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Abstract

The concentration of human activities in urban areas, increasing greenhouse gas emissions, and high global temperature
values in urban areas have accelerated the research on global warming. They are the most widely used bioclimatic indices
to describe the level of thermal sensation experienced by a person due to the changing climatic conditions of an urban area.
Thermal comfort is an interdisciplinary spatial issue and a parameter directly affecting urban outdoor land uses. Thom's
discomfort index was used to simulate two different climate change scenarios. This study aimed to predict the temporal and
spatial changes of surface temperature, relative humidity, and bioclimatic comfort zones of Kocaeli province in terms of
climate comfort in the context of SSP 245 and SSP 585 scenarios of IPCC. The current bioclimatic comfort areas through-
out the region and their possible situations in 2040, 2060, 2080, and 2100 were modeled using ArcGIS 10.8 software. In
the current map, 79.6% of the city consists of cool areas, 18.6% of cold, and 1.8% of comfortable regions. According to the
SSP 245 scenario for the year 2100, it is observed that the cool and cold areas warm up, and the comfortable areas increase
to 23.5%. According to the SSP 585 scenario, it was determined that comfortable areas reached 82.6%, and hot areas were

formed in the province. The geographical structure's effect on the regions' heating draws attention.

Keywords Discomfort index - Geographic information systems - IPCC - Spatial analysis - Urban geography - Urban

modeling

Introduction

In the post-industrial period, the employment opportuni-
ties (Hoogerbrugge and Burger 2022; Zhao et al. 2022) and
social opportunities offered by urban areas, unlike rural
areas, initiated the procedure of the migration process from
rural to urban and the urbanization process on a global scale
gained momentum, especially in developing countries (Ye
et al. 2022; Zhang et al. 2022). Global urbanization (Ehrlich
et al. 2018; Patra et al. 2018; Yang et al. 2020; Pimonsree
et al. 2022), vehicle and population density have increased
rapidly in urban areas, and there have been multidimensional
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and mutually triggering processes such as environmental
pollution (Sulhan et al. 2022; Yayla et al. 2022), socio-
spatial problems, land degradation, and global warming
in the long term (Cevik and Ghazanchyan 2021; He et al.
2022; Melnikov et al. 2022). The greenhouse gas concentra-
tions such as VOCs, CO,, CH, and N,O accumulated in the
atmosphere (Zhang et al. 2021; Isinkaralar 2022) as a result
of increased emissions in urban environments higher than in
rural areas (Amani-Beni et al. 2022; Cheval et al. 2022) due
to human activities have resulted in global warming. Accord-
ing to WMO (2006), the T, in the world increased by an
average of 0.6-0.7 °C after the 1900s. However, the 0.18 °C
increase in temperature in the ten years after 1976 is quite
sharp. According to the Intergovernmental Panel on Climate
Change (IPCC) Assessment Report, industrialization activi-
ties are responsible for an increase of 0.8—1.2 °C depending
on the region (Church et al. 2013). If this continues, the gain
may reach 1.5 °C before 2052 (Maniatis et al. 2021). Cli-
matic processes emphasizing the distant future have brought
emission scenarios, sanctions, and sustainability emphasis
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to current research (Kilkig et al. 2022; Vargas et al. 2022).
In addition, many studies showed that mega forest fires have
increasingly been seen in recent years, especially those due
to the effects of the climate crisis (Ertugrul et al. 2021; Bil-
gili et al. 2021).

It has been proven in many studies that for most countries,
cities are the places most exposed to heat (Hanberry 2022;
Jay et al. 2021). After accepting urban growth as a fact that
cannot be ignored and the inadequacy of mitigation studies
for the factors that will cause climate change, adaptation
practices have started to be discussed in addition to mitiga-
tion studies in climate change processes (Sharifi 2021). Cli-
mate action plans based on strategies and targets have been
produced for the change processes experienced (Karhinen
et al. 2021). Urban heat island research has become wide-
spread to guide urban design and planning decisions (Park
et al. 2021). All these researches emphasize the collective
behavior of international organizations, circumstantial
authorities, and individuals in seeking solutions to the global
temperature change. It is a promising approach in planning
to make predictions based on probabilistic scenarios to be
prepared for the transformation of climatic conditions, con-
trol uncertainties, and minimize possible adverse effects
with timely decisions. In this context, the concepts of bio-
climatic design (Elaouzy and Fadar 2022), bioclimatic archi-
tecture (Widera 2021), and bioclimatic approach (Molina
et al. 2021) have begun to take place in current research.
In addition, plant species (Wang et al. 2022), models for
energy demand at the building scale (Al Huneidi et al. 2022;
Salad et al. 2022; Yamaguchi et al. 2022; Salata et al. 2022),
surface waters and wetlands (Shah and Lone 2022; Wang
et al. 2022a, b), groundwater management (Dehghani et al.
2022; Kumar et al. 2022; Moghadam et al. 2022), basin scale
(Abdi and Ayenew 2022; Tarekegn et al. 2022; Naulleau
et al. 2022), forest adaption, forest fires (Bilgili et al. 2019;
Sevinc et al. 2020) are included in current studies within the
framework of the effects of climate change.

The IPCC report reveals that parallel to the increase in
emissions in the atmosphere, the increase in 7; and the rise
in sea level will continue in the twenty-first century and neg-
atively affect many ecosystems, such as forest and aquatic
ecosystems and the biological structures (Church et al. 2013;
Kedward et al. 2022; Varol et al. 2022; Tekin et al. 2022).
The long-term change of climate indicators is reflected in
the comfort parameters of individuals depending on climatic
conditions. Thermal comfort is a state of mind that expresses
satisfaction with the thermal environment (ISO 2005). How-
ever, bioclimatic comfort (BIOC) zones are related to the
stress level of individuals and can lead to fatal results by
causing thermal stress beyond daily lifestyle (de Freitas and
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Grigorieva 2015; Jia et al. 2022; Leng and Han 2022). The
space, which moves away from the optimum climate param-
eters, prepares the environment for hypertension, asthma,
and an additional critical public health problem. Sweltering
weather can cause many health problems, such as migraine
(Chaturvedi et al. 2022), sleeping disorders (Bolton et al.
2022), multiple sclerosis (MS) (Elser et al. 2021), epilepsy
(Gulcebi et al. 2021) and infectious diseases (Coates and
Norton 2021) by causing water and salt loss from the body
due to excessive sweating. The fact that individuals do not
feel comfortable affects their psychological health (Matza-
rakis and Mayer 1997) and their working efficiency. There-
fore, individuals try to reach BIOC indoors and outdoors.
However, this situation causes an increase in energy demand.
It accelerates the growth in the use of fossil fuels, which
is supported by many studies that are the leading causes
of global warming (Olabii and Abdelkareem 2022). The
increase in the CO, rate in the atmosphere accelerates the
processes, with negative reflections coming to a dead end.

The rates of immigration and urbanization of cities for
employment purposes are different from each other. The
growth process of some cities is faster than in the country in
general. Greenhouse gas emissions brought about by urban
growth are considered to be responsible for the increase in
T,. In this context, this study that was carried out in 2021
aims to make future predictions of the BIOC areas of an
industrial city for the Kocaeli, where people migrate heavily,
in terms of 7, and RH, through the thermal scale developed
in this framework. It is also targeted to draw attention to the
point that can direct urban growth in the spatial decision
mechanism of the obtained urban models.

Materials and methods
Study area of simulation

This research was carried out in Kocaeli province, where
coordinates at latitude 40.852°N, and longitude 29.878°E.
The area is located in the Marmara region and borders Mar-
mara and the Black Sea. It creates a transition between the
Mediterranean and the Black Sea climate. In the ranking pre-
pared according to the socio-economic development index
(SEDI) of Tiirkiye, Kocaeli comes after Istanbul, Ankara,
and Izmir. Although it is smaller than Tiirkiye's metropolitan
cities in terms of surface area, it is a city where industrial
activities are intense in the Marmara region. It ranks first in
terms of income per capita in the country (Fig. 1).
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Fig. 1 Research area determined for BIOC analyses

Database, methodology of analyses, and prediction

The National Department of Energy Lawrence Livermore
National Laboratory produces high-resolution (50 km
resolution) climate projections for regional or local areas.
In this context, SSP 245 (an intermediate radiative force is
4.5 W/m?) and SSP 585 (the most extreme—radiative pres-
sure is 8.5 W/m?) scenarios of the CNRM-CM6-1 model
were selected as some studies built on these scenarios
(Varol et al. 2022). After the climate data was downloaded
in NetCDF file format, these data were processed in Arc-
GIS 10.8 program. Many studies about spatial networks
that affect decision-making processes have demonstrated
using ArcGIS in spatiotemporal analyses (Saglam et al.
2008; Aljoufie et al. 2013; Hussain et al. 2022; Liu et al.
2022; Isinkaralar and Varol 2023; Wei et al. 2023). Maps
for simulation were created using the "inverse distance
weighted (IDW)" method from the climate data obtained
after the transformation process was applied with the
software's section. The simple formula of the IDW, which
is proceeding with the principle of estimating unknown
points by interpolation from known values, is as follows:

Black Sea

Sea of Marmara

Kocaeli

TURKIYE

Mediterranean

h z(x,-).diz)’
Yo dy

The location X, where the estimations are made
is a function of neighbor measurements n [z(X,;) and
i=1,2,...,n]; r is the top that determines the assigned range
of each of the observations, and d is the distance separat-
ing the observation location X; from the prediction loca-
tion X,,. The larger the exponent, the lower the assigned
weight of statements far from the forecast location. An
increase in the exponent indicates how closely the predic-
tions are similar to the closest observations. Calculations
were made using these data and the above formulas in
Eq. 1 via the ArcGIS program.

Thermal comfort is essentially a type of analysis
based on perception. As the temperature sensation of
each individual is variable, their tolerance levels also
differ. In this context, it is possible to say that it has
a subjective aspect. However, there are indexes on
which comfort feel ranges developed so far are based
on certain assumptions. It is possible to determine the

(x,) = (1)
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Table 1 DI classification in this study

Interpretation of DI Meaning of DI

< —=40.0 Extremely ice
-39.91t0-20 Freezing cold
—-199t0—-10 Extremely cold
-99t0—-1.8 Very cold
—-1.7t0+12.9 Cold
13.0to+14.9 Cool
15.0t0+19.9 Comfortable
20.0to+26.4 Hot
26.5t0+29.9 Very hot

> +30.0 Extremely hot

suitability of the index values in terms of the percep-
tion of comfortable feeling in the human body, with
the calculations carried out based on numerical data
based on these indexes. These numerical operations and
BIOC index formulas were applied to the climate maps
of each scenario, and BIOC maps were produced for the
study area. There are indexes, such as DI (Thom 1959),
Climate Index (CLIM) (Becker 2000), and Cold Strain
Index (Moran et al. 2003; Rissanen and Rintamaki
2007), which are widely used in the creation of BIOC
maps. These indices are based on average tempera-
ture, and surface air temperature and subsequent water
vapors are critical components of climate change and
the hydrological cycle (Sein et al. 2022). All layers were
in 1 X 1 km spatial resolution, and DI was covered by
the temperature-humidity index (THI) and made by the
implementation of its index in Eq. 2:

DI = T — (0.55-0.0055 X RH) X (T—14.5) )

where;

DI: discomfort index;

T: monthly average temperature (°C);

RH: relative humidity (%).

In recent studies, the DI parameters have been inter-
preted by finding the obtained values and classifying them
according to the scope of the research. When interpreting
DI values, the classification of uncomfortable (D1 < 14.9),
comfortable (15.0<DI<19.9), partially comfortable
(20.0<DI <£26.4), and uncomfortable (D1 >26.5) is widely
preferred (Thom 1959). According to Din et al. (2014),
it was suggested that the partially comfortable range is
20.0<DI<30, and the uncomfortable range is DI > 30.1.
The Physiological equivalent temperature (PET) classifi-
cation ranges generated by Basansenot were preferred for
analysis in the study in Table 1 (Gii¢li, 2010; Toroglu et al.
2015; Cetin et al. 2019).
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Results and discussion

BIOC simulation results

In the research, firstly, surface temperature (7,) and relative
humidity (RH) were modeled according to SSP 245 and SSP
585 scenarios for the years 2040, 2060, 2080, and 2100. In
the next step, the change of BIOC areas for these years was
simulated using the DI. The current situation of the annual
average temperature of Kocaeli province and the change in
2040, 2060, 2080, and 2100 according to SSP 245 and SSP
585 scenarios within the scope of projection periods are
given in Fig. 2. According to SSP 245, in 2040, 45.8% of the
area constitutes the majority of the site at 14—15 °C, and in
2100, 56.4% of the area is 16—17 °C. According to SSP 585,
15-16 °C covered 44.8% of the site in 2040. According to
this scenario, 19-20 °C areas will take place in 2100 to a
large extent.

The maps in which RH changes are determined and simu-
lated in terms of DI values according to the SSP 245 and
SSP 585 climate scenarios are given in Fig. 3. According to
the map showing the present RH, the values are dominant
in the range of 68-69% level. However, according to SSP
245, the RH values decrease to 66—67% in 2100 and 62-63%
according to SSP 585.

While the BIOC zone simulation models the increase in
comfortable areas in 2100 according to SSP 245, it models
the possibility that hot regions will be formed in 2080 and
that this rate may reach 11.4% in 2100 according to this
increase according to SSP 585 (Table 2). Kocaeli city center
has chosen a place in the formation of a bay. According
to the BIOC model, the spatial distribution of hot areas in
2100 is primarily in areas where settlements are located and
without vegetation in Figs. 3 and 4.

Discussion

It is indisputable that the change of BIOC zones is a multi-
parameter (Adiguzel et al. 2022; Roshan et al. 2022) and
self-organizing complex system in the dilemma of human
activities and climate response (Isinkaralar et al. 2022).
Howeyver, to achieve this, measures are taken at different lev-
els, from the macro-scale (Mansuroglu et al. 2021; Calama-
Gonzalez et al. 2022; Faragallah and Ragheb 2022; Lab-
daoui et al. 2021a) to the street (Acero et al. 2022; Labdaoui
et al. 2021b; Narimani et al. 2022; Ren et al. 2022; Sun et al.
2022) and building design (Razmi et al. 2022; Sathiparan
et al. 2022), to keep body temperature at 37 °C following
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Fig.2 T, simulations for SSP 245 and SSP 585 climate scenarios

conventional comfort theory (Jie et al. 2022; Xie et al.
2022). The fact that a maximum monthly temperature of
36 °C for cities cannot develop a human civilization and
may indicate the beginning of an inevitable collapse (Han-
berry 2022) shows the necessity of predictions and logical
analysis. Precautions such as guiding investment decisions
at the regional scale, planning urban ventilation corridors
at the urban scale (Oztiirk 2015; Liu et al. 2021), setting up
open green spaces (Yang et al. 2022), and planting design

at the micro-scale (Sayad et al. 2021), creating shadow
spaces with structural materials and modeling specific to
building energy is for BIOC (Yang et al. 2022). In addition,
bioclimatic design strategies are being developed against
the effects of global warming. Bienvenido-Huertas et al.
(2021) revealed a decrease in thermal comfort hours, espe-
cially in hot climates, with 450 case studies selected in six
countries (France, Portugal, Spain, Argentina, Brazil, and
Chile). Research indicates that the future effectiveness of
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Table 2 The percentages of

the current and future status of Scenario Class Years
BIOC maps under the SSP 245 Present (2020) 2040 (%) 2060 (%) 2080 (%) 2100 (%)
and SSP 585 scenarios (%)
SSP 245 Cold 18.6 6.5 5 35 2.6
Cool 79.6 91.5 84.1 73 72.4
Comfortable 1.8 1.9 10.9 235 25
SSP 585 Cold 18.6 5.8 39 0.9 -
Cool 79.6 88.9 71.9 27.3 0.6
Comfortable 1.8 5.2 242 71.8 82.6
Hot - 1 114
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passive design strategies will decline. Cetin (2015) exam-  BIOC model of an industrial city with a methodology that
ined the compatibility of the annual data related to the Kas-  includes integrated climate change scenarios and DI.

tamonu with the ArcGIS program and BIOC analysis. In
addition to the existing literature, this paper presents the

* @ Springer
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Conclusion

The spatial model produced is an essential guide for site
selection in urban planning because the location of an urban
land use provides a high quality of life for society and maxi-
mum profitability for the companies. The social, economic,
cultural, political, and spatial consequences of the location
decision/selection are revealed. Therefore, investigating the
time-dependent change of residential areas with the effect
of climate change, one of the most fundamental global prob-
lems of today's world is a crucial issue in the context of
innovative approaches to making urban areas more resistant
to climate change. Combating climate change is a multi-
actor and multi-level phenomenon. Experienced parameter
changes necessitate considering the comfort perception of
the society in the built environment against the changing
climate parameters as one of its spatial dimensions.

It is modeled with the DI index, which is most commonly
used in urban climate research to describe the thermal sen-
sation a person experiences due to the changing climatic
conditions of a metropolitan area. T, RH, and BIOC changes
that occur at intervals of twenty years are monitored con-
sidering the climate scenarios. The spatiotemporal warm-
ing process in the research area is quite remarkable. In the
emergence of this situation, automotive, machinery, chem-
istry, etc., in the province. The density of industrial facilities
is effective. In addition, according to the findings obtained
from the model, the warming in the coastal region of the
province to the Marmara Sea is a striking result. Climatic
comfort indicators are effective in many areas of people's
social life. In addition, the change in temperature values
confirms the use of energy with heating—cooling systems.
This situation drives the global energy demand. The energy
requirement, on the other hand, primarily affects the use of
fossil fuels and causes an increase in greenhouse gas emis-
sions, which is responsible for global warming in the future.
This research, in which the changes in outdoor comfort val-
ues are monitored, is significantly guiding decision authori-
ties in addition to the methodological approach it offers that
can be applied to many cities. In future studies, a model can
be produced at the regional level by creating a framework
for the region.

Limitations and future research directions
This research focuses on the temporal change process of ther-

mal conditions in outdoor use in an urban context from the
climate change perspective. While drawing attention to the
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change in climatic conditions, it is aimed to spatially determine
the areas that will be comfortable in the future depending on
the scenarios based on the current measurements by making
future predictions. The research was carried out by choos-
ing the primary data available throughout the province as an
indicator. However, the study can be developed by modeling
climate variables in some areas of the region and producing
local spatial models, considering the mobile measurements
that can be carried out via several methods.

This study is limited to defending the necessity of consid-
ering the thermal comfort of urban development in determin-
ing suitability in terms of location selection. Socio-economic
growth and development are not just about the growth and
expansion of the metropolitan area. The fact that subjective
perceptions are included in studies evaluated in terms of the
tourism sector, where outdoor use is a very decisive and criti-
cal factor in terms of thermal comfort, especially when consid-
ered in the context of economic growth and the fact that this is
different from actual observations has been demonstrated by
previous studies (Lopes et al. 2021). Further studies are needed
to clarify the differences between thermal comfort, thermal
sensation, and thermal preference in future research, primarily
based on changes in anthropogenic heat and air circulation pro-
duced by cities, and to fill in research gaps about the thermal
comfort of urban areas.
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