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Abstract

Intensive urbanization and global warming are impacting the health and well-being of urban popula-
tion. Nevertheless, urban environments with different designs will have different micro and local cli-
mate conditions. This study used data from micrometeorological measurements performed in different 
urban spaces (downtown, urban park, riverside) in Banja Luka, Bosnia and Herzegovina, on hot summer 
days in June 2021. Air temperature, relative humidity, wind speed, and globe temperature were meas-
ured and Mean Radiant Temperature (Tmrt), Psychologically Equivalent Temperature (PET), and mod-
ified Psychologically Equivalent Temperature (mPET) were calculated for each location. Results show 
that the downtown is the most uncomfortable area in terms of the highest Ta, Tg, Tmrt, PET, and mPET 
values registered at this location. The urban park is the most comfortable area with the lowest values of 
Tg, Tmrt, PET, and mPET. Relative humidity is the highest at the riverside and the lowest in downtown. 
Furthermore, riverside had lower average Ta during summer daytime compared to urban park and 
downtown likely due to the synergy between river cooling effect (evaporation and sensible heat trans-
fer) and tree shade.
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Introduction

Urban population is under substantial thermal stress 
during the extreme temperature events such as heat 
wave (HW) (Milošević et al., 2016). Nevertheless, their 
outdoor thermal comfort varies depending on the ur-
ban location and its design. Measurement of meteoro-
logical parameters of humans provides necessary data 
to understand the interactions between atmospheric 
processes and human health (Anderson et al., 2020). 

In situ and mobile measurements of climate elements 
are popular approaches to assess the local and micro-
climate conditions in diverse urban or natural areas 
(Konstantinov et al., 2018; Dian et al., 2019; Parami-
ta and Matzarakis, 2019; Milošević et al., 2020; Syafii, 
2021; Žiberna et al., 2021; Lehnert et al., 2021a; Skarbit 
et al., 2017; Alonso and Renard, 2020a). In addition to 
short-term measurements, long-term climate data is 
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a valuable resource for obtaining trends and chang-
es in climate and bioclimate parameters (Trbić et al., 
2017; Popov et al., 2019; Popov et al., 2018; Konstanti-
nov et al., 2020; Varentsov et el., 2020; Konstantinov 
et al., 2021; Lukić et al., 2021; Nimac et al., 2021; Al-
len and Sheridan, 2018). Another approach is to apply 
urban climate modeling for assessing urban climate 
characteristics and providing input for the creation of 
sustainable and climate-sensitive cities under current 
and future climate change (Bokwa et al., 2019; Cas-
tillo et al., 2021; Liu et al., 2019; Cugnon et al., 2019; 
Wang et al., 2019; Ramadhan et al., 2021; Gál et al., 
2021; Bajšanski et al., 2015).

With global changes in climate, making cities cli-
mate-proof is becoming increasingly critical (Jänicke 
et al., 2021). Urban form and design affect the outdoor 
thermal comfort (OTC), by influencing air tempera-
ture, humidity, solar radiation, and wind speed and 
direction (Webb, 2016). Factors as vegetation and wa-
ter bodies (Lai et al., 2019; Milošević et al., 2017), ur-
ban morphology (Bajšanski et al., 2015; Jamie et al., 
2019), ventilation (Tablada et al., 2009), and surface 
materials (Santamouris et al., 2011; Manavvi and Ra-
jasekar, 2021), are important in determining OTC. 
Accordingly, the understanding of urban microcli-
mate is imperative to facilitate climate-sensitive city 
planning and design (Jänicke et al., 2021). In pur-
suit of urban sustainability, livability and circulari-
ty, cities are increasingly using nature-based solutions 
(NBS), such as urban parks, due to their enormous po-
tential in addressing climate adaptation and mitiga-
tion in cities (Langergraber et al., 2021; Pearlmutter et 
al., 2021; Atanasova et al., 2021; Castellar et al., 2021).

Urban areas are complex and the heat wave risk 
on the population is not uniform (Savić et al., 2018). 
For example, previous research has shown higher 
mortality during heat waves compared to other days 
(Arsenović et al., 2019a; Arsenović et al., 2019b). Pro-
jections have also shown that Earth’s climate will 
warm together with increases in the percentage of the 
world’s elderly population (Vecellio et al., 2021) which 

requires special attention in developing climate com-
fortable urban neighborhoods. In this perspective, 
among the most serious impacts of climate change 
in Central Europe are recognized more frequent and 
severe heat waves (Geletič et al., 2020). Climate pro-
jections are demonstrating that heat waves will occur 
more frequently and will become more severe in Eu-
rope (Fischer and Schär, 2010; Jacob et al., 2018) and 
are likely to increase during the twenty first century 
(Leconte et al., 2020). The increase in temperatures 
and intensity of heat waves has already been recog-
nized in Bosnia and Herzegovina. For example, the 
highest annual temperature increase occurred in Ban-
ja Luka (0.5 °С per decade) probably due to influence 
of the urban heat island (Trbić et al., 2017). Neverthe-
less, there is a lack of local and microclimate measure-
ments in the cities of Bosnia and Herzegovina, mak-
ing them unprepared for the current and projected 
increases in air temperatures and heat stress.

The present study fills this research gap by pro-
viding micrometeorological measurements during 
hot summer days in diverse urban environments of 
the city of Banja Luka, Bosnia and Herzegovina. Ob-
tained data on the micrometeorological conditions 
and OTC of urban dwellers in Banja Luka can be val-
uable for the urban design and planning. To the best 
of authors knowledge, this is the first micrometeoro-
logical measurement campaign and study performed 
in the cities of Bosnia and Herzegovina. The following 
tasks were performed:
•	 Measurement of micrometeorological conditions 

in diverse urban environments (downtown, urban 
park, riverside) in Banja Luka during hot summer 
days in 2021;

•	 Spatial and temporal analysis of micrometeorolog-
ical and OTC data obtained during the field meas-
urements in Banja Luka; and

•	 Discussion of obtained results and provision of ur-
ban climate information for the city of Banja Luka 
in order to track the heat and develop appropriate 
mitigation guidelines.

Study area, data and methods

Study area
City of Banja Luka is located in Southeast Europe, in 
the northern part of Bosnia and Herzegovina (B&H) 
(Figure 1). City coordinates are 44°46`N and 17°11̀ E 
with absolute elevation of 163 m. Banja Luka is the 
capital of Republic of Srpska (one of two entities in 
B&H) and the second largest city in the country with 
population of about 200,000 people (based on cen-
sus from 2013) and built-up area of about 56 km2. In 
the last 25 years, the city developed quickly, which 

means that some districts with low buildings have 
been transformed to multi-story buildings. With rap-
id urbanization more and more urban areas are being 
characterized as densely built-up zones with residen-
tial mid-rise (four-to-eight stories) buildings or ad-
ministrative/commercial high-rise (more than eight 
stories) buildings. Based on this, a substantial mod-
ification of climatic characteristics in the city can be 
expected, due to a combination of intensive urbani-
zation and current climate changes, and this is man-
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ifested through longer and more intense heat waves 
with extreme temperatures, more intense droughts, 
pluvial floods, more frequent thermal discomfort, etc.

Banja Luka has a Cfb climate (temperate cli-
mate, fully humid, warm summers, with at least four 
months of average air temperature above 10 °C) based 
on the Köppen-Geiger climate classification system 
(Kottek et al., 2006; Trbić 2011). The mean annual air 
temperature is 11.3 °C and the mean annual precipita-
tion is 1.036 mm (1961-2020 period). Since 2003, heat 
waves have occurred more frequently in B&H, most-
ly during the summer. Multiple intensive heat waves 
have occurred in Banja Luka in 2007, 2012, 2015, 2017, 
2019, and 2021. 

Methods

Micrometeorological measurements
Micrometeorological measurements have been per-
formed at three locations in Banja Luka on three hot 
summer days (from 22nd to 24th June 2021). Field work 
conditions were hot with maximum daily Ta of about 
39 ºC, no precipitation, low cloud cover, low wind 
speed, and intense solar radiation (Republic Hydro-
meteorological Service of Republic of Srpska, Bos-
nia and Herzegovina, 2021). Measurements were con-
ducted at three urban sites with different design: a) 
downtown (densely urbanized “grey” area), b) urban 
park (natural “green” area), and c) riverside (natural 

“blue-green” area near the Vrbas River) (Figures 1 and 
2). The three locations are popular pedestrian and/or 
relaxation areas in the city. 

Three Kestrel 5400 Heat Stress trackers (Figure 2, 
right) were used to obtain one-minute measurements 
of air temperature (Ta, in ºC), relative humidity (RH, 
in %), wind speed (v, in m s-1), and globe temperature 
(Tg, in ºC) during each day in the period 9-18 h (Cen-
tral European Summer Time - CEST). Measured val-
ues were averaged into 10-minute means for the sta-
tistical analysis. The Kestrel Heat Stress Trackers were 
deployed at least 15 minutes before the start of the 
measurement in order to allow the sensors to equil-
ibrate to the atmospheric conditions. The equipment 
is calibrated in accordance with the manufacturer’s 
specifications. Sensors’ accuracy and range are given 
in Table 1.

Calculation of biometeorological indices
For the estimation of OTC, Mean Radiant Tempera-
ture (Tmrt), Physiologically Equivalent Temperature 
(PET) and modified Physiologically Equivalent Tem-
perature (mPET) were selected. Tmrt can be calculat-
ed from the measured values of Tg, Ta and v as follows 
(Thorsson et al., 2007):

Tmrt = Tg +273.15( )4
+1.1 108 v0.6

D0.4 Tg Ta( )
1/4

273.15
	

(1)

Figure 1. Location of Banja Luka in B&H (black dot) and 
measurement locations: 1) Downtown; 2) Urban park; 3) 

Riverside; and S) Official weather station

Table 1. Accuracy, resolution and range of Kestrel 5400 Heat Stress Tracker sensors used for human-biometeorological 
measurements in Banja Luka (Bosnia and Herzegovina)

Sensor Accuracy (+/-) Resolution Range

Air temperature 0.5 °C 0.1 °C -29.0 to 70.0 °C

Relative humidity ±2%RH 0.1 %RH 10 to 90% 25°C non-
condensing

Wind speed Larger of 3% of reading, least 
significant digit or 20 ft/min

0.1 m/s 0.6 to 40.0 m/s

Globe temperature 1.4 °C 0.1 °C -29.0 to 60.0 °C
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where, D is globe diameter (mm) and ε is globe emis-
sivity. 

Based on the calculated values of Tmrt, measured Ta, 
RH, v, and default values for personal characteristics, 
we calculated 10-minute average PET and mPET val-
ues for all sites. A new thermal index, named modi-
fied Physiologically Equivalent Temperature (mPET) 
has been developed by Chen and Matzarakis (2018) 
for the application in different climates. The mPET 

enhanced the evaluation of humidity and clothing 
variability and has been improved against the weak-
nesses of the original PET. The calculations were per-
formed using the RayMan microclimate model (Mat-
zarakis et al. 2007; Matzarakis et al. 2010). PET and 
mPET estimates were used to assess OTC in Banja 
Luka based on the physiological stress classes for hu-
mans specifically developed for Europe (Matzarakis 
and Mayer, 1996) (Table 2).

Figure 2. Locations of micrometeorological measurements in Banja Luka (Bosnia and Herzegovina)  
in the period 22-24 June 2021: 1) Downtown; 2) Urban park; and 3) Riverside

Table 2. PET index threshold values for thermal sensation and the physiological stress 
level of humans (after Matzarakis and Mayer, 1996).

PET (°C) Thermal sensation Physiological stress level

<4.1 Very cold Extreme cold stress

4.1 – 8.0 Cold Strong cold stress

8.1 – 13.0 Cool Moderate cold stress

13.1 – 18.0 Slightly cool Slight cold stress

18.1 – 23.0 Comfortable No thermal stress

23.1 – 29.0 Slightly warm Slight heat stress

29.1 – 35.0 Warm Moderate heat stress

35.1 – 41.0 Hot Strong heat stress

>41.0 Very hot Extreme heat stress
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Results and Discussion

Background weather
The background weather conditions during the micro-
meteorological measurements were acquired from the 
official weather station in Banja Luka. It can be no-
ticed (Figure 3, Table 3) that the weather was hot with 
maximum Ta of about 39 ºC and minimum of about 
18 ºC. Relative humidity was low during daytime (30-
40%), while it increased substantially during night-
time. The weather was calm with low wind speeds (0.9 
m s-1 on average) and low cloud cover (1.4 on average). 
This weather was ideal for the development of micro-
meteorological differences inside the city.

Table 3. Statistics on the weather conditions in Banja 
Luka (Bosnia and Herzegovina) during the measurement 
period (22-24 June 2021)

Statistics Ta RH v N

average 28.5 62.8 0.9 1.4

max 38.7 97.5 2.6 8

min 17.7 34.4 0 0

range 21.0 63.1 2.6 8

Figure 3. Weather conditions in Banja Luka (Bosnia and Herzegovina)  
in the period 22-24 June 2021: a) Ta and b) RH
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Micrometeorological measurements 

Air temperature
The highest average Ta (35.5 ºC) was recorded in 
downtown, while similar values of about 33-34 ºC 
were recorded in urban park and at the riverside (Ta-
ble 4). Extreme temperatures (Tmax and Tmin) were also 
highest in the most urbanized location (downtown), 
while urban park had lower Tmax and higher Tmin val-
ues compared to the riverside. The river location had 
the largest temperature range (12.9 ºC) and highest 
standard deviation (3.2 ºC) compared to other loca-
tions (Table 4).

10-minute Ta differences between locations provide 
detailed insights into the temporal variability of air 
temperature in Banja Luka (Figure 4). The most inten-
sive intra-urban Ta differences of about 5-6 ºC occur 
between hot downtown and cooler urban park and 
riverside in the morning hours, especially between 
9 AM and noon. In the afternoon, Ta differences be-
tween downtown and other locations swiftly decrease 
to about 1-2 ºC and sometimes can go to below 0 ºC 
(around 5-6 PM), indicating the occurrence of a slight 
urban cool island in the downtown. This could be the 
consequence of the shadowing effect from buildings 
surrounding the measurement location in the down-
town (see Figure 2). Urban park had about 1 ºC higher 
Ta compared to the riverside throughout the day, ex-
cept for a few hours in the afternoon (Figure 4). The 
measurement locations at the riverside and in the ur-
ban park were under a tree; however, the proximity 
of the river could additionally lower Ta at the river-
side compared to the urban park location. In general, 
differences in air temperature decreased in the after-
noon between the locations and this could be due to 
the shading effect and less intensive heating in the af-
ternoon hours (Milošević et al., 2021).

Similar to this study, previous studies have shown 
that the highest temperatures are usually found in 
more urbanized areas of the city. For example, Olivei-
ra et al. (2021a) showed that more compact areas of Lis-
boa, Portugal, had the highest temperatures and these 
temperatures were proportional to the background air 
temperature change. The heat wave periods with hot 
weather are especially characterized with strong noc-
turnal urban heat island (UHI) as shown in Szeged, 
Hungary (Unger et al., 2020). During daytime, temper-
ature differences in urban areas are mainly linked to 
shading. For example, Top et al. (2020) showed that ur-
ban park in Ghent (Belgium) is overall characterized 
by lower temperatures with up to 1.0 °C lower mean Ta 
during summer daytime when compared to the down-
town located 2 km away. Gál et al. (2021) pointed out 
that urban green spaces generally cool the environ-
ment, although their cooling potential differs depend- Ta
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ing on the characteristics of green areas, such as size of 
the urban park. Heat reduction potential of trees also 
depends on the location of trees and is species specif-
ic (Morakinyo et al., 2020). Tan et al. (2016; 2017) also 
indicated that the cooling effect of urban trees is highly 
associated with Sky View Factor of the location. Urban 
cool islands can also occur in densely built urban areas 
during the daytime in summer due to shadowing and it 
was typically around –1 °C in Szeged and –2 °C in Novi 
Sad (Lelovics et al., 2016). The river cooling effect also 
has an important role in reducing urban heat through 
evaporation and transfer of sensible heat, as shown 
by Park et al. (2019). The study of Jacobs et al. (2020) 

showed that afternoon air temperatures was reduced by 
a maximum of 0.6 °C in the surrounding spaces of ur-
ban water bodies in the Netherlands. Our study showed 
that the riverside location was most of the time cool-
er compared to other locations (downtown and urban 
park) during the summer daytime (Figure 4).

Relative Humidity
The highest average RH values are observed near the 
river (41.4%), followed by urban park (39.0%). In con-
trast, the lowest average RH was noticed in city cent-
er (35.7%). The highest maximum and minimum RH 
values are also registered near the river, thus leading 

Figure 4. Temporal variation of Ta in Banja Luka (Bosnia and Herzegovina) in the period 22-24 June 2021  
(measurement period 9-18 h CEST). NOTE: Td-p represents air temperature difference between downtown  

and urban park; Td-r represents air temperature difference between downtown and riverside;  
and Tp-r represents air temperature difference between urban park and riverside

Figure 5. Temporal variation of RH in Banja Luka (Bosnia and Herzegovina) in the period 22-24 June 2021  
(measurement period 9-18 h CEST). NOTE: RHd-p represents relative humidity difference between downtown  

and urban park; RHd-r represents relative humidity difference between downtown and riverside;  
and RHp-r represents relative humidity difference between urban park and riverside
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to larger range and standard deviation of RH at this 
location (Table 4).

Temporal variation of RH shows prominent dif-
ferences between the locations during the morn-
ing hours (Figure 5). For example, city center in the 
morning had up to 14% lower RH compared to the 
riverside and up to 10% lower RH compared to the ur-
ban park. As the day progresses, RH differences are 
less prominent between the locations. The least prom-
inent differences in RH occur between riverside and 
urban park, although the river location had higher 
RH values during most of the day (Figure 5).

Results from previous studies showed that low-
er humidity and urban dry island (UDI) often oc-
curs in densely urbanized areas in summer daytime 
and during heat wave in Novi Sad, Serbia (Dunjić et 
al., 2021). Similar results were obtained in Ghent, Bel-
gium, where the lowest RH was noticed at the urban 
location during heat wave, while the highest RH was 
reached at the rural location (Top et al., 2020). Yang et 
al. (2017) also pointed that RH decreases with the in-
crease in urbanization.

Wind speed
During the measurement period, v were low at all lo-
cations (0.6-0.7 m s-1) (Table 4). There were no signif-
icant v differences between the locations as the meas-
urement period was characterized with sunny and 
calm weather. Urban park had only a slightly lower 
v. As the differences in v were not significant between 
the locations, we did not provide a detailed analysis of 
wind speed in Banja Luka.

In general, air movement in the built-up environ-
ment is reduced in comparison to rural areas (Arn-

field, 2003) or it can be locally increased by urban 
canyon effect. More open urban sites in Ghent, Bel-
gium, had highest v, especially during daytime com-
pared to less open locations, such as urban parks (Top 
et al., 2020). Nevertheless, local climate change ad-
aptation in cities must account for the synergies be-
tween regional air temperature and wind (Oliveira et 
al., 2021b).

Globe temperature
The highest values of Tg are measured at downtown 
which, on average, has 4 ºC higher Tg values compared 
to riverside and 7.7 ºC compared to urban park (Ta-
ble 4). Also, in the downtown are registered highest 
maximum and minimum Tg values. The urban park 
is the most comfortable urban area during the meas-
urement period with lower average Tg compared to the 
riverside.

Temporal variations of Tg show that substantial in-
tra-urban differences occur in the period from 10 AM 
to 2 PM when downtown is substantially hotter with 
up to 14-15 ºC higher Tg compared to urban park and 
riverside (Figure 6). In the morning hours, urban park 
is slightly warmer compared to riverside. On the con-
trary, as the day progresses towards the afternoon, riv-
erside becomes warmer compared to urban park and 
downtown. This suggests that riverside location was 
in the shade before noon, however, was sunlit and di-
rectly irradiated during the late afternoon. These re-
sults highlight the key role of radiation in the spa-
tial and temporal variability of thermal exposure in 
moderate-climate urban areas during summer days 
(Geletič et al., 2021). Nevertheless, it must be noted 
that smaller black globes commonly used in Kestrel 

Figure 6. Temporal variation of Tg in Banja Luka (Bosnia and Herzegovina) in the period 22-24 June 2021  
(measurement period 9-18 h CEST). NOTE: TGd-p represents globe temperature difference between downtown  

and urban park; TGd-r represents globe temperature difference between downtown and riverside;  
and TGp-r represents globe temperature difference between urban park and riverside
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Heat Stress Trackers tend to overestimate Tg in the sun 
due to the globe overheating (Kántor & Unger 2011; 
Middel et al. 2016). 

Calculated outdoor thermal comfort conditions 

Mean Radiant Temperature
The most intensive intra-urban differences were regis-
tered for Tmrt values. On average, downtown had Tmrt 
of 55.6 ºC, followed by riverside with Tmrt of 50.2 ºC. 
On the contrary, urban park had substantially lower 
average Tmrt of 39.7 ºC. Thus, urban park was able to 
mitigate average Tmrt by about 16 ºC and 10 ºC com-
pared to downtown and riverside, respectively. The 
maximum Tmrt peaked over 70 ºC in downtown and 
at the riverside, while it remained below 50 ºC in ur-
ban park (Table 4). 

Temporal variation of 10-minute Tmrt values indi-
cate that downtown has substantially higher Tmrt val-
ues compared to riverside and urban park through-
out the day. Around noon, city center has about 35 

ºC higher Tmrt compared to urban park and riverside 
(Figure 7). Nevertheless, in the period 4-6 PM, river-
side becomes the warmest part of the city with sub-
stantially higher Tmrt compared to downtown and ur-
ban park. It can be also noticed that in the morning 
hours until about 11 AM, urban park has higher Tmrt 
compared to riverside. These changes in Tmrt values 
between the locations indicate the influence of the 
shading effect that varies over time depending on the 
urban design at each location.

The parameter governing OTC on warm, clear-sky 
days is radiation and its effect on OTC is accounted 

for by Tmrt (Gál and Kántor, 2020). Spatial and tem-
poral variation of Tmrt is driven by exposure to solar 
and longwave radiation, which depends on local pat-
terns of shading, v, air humidity and Ta (Aminipouri 
et al., 2019). In Ghent, Belgium, the largest intra-ur-
ban differences in Tmrt are registered in summer with 
on average a 7.0 ºC higher Tmrt at more urbanized lo-
cation compared to the urban park (Top et al., 2020). 
Although daytime Tmrt can reach an extreme level 
at exposed locations (65–75 ºC), mature shade trees 
can reduce it to 30–35 ºC in Szeged, Hungary (Kán-
tor et al., 2018). Trees in Tempe, Arizona, USA, were 
also able to reduce afternoon Tmrt up to 33.4 ºC (Mid-
del and Krayenhoff, 2019). The results from our study 
are in accordance with the results from Szeged and 
Tempe as trees in urban park in Banja Luka, Bosnia 
and Herzegovina, decreased Tmrt up to 37.5 ºC around 
noon during hot summer day (Figure 7). Tmrt varies 
substantially between locations throughout the day 
for all seasons in Tempe, Arizona, USA. This varia-
bility is mainly driven by the availability or absence 
of shade that impacts the incoming shortwave radia-
tion (Crank et al., 2020). Another study from Middel 
et al. (2021) showed that not all shade is the same in 
terms of decreasing Tmrt. That study showed that dur-
ing the day, at solar noon, and peak Ta, shade from 
urban form reduced Tmrt most effectively, followed by 
trees and lightweight structures in the City of Tem-
pe (USA). However, it must be noted that many issues 
can arise due to slow response times, shape, inaccura-
cies in material properties and assumptions, and color 
(albedo, emissivity) inconsistencies between sensors 
used to obtain Tmrt (Vanos et al., 2021). 

Figure 7. Temporal variation of Tmrt in Banja Luka (Bosnia and Herzegovina) in the period 22-24 June 2021  
(measurement period 9-18 h CEST). NOTE: Tmrt_d-p represents Mean Radiant Temperature difference between  

downtown and urban park; Tmrt_d-r represents Mean Radiant Temperature difference between downtown and riverside; 
and Tmrt_p-r represents Mean Radiant Temperature difference between urban park and riverside
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PET
The highest average PET values are registered in 
downtown (45.6 ºC), followed by riverside (41.5 ºC). 
On the contrary, the lowest average PET values were 
registered in urban park (36.7 ºC) (Table 4). This in-
dicates that downtown and riverside were under ex-
treme heat stress conditions, while strong heat stress 
conditions prevailed in urban park (see Table 2). 

Temporal variation of PET showed similar results 
as Tmrt. In other words, downtown has substantial-
ly higher PET values compared to riverside and ur-
ban park throughout the day. In the period 2-4 PM, 
downtown has about 17 ºC higher PET values com-
pared to urban park and riverside and these differenc-
es decrease towards the late afternoon (Figure 8). In 
the period 4-6 PM, riverside becomes the most ther-
mally uncomfortable part of the city with more than 
10 ºC higher PET compared to downtown and urban 
park. This is possibly a consequence of direct solar ra-
diation at riverside in the afternoon, while downtown 
and urban park are in shade from buildings and trees, 
respectively. It can be also noticed that in the morn-
ing hours, urban park has higher PET compared to 
river location. 

Previous studies have shown that during the day-
time, the highest thermal loads are present in more 
urbanized areas, while the most comfortable are ar-
eas with dense trees (Milošević et al., 2016). Kovács 
and Németh (2012) found that compact midrise zone 
of Budapest has average PET values higher by 3 ºC 
when compared to the suburban areas with more 
greenery. Similar to our results, higher PET values 
were obtained for built zones in Oberhausen (Germa-

ny) during the hot days (Tamax > 30 ºC) when com-
pared to sparsely built and dense trees zones (Mül-
ler et al. 2014). During the daytime period of heat 
waves, the urban park in Ghent, Belgium, was the 
most comfortable area because it was able to effec-
tively mitigate heat stress compared to more urban-
ized locations (Top et al., 2020). In other words, citi-
zens experienced extreme heat stress during daytime 
of heat waves with highest average PET reached at the 
semi-open downtown location in Ghent; on the con-
trary, the urban park had a 4.4 ºC lower mean day-
time PET when compared to the downtown (Top et 
al., 2020). The differences in OTC values in Czech cit-
ies confirm substantial cooling associated with high 
vegetation (trees), while the measurable cooling effect 
of low vegetation was negligible and quite low around 
water fountains, spray fountains, and misting systems 
(Lehnert et al., 2021b). The maximum PET in our 
study peaked over 50 ºC in downtown and at river-
side (see Table 4). Similar maximum PET values were 
also obtained in Ghent downtown and industrial are-
as (Top et al., 2020), as well as in compact midrise area 
of Szeged, Hungary (Unger et al., 2018). 

Frequency analysis (%) of different grades of physi-
ological stress (see Table 2) in downtown, urban park 
and riverside is shown in Figure 9. It can be conclud-
ed that downtown and riverside are under the impact 
of extreme heat stress during majority of the day (72% 
in downtown and 57% at riverside). On the contra-
ry, only 6% of the time in urban park is characterized 
with the extreme heat stress (Figure 9). In urban park, 
moderate and strong heat stress occurs during major-
ity of the time (in total 91%). The frequency analysis 

Figure 8. Temporal variation of PET in Banja Luka (Bosnia and Herzegovina) in the period 22-24 June 2021  
(measurement period 9-18 h CEST). NOTE: PETd-p represents Physiologically Equivalent Temperature difference between 
downtown and urban park; PETd-r represents Physiologically Equivalent Temperature difference between downtown and 

riverside; and PETp-r represents Physiologically Equivalent Temperature difference between urban park and riverside
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revealed that the urban park in Ghent, Belgium, also 
experienced three to four times less frequent extreme 
heat stress compared to the downtown areas. This 
shows the importance of shading to improve the OTC 
for pedestrians during daytime (Top et al., 2020). The 
most built-up zones of Brno, Czech Republic, were 
also registered as the most uncomfortable areas of the 
city (Geletič et al., 2018).

mPET
The highest average mPET values are noticed in down-
town (41.4 ºC), followed by riverside (38.4 ºC). On the 

contrary, the lowest average mPET are noticed in ur-
ban park (34.7 ºC) (Table 4). This indicates that ex-
treme heat stress is registered in downtown, strong 
heat stress at riverside and moderate heat stress in ur-
ban park (see Table 2). When compared to PET, mPET 
results indicated that modification in the original PET 
index led to the decrease in the physiological stress 
level by one category at riverside (from extreme to 
strong heat stress) and in urban park (from strong to 
moderate heat stress).

Temporal variation of mPET showed that maxi-
mum differences between downtown and other loca-

Figure 9. Frequency analysis (%) of different grades of physiological stress (based on PET values)  
at locations in Banja Luka in period 22-24 June 2021 (measurement period 9-18 h CEST)

Figure 10. Temporal variation of mPET in Banja Luka (Bosnia and Herzegovina) in the period 22-24 June 2021 
(measurement period 9-18 h CEST). NOTE: mPETd-p represents modified Physiologically Equivalent Temperature 

difference between downtown and urban park; mPETd-r represents modified Physiologically Equivalent Temperature 
difference between downtown and riverside; and mPETp-r represents modified Physiologically Equivalent Temperature 

difference between urban park and riverside
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tions were somewhat smaller (up to 13 ºC) when com-
pared to PET differences (which were up to 17 ºC) 
(Figure 10). Substantial higher mPET in downtown 
prevailed until 2-3 PM. Afterwards, riverside had 
higher mPET values compared to other locations as it 
was sunlit in the afternoon. Only in the morning pe-
riod, urban park had slightly higher mPET compared 
to riverside. It probably continues during most of the 
night, as suggested by Geletič et al. (2021).

Frequency analysis (%) of different grades of phys-
iological stress at locations in Banja Luka based on 
mPET values is shown in Figure 11. Extreme heat 
stress levels are prevailing in downtown (58%) and at 
riverside (41%). Nevertheless, this is a decrease in the 
frequency of extreme heat stress occurrence by 14% 
in downtown and by 16% at the riverside when com-
pared to PET frequencies at these locations. In addi-
tion, strong heat stress is dominating in urban park 
(54%), which is a decrease of about 13% when com-
pared to frequency of this heat stress level based on 

PET values. This indicates that clothing variability 
brought by mPET calculation in the RayMan model 
can lower the heat stress levels at studied locations.

Results from Pecelj et al. (2021) showed the appli-
cability of PET and mPET indices as indicators of bio-
thermal conditions necessary in urban planning, pub-
lic health systems, tourism and recreation purposes. 
Increase in frequency and intensity of heat waves and 
hot weather are direct consequences of climate change 
with a higher risk for urban populations due to UHI 
effect. Reducing urban overheating is thus a priority 
as well as identifying the most vulnerable locations 
and people to establish targeted and coordinated pub-
lic health policies (Alonso & Renard, 2020b). For this 
purpose, a continued monitoring and improvement of 
heat intervention is needed due to projected chang-
es in frequency, duration, and intensity of heat events 
combined with shifts in demographics, making heat a 
major public health issue now and in the future (Sher-
idan & Allen, 2018). 

Conclusions

Up to now, OTC research from Bosnia and Herzegovi-
na mainly focused on the examination of climate po-
tential for tourism development (Dunjić, 2019). Our 
study investigated OTC conditions in Banja Luka and 
confirmed conclusions from previous studies that 
showed the importance of small-scale micrometeor-
ological measurements, the outcomes of which can 
be incorporated into climate-responsive urban design 
(Kántor et al., 2018b; Milošević et al.; 2022). 

Nevertheless, detailed spatial and temporal cli-
mate data from diverse urban environments is of-

ten lacking in urban planning process and practice. 
This study showed that diverse urban environments 
(downtown, urban park, riverside) have diverse bi-
ometeorological conditions during hot summer days 
in Banja Luka, Bosnia and Herzegovina. Downtown 
area is the hottest area with up to 5-6 ºC higher air 
temperatures compared to urban park and riverside. 
More importantly, downtown area has up to 35 ºC 
higher Tmrt, up to 17 ºC higher PET and up to 13 ºC 
higher mPET compared to urban park and riverside. 
This shows that the local population is more often un-

Figure 11. Frequency analysis (%) of different grades of physiological stress (based on mPET values)  
at locations in Banja Luka in period 22-24 June 2021 (measurement period 9-18 h CEST)
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der extreme heat stress in the downtown than in oth-
er more natural locations such as urban park and riv-
erside. Of all the locations, urban park is the most 
comfortable with 9 ºC lower average PET compared 
to downtown and 5 ºC lower average PET compared 
to riverside. When mPET is used, the differences are 
smaller, but the urban park remains the most com-
fortable urban area. The highest RH is noticed at the 
riverside, while urban dry island occurs in the down-
town due to lack of vegetation and abundance of im-

permeable surfaces. Riverside has somewhat lower 
average Ta during summer daytime compared to ur-
ban park which is likely due to the combined effect of 
river cooling and tree shading near the river in Ban-
ja Luka. This kind of research based on field measure-
ments during extreme heat conditions can provide 
detailed temporal and spatial climate information for 
the local authorities and guide their efforts in miti-
gating extreme heat at the right place and at the right 
time.
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