According to the studies on that issue, it became a well-known and well documented fact that 310 
urbanization progress has a significant effect on local weather and climate (Landsberg, 1981). Then urban heat 311 
island becomes one of most familiar reason causing local weather and climate change in urban areas (Streutker, 312 
2002). Therefore, it directly depends on degradation of natural environmental (Lu et al., 2009). As it is given 313 
above, an urban heat island is a metropolitan area which is significantly warmer than natural lands surrounding 314 
these urbanized regions in a city; thus the higher urbanization leads to more distinct urban heat island 315 
development with extensive temperature differences between urban and these untouched lands (Koomen and 316 
Diogo, 2017). 317 
 318 
LST 319 
 320 
Surface temperature is an important issue and theme in earth sciences for studying urban climatology, global 321 
environmental change and human-environment interactions. Furthermore, land surface temperature (LST) is 322 
driven by a complicated landscape composition and configuration (Asgarian et al., 2015; Zhou et al., 2014). 323 
From UHI point of view, urban heat islands mainly appear as spatial distribution of accumulated heat at the 324 
locations having higher LST values w.r.t the LST values at surrounding land parts and it is governed by surface 325 
heat fluxes obviously affected by dense and certain urbanization structures (Dousset and Gourmelon, 2003; Sun 326 
et al., 2010). As it is emphasized earlier, the built-up areas and bare lands directly affect UHI development, 327 
whereas green spaces and water bodies reduce the UHI intensity (Amiri et al., 2009; Song et al., 2014). 328 

LST values in urbanized areas of a city differ during day, night and seasonal periods. The larger LST changes 329 
are usually seen at night but not that large change in day time (Ayanlade, 2016). On the other hand, heat in high 330 
magnitudes caused by some urban structures seen in city lands with specific land cover types in day times may 331 
cause large UHI developments especially during summer seasons in moderate climate zones (Majkowska et al., 332 
2017). Heat island affect is usually strongest during the summer times in the mid latitude cities as it is 333 
experienced in Izmir (Corumluoglu et al., 2015). Some researchers showed that natural and anthropogenic 334 
activities in urban areas simultaneously cause oppositely particular LST patterns (Chaudhuri and Kumar, 2020; 335 
Zhao et al., 2020; Shafaghat et al., 2016; Du et al., 2016b). With consistent urban development, the UHI zones 336 
may worsen the eco-environmental quality and fall under worst ecological level too (Li et al., 2020). 337 

In the climate change studies, it is important to determine the changes in LST values at specific city land 338 
parts during a period of time (Zhao et al., 2021). Identification of LST changes at regional levels in time is one 339 
of the main requirements to analyze the local climate changes (Tan et al., 2020). LST is one of the most 340 
important environmental parameters and is used for determination of energy exchange between the surface of the 341 
earth and the lower layer of the atmosphere and this energy exchange is the most dominant factor controlling the 342 
local climate and its changes in time (Jia G. et al., 2020). So, timely monitoring task of LST distribution over a 343 
city and then the change analyses region by region will let to reveal the suspected local climate change in the city 344 
(Mohan, 2000). 345 

As they are mentioned previously, here can also be summarized as those; types of buildup and impervious 346 
areas like buildings, concrete, asphalt structures and some specific urban activity areas (like those areas where 347 
industrial activities are) in cities are the main causes of urban heat islands developments which effect the wide 348 
areas in the city and then change the local climate at these city parts (Gartland, 2008). Transformation of natural 349 
lands into pavements, buildings and other urban infrastructures even decreases natural cooling in cities (Tsoka et 350 
al., 2020). Also, regional city building structure and pattern with multi-storey adjoining buildings and with 351 
narrow streets can heat the air trapped between those buildings and also reduce airflow as mentioned above 352 
(Ujang et al., 2018; Kleerekoper et al., 2012). In addition to those above, heat released from vehicles, factories 353 
and air conditioners warm up the surrounding city parts, further these additive effects especially at the UHI 354 
suspicious urban parts are responsible for the heat island effect to develop severely (Kershaw, 2017). Urban heat 355 
island can also represent an impact on local weather and climate by altering local wind patterns, spurring the 356 
development of clouds and fog, increasing the number of lightning events, and influencing the rates of 357 
precipitation (Liu and Zhang, 2011). Furthermore, the poor air quality that results from the increased energy 358 
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usage for cooling in heat-island city parts can cause discomfort for residents and affect health, aggravating 359 
asthma and promoting other respiratory illnesses (Liu and Zhang, 2011; Lin et al., 2010). Thus, one of the major 360 
problems faced especially in developing countries that is generally ignored is the UHI formation in the cities 361 
under the current conditions seen in these countries and we must straggle all together with this problem without 362 
considering whether it is in micro or macro scales (Filho et al., 2018). UHI impact on cities then became globally 363 
considerable (Chen et al., 2014; Peng et al., 2016). The impact of the heat island also appears in many ways such 364 
as increase in energy consumption, management of storm water run-off, environmental disturbance, community 365 
health, and altering climatic conditions in cities (Zhao and Chen, 2005). Conclusively, it can be suggested that 366 
UHI development in cities is a multi-criteria issue (Sangiorgio et al., 2020). Therefore, multi-criteria analyses 367 
must be accounted for every aspect representing impact on UHI (Putra et al., 2019). The digital database which 368 
is capable of UHI multi-criteria analyzes is the most promising strategy that can work sufficiently and 369 
successfully for building up a sustainable future for our cities which are currently under severe UHI pressure and 370 
in fact, this strategy allows them to have a reasonable climate while responding to the needs of the smart city and 371 
information society as well.    372 

It is very important to conduct an urban heat island analysis and also evaluating its impact on urban 373 
environment to prevent our cities from heat pollution (Ahmad and Goparaju, 2016). Thus, this analyzes and 374 
related processes must find an important place in city planning projects to build up livable, sustainable and 375 
resilient cities supported with natural environments for our city residents and for our future generations.  376 

There are also several studies for investigating UHI impact on urban environment, climate and weather and 377 
for mitigation strategies to minimize the UHI adverse effects (Yan et al., 2012, Choi et al., 2012; Gago et al., 378 
2013; Shahmohamadi et al., 2009)  which are going to be mentioned in the further sections.  379 
 380 
How to control high LSTs and UHI developments in cities 381 
 382 
Determination of LST distribution and consequently identification of UHSs and UHI developments become one 383 
of important tasks of today’s city authorities who want to sustainably manage their city local climate and its 384 
change especially during hot summer times (Guha et al., 2017). Thus, they will have a chance to maintain their 385 
cities’ urban ecology and local climate by ensuring their cities’ thermal sustainability and also taking the 386 
precautions on high thermal conditions seriously at where they occur. Probably, those regions will be the UHI 387 
development areas in the cities.  388 

For compensating the negative effect of high thermal conditions and maintaining the thermal stability in 389 
cities, it is quite important which the city authorities should pay attention to the fact that the vegetation and water 390 
bodies represent relatively lower LST than those at city build-up areas (Guha and Govil, 2021; Gupta et al., 391 
2019).They affirmatively retrieve the thermal conditions of the neighboring city parts even if they are build-up 392 
areas. Since the existence of the vegetated sites in a city lowers the temperature as they enhance the 393 
evapotranspiration by maintaining the heat flux, these regions act as heat sinks for the cities (Joshi et al., 2012). 394 

An urban heat island (UHI) accumulates in time and one of the most common negative impacts of UHI 395 
developments is experienced in the unconsciously urbanized city sections in the world (Lee,  et al., 2020). The 396 
planning of urban green areas (e.g., creation of parks, urban forest lands and afforestation of streets with long, 397 
wide and dense trees) are one of the most crucial parts of today’s city development plans approved by authorities 398 
and assigned to city services even it greatly helps to reduce and to compensate UHI effects where they appear in 399 
cities (Huang et al., 2018). This section of the plans must include first the determination and positioning of UHSs 400 
and then timely UHI development areas for mitigating and straggling with their effects in cities effectively by 401 
taking proper course of actions for example tree plantation (with tall and dense tree pattern and with large 402 
canopy cover) at the correct locations, so at exactly where UHSs and UHI developments happen in the city of 403 
interest and even taking into account the extent of the UHIs as well.  404 

Even if urban forestry is widely recognized and practiced in developed countries and also it is less known in 405 
developing countries, it also offers a nature based solutions to city authorities for tussling with and mitigating 406 
UHI effect in cities under high thermal pollution risk (Buyadi et al., 2013). The temperature of urban parks is 407 
found to be 1–2 ◦C, and sometimes even 5–7 ◦C cooler than surrounding urban areas according to Vidrih and 408 
Medved work (Vidrih and Medved, 2013) (Fig. 6c and 7). Trees and vegetation in cities therefore play a vital 409 
role to mitigate the UHI effects especially by regulating high temperature in densely urbanized areas and their 410 
surroundings city parts (Gillner et al., 2015). Thus, such actions with natural solutions are integral parts of 411 
struggling with UHIs (Brown et al., 2018) that shouldn’t be overlooked since they ensure a sustainable urban 412 
development and enhance the quality of citizens’ life and the environment conditions where the city inhabitants 413 
live (Riffat et al., 2016). However, rapid urbanization as mentioned earlier has altered the cities’ local climate by 414 
increasing heat pollution of land surface and air consequently in cities (Ren, 2015). Since the development of 415 
city infrastructures and buildings which increased the impervious surfaces in the cities have left very little space 416 
for the development of greenery too (Buyadi et al., 2014). 417 

The current strategies to minimize the UHI effects in cities in the world are urban greening, the use of high-418 
albedo building material, the use of suitable pavement material and proper distribution of urban buildings and 419 
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structures (O’Malley et al., 2014; Gago et al., 2013). Urban greening strategy as being a unique nature based and 420 
sustainable solution among those above solutions helps to keep the local temperature lower at the city sites 421 
where this solution applied and at the surroundings sites than the developed impervious sites with no vegetation 422 
(Choi et al., 2012; Rehan, 2016). 423 

Another important issue that needs more attention when greening strategy is being taken into consideration is 424 
the maturity of trees (Rehan, 2016; Livesley et al., 2016). It is considered as a vital parameter to ensure lower 425 
temperature in urban areas through shadow and evapotranspiration (Georgi and Zafiriadis, 2006; Qiu et al., 426 
2013). That should also be kept in mind that trees are more effective for cooling their surrounding areas than the 427 
parks which are mostly covered with grassy surfaces (Lin, B., and Lin, Y., 2010). The tree planted (urban forest) 428 
areas can create a cooling effect that extends few hundred meters into the surrounding areas especially during the 429 
daytimes in summer seasons even if they are impervious urban areas (Oliveira et al., 2011). Trees and vegetation 430 
do not only reduce the UHI effect but also they help to solve some other urbanization problems experienced in 431 
cities as they provide nature based solutions. So, they can even help to reduce the adverse effects of air quality 432 
and noise level in the surrounding areas (Fang and Ling, 2005). The cooling effect intensity is mainly due to the 433 
compactness of green spaces (not the solely grassy lands or park in cities) and tallness (maturity) of trees not the 434 
extend of them especially when they are discretely distributed (Gago et al., 2013). So, city parts or parks covered 435 
with solely grass or mixed with soil do not work well for reducing the surface temperature as good as tree 436 
covered areas (Rajabi et al., 2014). Depending on tree types, maturity and the density, such sites represent a 437 
proportionally more cooling effect and a reduction in surface temperature at these sites of urban areas 438 
(Barbierato et al., 2019; Yu et al., 2020).  439 

In short, the highest temperature values are seen in residential parts of cities at where impervious surfaces are 440 
proportionally high and contrary to that, lowest land surface temperature values are then found in the city lands 441 
where water bodies are and in the areas vegetated with trees, especially in the city parts where dense and long 442 
trees are (Yu et al., 2020). It is clear that water bodies and trees or city forests or city parks with dense and long 443 
trees with large canopy coverage contribute to lowering the surface radiant temperature at where they are planted 444 
and at their surrounding area in some extent. In short, the vegetation growth areas like urban forested areas and 445 
urban parks especially with high-density mature and long trees clearly contribute the decrease in temperature 446 
within and surrounding areas (Barbierato et al., 2019; Yu et al., 2020). 447 
 448 
Methodology 449 
 450 
The UHIs in big cities such as Izmir city which is the third most populated metropolitan city in Turkey have 451 
risen up gradually for last few decades (Akbari et al., 2001; Stone, 2007) with the increase of urban 452 
concentration causing improper changes in regional temperature and consequently local climate (Georgescu et 453 
al., 2011; Li et al., 2004). 454 

As it is mentioned above sections, urbanization results in higher radiation absorption for the land part 455 
transformed rural to urban and then causing UHIs to develop. Contrary to that, green vegetation and tree 456 
plantation or urban forests in cities help to reduce the UHI effects, and then they provide thermal comfort (Coutts 457 
et al., 2016). Therefore, identification of UHI developments depending on timely LST distribution in cities is 458 
now becoming an important issue for urban management and planning to transfer our cities to sustainable and 459 
even resilient city levels. Thus, the determination of local climate distribution w.r.t. thermal conditions for a city 460 
is an important task to be done by the city authorities promising to govern their cities sustainably, especially in 461 
developing countries. 462 

The aim of this study consequently became the evaluation of spatiotemporal distribution of urban heat islands 463 
(UHISs) in the city of Izmir, Turkey. The study follows these steps: 1) to map emissivity for LST computation, it 464 
is required to map distribution of urban green areas and the green area changes for spatiotemporal data analyses 465 
by using temporarily produced NDVI images from RS MS time series’ images; 2) LST spatiotemporal 466 
distribution pattern are obtain across the entire city by using the RS thermal data; 3) trend images individually 467 
for the distributions of LST and the normalized difference vegetation index (NDVI) are computed; and 4) then 468 
Simulated Single Images (SSI – to be explained in forthcoming sections).  469 

UHSs which are controlled by the heat flux in urban surfaces depending on the surface material and then 470 
consequently UHIs appear as a spatial distribution of accumulated high land surface temperatures (LSTs) in 471 
cities, and are exacerbated by urbanization (Dousset and Gourmelon, 2003; Sun et al., 2010). Thus, obtaining 472 
LST is crucial for the analysis of UHIs (Liu and Zhang, 2011).  If the land surface temperature is not available, 473 
the near-surface air temperature can be used to map LST distribution for validating the urban heat island affect 474 
(Mutiibwa et al., 2015). Up to nowadays, mapping of urban heat island distribution was depending on the LST 475 
data as in situ measurements obtained at meteorological sites and gathering data for classical UHI analyses 476 
depended on LST data obtained at those rarely distributed local meteorology stations across a city (Lu et al., 477 
2009). However, unevenly distribution and locational isolation of these meteorological sites may result in not 478 
fully representation of LST distribution across the city under investigation (Liu and Zhang, 2011). Since these 479 
restricted amount of data from meteorological stations are not sufficient to resample an entire study area, remote 480 
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sensing offering high-resolution data with almost continuous coverage of the entire world which makes large-481 
scale urban heat island research possible therefore became the most reliable method for LST data collection for 482 
example within 30m by 30m sampling tiles and even in different intervals such as within 16 days after 1960s 483 
when the high-resolution earth-observing satellites were launched like LANDSAT series of satellites to provide 484 
MS image data (Liu and Zhang, 2011; Lu et al., 2009). This even means that multi temporal analyses are 485 
available as LANDSAT MS image data for several decades in that high spatial resolution. Thus an archived 486 
temporal data is now available almost half a century from the LANDSAT Earth Observing Satellite Program 487 
(Wulder et al., 2019). Nowadays, remote sensing technology is also the most reliable technology providing 488 
archived and continuous data almost without any gap and overcame the problem of unevenly distributed 489 
temporal LST measurements which are the fundamental data for the urban heat island time series analysis 490 
especially for today’s greatly extended cities turned into megacities (Zhou et al., 2019). 491 

The Landsat TM data from a long life LANDSAT earth-observing satellite program is the most widely used 492 
satellite images providing continuous LST data distribution even for an entire world so, full coverage for cities 493 
and even as freely downloadable data from the website of US Geological Survey (USGS) (U.S. Geological 494 
Survey, 2020). Data from LANDSAT programs provides great advantages than the traditional meteorological 495 
data that it can never ever provide for LST studies (Urban et al., 2013). On the other hand, LANDSAT served 496 
with only one thermal infrared (TIR) band up to the provision of two bands by LANDSAT 8 launched at 2013 497 
(Wulder et al., 2019). Therefore, Landsat 5 data with one thermal infrared band is also capable of deriving the 498 
land surface temperature, even if Landsat 5 TM multi-spectral image scenes for the dates before 2011 is mostly 499 
used for monitoring the changes on lands and to model the biophysical characteristics of the earth surfaces 500 
(Wulder et al., 2019). As it is mentioned in the study by (Mallick et al., 2008), Landsat 5 TM thermal data is 501 
used to estimate heat distribution as a control for local climate, Landsat 5 TM and Landsat 8 OLI thermal 502 
infrared data with 1202 and 1002 m2 spatial resolutions both, have been utilized for UHI studies in local-scales, 503 
respectively since 1984 (Gong et al., 2013; Weng, 2001; Bendib et al., 2017; Zhang et al., 2016a). The thermal 504 
infrared band 6 and band 10 from Landsat 5 and 8 (TIRS) with a spatial resolution of 1002 m2 and 1202 m2 505 
respectively are actually the bands resampled by using the nearest neighbor algorithm to a pixel size of 30 m by 506 
30 m to fit their pixel resolutions to the optical bands’ spatial resolutions for the sake of data compatibility 507 
(Wulder et al., 2019). 508 

Freely available archived LANDSAT 5 and 8 data are preferred as time series data for the LST analyzes here 509 
in this research. Since LANDSAT 5 which is the only satellite offering freely available archived data since 1984 510 
provides only one channel thermal band and optical spectral data without missing lines (as being experienced in 511 
LANDSAT 7 data), single band LST computation algorithm was preferred to extract LST values from 512 
LANDSAT data to analyze LST distribution over the city of Izmir for 32 years. Even if use of a single thermal 513 
band from old LANDSAT satellite (or sensor) makes retrieving LST more difficult, it is actually easier than 514 
those from multiple thermal bands for example from LANDSAT 8 (Kafer et al., 2020). Qin proposed a single 515 
TIR band algorithm using Landsat TM data to map LST distribution (Lu et al., 2009; Feyisa et al., 2016; Qin et 516 
al., 2001). According to Lu (Lu et al., 2009), the use of single band offers a simple and yet highly effective 517 
method for computation of LST values, thus it facilitates the study and the analysis of UHI effects.  518 

In the case of LANDSAT 8, it is decided to use only band 10 as a single thermal band for LST extraction for 519 
the compatibility with LANDSAT 5’s thermal band 6 and then the single band algorithm without attempting the 520 
use of algorithm depending on two thermal channels due to the calibration uncertainties in band 11, although 521 
LANDSAT 8 provides 10th and 11th bands as thermal two channel data (Sekertekin et al., 2020). The only 522 
thermal band of LANDSAT 5 which is the band 6 was used to delineate the LST distribution for the dates 523 
between 1984 and 2013. Thus, both thermal data from LANDSAT 8 and 5 were processed for the delineation of 524 
LST distribution across the entire city of Izmir for the all dates studied in the project spanning from 1985 up to 525 
2018. The optical bands from both satellites’ TM and OLI sensors have also been processed to extract the NDVI 526 
distributions across the whole city of Izmir for different dates for computing the emissivity. High-resolution 527 
Google Earth data corresponding with the processing dates has been used for the confirmation of different types 528 
of urban land cover distribution in the city and for different type of anthropogenic city activities which may be 529 
correlated with low or high LST values (Du et al., 2016a; Du at al, 2016b). ERDAS Imagine 2015 and ArcGIS 530 
10 were utilized for remote sensing and GIS data analysis and to obtain the final outputs for the entire study area. 531 

Here in this study, the spatial distribution of emissivity to reveal and to correct its effect on the LST values 532 
distributed all over the entire city was obtained by help of NDVI distribution for the city of Izmir having Eigen 533 
climate conditions which are similar to Mediterranean humid climate conditions, since the city of Izmir is 534 
located on the Eigen sea coast of the western Turkey (Fiqure 1). 535 

First phase of this project was on demonstrating of LST distribution across the city of Izmir using only one 536 
day data (LANDSAT multispectral image data) and representing which land use types contribute to UHI 537 
development in the city. Even if one date data was used, our previous research’s results emphasized that some 538 
industrial areas especially with specific activities appeared as Urban Hot Stops (UHSs) affecting neighboring 539 
areas up to several kilometers and causing UHIs to develop at those parts of the city (Corumluoglu et al., 2015). 540 
Here, in the current stage of this ongoing project, it is investigated if the same founding is able to be confirmed 541 
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by data of a long period of time. Therefore, temporal remote sensing data is obtained and analyzed to reveal 542 
whether the results show up with a similar output contributing our previous study outcomes thorough a certain 543 
period of time. Thus we will have a robust argument to make strong and locationally precise suggestions to our 544 
city authorities who will then take further actions by improving our city future plans taking into account such 545 
effective and reliable arguments to be confirmed by our research outcomes to be being here in the example of 546 
Izmir city. Then we would have chance to prevent our city from heat pollution and make the city much more 547 
sustainable, comfortable and livable one and even to cut our cooling bills further down in the future. By the 548 
decrease in energy consumption for such cooling purposes, it means low greenhouse and carbon foot print 549 
effects and the saved nature or increased environmental conditions of our city by given chance to nature based 550 
solutions. Thus, here in the current state of the research it is not specifically focused on only UHSs, but also 551 
investigating the city regions under heavy UHI developments in a long period of time to find out which specific 552 
city activities and urban land cover types cause strong and significant UHI effects. Afterward, we will have a 553 
chance to take effective and correctly positioned actions to prevent our city nature in a sustainable way from 554 
harmful side effects of anthropogenic activities like UHIs.  555 

At the prevention stage, there are several suggestions given and applied by researchers in the literature to 556 
struggle with UHI developments in cities such as the use of lighter-color, reflective surfaces on new 557 
developments, as well as the replacement of existing dark-color surfaces with lighter ones. On the other hand, 558 
the most effective one for tackling with UHI offers a natural solution like strategic planting of vegetation and the 559 
use of green technology in urban areas (Dousset and Gourmelon, 2003; Saffuan et al., 2018).  560 

To carry our cities to a smart and sustainable future by supporting the decision makers of our city authorities 561 
with most effective and natural solutions, here in this stage of the project, some statistical analyses were carried 562 
out for the extraction of UHI developments in the city of Izmir by the help of long term historical land surface 563 
temperature (LST) distribution (32 years of data) using LANDSAT multispectral images (thermal for UHI and 564 
optical bands for emissivity by NDVI computations) to reveal the varying effects of changing anthropogenic 565 
activities on UHI developments in the city of Izmir over that period of time. The outcome of this process is not a 566 
pack of timely images for LST distributions spanning through 32 years, but a statistically projected single image 567 
representing a long period of temporal LST distribution over the city of Izmir. Therefore, it is an image from a 568 
mapping process of statistically optimized and projected long time distributions of LST. This single output 569 
image also represents a unique UHI distribution over the city for that period of time. Thus, this project plan will 570 
also help us to understand UHI distribution and its relation with the distribution of urbanized land cover types in 571 
a certain long period of time. Thus, it helps us to reveal the main suspicious urban factors which strongly effect 572 
the UHI developments in an urban environment even by the support of a long period of temporal data. So this 573 
will encourage city authorities to take most effective precautions beforehand they happen in the future.  574 

 575 
Study Area and Data Used 576 
 577 
Study Area  578 
 579 
Izmir is the third of the first three metropolitan cities in Turkey with almost 4.37 million citizens living in the12 580 
studied central districts which they hold the densest urban population in Izmir. The City is located on Menderes 581 
and Gediz deltas and on some hilly terrain inlands almost all around the Izmir Gulf of Aegean Sea. Geographic 582 
coordinates of Izmir are between 37° 49' and 39° 23' North latitudes and 26° 13' and 28° 29' East longitudes. 583 

The studied city land in the province of Izmir covers almost 400 km2 urbanized area (the area covered by red 584 
curved boundary in Fig. 1) around the Gulf of Izmir and the wide of the urbanized city part generally extend 3 to 585 
5 km towards inlands all around the gulf. But at somewhere it reaches up to 10 - 12 km, especially at the Sought 586 
where the surrounding parts around the ancient city center (now called Konak) are. On the other hand, it shrinks 587 
down to few kilometers at the North section of the city (where Karsiyaka district is and city newly developing 588 
areas towards to the North are). This is probably because of local mountains running towards the Gulf. At those 589 
parts of the city, in generally speaking, city stops extending at the forested lands where they begin to cover the 590 
field and toward the tops of these mountainy areas because of the topography which rises rapidly, but not at low 591 
altitude hilly lands. So, several hills next to the coast of Izmir Gulf are covered by city urban structures and 592 
buildings. City also extents towards the valleys between these mountains at least at two locations more than 10 593 
km inlands of these valleys, the one is seen as city sprawl at the East part and the second is similar to the first but 594 
with a wider sprawl at the South. The sprawl extending towards the north is not a sprawl extending into valley, 595 
this city extension only follows the Gediz delta parts just right, next to the mountain slopes running into that 596 
plain delta which are not smooth hilly terrains. Another, but very narrow urban sprawl with more vegetation 597 
cover can be seen at the South. This is because of rough and high mountain slopes with forest covers running 598 
along very closely, right next to the gulf coast. Other very narrow sprawl is also seen in the east valley formed by 599 
high mountain slopes running towards Aegean Sea and ends up at the city center on the large plain coast formed 600 
by Gediz delta. All those descriptions for the urban area of Izmir city can be followed by the stereo illustration 601 
represented in Fig. 6a. 602 
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 603 

 604 
Fig. 1 Izmir province and densely populated central metropolitan city part (study area is in red boundary). 605 

 606 
Izmir is also the mostly developed cultural, economic and industrial center in the Aegean region which is the 607 

western part of Turkey (Fig. 1) (Yucekaya, 2018). It represents high temperature values (mostly over moderate 608 
climate temperature values) especially in summer times and temperature in the some city regions sometimes 609 
reaches extreme levels (Unal et al., 2013). It is also the most attractive economic, cultural and tourism center 610 
offering several types of activities in the region (Gunlu et al., 2009). It therefore attracts so many people to move 611 
in to the city every year. Because of increasing population, as it is seen from the stereo 3D illustration of the City 612 
in Fig. 6a, city expands towards Kemalpasa district in the East and towards Menderes district in the South by 613 
occupying the valley plains left between the mountains running towards the Izmir Gulf of the Aegean Sea and 614 
also towards Menemen district in the North and Urla district in the West directions. In other words, Izmir 615 
metropolitan extends along the coasts of Izmir Gulf at the Aegean Sea and Gediz River's delta in the North, 616 
along the alluvial plain created by several small streams in the East and to slightly rugged terrains in the South 617 
(Fig. 5 and 6).  618 

In recent years, the rapid population increase and corresponding urban expansions towards available terrains 619 
following the topographical structures around the existing parts of the city caused several problems such as air 620 
pollution and greenhouse gas emission problems which seriously impact the human health and also increases in 621 
LST and then UHIs to develop in some parts of the city following the UHSs appearing at where certain 622 
anthropogenic activities are in the city like industrial activities which are emphasized by Corumluoglu 623 
(Corumluoglu et al., 2015) in their previous research.  624 

 625 
Data Used 626 
 627 
To understand the temporal effect of urbanization on the temporal diversity of LST and UHI formation, a long 628 
period of remote sensing data is required. For this reason, 32 years of freely available LANDSAT 5 (TM) and 8 629 
(OLI and TIRS) data with WRS path number of 181 and WRS row number of 33 acquired at almost 11:15 in 630 
Izmir local time during the summer season (August) (Table 1) were downloaded from USGS Earth Explorer web 631 
site (U.S. Geological Survey, 2020) and processed sequentially almost for every year between 1985 and 2018 632 
(except 2002 and 2012). The August data is chosen for the sake of doing LST time serious analyses at the time 633 
when the city of Izmir is having hottest annual temperate to catch the possible hot spots and heat islands when 634 
they are most significant and at their peak levels (Fig. 2) and also having MS LANDSAT scenes with minimum 635 
cloud cover in the region.  636 
 637 
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 638 
Fig. 2 Long term monthly average temperature differences for the city of Izmir w.r.t the annually minimum 639 

average temperature. 640 
 641 

The Landsat Thematic Mapper (TM) sensor was carried by Landsat 4 and Landsat 5 satellites, and creates an 642 
image scene consisting of images for six spectral reflectance bands 1 to 5 and 7 with a spatial resolution of 30 by 643 
30 meters, and one thermal band (Band 6) with a spatial resolution of 120 by 120 meters (Wulder et al., 2019). 644 
The approximate sizes of one LANDSAT scene along and across track are 170 km north-south and 183 km east-645 
west directions (106 mi by 114 mi). The Landsat Operational Land Imager (OLI) and Thermal Infrared Sensor 646 
(TIRS) sensors are carried on Landsat 8 satellite. One scene of image consists of nine spectral reflectance band 647 
images 1 to 7 and 9 with a spatial resolution of 30 by 30 meters. New band 1 (ultra-blue) is useful for coastal and 648 
aerosol studies. Other new band 9 is useful for cirrus cloud detection. The resolution of band 8 which is 649 
produced as panchromatic band is 15 by 15 meters. Produced two channel thermal bands by TIRS, 10 and 11 are 650 
useful in providing more accurate surface temperatures and are collected for every 0.01 km2 (100m x 100m) for 651 
the land part corresponding with a whole scene, are finally provided as thermal bands resampled to 30 meter in 652 
the delivered data product (Wulder et al., 2019). Approximate scene size is 170 km (in north-south direction) by 653 
183 km (in east-west direction). 654 
 655 
Table 1 32 years of LANDSAT data used in the study 656 
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1 lt05_l1tp_181033_19850825_20171212 17 lt05_l1tp_181033_20010821_20180501 

2 lt05_l1tp_181033_19860828_20170216 18 lt05_l1tp_181033_20030726_20161205 

3 lt05_l1tp_181033_19870831_20170211 19 lt05_l1tp_181033_20040813_20161130 

4 lt05_l1tp_181033_19880801_20171208 20 lt05_l1tp_181033_20050816_20161124 

5 lt05_l1tp_181033_19890820_20170808 21 lt05_l1tp_181033_20060819_20161119 

6 lt05_l1tp_181033_19900823_20171208 22 lt05_l1tp_181033_20070822_20161111 

7 lt05_l1tp_181033_19910826_20171214 23 lt05_l1tp_181033_20080824_20161029 

8 lt05_l1tp_181033_19920828_20180210 24 lt05_l1tp_181033_20090827_20161021 

9 lt05_l1tp_181033_19930815_20180210 25 lt05_l1tp_181033_20100830_20161013 

10 lt05_l1tp_181033_19940818_20180302 26 lt05_l1tp_181033_20110817_20161008 

11 lt05_l1tp_181033_19950805_20180210 27 lc08_l1tp_181033_20130822_20170502 

12 lt05_l1tp_181033_19960823_20180210 28 lc08_l1tp_181033_20140825_20170420 

13 lt05_l1tp_181033_19970826_20180210 29 lc08_l1tp_181033_20150828_20170405 

14 lt05_l1tp_181033_19980829_20170908 30 lc08_l1tp_181033_20160830_20170321 

15 lt05_l1tp_181033_19990816_20180210 31 lc08_l1tp_181033_20170801_20170811 

16 lt05_l1tp_181033_20000818_20161214 32 lc08_l1tp_181033_20180820_20180829 
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According to the literature, temperature in summer time is commonly high and UHIs are spatially more 657 
significant during the summer daytime (Nichol et al., 2009). In the study area, as it is seen from the Fig. 2, 658 
highest temperature values are experienced in July and August. The August daytime cloud-free image scenes 659 
were therefore selected and downloaded from the USGS web site for this study. Since a LANDSAT scene frame 660 
covers much larger area than the urbanized lands in the city of Izmir, all temporal LANDSAT image scenes used 661 
in the project were subset to study only the densely urbanized land parts of the city as shown with red boundary 662 
lines in Fig. 1. Appropriate atmospheric correction was also applied independently to each band of MS images in 663 
every used scene in the study (Table 1) w.r.t. the Dark Object Subtraction atmospheric correction algorithm 664 
(DOS1). Thus the atmospheric effect is removed from every pixel of those individual MS band images in the 665 
preprocessing step.  666 
 667 
Preprocessing of LANDSAT MS images 668 
 669 
DN to spectral radiance conversion 670 
 671 

Especially when time is concerned, all MS images in all scenes must go through some preprocessing steps 672 
before moving to RS data analyze. The first thing to do in that image preprocessing step is “DN to spectral 673 
radiance conversion” (Chander and Markham, 2003; Chander and Markham, 2007). It is applied to brightness 674 
value of every pixel in each MS band image packed in every MS scene (like those given in the Table 1) using 675 
equation 1 below. The computed radiance in a certain spectral wavelength range (band’s spectral resolution) is 676 
actually total or top of atmosphere radiance reaching to satellite sensor’s individual detector corresponding with 677 
one certain pixel in a relevant band image that mimics the observed value at detector in graphical form, so as 678 
gray tones in a purposed radiometric resolution (for example 8 bit radiometric resolution) and also corresponding 679 
with certain land part in the size of Sampled Tiniest Area on Ground (called as Ground Sampling Distance – 680 
GSD - in the literature, but it is actually the area of instantly scanned or sampled tiniest land part by detector, so, 681 
it is STAG- Sampled Tiniest Area on the Ground). Therefore, the top of atmosphere radiance does not include 682 
only the radiance from an object on land surface, but also the radiance from the atmosphere along the path 683 
between this instantly scanned tiniest land part which it corresponds with a certain pixel in band images in a MS 684 
image scene and the sensor. Therefore, the atmospheric radiance must be removed from the total radiance 685 
reached any detector in sensor to obtain only the radiance off the object on the earth surface. Here in this study; 686 
DOS1 procedure which is one of the Dark Object Subtraction (DOS) models (Nazeer  et al., 2014) was followed 687 
to remove the radiance caused by atmosphere and accumulated into the radiance at sensor or at TOA (therefore, 688 
below it is called as total radiance). The dark object atmospheric correction should not be applied directly to the 689 
brightness values (DNs) of pixels in each individual MS band image in interest as a subtraction process between 690 
pixels’ brightness values (DNs) in that single band image and brightness value (DN) of dark object determined 691 
through visual analyses of graphical representation of the same single band image’s statistics (Zhang et al., 692 
2010). “DN to spectral radiance conversion” first must be applied to all pixels’ DNs in every band individually 693 
in a scene by using the first formulas in the equation groups below (Equations 1 and 2 which are for LANDSAT 694 
5 and for LANDSAT 8 respectively) (Chander and Markham, 2003; Chander and Markham, 2007) and then 695 
secondly, the unique dark object radiance value for each band must be obtained by using the second formulas in 696 
the same equation groups given below. Dark object radiance value of each band in a scene is then computed 697 
from the dark object brightness value (DN) determined individually for relevant single MS band image in the 698 
scene by visual interpretation of that relevant image band statistics. Finally, the computed dark object radiance 699 
value is then subtracted from the total radiances at the sensor’s detectors to get the radiances for the objects at 700 
the corresponding sampled ground areas represented as pixels in that individual band images by using the third 701 
formulas in the same equation groups (refer to the follow chart in Fig. 3). Thus, this procedure must be followed 702 
individually for each band in each MS image scene used for different dates as well.  703 
 704 



14/38 

 

 705 

Fig. 3 Conversion algorithm DN to Radiance and Radiance to Land Surface Reflectance.  706 
 707 

Lλ(T)   = ML Qcal(T)  + AL      708 

Lλ(DO) = ML Qcal(DO)  + AL        (1) 709 

Lλ(O)   = Lλ(T) - Lλ(DO) 710 

 711 

’λ(T)   = M Qcal(T)  + A      712 

’λ(DO)   = M Qcal(DO)  + A        (2) 713 

’λ(O)   = ’λ(T) - ’λ(DO) 714 

 715 
where: 716 

Lλ    : band-specific spectral radiance [Watts/ (m2 * srad *μm)]. 717 

’λ   : reflectance without solar angle correction. 718 

ML : band-specific multiplicative rescaling factor for conversion from DN to radiance (that can be obtained 719 

from the metadata - RADIANCE_MULT_BAND_x, where x is the band number for LANDSAT 5’s 720 
reflectance bands). 721 

AL :  band-specific additive rescaling factor for conversion from DN to radiance (that can be obtained from the 722 

metadata - RADIANCE_ADD_BAND_x, where x is the band number for LANDSAT 5’s reflectance 723 
bands). 724 

M  : multiplicative rescaling factor for conversion from DN to reflectance (that can be obtained from the 725 

metadata - REFLECTANCE_MULT_BAND and 2 x 10-5 for LANDSAT 8’s reflectance bands).    726 

A  : additive rescaling factor for conversion from DN to reflectance (that can be obtained from the metadata - 727 

REFLECTANCE_ADD_BAND and -0.1 for LANDSAT 8’s reflectance bands).    728 

Qcal  : Band-specific quantized and calibrated standard product pixel values (DN) – derived from raw input 729 

band image. 730 

 : Multi-spectral image band number. 731 

Subscrits (T), (DO), (O) : are for Total or Top of Atmosphere, Dark Object and Object respectively.    732 

 733 
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Since this conversion procedure is band-specific it is individually applied to every pixel’s brightness values 734 
(DNs) in each specific band image of a MS scene including bands of reflected wavelengths and thermal bands as 735 
well. 736 

 737 
Spectral radiance to reflectance conversion for the bands of reflected wavelengths 738 

 739 
This conversion is for the bands of reflected wavelengths in a MS image scene. Reflectance is required for 740 
description, determination and discrimination of objects and their details and even properties of those objects and 741 
also for analyses of indices to extract information from remote sensing image bands except thermal bands 742 
(Bowker, 2010). Reflectance conversion in RS makes band images comparable even if they are obtained at 743 
different time and by different sensors to eliminate the case dependent biases. So, the radiance to reflectance 744 
conversion process removes the cosine effect caused by changing solar zenith angles due to the time difference 745 
between sequential image acquisitions by satellites (Robinove, 1982). Reflectance is referred to a single band 746 
because of different amount of irradiance reaching to the earth in every different wavelength range (so, called as 747 
band) from sun. Changing solar irradiance should also be accounted for the variation in the earth-sun distance 748 
between different image acquisition dates (Young, 2017; Chander et al., 2009). Therefore, it is crucial to use 749 
reflectance values in such projects requiring temporal analyses of band images in a RS MS scene obtained at 750 
different times as it is being in this study since not only thermal bands but also reflectance bands are used (for 751 
example, emissivity computations from NDVIs) and even from different sensors as if LANDSAT family 752 
satellites are exploited (images scenes from LANDSAT 5 and LANDSAT 8 satellites are utilized).  753 

The conversion is applied to pixel radiances of reflectance bands in RS MS image scenes using the first and 754 
second formulas given in the equation group 3 below (in our case, LANDSAT 5’s and LANDSAT 8’s 755 
reflectance bands were used). 756 
 757 𝜌𝜆(𝑂) =  𝜋𝐿𝜆(𝑂)𝑑2𝐸𝑆𝑈𝑁𝜆 𝑐𝑜𝑠 𝜃𝑠          758 

(3) 759 𝜌𝜆(𝑂) =  𝜌′𝜆(𝑂)𝑐𝑜𝑠 𝜃𝑠 760 

 761 

where: 762 

   : band-specific spectral reflectance of an object (land surface reflectance) [unitless]763 

   : mathematical constant [unitless] (3.14159). 764 

d : earth-sun distance [astronomical unit] (that can be obtained from the metadata -  765 

EARTH_SUN_DISTANCE, for LANDSAT 5 and 8’s reflectance bands). 766 

ESUN : spectral mean solar irradiance [Watts/( m2 *μm)]  767 

s   : solar zenith angle [degree] (90 - E ).     768 

E : solar elevation angle [degree], (that can be obtained from the metadata - SUN_ELEVATION, for 769 

LANDSAT 5 and 8’s reflectance bands).     770 𝜌′𝜆(𝑂) : band-specific spectral reflectance of an object without solar angle correction [unitless] 771 

 772 

At-sensor spectral radiance to at-sensor brightness temperature conversion for the thermal bands 773 
 774 
Considering black body assumption for the heat transfer from the Earth, emissivity can then be assumed as 775 
uniform for the Earth surface and equation 4 below is used for the at-sensor spectral radiance to brightness 776 
temperature conversion (Sekertekin et al. 2020; Chander and Markham 2009). 777 
 778 𝑇𝐵(𝑂) =  𝐾2ln(𝐾1 𝐿𝜆(𝑂)⁄ +1)           (4) 779 

 780 
where: 781 

TB(O)  : at sensor brightness temperature of land surface cover in the size of STAG [K] 782 
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K1  : calibration constant 1 for thermal band [Watts/( m2 *sr * μm)] (that can be obtained from the metadata  783 

-  K1_CONSTANT_BAND_x, where x is the band 6 and band 10, so 607.76 and 774.89 for LANDSAT 784 
5 and LANDSAT 8 respectively). 785 

K2  : calibration constant 2 for thermal band [K] (that can be obtained from the metadata -  786 

K2_CONSTANT_BAND_x, where x is the band 6 and band 10, so 1260.56 and 1321.08 for 787 
LANDSAT 5 and LANDSAT 8 respectively). 788 

 789 
Brightness Temperature to Land Surface Temperature conversion 790 
 791 
Since temperatures of objects on the earth surface are the main concern of UHI analyses, brightness temperature 792 
values are then converted to Land Surface Temperatures (LST – TS) by using the equation 5 below (Salih et al., 793 
2018). In this respect, the land surface emissivity must be accounted to reach LST values at the land surface as it 794 
is required for this conversion.   795 

 796 𝑇𝑆(𝑂) =  𝑇𝐵(𝑂)1+ (𝜆𝑇 𝑇𝐵(𝑂) 𝜌⁄ ) ln 𝜀 − 273.15       (5) 797 

 798 
where: 799 

TS(O)  : Land Surface Temperature of an object (LST) [oC] 800 

λT  : the central wavelength of the thermal infrared band [m] (λT(mid) =11.45μm and   λT(mid) =10.90μm 801 

for LANDSAT 5 and LANDSAT 8 respectively) 802 

ρ  : thermal constant [m K] (ρ = h*c/σ, ρ =1.438*10-2 mK) 803 

c  : the speed of light [m / s] (c=2.998*108 m/s) 804 

h  : the Planck constant [J s] (h=6.626*10-34 Js) 805 

σ  : the Boltzmann constant [J / K] (σ = 1.38*10-23 J/K) 806 

ε  : the land surface emissivity [unitless]. 807 

  808 

Equation 5 (Memon et al., 2008; Solecki et al., 2004) above represents the conversion formula using 809 
Brightness Temperature (TB) values to compute the Land Surface Temperature (TS) values in Celsius degree 810 
(with that additional term for the absolute zero, −273.15 oC) (Choi et al., 2012; Mejbel et al., 2018). Except 811 
brightness temperature, the other unknown term in this equation is the emissivity. So that, the emissivity values 812 
for each pixel must be computed before LST computation as it is mentioned above.  813 

 814 

Computing NDVI values from LANDSAT reflectance bands 815 
 816 
Even if emissivity is an indirect requirement for local climate studies based on temperatures of objects on land, 817 
the use of MS satellite images provide the most appropriate materials like MS images to compute the emissivity 818 
from Normalized Difference Vegetation Index (NDVI) algorithm extracted from these MS band images (Sun et 819 
al., 2010; Corumluoglu et al., 2015; Ng et al., 2012; Mushore et al., 2017). Therefore, in such UHI and 820 
temperature related climate studies from RS satellite images; the first requirement is the computation of NDVI 821 
from satellites’ reflectance bands for computation of emissivity correction.  Therefore, the next step here became 822 
the computation of temporal NDVI values for the Izmir’s urbanized lands using the time serious LANDSAT MS 823 
image scenes.  824 

On the other hand, there are several vegetation indexes computed from RS MS band images. Output index 825 
images represent the healthy vegetation distribution in the land part corresponding with RS MS image scene’s 826 
whole frame or with a delineated boundary for a sub-set area. Mostly preferred vegetation index especially for 827 
the determination of emissivity is the Normalized Difference Vegetation Index (NDVI) in the literature (Chen et 828 
al., 2009). Therefore, in the case of LANDSAT, the bands to be used for the computation of such vegetation 829 
index values for each pixel corresponding with STAG are the 3th and 4th bands of LANDSAT 5 MS image 830 
scenes and 4th band and 5th band of LANDSAT 8 MS image scenes (Sekertekin et al., 2020). Normalized 831 
Difference Vegetation Index values at the time when each MS image scene was acquired (NDVIt) (Fig. 4) are 832 
then computed from the formulas given in Equations group 6 using the certain bands in MS image scenes 833 
acquired by LANDSAT 5 and LANDSAT 8 respectively.  834 

 835 
 836 
 837 
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 𝑁𝐷𝑉𝐼𝑡 =  𝜌𝐵𝐴𝑁𝐷4_𝐿5(𝑡) −  𝜌𝐵𝐴𝑁𝐷3_𝐿5(𝑡)𝜌𝐵𝐴𝑁𝐷4_𝐿5(𝑡) +  𝜌𝐵𝐴𝑁𝐷3_𝐿5(𝑡) 838 

            (6) 839 𝑁𝐷𝑉𝐼𝑡 =  𝜌𝐵𝐴𝑁𝐷5_𝐿8(𝑡) −  𝜌𝐵𝐴𝑁𝐷4_𝐿8(𝑡)𝜌𝐵𝐴𝑁𝐷5_𝐿8(𝑡) +  𝜌𝐵𝐴𝑁𝐷4_𝐿8(𝑡) 840 

 841 
where: 842 
NDVIt  : Normalized Difference Vegetation Index at the time of MS image acquisition. 843 𝜌𝐵𝐴𝑁𝐷3_𝐿5(𝑡): Computed Land Surface Reflectance Value of each STAG for the wavelength corresponding 844 

with the 3th band of LANDSAT 5 MS image scene at the time of acquisition.  845 𝜌𝐵𝐴𝑁𝐷4_𝐿5(𝑡): Computed Land Surface Reflectance Value of each STAG for the wavelength corresponding 846 

with the 4th band of LANDSAT 5 MS image scene at the time of acquisition.  847 𝜌𝐵𝐴𝑁𝐷4_𝐿8(𝑡): Computed Land Surface Reflectance Value of each STAG for the wavelength corresponding 848 

with the 4th band of LANDSAT 8 MS image scene at the time of acquisition.  849 𝜌𝐵𝐴𝑁𝐷5_𝐿8(𝑡): Computed Land Surface Reflectance Value of each STAG for the wavelength corresponding 850 

with the 5th band of LANDSAT 8 MS image scene at the time of acquisition.  851 

t : stands for the time (date) when an individual MS image scene is acquired.  852 

 853 
Emissivity 854 

 855 

Land Surface Emissivity () depends on the surface capability of transforming heat energy into radiant energy 856 
(Kumar et al., 2012). As it is mentioned previously, it is the most efficient way to use remote sensing satellite 857 
MS band images to compute the emissivity from Normalized Difference Vegetation Index (NDVI) to reach most 858 
reliable LST values in the case of remote sensing projects. Therefore, here in this research NDVI Threshold 859 

Based Emissivity Method was adapted for the estimation of  from Landsat data (Kumar et al., 2012; Jenerette et 860 
al., 2007; Zhang, 2006). The following equation 7 is used in this research to estimate emissivity from NDVI 861 
using LANDSAT 5 and 8’s appropriate reflectance image bands for the land surfaces representing mixed land 862 
cover with soil and vegetation (Willett and Sherwood, 2012).  863 

864 

t = V + S (1 - Pvt) + d  and   d  = (1 - S) (1 -  Pvt) F V         (7) 865 

 866 

where:  867 𝜀𝑡 : is emissivity at the time of image acquisition.  868 

Pvt  : is the proportion of vegetation on the land at time of acquisition (Lu et al., 2014).  869 

V and S: are the soil and vegetation emissivity, respectively.  870 

d  : is the cavity effect due to surface roughness.  871 

F  : is a geometrical shape factor with the mean value of 0.55 (Lopez et al., 2017). 872 

 873 

Pvt = [ (NDVIt - NDVIs) / (NDVIv - NDVIs)]
2                (8) 874 

 875 

where:  876 𝑁𝐷𝑉𝐼𝑡 : Normalized Difference Vegetation Index at the time of image acquisition. 877 
 878 

NDVIv = 0.5 and NDVIs = 0.2 represent the general NDVI threshold values in NDVI graph in Fig. 4 for 879 
vegetation coverage on land at where mixed land cover starts to turn into vegetation and for soil at where mixed 880 
land cover starts to turn into soil in the opposite direction towards 0 and negative values respectively (Lopez et 881 
al., 2017). 882 
 883 
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 884 
Fig. 4 General NDVI values for general land cover types. 885 
 886 
Table 2 Emissivity from NDVI. 887 

 

NDVI 
Emissivity ( for 

LANDSAT 5 

Emissivity ( for 

LANDSAT 8 

If 0.2 > NDVIt   = 0.979 – 0.035 R     = 0.979 – 0.046 R 

If 0.2 ≤ NDVIt ≤ 0.5  = 0.986 – 0.004 Pv     = Equation 7 

If 0.5 < NDVIt   = 0.99  = 0.987 + d 

 888 
Emissivity values are suggested as 0.985 and 0.960 for vegetation and soil respectively in Equation 7 (Bendib 889 

et al., 2017). Thus, the formulas in table 2 take care of the land covers like soil, vegetation and mixed land cover 890 

types individually for estimating emissivity from NDVI. R in the table 2 is for the red band reflectance values. 891 
After producing time series emissivity images by following the instructions given in Table 2 (Shahmohamadi 892 

et al., 2011; Solecki et al., 2004), Land Surface Temperature (LST) values, TS at the each image acquisition time 893 
were then computed by using Equation 5 in Celsius as time series LST images as well (Corumluoglu et al., 894 
2015).  895 
 896 
Deviation and Mean Value of Computation of Trend, Standard Time Serous Data 897 

 898 
A significant correlation between land cover and land surface temperature indicated that land cover dominates 899 
land surface temperature changes in most areas on the earth especially in urbanized regions (Firoozi et al. 2020). 900 
In this study, LST images for the period of 32 years between 1985 and 2018 were analyzed to reveal temperature 901 
distribution and to find out UHI development regions that effect and change the city natural climate condition 902 
over time. Therefore, spatiotemporal trends of land surface temperature were then computed and analyzed for 903 
every STAG in the land boundary corresponding with subset image boundary by using the pixels of each subset 904 
LST image in time series data set. Here in this research, analyzed subset LST image data set is a time series data 905 
set of 32 years covering almost entire urbanized land parts in Izmir city.  906 

Trend analysis in RS is a linear regression analysis of a variable against time that variable represents one of 907 
the land characteristics of a tiniest land part (STAG) represented as a pixel in RS images in a time series data set 908 
(Firoozi et al., 2020; Forkel et al., 2013). Therefore, each pixel value in the output image represents change trend 909 
of the variable for that tiniest land part of the ground (STAG) over the time. They are computed from the series 910 
of values for each pixel in variable images obtained in annual temporal resolution and covering the entire study 911 
area and at the same time, they also simulate inter-annually average Variable Change Rate (VCR) here in this 912 
study (Song et al., 2015). VCR can also be defined as timely slope of a variable computed from the values of the 913 
same pixel in the time series variable images by using the linear regression equation (Equation 8) given below 914 
(Song et al., 2018; Tan et al., 2017). In this paper, every individual LST pixel values in time serious images 915 
obtained in month August that set up one pixel cube through 32 years of data are used to simulate the change 916 
trends, the standard deviation of the change and the mean chance of LST variable for each STAG in the 917 
urbanized region. The regression slope is calculated by the least square method. The trend (or slope) formula is 918 
then given as followings: 919 
 920 
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 𝑆𝑙𝑜𝑝𝑒𝑘 =  𝑛 ∑ 𝑖∗𝑉𝑘𝑖− (∑ 𝑖𝑛𝑖=1 )∗(∑ 𝑉𝑘𝑖𝑛𝑖=1 )𝑛𝑖=1𝑛∗∑ 𝑖2𝑛𝑖=1 −(∑ 𝑖𝑛𝑖=1 )2  , 𝑘 (1, … , 𝑙), 𝑖 (1,2,3, … , 𝑛)  (8) 921 

 922 
where k is for variables, l is the total number of the variables and here we have only one variable, LST, 923 

therefore k is 1 and Slopek is for slope of kth variable, Vki stands for kth variable’s pixel value in the ith time 924 
serious image and i stands for the number of sequential year and n is for the total number of years in the time 925 
series, here is 32. 926 

After the computation of LST slope (or trend) image including every corresponding STAG in the urban area 927 
of Izmir from LST time serious image data for the years between 1985 and 2018, similarly to the computation of 928 
that trend image, standard division (SD) and mean (M) value images were then also computed using the 929 
equations 9 and 10 below.  930 
 931 𝑆𝐷𝑘 = √∑ (𝑉𝑘𝑖− 𝑚𝑘)2𝑛𝑖=1 𝑛−1            (9) 932 

 933 

  𝑚𝑘 = (∑ 𝑉𝑘𝑖𝑛𝑖=1 ) 𝑛⁄          (10) 934 

 935 
where, mk is LST mean values computed by using the LST pixel values through the entire time series LST 936 

image data set for each corresponding STAG in the study area.     937 
 938 
Computation of Simulated Single Data (or Image) (SSD or SSI) for a time series data set 939 
 940 
Trend, standard division and mean images of the variable (here LST) are all single images computed after a 941 
statistical processes of time series data. The next step in the study is the computation of an individually simulated 942 
single image for a certain variable using Equation 11 below. The output image from the equation 11 mimics the 943 
entire related time serious data as a Simulated Single Image (SSI) for the variable in interest, here is LST. So, the 944 
SSI represents and encompasses statistically the trend, the change range and the mean value of entire time 945 
serious data for the related variable at study region. In other words, a SSI pixel value for a variable stands as a 946 
single value estimated statistically from slope, standard division and mean values of the same pixel through 947 
entire time serious data corresponding with an individual STAG and therefore simulates the properties’ change 948 
of that tiny land part statistically in terms of related variable during a certain period of time (here, it is the yearly 949 
august LST variable for 32 years). This let us to do represent time serious distribution of variable as a single 950 
image. If there would be several variables, then SSI process let us to carry out multi-criteria analyses using 951 
single images instead of dealing with several time serious data or images.  952 
 953 𝑆𝑆𝐼𝑘 = 𝑆𝑙𝑜𝑝𝑒𝑘 ∗ 𝑆𝐷𝑘 + 𝑀𝑘          (11) 954 

 955 
If SSI equation (Equation 11) is reviewed, it can be realized that there is no need to put SD value (multiplied 956 

by slope) into the equation with a plus-minus sign because the slope value comes together with the direction sign 957 
as plus sign for an increasing trend or as minus sign for a decreasing trend through every individual pixel’s 958 
values in the entire time series data. Thus, the standard deviation of the variable obtained from an individual 959 
pixel’s values through the time series data represents the change in the variable through this entire data range 960 
w.r.t. mean value and similarly to that, slope also represents the change trend of the LST through again this time 961 
series data. When these two statistical values are multiplied, than simulated single image is obtained for an entire 962 
time series data set, but at that step, in fact it is referred to zero. For a realistic simulation, it must be shifted to 963 
mean value. Therefore, final simulated single value of the variable for the pixel in process must be computed just 964 
by adding that statistical product term to the mean value from the values of the same pixel through the whole 965 
time series image data to obtain simulated realistic LST value for a pixel in SSI image.  966 
 967 
Results and Discussions 968 
 969 

After analyses of the results as SSI output of LST distributions to reveal the hot spots and heat island 970 
developments in the urbanized areas of Izmir city over the years which these urbanized regions can be followed 971 
with the delineated red boundary polygon in Fig. 6a presented as a 3D illustration, it is recognized that some 972 
specific parts of the city are the most candidate and prone sites for the appearance of such hot spots and UHI 973 
developments. For the sake of easy following the relationship between land structures and/or covers and LST 974 
distribution and for the determination of hot spots and heat island developments in the Izmir urban areas, some 975 
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parts of the city are grouped and lebaled w.r.t. apparent structures driven by specific anthropogenic activities at 976 
those regions. Thus, they are tagged as CC, I, R and A in Fig. 5 (and in Fig. 6a as 3D illustration by a stereo 977 
image pair) which they represent city center, industrial, residential and airport areas respectively.  978 

 979 

 980 
Fig. 5 City of Izmir, urban areas distribution by RGB true color LANDSAT images 981 

 982 

Now, here can be discussed the land structures and types of urban areas in the city of Izmir. As it can be seen 983 
from the Fig. 5 and 6a, city sprawl in the East includes no other types of urban structures but almost entirely two 984 
industrial zones (I4 and I5) at where they are spread on the bottom of the narrow valley trapped between two 985 
mountains running towards the gulf of Izmir. There are also two other industrial sites (I2 and I3) located at 986 
where this valley ends and reaches to the city part occupying plain area just next to the mouth of this valley with 987 
a width of almost 7 km in north-south direction even if the mountains still run along the both sites of the plain 988 
towards the gulf (follow the local terrain and the topography of the region by checking the stereo pair 989 
perspective images provided in the Fig. 6a). It is also seen from Fig. 5 and Fig. 6b (in 3D illustration by a stereo 990 
image pair) that heat islands and so the hot sites of the city appear at the slightly high slopes at the bottom of 991 
these mountains up to where the urban land parts reach to the high slopes until they are interrupted by green 992 
areas like forested regions on high sloppy terrains of these mountains, even if the valley forms a natural channel 993 
for local wind blow and breeze. So, these forested or green areas are the coolest sites around the city. Other cool 994 
sites in the city are seen at the city regions developed on the lowlands with some slightly rugged terrains, so at 995 
the mouth of the previously mentioned valley. It is where it reaches to the coast of Izmir gulf east to west in the 996 
middle of the city. Those cool sites almost completely met with urban sites at where residential and some 997 
commercially active areas are, but none is seen at the industrial regions. So, the research pointed out that even 998 
the city has 7 industrial sites (Fig. 5 and 6a) none of them appears in these cool sites. This is a significant result 999 
even if it represents only a SSI of LST distribution it is actually an output from 32 years of time series 1000 
LANDSAT thermal data analyses (Fig. 6b and 6c and Fig. 7). Thus, urban parts where industrial activities are in 1001 
the city almost entirely contribute to and coincide with heat island developments in the city. So, generally these 1002 
sites cause hot spots to appear first and then accumulation heat problem which ends up with heat pollution as 1003 
heat island and finally distribution of this heat pollution towards neighboring urban areas next to these industrial 1004 
sites in the city and effect these neighboring zones in great extents (in some cases up to 5-10 km) (Fig. 6a and 6b 1005 
and Fig. 7). This outcome also confirms our previous research outcome, even if it reviled the heat island 1006 
distribution over the city of Izmir for only one specific date (Corumluoglu et al., 2015). 1007 
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 1008 
Fig. 6 3D representation of study area (red curved line) (a) with some urban details, and (b) for the Simulated 1009 

Single Image (SSI) LST distribution and (c) for the distribution of SSI Local LST differences in the city 1010 
of Izmir for the month August as a summary of 32 years’ time span between 1985 and 2018 by using 1011 
stereo display techniques with embedded illustrations on Google Earth captured images (use converging 1012 
eye lines’ method to see the 3D illustrations above).  1013 
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 1014 
Fig. 7 32 years of Simulated Single Image (SSI) LST distribution for the month August over the city of Izmir 1015 

between 1985 and 2018 1016 

 1017 

There are also several other outcomes from this research. These results will be explained w.r.t. the thermal 1018 
conditions in some sub-urban sections of the city showing a similar LST distribution behavior. Thus, the city is 1019 
divided into several subsections with certain types of LST distributions for the sake of easily understood and 1020 
noticed the corresponding urban structures behind that specific types of LST distribution over such urban areas 1021 
(these sub-sections are represented as black and white rectangles in Fig. 8). 1022 
 1023 

 1024 
Fig. 8 Subsections of the project covering the different urban zones in the city w.r.t. the LST distribution. 1025 
 1026 

Fig. 9 also represents these subsections in detail with related letter tags A to K as shown in Fig. 8. Every 1027 
tagged part seen in the Fig. 9 shows details of the urban structures at that specific urbanized city parts in RGB 1028 
color image form along with thematic representation of detailed SSI LST distribution related to that specific city 1029 
part. Fig. 9 shows the details of every city urban subsection with corresponding tag given in Fig. 8 as mentioned 1030 
above and also highlights some areas with specific urban structures in these subsections by marking them with 1031 
black and white geometrical shapes on the Fig. 8 since they represent distinct LST distributions. These 1032 
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corresponding SSI LST distributions are also shown in the Fig. 9 next to that tagged RGB illustrations of these 1033 
urban subsections.    1034 

As it can be seen from SSI illustration of LST distribution corresponding with A tagged RGB image part in 1035 
Fig. 9, there are several hot areas which they also contribute the heat island development covering almost 1036 
entirely this A tagged subsection in the city. In fact, this A tagged area is almost entirely covered by one of the 1037 
industrial areas among several others in the city. The buildings in this region are generally single-storey 1038 
industrial buildings with high ceiling and large metal roof tops. Because of that, when they are generally exposed 1039 
to solar energy during daylight times in summer seasons, they absorb the solar energy in great extent and are 1040 
heated up extremely, then start to reradiate this absorbed great amount of energy as thermal energy back into the 1041 
surrounding environment. Therefore, they appear as hot spots contributing the heat island developments in the 1042 
whole subsections of the city which are tagged with A to E as shown in Fig. 9. Almost all of the industrial 1043 
regions in the city are the regions labeled with “I” as shown in the tagged RGB images in Fig. 9 w.r.t. the tags in 1044 
Fig. 8. They are such as those regions marked with dashed black rectangle and black solid line rectangle and 1045 
ellipse in the RGB image with tag A and even the large industrial area appearing in the top middle section of the 1046 
image and are also marked by rectangles with black dashed line and dotted circle in the B tagged RGB image 1047 
and represented by black dashed rectangle and the area labelled as “I6 and I7” in the RGB image with tag C and 1048 
delineated by black solid, dotted and dashed ellipses in the RGB image with tag D and also delineated by black 1049 
dashed circle in the RGB image with tag F and all white  details in the regions labelled as “I5 and I6” in the RGB 1050 
image with tag E and two city urban sections labelled with “I1” as seen in G tagged RGB image and also the 1051 
region with wide white details on the top right corner of the K tagged image. They all contribute hot spots to 1052 
appear and then heat island to develop as seen in the colorful thematic images just next to the tagged RGB 1053 
images. All those colored thematic images are the subset images from SSI LST distribution in the entire urban 1054 
land. The sections appearing in dense red color representing the hot spots and heat islands correspond with those 1055 
marked regions in the tagged RGB images. Probably the industrial activities and processes in industrial regions 1056 
and the industrial building structures cause heat increase in these regions and create heat pollution and then 1057 
changes the local climate and natural condition of the environment in these regions and in the surrounding city 1058 
parts (so these regions are seen as brownish and yellowish colors in the subset SSI LST distribution images next 1059 
to the RGB images). This harmful effect in these city parts deteriorates and disturbs the comfort of the local 1060 
people who lives and works in these regions and also increases the cooling cost for bringing back the comfort 1061 
artificially in vehicles and buildings.  1062 
 1063 
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 1064 
Fig. 9 Representation of detailed subsections covering areas with specific urban features shown in different 1065 

geometrical shapes for the comparison with specific LST distributions in the city. 1066 

 1067 
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The research also emphasized that another suspicious urban detail in the city contributing the heat island 1068 
developments are the roads. When the wide of an asphalt roads becomes larger as it is being experienced with 1069 
highways and since the city of Izmir has a long one of them as a ring highway which some cases it occupies 1070 
surrounding terrains around and at the city boundaries and even with large highway junctions at several 1071 
locations, then they become other group of most suspicious candidate urban structures causing hot spots to 1072 
emerge and contributing heat islands to develop as it can be seen through the same tagged RGB images and 1073 
those corresponding color images of SSI LST distributions given next to the every RGB image in Fig. 9 such as 1074 
those highway road sections and junctions marked by dotted black rectangle in A tagged RGB image and again 1075 
dotted black rectangle and white rectangle with solid line in RGB image with B tag and white rectangle and 1076 
dashed white square in the RGB image with C tag and black dashed ellipse in the RGB image with tag D (with 1077 
some industrial buildings) and both ellipse shapes in the RGB image with tag E and both dashed ellipse (for 1078 
highway) and small solid line ellipse (for large highway junction) in the RGB image with tag G. 1079 

Other urban land features which are important to highlight here in this research as other suspicious urban 1080 
structures that cause heat islands to develop and consequently heat pollution in cities can be grouped as bare 1081 
lands with no urban structures, so the lands within these forms; bare soil lands, barren lands, excavated bare 1082 
lands and even grassy green lands and green lands covered with grass, brush and scrub. These areas can be 1083 
followed from the tagged RGB images in Fig. 9. So, these are the areas marked with white ellipse in the B 1084 
tagged RGB image and the excavated bare soil area labeled BL4 and marked with white soled line ellipse and 1085 
grassy land labelled as BL3 and delineated with dotted white ellipse and the area with mostly grassy, brushy and 1086 
barren land mixed with few small dwelling houses and marked with dashed white circle in the C tagged RGB 1087 
image and also the areas including grassy lands, excavated barren soils and barren lands mixed very few small 1088 
buildings marked with dotted black circle and black solid line ellipse in the F tagged RGB image and even hilly 1089 
slope barren land with dwelling structures facing towards south delineated with black solid line rectangle in the 1090 
G tagged RGB image and finally the almost entirely barren slope land facing towards south marked with black 1091 
dashed line rectangle and also excavated barren and some grassy and brushy hills’ slope land parts facing 1092 
towards south-east and south marked with white dotted and dashed ellipses in the K tagged RGB image. All 1093 
these land features, structures and patterns cause to emerge hot spots and to develop heat islands in the urban 1094 
regions with specific urban features as mentioned above and even by effecting the neighboring urban lands in 1095 
great extents as seen in the labelled images in Fig. 9 above and they can also be followed as red areas for hot 1096 
spot sites and all red-reddish and yellow-yellowish areas for heat island development sites from the colored SSI-1097 
LST images given along with tagged RGB images in Fig. 9.   1098 

In addition to these bare, bare soil, excavated and barren lands and even with grass, brush and scrub urban 1099 
land features, if an urban land having any types of these land covers is on a hill slope facing towards either 1100 
south-east or directly east or south (Fig. 10), then the topographical aspect of the land w.r.t. its slope direction 1101 
facing directly toward either east, south or south-east becomes the dominant factor contributing greatly the 1102 
emergence of hot spots and development of heat islands over those urban lands having such sort of certain 1103 
specifications (Estoque et al., 2017). This is probably because of the increase of heat retention capability of such 1104 
lands having above mentioned land cover types when they face directly or almost perpendicularly towards the 1105 
sun. Thus, thermal energy coming from the sun is absorbed in high amount with minimum scattering by such 1106 
land surfaces when they face towards the sun. In the case of Izmir, realizing examples of that process on such 1107 
urban land slopes having together with one of the aspects of either east, south or south-east and land covers 1108 
mentioned above which cause hot spots to emerge and heat islands to develop can be followed from Fig. 7 and 1109 
even from the 3D illustration of Izmir city and also 3D illustration of SSI-LST distribution over the city in Fig. 9 1110 
and Fig. 10. This is probably the most important outcome of this research concluded after the topographical 1111 
structure of the entire city is analyzed through these stereo 3D illustrations. As it is seen from the same figures 1112 
that urban hill slopes not facing to the mentioned directions (so, if they are facing towards North, West or North-1113 
West) are having cool climates relatively w.r.t. the hot slopes discussed previously and they are shown with 1114 
black solid line arrows in 3D illustrations in the Fig. 10 and marked with black solid line and white dotted line 1115 
rectangles in K tagged RGB image in the Fig. 9.  1116 

Other relatively cool sites in the city are seen at residential and commercial areas delineated with large black 1117 
solid line ellipse in G tagged RGB image and large black solid line circle in K tagged RGB image in the Fig. 9 1118 
and they are also located on (in general) almost flat or slightly rough terrains as shown in 3D illustrations with 1119 
dotted line and solid line ellipses in both stereo images of Fig. 10. It is probably because of city building 1120 
structures and building materials being different than industrial sites since they are generally dwelling houses or 1121 
apartments or mostly commercial buildings in city centers in these regions. So, all those work together and 1122 
behave like scattering surfaces w.r.t. the sunlight coming form an angle. Therefore, these regions within 1123 
described structural form do not absorb much energy but scatter it around contrary to the sites causing UHI 1124 
developments. There are also some dotted line arrows which they point some sites appearing in darker blue color 1125 
in both stereo illustrations of SSI LST embedded images in Fig. 10. So, these areas are the parks with mature and 1126 
tall trees with large canopy surrounded by urban structures as it can be followed in the Fig. 11 as well which 1127 
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represents SSI-NDVI distribution over the city of Izmir. Other cool sites marked by black arrows again in Fig. 1128 
10 are slope lands facing towards North, West or North-West directions. They are the coolest areas in the region. 1129 

 1130 

1131 
Fig. 10 3D illustrations of SSI-LST distribution over the city of Izmir with cool sites marked with arrows and 1132 
ellipses. 1133 

 1134 

 1135 

   1136 
Fig. 11 32 years of Simulated Single Image (SSI) NDVI distribution for the month August over the city of Izmir 1137 

between 1985 and 2018 1138 
 1139 
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 1140 
Fig. 12 Unique formation of high rise dwelling apartments with specific natural recreation areas for cool site 1141 

creation in cities. 1142 
 1143 

One of the most interesting founding in this research is related with a residential area including tall and high 1144 
rise apartments in discrete formation and recreation sections between these apartments decorated with green 1145 
vegetation and trees as shown in large scale image at the bottom of Fig. 12 and with black solid line ellipses in 1146 
the left middle part of the figure which includes the thematic form of SSI LST distribution. What should be kept 1147 
in mind here related with this research is that the SSI-LST distribution means in one sense, single image output 1148 
of 32 years of statistical analyses of thermal data. So, the middle left part of the Fig. 12 illustrates that SSI-LST 1149 
appearance over that region as dark blue color which is referred to coolest temperature and over other sites 1150 
surrounding this specific apartment site. Here, it must be strongly emphasized that it means the mentioned 1151 
apartment site is one of the coolest city region in the entire city even if it is still urbanized residential area just 1152 
next to the heat island or in the heat island developed area like an isolated city section in this heat island 1153 
appearing in this part of the city. This is probably because of the above described specific formation of the site. 1154 
This outcome becomes meaningful when it is compared with the similar apartment sites with tall buildings in 1155 
again discrete pattern but with recreation areas between the apartment blocks decorated as car parks with asphalt 1156 
or paved lands or grassy lands with some bushes and even if they are located just next to the mentioned coolest 1157 
site, they appear as two of the hot spot areas in the city and they are shown with two black dotted arrows in the 1158 
Fig. 12. The figure also represents other two hot spot sections. They are highway road and junction shown with 1159 
two black solid line arrows and the others are empty bare lands with very rare vegetation shown with two black 1160 
dashed line arrows in the middle image.  1161 
 1162 
Conclusions 1163 
 1164 
Local climate studies for urban areas under thermal stress reviled a strong correlation between different urban 1165 
land cover types and urban LST distribution (Chen et al., 2006; Weng and Yang, 2004; Deilami and 1166 
Kamruzzaman, 2017; Tran et al., 2017). This relationship introduces the driving forces on UHI developments 1167 
w.r.t. urban land cover types in cities. On the other hand, it became a well-known fact that UHI determined by 1168 
LST analyzes is a temperature dependent climatic phenomenon exposing which urban areas have higher air 1169 
temperature than their surroundings (Shahmohamadi et al. 2011). Thus, LST dependent thermal analyses became 1170 
a phenomenon representing heat related local climate condition and distribution over an entire city and city parts 1171 
under severe thermal risks caused by the heat pollution when LANDSAT MS and fundamentally thermal images 1172 
are used for the related analyses in high resolutions like 30 m by 30 m land tiles resolution without any gab. This 1173 
study demonstrates timely changes and decreases in natural areas w.r.t. their normal thermal conditions because 1174 
of transformation of these natural areas into different types of urban lands and activity areas caused by urban 1175 
growth in time, then increases in surface temperature and the modified urban microclimate due to these increased 1176 
LST values and also UHI developments during a certain course of time following UHSs at where they emerge in 1177 
cities and at where specific urban activities are. Here in this research it is strongly confirmed that industrial sites 1178 
in urban areas are the major contributors and one of the most candidate sites in urban areas with suspicious 1179 
industrial activities and certain building structures causing urban hot spots to appear and then heat islands to 1180 
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develop in time. As it can be seen from the Fig. 13, relative temperature differences for the entire city computed 1181 
w.r.t. standard deviation of LST distributions through 32 years for each land part in 30 meter by 30 meter tile 1182 
size can reach up to 7.85 oC. The results also mean that the highest LST standard deviation value in UHI 1183 
development areas is 7.85 °C higher than those in the coolest sites where they are generally seen at the lands 1184 
covered by trees in residential areas on flat or smooth terrains without any industrial activities (they are the areas 1185 
appearing in dark blue color and are marked whit dotted arrows in Fig. 10) and on slopes facing towards north, 1186 
west or northwest directions (Fig. 6c and 13). 1187 
 1188 

 1189 
Fig. 13 Distribution of Local LST Differences for the entire city of Izmir. 1190 

 1191 
The sites with industrial facilities using heat for their specific industrial processes and building structures 1192 

with large and flat metal roofs generally appearing as roof installation style of industrial factories are the most 1193 
suspicious anthropogenic urban and activity patterns for UHSs to appear and then in time UHIs to form in cities. 1194 
Therefore, industrial zones cause severe UHI developments over the urban lands where industrial zones are 1195 
located at and clustered in the city and their affects also extent to the neighboring city parts in great extent. This 1196 
was also the outcome of our previous research depending on only one day data (Rizwan et al., 2008). Similar 1197 
results are also reached here in this research, but this time from the analyses of time serious data. Therefore this 1198 
outcome of the research is now a strongly confirmed with the results from SSI analyses based on time series 1199 
data. Such type of UHI patterns appearing over industrial zones is seen especially at the three industrial sites in 1200 
the city of Izmir, the first one is in the Cigli district at the far North city part, the second one is in the Bornova 1201 
district at the far East city part and the final one is the industrial zone in the Gaziemir district at the far South part 1202 
of the city. All represent worst temperature conditions causing heat pollution over locally large areas that change 1203 
and effect natural form of the local climate, living conditions and comfort level in and surrounding areas in these 1204 
city districts.  1205 

LST–NDVI builds a strong negative correlation between thermal condition and vegetation cover in urban 1206 
lands and even in rural landscapes. The urban sections with trees are remained as preserved natural islands in an 1207 
impervious, rough and rugged urban sea. Meanwhile LST-NDVI also represents a weak relation in small areas 1208 
like those vegetated and green lands with rare and short trees appearing mostly in dense urban built-up regions 1209 
(Fig. 5, Fig. 6a and Fig. 11). High values in a NDVI image is first highly dependent on existence of vegetation 1210 
and then the types and the state of vegetation based on some factors such as the canopy coverage, maturity, 1211 
density and height of trees where trees are involved. Normally, high NDVI values are for trees and green 1212 
vegetation and low NDVI values for built-up areas and bare lands. Moreover, high LST values can basically be 1213 
related with the increase in built-up areas and bare lands whereas low values are for the increases in forest, 1214 
wetland and water bodies. The existence of vegetation and water bodies reduces the LST value at that land parts 1215 
of the city. UHSs generally appear within the UHI zones as high concentrated LST locations. Therefore UHSs 1216 
affect the neighboring areas and then cause UHIs to develop over those areas. Only the regions in UHI zones 1217 
where the UHSs or eyes of UHIs appear are under a severe heat stress. With inconsistent urban development, the 1218 
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UHI zones may worsen the eco-environmental quality and fall under worst ecological condition (Guha et al. 1219 
2018). 1220 

Moreover, the relationship between LST and non-vegetation urban covers (not including build up areas) 1221 
represented in this study by SSI-LST and SSI-NDVI distributions based on a 32 years of time series data 1222 
analyses indicates a strong positive effect of non-vegetated urban lands (like bare, excavated or soil lands and 1223 
even low vegetated areas such as grassy or bushy urban land parts) on hot spot emergence and heat island 1224 
developments since these lands have almost a very little or negligible amount of vegetation and water bodies or 1225 
none of them (Fig. 11). Contrary to that, vegetated areas with mature and/or long trees and with trees having 1226 
large canopy cover appear as one of the coolest sites in the city and as reducing factor of UHI affect and heat 1227 
pollution in and around such urban lands.  1228 

There is also another contributing factor that carries UHI developments to further severe levels. It is the 1229 
influence of land aspects depending on the topographical structure of urban lands. If urban land located on a hill 1230 
slope facing towards either East, South or South-East, these land parts heat up by sun during day time but not 1231 
losing their temperature during the night times especially in summer seasons and then daily heat accumulates on 1232 
top of the previous times’ temperature which could not reduce much during night times (Fig. 10). This process 1233 
goes on and on in daily manner and ends up as hot spots on that sites and affects to develop UHIs in time. Thus 1234 
aspect conditions of urban lands cause these UHI developments influence large areas and widely extent over 1235 
neighboring city lands especially when it works together with other factors such as industrial zones appearing in 1236 
special building patterns with very large metal roofs as seen in all three industrial regions in the city mentioned 1237 
previously and even with bare, excavated or rarely vegetated grassy bushy urban lands on hill slopes facing 1238 
towards those directions given previously.  1239 

Other suspicious city urban features which cause UHSs to appear and then contribute the development of 1240 
UHIs are wide asphalt roads such as highways passing through cities or occupying surrounding city terrains and 1241 
large highway intersections (Fig. 9). Asphalt absorbs the incoming energy from the sun and then this process 1242 
heats up the urban land parts where these roads are. Afterward, asphalt starts to reradiate that absorbed energy in 1243 
longer wavelengths such as those in thermal wavelength region of electromagnetic spectrum. Thus, wide asphalt 1244 
roads become another contributing factor causing increase in temperature and heat pollution in that suspicious 1245 
city parts and they even affect the surrounding urban parts in cities as being experienced in the Izmir case, here 1246 
in this research.    1247 

There is another outcome of this study which is about building structure and building site design pattern. 1248 
Depending on the SSI-LST analyses here, a dwelling site in Izmir represents quite a cool region. A certain layout 1249 
pattern of this site consists of several apartment blocks in a discrete order with large common areas between the 1250 
buildings. These common areas include not paved surfaces (usually which are not encountered in most cases) but 1251 
green spaces with mature trees which are tall and having large canopy. Other sites with similar layout pattern 1252 
(even next to this site in Izmir) but with paved surfaces between building blocks as car parking areas appear as 1253 
one of the contributors of UHI development in the region (Fig. 12). In addition to that, the residential areas 1254 
supported with commercial activities and buildings and also dwelling units (as apartment blocks, houses and 1255 
etc.) generally show relatively cool local climates being contrary to the situations encountered in the regions 1256 
under severe UHI pressures and with suspicious urban structures mentioned earlier since these cool sites include 1257 
discrete or even row housing buildings and apartment blocks with low-rise storey and generally with tile roofs 1258 
and most importantly they are recreationally supported by mature and large canopy trees which are closely 1259 
planted around and just next to the buildings and also at the sides of the streets between these dwelling 1260 
apartments and houses in the region.  This mature and large canopy tree supported recreational area and housing 1261 
urbanization layout style works together with the heights of low-rise and high-rise storey buildings (no matter 1262 
they are for dwelling or commercial purposes) and closely planted mature trees for creating significant amount 1263 
of shadowy regions in these urban sites which are generally located on almost slightly rough terrains in the city 1264 
(areas with blueish colors and marked by ellipses seen in Fig. 10).  1265 
 1266 
Suggestions for the mitigating the UHI impact on city local climate 1267 

 1268 

As an essence from this study, one can come up with a conclusion such as that, if there would be no industrial 1269 
sites next to regions where city residents dwell, shop and live and in short, spend most of their out work time or 1270 
if the industrial zones would be in distant locations to such city zones, the city would be more comfortable than 1271 
the cases under the pressure of industrial zones and even people’s cooling bills would be cut down in residential 1272 
and commercial buildings and in their cars as well. So this means considerable amount of cost saving in total for 1273 
cooling issue in cities when city population is taken into consideration especially in metropolitans and then 1274 
maybe, this would create extra financial resources coming from individuals for supporting more recreational 1275 
areas and activities at where city residents mostly spent their time in cities with a more comfortable and calm 1276 
city local climate (temperature) conditions which would need only few centigrade degrees to be cooled down, 1277 
not as much as that seen in the cases of UHIs.  1278 
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The above urban areas with above mentioned specific features are all urban regions contributing UHSs to 1279 
appear and UHIs to develop which make people to live in harsh and uncomfortable environmental conditions 1280 
and even costly in term of several aspects. Consequently, these outputs of the study suggest us to create a 1281 
guidance to prevent our cities from such sort of environmental pollution, so thermal pollution caused by 1282 
aforementioned urban structures. With the light of another outcome of this study it can be suggested a nature 1283 
based solution. This solution focuses on a future urban forest plantation plan (to grow urban forest) to be taken 1284 
into consideration at those industrial sites as a priority to mitigate the negative effect of heat islands at and 1285 
around and even at where they accumulate in cities in an effective, an efficient and a sustainable way. It then 1286 
promises providing thermal comfort for the residents living close to these sites, reducing sera effect, contributing 1287 
prevention of climate change, increasing energy save, reducing fossil fuel usage and many more. This will also 1288 
increase the current city rank to a city rank which is more resilient, sustainable, livable and etc. by only using 1289 
nature based solutions; tree plantation in a compatible pattern so tall and mature trees with large canopy 1290 
coverage. This sort of nature based solutions can also be suggested for the highway sides and surrounding 1291 
terrains as well. In addition to that especially in the industrial zone with large and wide roof and even not tiled 1292 
but roofing with metal materials it can be suggested some more solutions as those followings to reduce heat 1293 
causing UHS appearance and UHI development and then to prevent our cities from heat pollution and to restore 1294 
local climate as comfortable as at the times when people enjoy the natural. The first, the large and wide roofs of 1295 
existing industrial buildings can be divided in to several sections almost in the extent of normal dwelling 1296 
building roofs with tiles and then a serious of gable, hip or shed types of roofs with tiles can be installed on one 1297 
meter high scaffolds and in the case of new industrial buildings, the roof construction plans can be rearranged 1298 
appropriately or modified with the suggested roof styles. Another solution could be the installation of green roofs 1299 
on top of existing industrial buildings’ roofs even if it is labor intensive and a costly solution, even after the 1300 
construction it will need continuous care, survival and maintenance attentions. On the other hand, mostly cost 1301 
effective one could be the setting up a water sprinkle system on top of industrial roofs that sprinkle water in an 1302 
appropriate time order which is similar to the water sprinkle systems used by municipalities to water grassy 1303 
urban lands like ring road intersections and also in parks (Tsoka et al., 2020). In the industrial buildings’ roof 1304 
case, a different process than the watering in parks takes place. So, in this case, the water is used for absorbing 1305 
the heat from industrial building roofs and then for removing it through existing rainwater drainage systems on 1306 
the roofs. Same approach can be applied to the wide asphalt roads such as highways to remove heat from the 1307 
road surface (Dong et al., 2019) and then drainage it through the existing road side drainage system. As a side 1308 
benefit, the heated water can be used for different purposes in the cities as well.  1309 

Long term urban LST distribution was studied to determine the thermal and ecological comfort level of Izmir 1310 
city. In accordance with the statement of that the urban heat island (UHI) effect indicates the higher air and land 1311 
surface temperature (LST) generated by high amount of near-surface energy emission, solar radiation absorption 1312 
of ground objects and low rates of evapotranspiration in impervious urbanized areas in comparison with the 1313 
surrounding non-urbanized regions (Oke, 1997; Rizwan et al., 2008; Buyantuyev and Wu, 2010; Oke, 1982 ), 1314 
even w.r.t the results from long term analyzes, several locational urban heat islands (UHIs) were extracted as the 1315 
most heated zones within the city boundaries in Izmir due to increasing anthropogenic activities, especially like 1316 
those experienced in the city industrial zones, at where wide roads are and at the slopes facing towards south, 1317 
east and south-east directions (Fig. 7).  1318 

As it is discussed earlier, LST shows a negative strong correlation with NDVI (Fig. 11). Moreover, most of 1319 
the UHIs even from SSI analyzes are found within none vegetated areas in the Izmir city urban lands appearing 1320 
as ecologically stressed zones when low vegetated areas seen as low NDVI values in Fig. 11 were compared 1321 
with the areas in high LST values in Fig. 7. The natural vegetated areas such as forest and agricultural areas 1322 
found at and around the boundary of urbanized lands of Izmir city as seen in the SSI NDVI image (Fig. 11) 1323 
appear with low radiant temperatures in the SSI LST image (Fig. 7), so even these long period of data used in 1324 
this study (compare the areas in Fig. 7 and Fig. 11). Dense vegetation can prevent lands to store high amount of 1325 
heat in the case bare soil or land and also surfaces with dense vegetation let lose high amount of heat through 1326 
evapotranspiration w.r.t. the results of the study concluded with that the textures of land cover and land use types 1327 
and also changes in land use and land cover can have profound effects on the surface radiant temperature 1328 
(Buyadi et al., 2013), here in this study this is also strongly approved by SSI analyses depending on long period 1329 
of data. In the same study it is also mentioned that vegetation regulates the radiant temperature in the zones 1330 
surrounding them up to 100 meters towards built-up areas depending on type and density of vegetation and also 1331 
water body helps lowering the surface radiant temperature as well. According to the study here using the long 1332 
period of data, it is shown that UHI effects can reach up to several kilometers from the UHSs by contributing one 1333 
another into the neighboring regions. So, the LST differences between UHI regions like built-up areas and barren 1334 
lands and cool sites like vegetated areas reach up to 7.85°C w.r.t. analyses of the standard deviation differences 1335 
(Fig. 13). The vegetation mitigates high temperature in urban areas by its regulating effect (Fig. 7 and 11). An 1336 
initiative to replace of loss of natural green spaces is a must in sustainable urbanization approach which offers 1337 
nature based solutions for such kind of city problems. Thus, such studies could provide an insight and create 1338 
perception on the effects of vegetation for mitigating UHI phenomenon in built-up areas and could assist 1339 
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decision makers or planners to plan our cities for a sustainable future with those smart technologies supported by 1340 
Geospatial Technologies (GeoTech). 1341 
 1342 
Future researches 1343 

 1344 

The results are shown here are the early outcomes of the current stage of the project on local climate change in 1345 
Izmir over several decades. There are still some sequential research steps to be completed as further stages of the 1346 
project. First, it will be analyzed the change trend of specific urban lands turned into impervious urban areas 1347 
(such as those suspicious urban lands mentioned above sections of the paper and appearing as UHSs and causing 1348 
UHI developments) which were previously natural lands by using NDVI and build-up index with time serious 1349 
data. For this reason, these sections of the city will be extracted by a classification process using SSI NDVI, 1350 
Build-up and LST time serious data. Then the correlation will be computed between LSTs from time serious data 1351 
and these previous natural lands which are urbanized in time by using time serious data of combined NDVI-1352 
build-up index algorithm to analyze the impact of above mentioned suspicious urban land cover types on UHI 1353 
developments. So that, this will let us to find out how effective of each suspicious land type is on UHI 1354 
development. So, the outcome of this research will help us to develop a heat pollution warning system for smart 1355 
and sustainable future and calm local climate conditions for our cities.    1356 
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Figures

Figure 1

Izmir province and densely populated central metropolitan city part (study area is in red boundary). Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 2

Long term monthly average temperature differences for the city of Izmir w.r.t the annually minimum
average temperature.



Figure 3

Conversion algorithm DN to Radiance and Radiance to Land Surface Re�ectance.



Figure 4

General NDVI values for general land cover types.



Figure 5

City of Izmir, urban areas distribution by RGB true color LANDSAT images Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 6

3D representation of study area (red curved line) (a) with some urban details, and (b) for the Simulated
Single Image (SSI) LST distribution and (c) for the distribution of SSI Local LST differences in the city of
Izmir for the month August as a summary of 32 years’ time span between 1985 and 2018 by using stereo
display techniques with embedded illustrations on Google Earth captured images (use converging eye
lines’ method to see the 3D illustrations above). Note: The designations employed and the presentation of



the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 7

32 years of Simulated Single Image (SSI) LST distribution for the month August over the city of Izmir
between 1985 and 2018 Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.



Figure 8

Subsections of the project covering the different urban zones in the city w.r.t. the LST distribution. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 9

Representation of detailed subsections covering areas with speci�c urban features shown in different
geometrical shapes for the comparison with speci�c LST distributions in the city. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or



area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.

Figure 10

3D illustrations of SSI-LST distribution over the city of Izmir with cool sites marked with arrows and
ellipses. Note: The designations employed and the presentation of the material on this map do not imply
the expression of any opinion whatsoever on the part of Research Square concerning the legal status of
any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 11

32 years of Simulated Single Image (SSI) NDVI distribution for the month August over the city of Izmir
between 1985 and 2018 Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.



Figure 12

Unique formation of high rise dwelling apartments with speci�c natural recreation areas for cool site
creation in cities. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 13

Distribution of Local LST Differences for the entire city of Izmir. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.


