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1. Introduction

Urban areas have long represented critical interfaces where anthropogenic activities and climatic
processes intersect most intensely. As both major contributors to greenhouse gas emissions and
vulnerable hotspots of climate-related stressors, cities play a central role in both amplifying and
experiencing the impacts of climate change. Rapid urbanization, extensive land-use conversion, the loss
of natural vegetation, increased anthropogenic heat fluxes, the widespread use of low-albedo and high-
thermal-mass materials, and elevated air pollutant concentrations have collectively led to profound
alterations in the physical characteristics of urban environments (Grimmond, 2007; Kalnay & Cai, 2003).
These transformations have disrupted local energy balances, intensified surface radiative, and
established a strong two-way interaction between global and urban climate systems. One of outcomes
of this interaction has been the urban heat island (UHI) phenomenon, which, together with the increasing
frequency and intensity of extreme temperature events, has significantly reduced outdoor thermal
comfort and amplified heat-related health risks (Ravindra et al., 2020; Xiong et al., 2016). Such
conditions have imposed additional physiological and psychological burdens on urban populations,
particularly on vulnerable groups. As a result, understanding the mechanisms that shape urban climate

has become a strategic scientific priority.

The assessment of climate change impacts on human biometeorology has largely relied on energy
balance models. Among these, the Munich Energy-balance Model for Individuals (MEMI) has been one
of the most widely applied approaches (H6ppe, 1984). MEMI simulates human thermal balance under
indoor and outdoor conditions by modeling key heat exchange processes, including radiation,
convection, evaporation, and respiration. By integrating environmental variables with human thermo-
physiological responses, the model allows for a detailed analysis of how different factors influence
overall energy balance. Within this framework, the Physiological Equivalent Temperature (PET) is
commonly used as a standard outdoor thermal comfort index (Chen & Matzarakis, 2018; de Freitas &
Grigorieva, 2015; Hoppe, 1999). The PET classification was refined to better represent thermal stress
above 41 °C. New categories were added in 5 °C increments, improving the assessment of severe heat
impacts and ensuring consistency with previous thermos-physiological studies (Hwang & Lin, 2007; Lin
& Matzarakis, 2008; Nouri et al., 2018, 2021) (Table 1). PET values are calculated by incorporating
meteorological variables, built environment characteristics, and clothing insulation, and are

subsequently categorized to reflect different levels of heat stress and corresponding thermal perception.

Table 1 PET Index ranges and thermal comfort categories

PET (°C) Thermal perception Grade of heat stress Abbreviation
>51 Extreme very hot-II Extreme heat stress (ll) HS6

47 - 51 Extreme very hot-I Extreme heat stress (l) HS5

42 - 46 Very hot Extreme heat stress HS4

35-41 Hot Strong heat stress HS3
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29-35 Warm Moderate heat stress HS2
23-29 Slightly warm Slight heat stress HS1
18-23 Neutral No thermal stress NTS

In recent years, increasing attention has been directed toward understanding thermal comfort from the
perspective of pedestrians in motion, focusing on how people perceive and respond to thermal
conditions while walking in outdoor urban environments (Héppe, 2002; Li et al., 2022). Unlike static
comfort assessments, walking involves dynamic exposure patterns, making both the duration of
movement and the intensity of thermal stimuli along the route critical factors for overall comfort. Field
studies have demonstrated that even under stable meteorological conditions, variations in street
geometry can cause noticeable fluctuations in pedestrians’ thermal perception along the same route
(Vasilikou & Nikolopoulou, 2020). These fluctuations typically emerge within short exposure periods:
several studies have shown that thermal sensations are strongly shaped within the first two to three
minutes of walking (Lau et al., 2019; Nikolopoulou & Steemers, 2003). Such findings highlight the
importance of considering the temporal and spatial variability of thermal exposure when evaluating

outdoor comfort.

As part of this activity, field measurements were conducted to examine the spatial and temporal
variability of thermal comfort conditions along pedestrian routes. The study took place on typical summer
days in urban streets with high pedestrian activity. In selected pilot areas across four Black Sea countries
(Bulgaria, Georgia, Greece, Tlrkiye), air temperature, relative humidity, wind speed, and shortwave
and longwave radiation were systematically recorded. The measurement data were analyzed to assess
how different urban morphologies influence accumulated thermal load and heat stress during walking.
The results provide evidence-based input to support planning and design strategies aimed at enhancing

thermal comfort and promoting walkability in urban environments.
1.1. Coordination and Preparation Process

In order to ensure the effective implementation of the study, a two-stage briefing process was conducted
with the teams from the partner countries. The first session, led by LandLab experts, introduced the
measurement instruments and provided a step-by-step orientation on the research workflow, including
the acquisition of fisheye photographs and the practical execution of the field protocol. The second
session was organized for local experts in each partner country to present the questionnaire to

participants and to explain the purpose and importance of the research prior to data collection (Figure

1),
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Second stage

Batumi Kavala Sozopol Uzunkoprii

Figure 1 Training and orientation activities conducted in four partner countries

1.2. Research Design

The research design integrates both objective and subjective approaches to evaluate outdoor thermal
comfort. Field measurements and questionnaires were conducted with local inhabitants across four case
study areas during typical summer days. The analysis was based on field measurements and fisheye
photographs obtained from the study sites. Data were analyzed using RayMan to assess microclimatic

and environmental conditions (Figure 2).

Local inhabitant (n=10) = In-situ measurements
Batumi, Kavala, & Questionnaire @
Sozopol, Uzunképri x
@ Typcal summer days ® Fish-eye applicaiton
@ Survey points (n=10) ® RayMan

along a 1km street

Figure 2 Research design integrating user group, field conditions, methodology and software

2. Research and Data Collection Framework
2.1 Study Areas

The field measurements were conducted in four cities located within the Black Sea basin, representing

different geographical characteristics and climatic conditions: Batumi (Georgia), Kavala (Greece),



Co-funded by
the European Union

iiterreg
N E XT Black Sea Basin

Green Urban Resilience

Sozopol (Bulgaria), and Uzunkoépri (Turkiye) (Figure 3). These cities represent various urban

morphological types within the region due to their distinct locational features and urban structures.

In Kavala and Sozopol, the measurement points were distributed from the coastal areas toward the city
centers, while in Batumi and Uzunképrl, the measurements were carried out directly within the city

centers.

Figure 3 Measurement routes within the study areas of Batumi, Kavala, Sozopol, and Uzunk&prd.

In each city, a measurement route was established along heavily used urban streets characterized by
high pedestrian activity, mixed land-use patterns, and varying levels of shading and vegetation density.
The measurement points were selected to represent microclimatic variations between open, sun-
exposed streets and shaded urban areas. A total of 10 fixed measurement points were identified in each
city, following a standardized measurement protocol to ensure comparability between sites.

Approximately equal distances were maintained between consecutive measurement points.



Co-funded by
HILCIIrcy the European Union

NEXT Black Sea Basin

During fieldwork, microclimatic measurements and questionnaire surveys were conducted
simultaneously at each point. This approach enabled the integration of objective environmental data

with subjective thermal perception and comfort assessments provided by local participants.

2.2 Measurement Protocol

The field measurements were conducted to capture the microclimatic conditions and corresponding
human thermal perception under typical summer conditions. The protocol was designed to ensure
consistency across all measurement points and time intervals, allowing the integration of physical and
subjective data.

e Measuring period: 3 typical summer day

e Measuring time: 11:00 — 15:00

e Measurement point: 10 points on heavily used streets

e Measurement parameters:Air temperature, Globe temperature (°C); Relative Humidity (%);
Wind speed (m/s)

e Sampling period: At least 4 minutes per point/measurements

e Sensor placement: 1.1 m above the ground

e Interview location: Conducted simultaneously with measurements

e Interview numbers: 10 inhabitants per measurement day

2.3 Calculation of PET

In this study, PET was calculated using the RayMan model based on the MEMI framework, which has
been widely applied and validated in different climatic and urban contexts (Fréhlich et al., 2019;
Matzarakis et al., 2021). To support the simulations, fish-eye photographs were taken at each
measurement point to determine the sky view factor and surrounding surface characteristics (Figure 4).
These parameters were incorporated into the RayMan model to provide more accurate representations

of local microclimatic conditions and their influence on thermal comfort.
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Figure 4 Sample fisheye photographs taken at measurement points

2.4 Questionnaire

The following form presents the questionnaire applied to participants to record their demographic details
and subjective assessment of thermal comfort during on-site measurements (Table 2). The structure
and content of the questionnaire were developed based on previous studies (Huang et al., 2021; Lai et
al., 2020; Lam et al., 2020; Litman, 2023; Tian et al., 2022) , ensuring that the collected data align with

established approaches in thermal comfort research.

Table 2 Participant survey on thermal comfort perception

Location: Date:
Time:
Gender: Female: ( ) Height: Age: <20, 21-35, 36-50, 51-65,65<

Male: () Weight:
Where are you from (city/country) ?

How often do you attend this space ?
Daily () Weekly () Monthly () Seldom ()
What is your position ?

How would you rate your overall thermal comfort?

1() 2() 3() 4() 5() 6() 7()

How satisfied are you with thermal condition of this location ?

Air Temperature: 1() 2() 3() 4 () 5() 6() 7()
Wind speed: 1() 2() 3() 4() 5() 6() 7()
Relative humidity: 1 () 2() 3() 4 () 5() 6() 7()
Sunshine: 1() 2() 3() 4 () 5() 6() 7()
Shade: 1() 2() 3() 4() 5() 6() 7()
If you would prefer this place to be more comfortable;

Air Temperature: Lower (-1) () Unchanged ( ) Higher (+1) ()
Wind speed: Lower (-1) () Unchanged ( ) Higher (+1) ()
Relative humidity: Lower (-1) () Unchanged ( ) Higher (+1) ()
Sunshine: Lower (-1) () Unchanged () Higher (+1) ()
Shade: Lower (-1) () Unchanged () Higher (+1) ()

Do you feel a thermal variation in relation to your previous sensation?
Colder () Cooler( ) No variation( ) Warmer( ) Hotter( )




Co-funded by
HILCIIrcy the European Union

NEXT Black Sea Basin

3. Overall results

In this section, the variations in thermal conditions and pedestrian thermal perception were examined
along the walking routes in four cities located in the Black Sea region. The analysis focused on air
temperature, PET classification levels, mean thermal sensation votes at each stop, and the overall
changes in thermal perception during movement. The results were evaluated comparatively to identify
differences in thermal comfort conditions across Batumi, Kavala, Sozopol, and Uzunképrd.

The analysis of in-situ measurements conducted on typical summer days revealed distinct temperature
patterns among the study areas. Minimum air temperatures remained below 30 °C in Batumi and
Sozopol, while in Kavala, only one day exceeded this threshold. In Uzunkdpri, however, minimum
temperatures surpassed 30 °C on all three measurement days. Regarding maximum temperatures,
Uzunkdpri exhibited the highest values among the four cities, indicating higher air temperature
conditions. By contrast, Batumi and Kavala recorded comparatively lower maximum temperatures,

reflecting less severe daytime heating (Figure 5).
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Figure 5 Minimum and maximum air temperature variations in the study areas

The selection of three typical summer days provided an opportunity to evaluate PET under different
micro-meteorological conditions. When the cities were analyzed, it was observed that in Batumi, the
most stressful thermal conditions occurred on 18 July. On that day, heat stress levels of HS4 or higher
were recorded at every 200 meters, while HS3 conditions prevailed during the rest of the day. On the
other two days, HS3 conditions generally dominated. In Kavala, the PET evaluation indicated that on 15
July, when the mildest thermal conditions were recorded, HS3 levels were observed only at stops 7, 8,
and 9. At other stops and on the remaining days, thermal stress levels of HS4 or higher were
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predominant. In Sozopol, the overall climatic conditions remained relatively stable, and HS3 levels
prevailed along the street during all three days. On 21 July, HS4 or higher stress levels were recorded
at stops 6 and 8, but this did not result in a consistent increase in overall thermal stress along the route.In
Uzunkopri, PET values exceeded 41 °C on all three days, consistently indicating HS4 or higher
conditions throughout the measurement period. These results showed that the thermal conditions in the
area exceeded comfort thresholds and that immediate measures are needed to improve walking
conditions for pedestrians (Figure 6).

17.07.2025
18.07.2025
19.07.2025

14.07.2025
15.07.2025
16.07.2025

1 9
21.07.2025 39 35
2207.2025 33 38

36

23.07.2025 38

02.07.2025
03.07.2025

04.07.2025
HS1 HS2 HS3
% | | ; | ©
23 29 35 41 45 51 51+

Figure 6 PET-based thermal stress levels across four cities on three typical summer days

The TSV (Thermal Sensation Vote) results clearly reveal the differences in perceived thermal conditions
across the four study cities (Figure 7). In Batumi, most participants reported feeling “cool” or “slightly
cool,” reflecting low thermal stress conditions due to the city’s coastal location and climatic
characteristics. In Kavala, “neutral” and “slightly warm” sensations were predominant, with an
observable increase in warmth from coastal zones toward inner urban areas, indicating the influence of
microclimatic transitions. Sozopol generally exhibited “neutral” conditions; however, at certain points,

‘warm” and “hot” sensations became more pronounced, emphasizing the impact of shading and
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vegetation on thermal comfort. Uzunkdpri showed the highest level of thermal stress, as the majority of
participants reported feeling “warm” or “hot.” This outcome is associated with the city’s inland position
and continental climatic conditions. Overall, the results highlight the decisive role of climatic context,
shading conditions, and urban morphology in shaping users’ thermal perception within urban

environments.
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Figure 7 TSV-based thermal sensation levels across four cities on three typical summer days

The percentage distribution of participants’ perceptions of thermal conditions regarding air temperature,
wind speed, relative humidity, and shading in Batumi, Kavala, Sozopol, and Uzunkdpri is presented in
Figure 8. The data are based on survey results conducted at ten measurement points (P1-P10) in each

city.
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According to the survey findings, air temperature conditions varied significantly among the cities.
“Neutral” and “somewhat satisfied” responses were predominant in Batumi and Sozopol, whereas
“dissatisfied” and “very dissatisfied” responses were more frequent in Kavala and especially in
Uzunkopri. The results indicate that the most unfavorable air temperature conditions were perceived in
Uzunkopri, while Sozopol recorded the most favorable conditions, reflecting the influence of local

climatic characteristics.

In terms of wind speed conditions, higher satisfaction levels were recorded in Batumi and Sozopol, while
lower satisfaction levels were observed in Uzunképrii and Kavala. The predominance of “satisfied” and
“somewhat satisfied” responses in Batumi and Sozopol suggests that street morphology along the
measurement routes positively influenced perceived thermal conditions. Conversely, lower satisfaction
levels in Uzunkdpri and Kavala can be attributed to limited wind circulation, which increases heat

accumulation and perceived warmth, thereby deteriorating overall thermal conditions.

For relative humidity, differing tendencies were observed among the cities. Despite relatively high
humidity levels, participants in Batumi and Sozopol mostly reported “neutral” or “somewhat satisfied”
responses, indicating adaptation to humid environments. In contrast, Uzunképri and Kavala showed
higher proportions of “dissatisfied” responses. Particularly in Uzunkopri, the combination of high

temperature and humidity intensified thermal discomfort.

The findings regarding shading conditions reveal that shading plays a critical role in shaping users’
perception of thermal environments. “Satisfied” responses were dominant in Batumi and Kavala, while
Sozopol and especially Uzunkdpriu exhibited higher levels of dissatisfaction. This indicates that
insufficient shading in urban areas contributes to increased heat stress and negatively affects overall

thermal conditions.
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Figure 8 Percentage distribution of participants’ assessments of thermal conditions related to air temperature,

wind speed, relative humidity, and shading in Batumi, Kavala, Sozopol, and Uzunk&pri

All walking routes consisted of 10 measurement points. At each point, participants were asked how they
felt compared to the previous location, allowing for the evaluation of their thermal perception throughout
the route. In Batumi, participants reported feeling warmer than at the previous stop. Interestingly, their
reported satisfaction levels with TSV and meteorological factors varied across different locations but did
not correspond to more comfortable segments of the walk. In Kavala, stops 2, 3, 5, and 9 were perceived
as cooler; however, these sensations did not align with PET values. In Sozopol, cooler sensations were
reported at stops 3, 4, 5, and 7, which, similar to Kavala, did not correspond to PET variations but were
consistent with TSV patterns. In Uzunképri, cooler sensations were recorded at stops 2 and 8, though

only stop 8 showed consistency with TSV. These results demonstrate the critical need for a holistic
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evaluation of all influencing variables to inform effective design and planning interventions that improve

thermal comfort during walking activities (Figure 9).
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Figure 9 Perceived Thermal Variations Along the Walking Routes in Four Cities
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The measurement and survey studies conducted in the four cities showed that microclimatic conditions,
urban morphology, and shading levels played a decisive role in shaping pedestrian thermal comfort. In
Uzunkdpri, high air temperatures, limited wind circulation, and insufficient shading contributed to the
occurrence of extreme heat stress. In contrast, moderate temperature conditions, shading, and wind
effects in Batumi and Sozopol enhanced users’ perceived thermal comfort. In Kavala, microclimatic
transitions led to noticeable fluctuations in thermal sensation. These findings underscored the

importance of implementing climate adaptation strategies along frequently used pedestrian routes within
urban areas.
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