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Abstract

:

Thermal comfort assessments at local or micro-scales within urban areas can provide crucial insights for the urban adaptation strategies pertaining to climate-conscious urban planning and public health. However, the availability of long-term or mid-term daily or hourly meteorological data sets from urban environments remains a significant challenge even in the 21st century. Consequently, this study aimed to assess the thermal conditions in cities across the western part of the Balkan Peninsula, encompassing five countries (Slovenia, Croatia, Serbia, Bosnia and Herzegovina, and Montenegro), by utilizing the Physiological Equivalent Temperature (PET) index. Meteorological data sets, comprising air temperature, relative humidity, wind speed, and cloudiness, were collected from 32 national meteorological stations/measurement locations spanning the period from 2001 to 2020. The PET calculations were conducted based on meteorological data measured three times per day (7 a.m., 2 p.m., and 9 p.m.). Upon conducting a spatial analysis of the meteorological stations, it was observed that most of them (25 stations) were situated within built-up areas or urban suburbs, rendering them highly relevant for local or micro-scale climate and bioclimate assessments. The findings revealed that urban locations exhibited slightly higher PET heat stress levels, particularly during the summer season and at 2 p.m. Moreover, higher average PET values were observed in both urban and non-urban stations situated within a continental climate during warmer periods, such as summer. In contrast, during the colder seasons, namely winter and spring, higher PET values were prevalent in the Mediterranean region. Furthermore, the PET frequency analysis revealed a greater prevalence of extreme and severe heat stress levels in stations within continental climates, particularly those located in urban areas, as compared to stations in Mediterranean climates. In contrast, during the winter and spring seasons, monitoring stations in close proximity to the Adriatic Sea, characterized by a Mediterranean climate, exhibited significantly lower levels of cold stress compared to inland stations. Evidently, in addition to the climatic characteristics and surrounding terrain, the urban morphology significantly impacts the thermal conditions within cities.
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1. Introduction


Thermal comfort can be defined as subjective contentment with thermal environmental conditions and can directly affect humans, animals, and plants. Thermal comfort can be divided into indoor and outdoor spaces. Outdoor thermal comfort (OTC) is highly influenced by climate and surface variations in the environment, as well as the subjective perception of individuals [1,2,3].



According to the IPCC report [4], the global surface temperature has increased by 0.99 °C comparing the periods 1850–1900 and 2001–2020, and by 1.09 °C comparing the periods 1850–1900 and 2011–2020. This means that the upward temperature trend is consistently growing with each decade, triggering more frequent and intense extreme thermal events in most land regions since the 1950s [4,5]. The trend has continued in recent years. Based on land surface temperatures in Europe for 2022, the temperature anomaly was 1.83 °C (relative to the 1961–1990 average), and the annual average temperature fell between the second and fourth highest on record [6]. Over the last twelve months (from October 2022 to September 2023), the average land surface temperature in Europe was 0.46 °C higher when compared to the period from 1991–2000 [7]. Parallel to global thermal amplification, intense urbanization has been observed in recent decades. Due to the ongoing urbanization trend, urban areas in different income countries are projected to experience significant growth. Specifically, urban areas will increase by 141% in low-income countries, by 44% in lower-middle-income countries, by 34% in high-income countries, and by 13% in upper-middle-income countries by 2070, compared to urban areas as of 2020 [8]. Consequently, a greater proportion of land and population will be exposed to a modified climate, referred to as urban climate, which will further intensify the challenges associated with achieving optimal thermal conditions.



While air temperature undeniably plays a significant role in OTC, it is important to recognize that solar radiation, relative humidity, and wind speed also contribute to this phenomenon [9]. In contrast to natural environments, urbanized areas have a stronger anthropogenic influence, resulting in heterogeneous urban morphology that consequently leads to different climate characteristics not only between cities, but also within an urban area (intra-urban differences). The values of climate elements are influenced by both natural and anthropogenic factors (topography, size of the city, density of buildings, type of materials, etc.). Consequently, climate conditions can vary significantly between different urban areas. Even within the same city, these values can vary due to other factors such as the presence of water bodies, green areas, and different building structures [10,11].



The increasing frequency of thermal discomfort, both in the short and long term, can be largely attributed to the combined effects of climate change and urbanization trends. This scenario will have profound and adverse consequences for ecosystems, public health, and the economy [12,13]. In addition, thermal comfort conditions can serve as a foundation for understanding the impacts of climate conditions on humans, and they place a special emphasis on social elements that either lessen or amplify the effects of environmental change [14]. Human thermal comfort has recently been considered in heat mitigation and urban adaptation strategies [5,15]. Hence, it is crucial to prioritize comprehensive monitoring and assessments of OTC conditions in both rural/non-urbanized and urban/built-up areas in the future. There has been a noticeable rise in interest among researchers in analyzing outdoor environmental conditions since the 2000s. Consequently, the number of studies focusing on OTC has steadily increased each year, leading to the development of a substantial database of information in this field [16]. Coccolo et al. [2] stated that OTC is an essential parameter for assessing the quality of the microclimate, and that important physical variables affecting human OTC include air temperature, relative humidity, wind speed, shortwave and longwave radiation, human activity, and clothing level. In addition, the same authors highlighted that not all indices are suitable for usage in every climate. For temperate climates (which are predominant in the research area), the acceptable indices are PET (Physiological Equivalent Temperature), UTCI (Universal Thermal Climate Index), SET (Standard Effective Temperature), and OUT_SET (Outdoor Standard Effective Temperature) [2]. Based on available studies, PET [17,18] is one of the most widely used human thermal indices worldwide [19,20]. At the same time, an increasing number of studies with a focus on OTC conditions are visible in the region of Southeast Europe, i.e., the Balkan Peninsula, too [20].



The main goal of this study is to provide systematic and comprehensive insight into the OTC conditions and trends in the cities of the western part of the Balkan Peninsula for the two decades in the 21st century (2001–2020). PET assessments were performed based on daily morning (7 a.m.), midday (2 p.m.), and evening (9 p.m.) measurements, and outcomes were presented on seasonal and annual level for 32 measurement locations across five countries. This research aims to address several scientific questions (SQ) pertaining to urban bioclimatic issues, such as SQ1–What are the bioclimatic condition tendencies in cities of the western part of the Balkan Peninsula in the last 20 years? and SQ2–This research investigates whether built-up types, relief, and climate types serve as the primary driving factors influencing thermal conditions in cities, or if there are other significant contributors to be considered.




2. OTC Background Research in the Balkan Peninsula


Over the past decade, there has been a noticeable and accelerated increase in the number of published papers focusing on thermal comfort analysis across the countries of the Balkan Peninsula [20]. According to the research of the same author [20], between 2010 and 2019, approximately 120 articles were published focusing on thermal comfort assessment in the Balkan Peninsula countries, as well as Hungary and Romania. This indicates a significant number of studies conducted during that period. Moreover, the upward trend in publication frequency related to thermal comfort assessments has continued beyond 2019 [21].



Pecelj et al. [22] assessed seasonal biothermal conditions in urban and suburban areas of Belgrade through the UTCI, PET, and mPET indices, using meteorological values measured at 7 a.m. and 2 p.m. Based on the results, the UTCI index showed that disparities between urban and suburban areas are most prominent during the period of minimum temperatures (7 a.m.), with an annual average difference of approximately 1.5 °C. The PET and mPET indices showed smaller differences (0.8 or 0.7 °C on the annual level), while the highest differences were in the period of maximum temperatures (2 p.m.). Milošević et al. [21] analyzed biometeorological conditions (during annual, summer, and heat-wave periods) across the whole territory of the Republic of Serbia, using 34 meteorological stations and calculating HUMIDEX, PET, and UTCI indices for the period 2000–2020. General outcomes showed that biometeorological indices on annual and summer levels have increasing tendencies throughout the country, and that during the heatwaves in summer, the most populated cities of Serbia are under dangerous and extreme heat stress.



The long-term OTC conditions in Banja Luka (Bosnia and Herzegovina) based on meteorological data from 1961 to 2020 were performed by Savić et al. [5]. The analysis of PET, UTCI, and Tmrt indices indicates a consistent and significant increase in the occurrence of extreme and strong heat days over the past 20 years. In comparison to the 1970s and 1980s, the number of days experiencing such high levels of heat stress has multiplied by a factor of five during the period from 2001 to 2020. The thermal comfort assessment, based on satellite monitoring and using a six-hour measurement frequency, was conducted for the cities of Sarajevo and Banja Luka [23]. Based on the results, mPET values showed higher and more frequent thermal stress in urban areas, compared to suburban areas. These differences are bigger during the summer and in midday and evening periods. At the same time, mPET values are in general lower in urban areas during the morning period, which can be considered because of building shadows, i.e., lack of direct sun radiation.



The summer thermal condition assessments across Slovenia using the UTCI index [24] and its impact on agricultural workers showed a statistically significant increasing trend of the UTCI values (0.7 °C/decade in summer). These positive trends are particularly noticeable in the southern part of the country and in general the thermal conditions during the hot summer days are not comfortable for moderate or severe agricultural workloads.



Like many other areas, Croatia is becoming warmer, and the bioclimatic conditions are changing as well. Borsy et al. [25] have already indicated the strengthening of unfavorable conditions for outdoor activities, especially in summer in the coastal area of Croatia. As shown by Nimac et al. [26], changes in urban climate conditions are caused by urbanization, but also by global warming. On the other hand, nor is the natural environment saved from climate change. Thus, for example, there is a positive trend of PET even in mountainous areas where there were no urban interventions or changes in the environment [27]. Bioclimatic changes affect many aspects of human activity with numerous unwanted effects. Some of them are dangerous for human health and even increase mortality [28]. For Croatia, Zaninović and Matzarakis [28] have found a connection between PET and mortality, which is significantly increased during long heat waves.



In addition to the mentioned studies, there is a wealth of research that investigates biometeorological conditions in various cities, natural spaces, and defined regions across Serbia, Slovenia, Croatia, Bosnia and Herzegovina, Montenegro, as well as Bulgaria, North Macedonia, Albania, and Greece. Numerous papers have been published on this topic, providing detailed analyses and insights. A comprehensive list of these papers, along with review explanations, can be found in the studies conducted by Dunjić et al. [20] and Milošević et al. [21].




3. Research Area and Measurement Locations


3.1. Research Area


The Balkan Peninsula extends throughout central and southeastern Europe, and its western part includes all or part of the territories of Slovenia, Croatia, Serbia, Bosnia and Herzegovina, and Montenegro (Figure 1). The main geographical characteristics of the studied area are presented in the Supplementary Materials (please see Table S1).



The climate is determined by its location between the Adriatic Sea and continental climate zones, as well as by the topography of the region. Annual air temperature ranges from 9.5 °C in higher elevations of the Dinarides/Alps to 17 °C along the Adriatic Sea (based on the data from 2000 to 2020). The average annual precipitation ranges from 600 mm in the southeast and east to over 2000 mm in the higher areas of the northwest and west [29]. Depending on the region, winters can be cold with abundant precipitation, while summers are hot and dry, especially along the Adriatic coast. Most of the area has a Cfb and Cfa continental climate (temperate climate, fully humid, warm summers, with at least 4 months of average air temperature above 10 °C), and only mountain areas have Dfb (snow climate, fully humid) or (isolated high mountain areas) even ET (tundra) climate (average temperature of warmest month between 0 °C and 10 °C) according to the Köppen-Geiger climate classification system. The climate of the Adriatic coast varies from Csa–hot-summer Mediterranean climate type (warm temperate climate with dry summer, at least four months of average air temperature above 10 °C) to Csc–cold-summer Mediterranean climate in the northern part of the area (cool, dry summers, with less than four months with an average air temperature at or above 10 °C). The Csb–warm summer Mediterranean climate type can be found in some areas of the southern Adriatic hinterland [30].




3.2. Selected Measurement Locations


Table 1 and Figure S1 provide an overview of the primary geographical, climate, and spatial characteristics of the 32 measurement locations included in this research. These locations span across five countries within the western part of the Balkan Peninsula: Serbia (5 stations), Slovenia (8 stations), Croatia (9 stations), Montenegro (3 stations), and Bosnia and Herzegovina (7 stations). Out of these stations, only five are not designated as the main meteorological stations. These five stations are Lendava, Murska Sobota, Nova Gorica, Novo Mesto (all in Slovenia), and Doboj (in Bosnia and Herzegovina). The general selection criteria for using presented measurement locations are as follows: (a) using good quality meteorological data sets that are mostly provided from the main meteorological stations, and in some cases non-main meteorological stations; (b) that data sets have missing data from 0% to 2.5%; (c) to provide, as much as possible, relevant spatial coverage of the research area.



While all stations are part of the official national meteorological networks in their respective countries, most of them (25 stations) are situated within urban areas or near city borders. These urban stations are labelled as ‘number 1’ in Table 1. On the other hand, the remaining seven stations are located outside urban areas at distances ranging from 1 km to 20 km from the urban zone boundaries. The distance listed in kilometers indicates the measurement location’s proximity to the urban border. To delineate the boundaries of urban areas, we used Google Earth and Google Maps, accessing data from June/July 2023. This process relied on the utilization of current satellite imagery to establish an accurate representation of the physical conditions on the ground.



For more precise details about each measurement location, including geographical coordinates, altitudes, and aerial photographs, please refer to Figure S1.



To explain the surrounding urban morphology parameters in more detail, each meteorological station was assigned its corresponding Local Climate Zone (LCZ) class based on the classification system by Stewart and Oke [31]. Some measurement sites are surrounded by intensive built-up types, like Belgrade, Podgorica, Ljubljana, Vranje, Zagreb, Banja Luka, or Mostar. The urbanization types of these locations are mostly recognized as LCZs 2, 5, 6, 8, B, or E. A few stations that are located on the outskirts of the urban areas have surroundings like LCZ 3, 6, 9, A, or D types. Finally, stations outside of the urban areas are mostly in land cover zones like LCZ A or D (see Figure S1).



Based on the climate classification system developed by Kottek et al. [30], eight meteorological stations fall under the category of continental climate with Cfa type. Additionally, 14 stations are classified as Cfb type. Four stations are categorized as Csa type, while two stations are classified as Csb type. Three stations are classified as Csc type, which also corresponds to the Mediterranean climate, but with a cooler summer. Notably, the Zavižan station stands out as the sole location characterized by a boreal climate with a Dfb classification. For more detailed information, please refer to Figure S1.





4. Data Sets and Methods


4.1. Meteorological Data Sets


This study utilized data collected at three different measurement times: morning (7 a.m.), midday (2 p.m.), and evening (9 p.m.). The data included measurements of air temperature (Ta), relative humidity (RH), wind speed (v), and cloudiness (N). These measurements were recorded daily over a period of 20 years, specifically from 1 January 2001 to 31 December 2020. The meteorological data sets were obtained from the national meteorological networks of five countries: Serbia, Croatia, Slovenia, Bosnia and Herzegovina, and Montenegro. During the quality control process, the meteorological data sets were carefully checked for outliers or missing data. Any data sets with more than 5% of missing data were excluded from further analysis. Among the selected 32 stations, half of them had 0% missing data, while nine stations had less than 1% missing data. The remaining stations had missing data ranging from 1% to 2.5% (see Figure S1). Missing data below the threshold of 2.5% are unlikely to significantly impact the accuracy and precision of the results of the study. Datasets from Belgrade, Novi Sad, Vranje, Loznica, and Niš were obtained from the Republic Hydrometeorological Service of Serbia [32]; data from nine stations in Croatia were provided by the Croatian Meteorological and Hydrological Service [33]; data sets from Slovenian stations were obtained from the Slovenian Environment Agency [34]; the Institute of Hydrometeorology and Seismology in Montenegro provided data sets from Podgorica, Nikšić, and Pljevlja stations [35]; and data sets from seven stations in Bosnia and Herzegovina were gathered from the Republic Hydrometeorological Institute [36] and the Federal Hydrometeorological Institute [37].




4.2. Research Methods


Besides numerous OTC indices, in the last 20 years, the PET index has been recognized as “the most popular” OTC index [18,38,39,40,41,42]. The PET index is defined as “the air temperature at which, in a typical indoor setting (without wind and solar radiation), the energy budget of the human body is balanced with the same core and skin temperature as under the complex outdoor conditions to be assessed“ [18]. In this study, the PET is calculated by using the RayMan model [43], which is based on the following data: (a) meteorological inputs (Ta, RH, v, N) from synoptic stations; and (b) standard values of clothing level, metabolic rate, age, and weight from the RayMan model (i.e., height 1.75 m, weight 75 kg, age 35 years, sex–male, clothing 0.9, activity 80 W, position–standing). In general, the RayMan model was developed to calculate OTC indices based on meteorological data (Ta, RH, v, N, and Tmrt), station locations, personal data, clothing, and activity. In addition, before the PET calculations, N values were transformed from tenths to octas based on the requirements of the Rayman model. Finally, the range of the PET thermo-physiological stress levels [17] that are used in this study is presented in Table S2.



To define the appearance ratio of heat stress, cold stress, or comfortable conditions during the research period, frequency analysis is performed. The frequency analysis outcomes are interpreted based on the nine PET thermal stress levels defined by Matzarakis and Mayer [17] categories which are presented in Table S2. To assess the annual and seasonal trends of the PET values throughout the measurements, a linear trend model was utilized. To determine the statistical significance of these trends, the t-test method was employed with a predetermined significance level (α) of 0.05, corresponding to a 95% confidence level.





5. Results


5.1. Seasonal and Annual Morning, Midday, and Evening Biometeorological Conditions Based on PET


5.1.1. Morning Bioclimatic Conditions at 7 a.m.


Based on Table 2, in the morning hours, during the winter, spring, and autumn seasons, PET values from all stations are mostly similar, i.e., mostly they are within levels of “moderate cold stress” (between 8 °C and 13 °C) and “strong cold stress” (between 4 °C and 8 °C). Stations in higher altitude regions like Zavižan, Postojna, and Pljevlja or stations in plains like Murska Sobota or Osijek have “extreme cold stress” conditions (lower than 4 °C) during autumn. As expected, negative average PET values (lower than −2 °C) during all seasons (except summer) are obtained only for Zavižan, which is a mountain station with an altitude of almost 1500 m above sea level. On the other hand, stations like Dubrovnik and Podgorica, which are located at low altitudes and very close to the Adriatic Sea (Dubrovnik), have higher PET values, and in some seasons, they experience “slight cold stress” levels (between 13 °C and 18 °C).



In the summer season, higher altitude regions have “moderate cold stress” (Zavižan) or “slight cold stress” levels (Postojna and Pljevlja), while others have experienced no thermal stress or heat stress. Furthermore, average summer PET values at 15 stations belong to the “no thermal stress” category (between 18 °C and 23 °C) and 14 stations have “slight heat stress” summertime PET values (between 23 °C and 29 °C). The first group of stations (no thermal stress) mostly has a moderate continental climate and is located in plains outside of urban areas (Novi Sad, Murska Sobota, Varaždin, Osijek) or in valleys (Vranje, Kočevje, Ljubljana, Nova Gorica, Novo Mesto, Nikšić, Banja Luka, Doboj, Sarajevo, Trebinje). Stations with “slight heat stress” are neartheAdriatic Sea (Rijeka, Pula, Split, Dubrovnik, Zadar, Portorož, Podgorica), located in the plain regions (Lendava, Belgrade, Bijeljina), or wider valleys (Zagreb, Niš, Loznica, Mostar, Tuzla), and most of them are located within urban areas.



Average annual PET values reflect the influence of individual season. Thus, the “slight cold stress” occurred on ten stations that are mostly the hottest locations (based on seasonal data). Of the 19 stations that are in the “moderate cold stress”, 3 stations (Zavižan, Postojna, and Pljevlja) have the lowest PET values with stronger cold stress (Table 2).




5.1.2. Midday Bioclimatic Conditions at 2 p.m.


Considering all stations, average seasonal PET values at 2 p.m. range from extreme cold to strong heat stresses throughout (Table 3). As expected, the station Zavižan is the coldest one. During winter, spring, and autumn, PET values reach an “extreme cold stress” level with values below 2.5 °C even in the central part of the day. During the summer, the average PET is 15.81 °C (“slight cold stress”) and the average annual level is “strong cold stress” with a PET of 5.4 °C. In addition, the station Nikšić has a lower PET in spring, i.e., in the range of “moderate cold stress” with a value of 13.0 °C. These cold stations are followed by other stations with PET values in the levels of “slight cold stress” or “no thermal stress” during the winter, spring, and autumn. Only Lendava in spring and Podgorica in winter and autumn achieve PET values higher than 23 °C, with a “slight heat stress” level. Finally, during the winter, spring, and autumn, between 50% and 60% of stations have “no thermal stress” level.



During the summer season, seven stations (Niš, Lendava, Podgorica, Bijeljina, Doboj, Tuzla, and Mostar) experienced “strong heat stress” with PET values higher than 35 °C. All other stations (except Zavižan) had “moderate heat stress” with PET values between 29 and 35 °C (Table 3). Based on thermal stress levels during summer, the highest thermal stress is revealed for stations located in plains and wider valleys, which are under continental or Mediterranean climate conditions, but also inside of cities. Annual average PET values are in the range of “no thermal stress” (19 stations) or “slight heat stress” (11 stations), while a cold stress level is detected for Postojna (“slight cold stress”) and Zavižan (“strong cold stress”).




5.1.3. Evening Bioclimatic Conditions at 9 p.m.


During winter, spring, and autumn, the evening thermal stress level at most stations belongs to the category of “strong cold stress” or “moderate cold stress” (Table 4). Stations with a Mediterranean climate and under stronger urban influence like Zadar, Split, Rijeka, Pula, Dubrovnik, Podgorica, Mostar, and Trebinje experienced higher thermal stress conditions with “moderate cold stress” levels during winter, spring, and autumn seasons. These thermal conditions are followed by Loznica station, which has a “moderate cold stress” level in all three seasons, and Dubrovnik station, with “slight cold stress” in autumn and a PET value of 13.24 °C. Similar to morning and midday values, the stations Zavižan, Postojna, and Pljevlja have the lowest evening PET values in winter, spring, and autumn, and they are in the range of “strong cold stress” or “extreme cold stress”, with a negative value in station Zavižan (lower than −2.5 °C).



During the summer season, stations Zavižan and Sarajevo experienced “strong cold stress” levels with an average PET value of 5.54 °C and “moderate cold stress” with an average PET value of 11.37 °C, respectively. Other stations have warmer evening thermal conditions, and 22 stations were faced with a “slight cold stress” level, while 8 stations (Zadar, Split, Pula, Dubrovnik, Podgorica, Bijeljina, Mostar, and Trebinje) experienced “no thermal stress” level (Table 4). The possible reason that these eight stations have optimal evening thermal conditions during the summer is that they are in areas of warmer climate conditions and influenced by the sea and low altitudes, but also of more significant urban influence. Finally, there are four different levels of average annual evening thermal stress. Naturally, the lowest PET value is obtained for Zavižan (“extreme cold stress”), and this cold stress condition is followed by seven stations with “strong cold stress”. Most locations (22 stations) have “moderate cold stress”, while the warmest stations are those with a Mediterranean type of climate (Dubrovnik and Podgorica), which experienced “slight cold stress” with average annual PET values exceeding 13.0 °C.





5.2. Seasonal and Annual Frequency of Morning, Midday, and Evening PET Stress Levels


Frequency analysis was used to determine the ratio of days with different thermal stress levels, based on daily temperature measurements at 7 a.m., 2 p.m., and 9 p.m. during the 20-year research period. Figure 2 and Figure S2 present the frequencies of PET thermal stress levels for all three measurement times, with these ratios shown as seasonal and annual averages. This discussion focuses on the results derived from three specific monitoring stations. Firstly, we examine the frequency analysis conducted in Belgrade, Serbia, which serves as a representative case illustrating the combined impact of a continental climate and urban environment on meteorological variables. Subsequently, we delve into the findings from Podgorica, Montenegro, a notably warm location influenced by a Mediterranean climate and urbanization. Finally, we analyze data from Zavižan, Croatia, characterized by a purely mountainous climate, devoid of any urban influences (see Figure 2). Detailed frequency analysis figures for the remaining 29 stations can be found in Supplementary Figure S2, with comprehensive interpretation provided in the subsequent sections of this paper.



5.2.1. Frequency Analysis of PET Values at 7 a.m.


In the morning period, during all seasons except summer, the most dominant thermal stress level is “extreme cold stress”, followed by “strong cold stress” and “moderate cold stress”. During winter, for stations located in plain, mountain, or urban areas with dominant continental climates or mountain areas influenced by Mediterranean climate, “extreme cold stress” occurred between 90% (Nova Gorica) and 99% of the time (Osijek). In spring, autumn, and on an annual basis, “extreme cold stress” ranged from 18% (autumn, Podgorica) to 55% (autumn, Sarajevo). In higher altitude regions (Zavižan, Postojna, and Pljevlja), the ratio of “extreme cold stress” is between 97% and 100% during the winter season, while in spring, autumn, and annual periods, the ratio is consistently higher than 40%, reaching up to 88% (spring, Zavižan) (Figure 2C). In locations near the Adriatic coast or in areas with Mediterranean influence (Dubrovnik, Pula, Rijeka, Zadar, Split, Portorož, Mostar, Trebinje), the ratio of “extreme cold stress” during winter ranges from 68% (Dubrovnik) to 90% (Trebinje). In other seasons and on an annual basis (except summer), “extreme cold stress” occurred at levels ranging from 9% (autumn, Dubrovnik) to 39% (annual, Mostar).



The ratio of “strong cold stress” and “moderate cold stress” during spring, autumn, and annually ranges from 9% (annual, Niš) to 26% (autumn, Zagreb). In the high mountain region (Zavižan), both cold thermal stresses are lower than 10% because of the dominant presence of “extreme cold stress” (Figure 2C). Mediterranean climate cities experienced a higher ratio of “moderate cold stress”, particularly in autumn, with a maximum frequency of 33% (Pula, Split, Zadar) (see Figure S2).



During spring and autumn, in regions with continental climates, “slight cold stress”, “no thermal stress”, “slight heat stress”, and in some cases “moderate heat stress”, occurred at frequencies ranging from 6% to 38%. Furthermore, at stations located in these regions, the “slight cold stress” and “no thermal stress” levels have higher frequencies. In mountain regions, these thermal stress levels have lower values—mostly less than 10% in total, and in the case of Zavižan, it is only 1%, due to the strong dominance of colder stress levels. Finally, stations located in regions influenced by the sea having a Mediterranean climate showed a higher frequency of these four thermal stresses during spring and autumn, with values ranging from 30% to 50% (see Figure S2).



During the summer period, there are distinct variations in the ratios of thermal stress compared to the winter, spring, and autumn seasons, as well as the annual period, across all stations. A notable influence of heat or thermal neutral conditions is observed, predominantly characterized by the prevalence of “no thermal stress”, “slight heat stress”, “moderate heat stress”, and “strong heat stress” levels (Figure 2 and Figure S2). Stations with continental climate, including plains, valleys, mountains, and cities, exhibited these four stress levels within a range of 47% (Kočevje) to 88% (Niš). Among these, the two levels“no thermal stress” and “slight heat stress” had higher values across nearly all stations, with a frequency ratio of approximately 10–20%, respectively. In stations such as Postojna, Murska Sobota, Pljevlja, and particularly Zavižan (Figure 2C), cold stress levels remained dominant, with a ratio exceeding 50%. Stations located in areas characterized by a Mediterranean climate displayed elevated values of “moderate heat stress” and “strong heat stress”. Almost all stations within this region experienced “strong heat stress” conditions at a few percentage points, with Dubrovnik recording the highest value of 11%. In contrast, stations with continental and mountain climates either did not exhibit the “strong heat stress” condition or did so with less than 10% frequency (see Figure S2).




5.2.2. Frequency Analysis of PET Values at 2 p.m.


The pattern of thermal stress frequencies, based on midday measurements, exhibits varying ratio values and a more diverse presence of thermal stress levels across all seasons and annual periods, compared to conditions observed at 7 a.m. and 9 p.m. (Figure 2 and Figure S2).



During the winter period, a prominent prevalence of intense cold stress conditions is evident across all stations, represented by the levels of “extreme cold stress”, “strong cold stress”, and “moderate cold stress.” However, these cold stress levels are not uniformly distributed among all stations, with variations reflecting spatial and climatic differences. Stations located in continental climates, such as plains, valleys, and cities, recorded these cold stress levels within a range from 79% (Loznica) to 98% (Ljubljana, Varaždin) (Figure 2A, see Belgrade station). Locations at higher altitudes consistently experienced all three cold stress levels in more than 90% of cases, with Zavižan reaching a maximum of 98% for “extreme cold stress” and 2% for “strong heat stress” (Figure 2C). In Mediterranean climate cities, the incidence of cold stress was lower, with intensive cold stress levels occurring from 75% (Podgorica, Figure 2B) to 95% (Zadar). Notably, “extreme cold stress” appeared less frequently in coastal locations compared to inland areas with continental climates. For instance, in Dubrovnik, “extreme cold stress” occurred in only 12% of cases (see Figure S2), while in Podgorica it was 18%, but in Belgrade, it was observed in 65% of cases (Figure 2A,B).



The thermal stress patterns for spring and autumn are highly similar across all locations (Figure 2 and Figure S2). All nine PET thermal stress levels were detected for stations under temperate or warm climates, whereas locations with milder climates exhibited thermal stress with eight different levels (excluding Zavižan). Stations in continental climates indicate that spring is slightly warmer than autumn, as reflected in the lower ratio of “extreme cold stress”, “strong cold stress”, and “moderate cold stress” (Figure 2A and Figure S2). Additionally, the ratio of these three cold stress levels falls within the range of 20% to 40%. Conversely, in higher altitude regions, these cold stresses occurred at rates from 50% to 90% (Figure 2C). In contrast, locations near or close to the Adriatic Sea experienced these intensive cold stress levels in less than 25% of cases, with the lowest values in Podgorica (Figure 2B and Figure S2). The most dominant stress levels in spring and autumn are optimal and near-optimal thermal conditions, specifically “slight cold stress”, “no thermal stress”, and “slight heat stress”. This is consistent across all 32 stations, with the main differences lying in the ratio of “moderate heat stress”, “strong heat stress”, and “extreme heat stress” that occurred in cities with Mediterranean climates at values of up to 30% (in Podgorica and Mostar) (Figure 2B).



During the summer season, locations experienced heat stress conditions, including “slight heat stress”, “moderate heat stress”, “strong heat stress”, and “extreme heat stress” with a ratio of approximately 90%, except for the Zavižan station (Figure 2 and Figure S2). The most dominant heat stress levels are “moderate heat stress” and “strong heat stress”, with ratios ranging from 15% to 30%, while “extreme heat stress” occurred in less than 15% of cases. However, some inland stations (Niš, Loznica, Lendava, Tuzla, Doboj, Bijeljina, Banja Luka) and Mediterranean climate regions (Mostar) experienced the highest levels of heat stress, reaching 20% or more (see Figure S2), with a maximum value of 43% in Podgorica (Figure 2B). Finally, locations near the Adriatic Sea stand out from other stations due to higher ratios of “moderate heat stress” and “strong heat stress” levels.



The annual level of PET thermal stress levels encompasses all categories and represents the average of all four seasonal thermal stress conditions. In general, seven thermal stress levels are evenly distributed across all stations (except Zavižan), but the ratios of “extreme cold stress” and “extreme heat stress” levels depend on specific geographical and climate characteristics (Figure 2 and Figure S2).




5.2.3. Frequency Analysis of PET Values at 9 p.m.


Evening measurements have revealed frequency tendencies in thermal stress levels very similar to those observed in the morning, especially during the winter, autumn, and annual periods. However, in spring and, even more so in summer, cold thermal stresses are more prevalent, with lower ratios of heat stress levels (Figure 2 and Figure S2).



The “extreme cold stress” level has frequency values ranging from 83% in Loznica, with other stations exhibiting higher values, peaking at 100% in Zavižan. Clearly, stations in continental or mountainous regions experience extreme cold conditions in less than 80% of cases, but this is not the case for Mediterranean climate regions, where the coldest conditions are less frequent, with all stations below 80% (with a minimum value of 60% in Dubrovnik). Consequently, “strong cold stress” and “moderate heat stress” occur in less than 10% of cases in stations located in inland regions. For stations near the Adriatic coast and influenced by the Mediterranean climate, both thermal stresses have higher ratio values, but “strong cold stress” is more dominant (Figure 2B and Figure S2).



When examining the spring and autumn seasons, it is apparent that the ratio of thermal stress levels is very similar in both seasons, with a slight increase in the values of “slight cold stress” and “no thermal stress” in autumn. Based on PET calculations from stations in continental climate regions (plains, mountains, valleys, and cities), “extreme cold stress”, “strong cold stress”, and “moderate cold stress” occur between 75% and 95% of cases. For stations in higher altitude areas such as Zavižan, Pljevlja, and Postojna, the ratio exceeds 90% in all cases. For stations with a Mediterranean climate, the ratio of these cold stress levels ranges from 60% to 85%. Other frequency ratios of thermal stress levels favor “slight cold stress” and “no thermal stress”, but in all 32 stations, the former stress level has higher percentage values.



Frequency analysis has revealed different patterns of thermal stresses in the summer season compared to the previous seasons. In stations located in plains and mountainous regions, the frequency of cold stress levels ranges from a minimum of 45% (Bijeljina) to a maximum of 50% (Niš, Loznica, Zagreb), with mountainous regions having a higher ratio of extreme/strong/moderate cold stresses, exceeding 90%, as seen for Zavižan (Figure 2C). At all locations, “slight cold stress” is more dominant than the colder stress levels (see Figure S2). Locations in Mediterranean climate areas experienced more than 50% of cases with “no thermal stress” or “slight heat stress” levels, with a maximum value of 81% in Podgorica (Figure 2B). Alongside these two thermal stresses, the “moderate heat stress” level also occurs with a ratio of 1%. Finally, in all stations, the “no thermal stress” level is more frequent than the “slight heat stress” level (see Figure S2).





5.3. Annual and Seasonal Morning, Midday, and Evening PET Trends


This chapter presents annual and seasonal trends in PET values for all three measurement times and all 32 stations. Additionally, Figure 3 illustrates annual PET trends, while seasonal PET trends are presented in Supplementary Figure S3.



Statistically significant increasing annual trends in PET values were obtained for 18 locations, primarily for 7 a.m. and 2 p.m. observation times. Belgrade exhibited statistically significant positive trends even at 9 p.m. These significant trend values were noted in measurement locations characterized by intensive urbanization, such as Belgrade, as well as in areas with fewer urban characteristics, encompassing natural settings with continental climates, mountains, or Mediterranean regions. In most cases, statistically significant PET values ranged from 1 °C/20 y to 4 °C/20 y, but some measurement locations experienced higher trend values, including Vranje (4.5 °C/20 y at 2 p.m.), Kočevje (10.7 °C/20 y at 2 p.m.), and Bijeljina (4.1 °C/20 y at 7 a.m.). A few stations showed positive or negative PET trends that were not statistically significant. Additionally, a handful of stations exhibited statistically significant decreasing trends, as seen in Lendava (in all three terms, max. −5.8 °C/20 y at 2 p.m.), Zagreb (−1.8 °C/20 y at 7 a.m.), Pljevlja (in all three terms, max. −4.6 °C/20 y at 2 p.m.), Podgorica (−1.7 °C/20 y at 7 a.m.), Mostar (−1.4 °C/20 y at 7 a.m.), and Tuzla (max. −3.7 °C/20 y at 2 p.m.) (Figure 3).



In the winter season, statistically significant PET trends were generally less prevalent. Nevertheless, Belgrade, Novi Sad, Vranje, Kočevje, Ljubljana, Novo Mesto, Portorož, Postojna, Osijek, Banja Luka, Bijeljina, and Doboj showed statistically significant increasing PET trends, with values of 2.5 °C/20 y or higher, primarily during midday (2 p.m.) and evening (9 p.m.) periods. Statistically significant decreasing trends were observed in Lendava (−4.8 °C/20 y at 2 p.m.) and Pljevlja (in all three terms, max. −7.1 °C/20 y at 2 p.m.) (Figure S3A).



No significant trends were evident in most measurement terms during the spring period. A few statistically significant increasing trends were observed, primarily during the evening period (at 9 p.m.), in Belgrade, Kočevje, Banja Luka, and Bijeljina, with values ranging from 1.4 °C/20 y to 3 °C/20 y. Strong increasing trends were noted in Kočevje (11.6 °C/20 y at 2 p.m. and 7.6 °C /20 yat 7 a.m.). Conversely, substantial decreasing trends were calculated in Lendava (in all three terms, max. −7.9 °C/20 y at 2 p.m.), Zagreb (−4.2 °C/20 y at 7 a.m.), Pljevlja (in all three terms, max. −9.2 °C/20 y at 7 a.m.), Podgorica (−3.9 °C/20 y), Mostar (−3.6 °C/20 y at 7 a.m.), and Tuzla (in all three terms, max. −5.5 °C/20 y at 2 p.m.) (Figure S3B).



During the summer period, a few cities exhibited statistically significant increasing trends, which were more common in this season compared to winter and spring. Kočevje showed very strong increasing trends in all three terms (max. 11 °C/20 y at 2 p.m.), followed by Belgrade (in all three terms, max. 3.7 °C/20 y at 2 p.m.), Vranje (4.6 °C/20 y at 2 p.m.), Novo Mesto (3.8 °C/20 y at 2 p.m.), and other cities, with significant increases during morning or evening times. Conversely, significant decreasing trends were noticed in Lendava, Pljevlja (with a maximum value of −12.4 °C/20 y), Mostar, and Tuzla (Figure S3C).



In the autumn season, statistically significant increasing trends were observed in most measurement terms. Substantial PET values ranged from 1.4 °C/20 y at 7 a.m. in Trebinje to 10.7 °C/20 y at 2 p.m. in Kočevje. Strong increasing trends were evident in measurement locations characterized by intensive urbanization, such as Belgrade (in all three terms), Vranje, Ljubljana, Banja Luka, Bijeljina, and Doboj. Similar tendencies were observed in less urbanized Novi Sad and Osijek, which are located in plains with a continental climate. Cities under the influence of the Mediterranean, like Trebinje and Split, also displayed statistically significant increasing trends in all three periods of the day. Additionally, some significant decreasing trends were recognized in Lendava and Pljevlja (in all three terms, max. −5.4 °C/20 y at 7 a.m.) (Figure S3D).




5.4. Comparison Results of Urban and Non-Urban Measurement Sites


In Table 5, we present a comparison of paired stations with similar geographical surroundings, such as plains, altitudes below 200 m above sea level, and similar climates. However, these stations differ in their built-up and land cover features, allowing us to compare urban and non-urban measurement sites (e.g., BG-VŽ, LJ-NM). Additionally, we include two measurement sites in Mediterranean climates with similar environments (ST-DU). The table also includes a brief comparison comment for each paired station.





6. Discussion


This study is one of the first that covers broader regions of Balkan countries and provides insight into the biometeorological conditions of five countries using the 20-year data from multiple stations from each country (32 stations in total). The use of thermal indices such as PET is more useful for thermal sensation evaluation than only information about single meteorological parameters, as it considers the effects of atmospheric conditions on the human body and is also easier for people to understand [14,25,44,45,46]. Analysis of annual and seasonal characteristics of PET distribution for each station, for the morning, midday, and evening hours, as well as PET categories frequencies and trends, provides a comprehensive overview of the biometeorological conditions over Balkan cities.



The results of this study reveal that the bioclimatological conditions of the Balkan cities strongly depend on their geographical location, climatological background, and landscape characteristics, as well as urban surroundings. For example, at the annual average, but also at the seasonal average, stations with the highest altitude express higher levels of cold stress. Thus, mountain station Zavižan almost in all cases records extreme or strong cold stress according to the PET index. In addition, stations Postojna and Pljevlja often record strong to extreme annual average levels of cold stress, but also in winter, spring, and autumn. Not only do highly elevated areas encounter increased cold stress, but also regions situated in continental plains such as Murska Sobota and Osijek. This phenomenon is likely attributed to the continental climate prevalent in these locations. Conversely, weather stations proximate to the Adriatic coast, including Dubrovnik and Podgorica, or those in more continental segments of the Balkan peninsula, like Lendava, Loznica, Bijeljina, Mostar, and Niš, often witness heightened heat stress or reduced cold stress during winter. This variance is likely due to local climate conditions influenced by factors such as topography, solar exposure, and latitude positioning, though urbanization effects may also play a role. There is a strong need for OTC data sets that can aid urban planners and architects [47], because urban geometry strongly influences the outdoor thermal conditions at micro-scale (street level) and could have implications for urban planning and design [48]. Therefore, the OTC data sets are important sources for further comprehensive and more detailed climate-cautious urban design, such as an assessment of the relationship between environmental data and building geometry [49]. Up to now, it is quite certain that urban microclimate and outdoor thermal conditions vary greatly within different urban morphology, i.e., depends on building heights, dense trees, and the ratio of shadows. For instance, streets with low-height buildings lead to more stressful thermal conditions, contrary to narrow streets with high buildings and dense trees where the PET values may reach comfortable conditions, particularly during the hot peak period and afternoon time [50].



Previous research from Balkan countries confirms that geographical location and local landscape characteristics have an impact on bioclimate conditions [44]. For example, Črepinšek et al. [24] showed that submediterranean (Bilje, Portorož) and subcontinental (Ljubljana, Maribor, Novo Mesto, Črnomelj) climate regions in Slovenia experience more intensive and longer stressful bioclimatic conditions, compared to the moderate climate of hilly (Slovenj Gradec, Postojna) and Alpine climate region (Rateče). They confirm that for the considered stations in the period 2000–2021, a large share of the summer days is characterized by moderate, strong, or very strong heat stress [24]. A study by Zaninović et al. [27] showed that in the period 1955–2004 in Zavižan (Croatian Dinaric Alps) and Kredarica (Slovenian Julian Alps), PET values showed prevailing very cold thermal sensation, varying from very cold winters to cold and cool summers. Basarin et al. [46] used a longer data set (1992–2013) for bioclimate assessment in Zlatibor mountain, in the morning, midday, and evening hours, and the results show that extreme cold stress is present in morning and evening hours in the late autumn, winter, and early spring. In early autumn and later spring, PET values show mostly comfortable conditions throughout the day. During summer, PET values in the morning and evening hours show comfortable conditions, while for midday hours, hot thermal stress is observed [46]. These results are consistent with the results from the current study that show that higher elevated stations (Zavižan, Postojna) and locations with pronounced continentality [51] (e.g., Murska Sobota, Osijek) experience colder thermal sensations. A recent study on biometeorological conditions in Serbia based on 20-year data from 27 official meteorological stations shows that the majority of the cities in summer experience some degree of heat stress, “slight heat stress” (recorded at 17 stations), or “moderate heat stress” (recorded at 9 stations). The most uncomfortable conditions are observed in Niš [21]. On the annual level, PET values indicate the occurrence of cold stress throughout the county, with “moderate cold stress” observed at 10 stations and “slight cold stress” observed at 17 stations. The highest values are observed in Niš and Loznica, which is in good accordance with this study, given that the PET values for all measurement times in Serbia are the highest for Niš and Loznica as well.



When analyzing frequencies of the occurrence of different thermal stress categories, this study shows that in the morning and evening hours, cold stress occurs more frequently than heat stress in the Balkan peninsula in winter, spring, autumn, and annually. The ratio of cold stress categories is distinct in different locations, depending on their geographical positions and the environmental characteristics of the station’s surroundings. In summer, periods with “no thermal stress” are more frequent, as well as periods with “slight cold stress” and “slight heat stress”. In the midday hours, periods with “no thermal stress” or “slight thermal stress” occur more frequently in spring and autumn; in winter, the most frequent are periods with a certain level of cold stress, while in summer, periods with a certain level of heat stress are the most pronounced. Recent studies from the Balkan countries show similar results [21,22,23]. The results from the long-term analysis of biometeorological conditions in Serbia indicate that on an annual level, cold stress (slight to extreme) occurs most frequently at almost all the observed stations (26 of 27). Cold stresses are more frequent in mountainous areas than plains and low-lying areas. Heat stress (slight to strong) occurs less frequently in Serbia compared to cold stress, e.g., from 12% at higher altitudes (Sjenica) to 39% in urban areas (Niš) [21]. Pecelj et al. [22] reported that in summer midday hours, the most dominant is “moderate heat stress” in Belgrade according to the UTCI index. A study by Malinović-Milićević [23] shows that due to the climatic characteristics of the area, Sarajevo has a higher frequency of cold stress categories than Banja Luka, while Banja Luka has a higher frequency of heat stress categories. Both Sarajevo and Banja Luka experience at least “strong heat stress” in summer midday hours. In winter midday hours, at least “strong cold stress” was reported, while in spring and autumn midday hours, “no thermal stress” occasions are the most frequent. In the morning and evening hours, cold stress was the most frequent in winter and transitional seasons (spring and autumn), while in summer it was the “no thermal stress” category in Sarajevo and “slight heat stress” in Banja Luka [23].



The analysis of the PET trends in Balkan countries shows that most of the sites in the Balkan peninsula (18 stations) will experience increased PET levels at least for two out of three measurement periods. An increasing trend of PET values is noticed in the highly urbanized areas, but also in other areas that are less urbanized, in some cases in mountain and coastal areas. The highest statistically significant PET increase trends are observed at the station Kočevje (up to 10.7 °C/20 y). However, there are some stations where the decreasing trend of PET values is observed, such as Lendava (up to −5.8 °C/20 y) and Pljevlja (up to −4.6 °C/20 y). The results in this study are in good accordance with previous studies for this area. For example, a study of biometeorological conditions in Banja Luka based on long-term data (1961–2020) shows an increasing trend of PET values, as of 0.7 °C per decade [5]. The same study shows that in the last three decades, mean values of PET are higher compared to the previous period. The results from the long-term (1961–2014) analysis of the bioclimate of Loznica indicate that statistically significant increasing trends in annual and seasonal values of PET exist. The study reveals the increase in the number of days with PET > 29 °C, an increasing trend in PET values of 0.63ºC per year, and that every year there are 0.44 more extremely warm days [52]. Slovenia’s bioclimatic conditions have changed during the period 1951–2000. Significant changes were noted for the PET, which increased significantly by almost 3 °C during the last 25 years in Ljubljana and Kredarica [51]. As noticed in the current study, an increasing trend of PET values is observed in the mountainous regions too, which was previously reported by Zaninović et al. [27] for Zavižan and Kredarica.



The research encountered several information and data obstacles, which can be categorized into the following elements:




	
Availability of daily meteorological data: Acquiring daily data for air temperature, relative humidity, wind, and cloudiness over a 20-year period posed a significant challenge. Even when data from national official stations were accessible, daily data were not publicly available in most countries. In some cases, several months were required to obtain data sets, and in one country, only co-authors from that specific nation were permitted to analyze the data. These hurdles collectively hindered the timely and efficient progress of thermal assessments.



	
Station location metadata: Obtaining daily data was challenging, and precise metadata, such as information regarding station relocations or the transition from analogue to automatic stations, were particularly difficult to obtain. Consequently, this study provides minimal presentation of metadata related to station changes. It is generally recognized that automatic weather stations are predominantly installed at primary station locations in almost all countries. Additionally, based on satellite imagery, it was deduced that the station in Podgorica had been recently relocated.



	
Network density: The study utilized stations with reliable data quality. Regrettably, during the conflicts of the last decade of the 20th century and the economic and political transitions at the beginning of the 21st century, many stations were discontinued in all countries. This reduction in station density limited the spatial coverage of the research area.



	
Metadata of micro-location surroundings: Official information regarding changes in urban morphology was exceedingly limited and unavailable for the majority of cities. Consequently, this study does not provide a separate explanation for these urban environment changes.








The comparisons with the previous studies are limited due to the lack of bioclimate studies for all regions included in this study. Furthermore, different bioclimate indices were used in the existing studies, which imply certain differences in the evaluation of thermal conditions when using different indices (PET, mPET, UTCI) [22]. However, certain patterns can be confirmed by the results from previous studies. Using the PET index and comparing bioclimate conditions in different areas across five Balkan countries makes this study comprehensive and allows a better understanding of the bioclimate conditions of 32 areas across the Balkans.




7. Conclusions


The acquisition and assessment of thermal conditions in cities have become increasingly important for addressing environmental and public health concerns. However, obtaining comprehensive and detailed urban meteorological data sets with high-density station networks and long-term measurements remains a significant challenge, even in the 21st century. This study aimed to conduct a bioclimate assessment in cities using the PET index and meteorological data sets from 32 official national meteorological stations across five countries in the western part of the Balkan Peninsula.



The data sets collected from these selected stations offer the potential for long-term, mid-term, or short-term climate analysis. The results of this study suggest that these stations or measurement locations can serve as representative sources of data for assessing thermal conditions in cities, considering their positions within urban areas. Out of the 32 stations, 25 are situated in densely built-up urban areas or suburban regions of the analyzed cities.



In addition to climate type and relief-related factors, urbanization also plays a crucial role in shaping climate characteristics and OTC conditions. Therefore, alongside climate monitoring through in situ station networks within urban areas or mobile measurement campaigns in built-up regions, national meteorological stations, in many cases, can provide relevant data for analyzing urban climate on a local or micro-scale.



Despite the considerable geographical scope of this research, which might suggest the emergence of certain groupings of stations experiencing similar thermal stress, no discernible spatial pattern or trends in thermal stress are identified. This underscores the substantial impact of local factors, including LCZs and built-up density, on the thermal attributes of urban areas. Consequently, when planning and implementing measures to mitigate heat stress within cities, it becomes imperative to conduct a thorough analysis of the climatic attributes and consider the unique characteristics of each urban locale.



National meteorological stations typically possess sufficiently extensive and reliable meteorological data sets, which are indispensable for investigating shifts in urban bioclimatic conditions. Nevertheless, it is important to recognize that heat stress does not uniformly pervade urban areas. The process of urbanization can accentuate thermal stress in specific urban zones. Hence, in addition to utilizing these established meteorological stations, there is a compelling need to expand the network of measurements. Furthermore, supplementing the data spatially can be achieved through targeted mobile measurement campaigns. This approach facilitates the acquisition of a more granular spatial understanding of thermal stress distribution within urban environments. Such detailed insights are indispensable for formulating strategic climate change mitigation and adaptation plans and measures, whether at the national or municipal level.



This research contributes valuable insights into assessing and addressing urban climate challenges in the western part of the Balkan Peninsula and serves as a model for similar studies in other regions.
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Figure 1. Research area and locations of the analyzed meteorological stations. All stations on the map are presented with abbreviated names (see Table 1). Background map: Esri, HERE, Garmin, FAO, NOAA, USGS. 
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Figure 2. Frequency analysis (in %) of different PET stress levels for (A) Belgrade (Serbia), (B) Podgorica (Montenegro), and (C) Zavižan (Croatia). The small letter marks (a–c) represent PET stress patterns from observation times at 7 a.m., 2 p.m., and 9 p.m. Note: Frequency analysis for the other 29 stations is presented in Figure S2. 
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Figure 3. Annual trends of averaged PET values across the research area in the period 2001–2020. Note: The trends are expressed in °C per 20-year period. Statistically significant trends (95% of confidence level) are marked with an asterisk (*). The letter marks (A–C) represent PET trends from measurement terms at 7 a.m., 2 p.m., and 9 p.m. PET trends on seasonal levels are presented in Figure S3. 
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Table 1. The list of analyzed meteorological stations with their basic information.
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	No.
	Country
	Station Name
	Abbr.
	Main Meteorological Station (Yes/No)
	Inside the Urban Area-1 or Outside of Urban Area-2

(Distance in km)





	1
	Serbia
	Belgrade
	BG
	Yes
	1



	2
	Serbia
	Loznica
	LO
	Yes
	1



	3
	Serbia
	Niš
	NI
	Yes
	1



	4
	Serbia
	Novi Sad
	NS
	Yes
	2 (1.9 km)



	5
	Serbia
	Vranje
	VR
	Yes
	1



	6
	Slovenia
	Kočevje
	KO
	Yes
	1



	7
	Slovenia
	Lendava
	LE
	No
	1



	8
	Slovenia
	Ljubljana
	LJ
	Yes
	1



	9
	Slovenia
	Murska Sobota
	MS
	No
	2 (1.2 km)



	10
	Slovenia
	Nova Gorica
	NG
	No
	1



	11
	Slovenia
	Novo Mesto
	NM
	No
	1



	12
	Slovenia
	Portorož
	PR
	Yes
	2 (3.4 km)



	13
	Slovenia
	Postojna
	PO
	Yes
	1



	14
	Croatia
	Zavižan
	ZA
	Yes
	2 (20.0 km)



	15
	Croatia
	Zagreb
	ZG
	Yes
	1



	16
	Croatia
	Zadar
	ZD
	Yes
	1



	17
	Croatia
	Varaždin
	VŽ
	Yes
	2 (1.0 km)



	18
	Croatia
	Split
	ST
	Yes
	1



	19
	Croatia
	Rijeka
	RI
	Yes
	1



	20
	Croatia
	Pula
	PU
	Yes
	2 (4.7 km)



	21
	Croatia
	Osijek
	OS
	Yes
	2 (9.6 km)



	22
	Croatia
	Dubrovnik
	DU
	Yes
	1



	23
	Montenegro
	Nikšić
	NK
	Yes
	1



	24
	Montenegro
	Pljevlja
	PV
	Yes
	1



	25
	Montenegro
	Podgorica
	PG
	Yes
	1



	26
	Bosnia and Herzegovina
	Banja Luka
	BL
	Yes
	1



	27
	Bosnia and Herzegovina
	Bijeljina
	BN
	Yes
	1



	28
	Bosnia and Herzegovina
	Doboj
	DO
	No
	1



	29
	Bosnia and Herzegovina
	Mostar
	MO
	Yes
	1



	30
	Bosnia and Herzegovina
	Sarajevo
	SA
	Yes
	1



	31
	Bosnia and Herzegovina
	Trebinje
	TB
	Yes
	1



	32
	Bosnia and Herzegovina
	Tuzla
	TZ
	Yes
	1







Note: Abbr.–abbreviation, ’how far in km’–station distance in km from the border of the urban zone.













 





Table 2. Average seasonal and annual PET values at 7 a.m. at official meteorological stations in the study area for the period 2001–2020. Values are given in °C.
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Countries

	
Stations

	
Winter

	
Spring

	
Summer

	
Autumn

	
Annual






	
SERBIA

	
Belgrade

	
8.67

	
9.31

	
23.03

	
7.48

	
12.12




	
Loznica

	
10.05

	
11.29

	
23.84

	
8.36

	
13.39




	
Niš

	
10.53

	
11.65

	
26.32

	
8.58

	
14.27




	
Novi Sad

	
6.79

	
7.46

	
21.53

	
4.87

	
10.16




	
Vranje

	
8.03

	
9.13

	
22.60

	
6.29

	
11.51




	
SLOVENIA

	
Kočevje

	
5.75

	
5.51

	
18.30

	
5.36

	
8.73




	
Lendava

	
8.73

	
9.35

	
23.82

	
6.68

	
12.15




	
Ljubljana

	
6.46

	
6.31

	
19.52

	
5.55

	
9.46




	
Murska Sobota

	
5.15

	
5.44

	
18.91

	
3.61

	
8.28




	
Nova Gorica

	
7.43

	
7.07

	
21.17

	
6.01

	
10.42




	
Novo Mesto

	
5.41

	
5.21

	
18.54

	
4.22

	
8.34




	
Portorož

	
8.24

	
7.71

	
21.32

	
7.03

	
11.08




	
Postojna

	
4.15

	
3.34

	
16.73

	
3.71

	
6.98




	
CROATIA

	
Zavižan

	
−2.78

	
−4.46

	
8.19

	
−2.35

	
−0.35




	
Zagreb

	
9.24

	
9.75

	
23.21

	
7.87

	
12.52




	
Zadar

	
10.56

	
9.40

	
23.63

	
9.73

	
13.33




	
Varaždin

	
5.90

	
6.28

	
19.81

	
4.08

	
9.02




	
Split

	
12.13

	
11.20

	
26.08

	
11.00

	
15.10




	
Rijeka

	
11.43

	
11.09

	
25.38

	
10.04

	
14.48




	
Pula

	
10.33

	
9.00

	
23.77

	
9.52

	
13.16




	
Osijek

	
5.65

	
6.02

	
19.77

	
3.77

	
8.80




	
Dubrovnik

	
13.67

	
12.75

	
27.52

	
12.75

	
16.67




	
MONTENEGRO

	
Nikšić

	
7.23

	
7.33

	
21.69

	
5.66

	
10.48




	
Pljevlja

	
4.37

	
4.91

	
16.59

	
3.08

	
7.24




	
Podgorica

	
13.15

	
13.64

	
28.03

	
11.73

	
16.64




	
BOSNIA AND HERZEGOVINA

	
Banja Luka

	
7.53

	
8.10

	
21.22

	
5.66

	
10.63




	
Bijeljina

	
9.65

	
10.31

	
24.64

	
8.07

	
13.17




	
Doboj

	
7.28

	
7.53

	
20.84

	
5.74

	
10.35




	
Mostar

	
10.81

	
10.81

	
24.47

	
9.40

	
13.87




	
Sarajevo

	
5.59

	
5.59

	
18.26

	
4.41

	
8.46




	
Trebinje

	
9.25

	
8.90

	
22.15

	
8.45

	
12.19




	
Tuzla

	
8.16

	
8.95

	
23.37

	
5.59

	
11.52








Note: Colors indicate different thermal stress levels (legend is provided in the Figure S3).













 





Table 3. Average seasonal and annual PET values at 2 p.m. at official meteorological stations in the study area for the period 2001–2020. Values are given in °C.
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Countries

	
Stations

	
Winter

	
Spring

	
Summer

	
Autumn

	
Annual






	
SERBIA

	
Belgrade

	
17.71

	
18.49

	
33.19

	
17.30

	
21.67




	
Loznica

	
20.18

	
20.41

	
34.23

	
20.21

	
23.76




	
Niš

	
20.19

	
20.05

	
35.70

	
20.58

	
24.13




	
Novi Sad

	
16.83

	
17.48

	
32.54

	
16.59

	
20.86




	
Vranje

	
16.87

	
16.72

	
31.80

	
17.12

	
20.63




	
SLOVENIA

	
Kočevje

	
18.74

	
19.42

	
32.83

	
17.75

	
22.19




	
Lendava

	
21.72

	
23.02

	
37.52

	
20.89

	
25.79




	
Ljubljana

	
16.92

	
17.44

	
31.69

	
16.11

	
20.54




	
Murska Sobota

	
16.07

	
16.83

	
31.09

	
15.27

	
19.82




	
Nova Gorica

	
19.22

	
18.44

	
33.42

	
18.73

	
22.45




	
Novo Mesto

	
17.04

	
17.43

	
31.71

	
16.22

	
20.60




	
Portorož

	
18.41

	
17.12

	
31.68

	
18.32

	
21.38




	
Postojna

	
14.18

	
13.94

	
28.67

	
13.31

	
17.53




	
CROATIA

	
Zavižan

	
2.47

	
1.12

	
15.81

	
2.22

	
5.40




	
Zagreb

	
17.51

	
18.36

	
32.47

	
16.22

	
21.14




	
Zadar

	
18.53

	
16.64

	
31.47

	
18.68

	
21.33




	
Varaždin

	
15.16

	
15.73

	
29.84

	
14.24

	
18.74




	
Split

	
19.83

	
18.13

	
34.20

	
19.54

	
22.93




	
Rijeka

	
19.91

	
19.20

	
33.81

	
19.22

	
23.03




	
Pula

	
17.70

	
15.91

	
31.46

	
17.55

	
20.66




	
Osijek

	
17.10

	
18.18

	
32.76

	
16.42

	
21.11




	
Dubrovnik

	
20.49

	
18.39

	
33.53

	
20.91

	
23.33




	
MONTENEGRO

	
Nikšić

	
15.07

	
13.00

	
29.27

	
15.09

	
18.11




	
Pljevlja

	
16.49

	
15.99

	
30.25

	
16.70

	
19.86




	
Podgorica

	
23.61

	
22.69

	
38.91

	
23.47

	
27.17




	
BOSNIA AND HERZEGOVINA

	
Banja Luka

	
19.15

	
19.42

	
34.22

	
18.39

	
22.79




	
Bijeljina

	
21.25

	
21.77

	
37.49

	
21.03

	
25.38




	
Doboj

	
20.68

	
21.76

	
35.70

	
20.03

	
24.54




	
Mostar

	
22.96

	
22.32

	
38.87

	
22.89

	
26.76




	
Sarajevo

	
17.42

	
17.23

	
31.86

	
17.46

	
20.99




	
Trebinje

	
20.37

	
18.63

	
34.72

	
20.68

	
23.60




	
Tuzla

	
21.05

	
21.64

	
35.86

	
20.93

	
24.87








Note: Colors indicate different thermal stress levels (legend is provided in the Figure S3).













 





Table 4. Average seasonal and annual PET values at 9 p.m. at official meteorological stations in the study area for the period 2001–2020. Values are given in °C.
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Countries

	
Stations

	
Winter

	
Spring

	
Summer

	
Autumn

	
Annual






	
SERBIA

	
Belgrade

	
7.10

	
7.19

	
17.78

	
7.19

	
9.82




	
Loznica

	
8.24

	
8.28

	
17.77

	
8.45

	
10.69




	
Niš

	
7.56

	
7.58

	
17.86

	
7.96

	
10.24




	
Novi Sad

	
5.85

	
6.07

	
16.29

	
6.11

	
8.58




	
Vranje

	
5.97

	
5.96

	
15.85

	
6.50

	
8.57




	
SLOVENIA

	
Kočevje

	
4.48

	
4.00

	
13.56

	
5.15

	
6.80




	
Lendava

	
6.02

	
6.06

	
15.61

	
6.37

	
8.51




	
Ljubljana

	
6.45

	
6.20

	
16.47

	
6.80

	
8.98




	
Murska Sobota

	
4.72

	
4.82

	
14.82

	
4.89

	
7.31




	
Nova Gorica

	
7.01

	
6.61

	
16.48

	
7.42

	
9.38




	
Novo Mesto

	
5.83

	
5.86

	
15.89

	
5.94

	
8.38




	
Portorož

	
6.79

	
5.76

	
15.88

	
7.31

	
8.93




	
Postojna

	
3.99

	
3.39

	
13.67

	
4.49

	
6.38




	
CROATIA

	
Zavižan

	
−3.71

	
−5.30

	
5.54

	
−2.85

	
−1.58




	
Zagreb

	
7.76

	
7.69

	
17.82

	
7.93

	
10.30




	
Zadar

	
9.17

	
7.65

	
18.21

	
9.99

	
11.25




	
Varaždin

	
4.99

	
5.01

	
14.87

	
5.16

	
7.51




	
Split

	
10.48

	
8.85

	
20.31

	
11.20

	
12.71




	
Rijeka

	
8.67

	
7.56

	
17.80

	
9.24

	
10.82




	
Pula

	
9.15

	
7.68

	
19.00

	
9.76

	
11.40




	
Osijek

	
5.41

	
5.57

	
15.78

	
5.53

	
8.07




	
Dubrovnik

	
11.11

	
8.99

	
19.64

	
13.24

	
13.25




	
MONTENEGRO

	
Nikšić

	
5.38

	
4.49

	
15.18

	
5.84

	
7.72




	
Pljevlja

	
3.94

	
3.82

	
13.38

	
4.14

	
6.32




	
Podgorica

	
11.01

	
10.16

	
21.34

	
11.36

	
13.47




	
BOSNIA AND HERZEGOVINA

	
Banja Luka

	
7.01

	
7.01

	
17.14

	
6.99

	
9.54




	
Bijeljina

	
7.69

	
7.68

	
18.06

	
7.94

	
10.34




	
Doboj

	
7.20

	
7.30

	
17.07

	
7.38

	
9.74




	
Mostar

	
9.68

	
8.89

	
19.53

	
10.03

	
12.03




	
Sarajevo

	
4.15

	
4.51

	
11.37

	
5.26

	
6.32




	
Trebinje

	
8.41

	
7.24

	
18.28

	
8.89

	
10.70




	
Tuzla

	
5.89

	
5.86

	
15.21

	
6.19

	
8.29








Note: Colors indicate different thermal stress levels (legend is provided in the Figure S3).













 





Table 5. Comparison analysis of the PET values for paired stations.
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Station Name

	
Abb.

	
Alt.

	
LCZ Type

	
Average Summer PET Differences

	
Levels of Heat Stress (PET Scale)/Summer at 2 p.m.

	
Significant Annual/Seasonal PET Trends






	
Belgrade

	
BG

	
132

	
LCZB/2

	
(BG-VŽ)

at 7 a.m.: 3.22 °C

at 2 p.m.:3.35 °C

at 9 p.m.: 2.91 °C

	
Extreme: 14%

Strong: 31%

Moderate: 29%

	
At 7 a.m.: 3 (summer, autumn, annual)

At 2 p.m.: 3 (like at 7 a.m.)

At 9 p.m.: all seasons




	
Varaždin

	
VŽ

	
167

	
LCZD

	
Extreme: 4%

Strong: 21%

Moderate: 34%

	
At 7 a.m.: 0

At 2 p.m.: 0

At 9 p.m.: 0




	
COMMENT

	
The station in BG is situated within a small green area, surrounded by densely built-up surroundings that have undergone intensive urbanization between 2001 and 2020. In contrast, the VŽ station is located in a rural setting, approximately 1 km away from the city, and surrounded by arable land. Both stations are primarily situated in plains with altitudes below 200 m.a.s.l. and experience a predominant continental climate. Across all observation times, the average differences in summer PET values are approximately 3 °C higher in BG. Moreover, extreme/strong heat stress levels are around 10% larger in BG during the summer period (particularly at 2 p.m.). Additionally, the station in BG exhibits significant PET trends in 10 out of a maximum of 15 cases, whereas VŽ shows no significant PET trends. These findings potentially indicate the presence of temperature amplification (even the RH and wind should be considered, too) within urban areas, as is observed in BG. Consequently, the station in BG holds relevance for further climate research on micro and local scales.




	
Ljubljana

	
LJ

	
298

	
LCZ2/3

	
(LJ-NM)

at 7 a.m.: 0.98 °C

at 2 p.m.: −0.02 °C

at 9 p.m.: 0.58 °C

	
Extreme: 6%

Strong: 28%

Moderate: 34%

	
At 7 a.m.: 4 (except winter)

At 2 p.m.: 3 (winter, autumn, annual)

At 9 p.m.: 4 (except spring)




	
Novo Mesto

	
NM

	
214

	
LCZB/6

	
Extreme: 8%

Strong: 27%

Moderate: 34%

	
At 7 a.m.: 1 (annual)

At 2 p.m.: 4 (except spring)

At 9 p.m.: 0




	
COMMENT

	
LJ and NM stations are situated in valleys with a continental climate at altitudes ranging from 200 to 300 m.a.s.l. The LJ station is located in a densely built-up area, indicating the likely presence of intensive urbanization in this area over the past 20 years. Conversely, the NM station is situated in a less urbanized area, surrounded by more green space. The results reveal higher PET values during the morning and evening hours at both stations, with a very similar ratio of PET heat stress levels. However, there is a greater occurrence of significant PET trends observed in LJ. In this case, the PET differences are not as pronounced, possibly due to the urbanization not being as diverse as in the case of BG-VŽ. Nevertheless, thermal amplification in the urban area of LJ is evident, underscoring the relevance of this measurement site for urban climate research.




	
Split

	
ST

	
122

	
LCZB

	
(ST-DU)

at 7 a.m.: −1.44 °C

at 2 p.m.: 0.67 °C

at 9 p.m.: 0.67 °C

	
Extreme: 10%

Strong: 40%

Moderate: 31%

	
At 7 a.m.: 2 (autumn, annual)

At 2 p.m.: 2 (like at 7 a.m.)

At 9 p.m.: 3 (summer, autumn, annual)




	
Dubrovnik

	
DU

	
52

	
LCZB/9/G

	
Extreme: 6%

Strong: 37%

Moderate: 39%

	
At 7 a.m.: 2 (autumn, annual)

At 2 p.m.: 0

At 9 p.m.: 2 (like at 7 a.m.)




	
COMMENT

	
In this comparison, two stations with similar climate, relief, and LCZ were analyzed. Both stations are situated within urban areas but are predominantly surrounded by green spaces. Despite these similarities, some differences were observed in their thermal conditions. During the midday and evening hours in the summer, the average PET in ST was higher than in DU. This indicates that ST experiences higher heat stress during these times in the summer. However, this pattern was not consistent in the morning hours. ST also showed a slightly higher ratio of extreme and strong heat stress, compared to DU. However, this difference was not significant for moderate heat stress. Another observation shows that ST exhibited more significant PET trends compared to DU. Overall, the comparison results revealed relatively small differences between the two stations. This is expected since both stations are located in the same LCZ (LCZ B), but there are some variations likely due to factors such as proximity to the sea and coastal influences.

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
(a) Beograd 7AM (b) Beograd 2PM
100% o
= 90%
Ril 80%
70% - 0%
Rl 60%
50% o
S tnd 40%
30% T
20% 2%
10% i
0% 0%
Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual
PET levels of stress (C) Beograd 9PM
Legend o
90%
_ Extreme heat stress >410C Sk
_ Strong heat stress 351-410C i 1
[ Moderate heat stress 29.1-350C i
B slight heat stress 231-290C 0%
- No thermal stress 181-230C 40%
 Sslight cold stress 131-180C 30%
B Vioderate cold stress 8.1-13.0C A0
B s'ioht cold stress 41-80C 10%
B c)treme cold stress <41C 0% . _
Winter Spring Summer Autumn Annual
(a) Podgorica 7AM (b) Podgorica 2PM
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual
PET levels of stress (C) Podgorica 9PM
Legend -
0%
_ Extreme heat stress >410C b
_ Strong heat stress 351-410C -~
[ Moderate heat stress 291-350C -
P slight heat stress 231-290¢C e
_ No thermal stress 18.1-230C 20%
. Sslightcold stress 131-180C 30%
I Moderate cold stress 8.1-130C 20%
B s'ioht cold stress 41-80C i
I c-teme cold stress <41C o
Winter Spring Summer Autumn Annual
(a) Zavizan 7AM (b) Zavizan 2PM
100% 00
S 90%
B 80%
70% 0%
Lt 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%
Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual
PET levels of stress (C) S e ki
Legend g
90%
_ Extreme heat stress >410C 20%
_ Strong heat stress 351-410C 70%
[ Moderate heat stress 29.1-350C i
I slight heat stress 231-290C SR
_ No thermal stress 18.1-230C 40%
_ Slight cold stress 13.1-18.0C 30%
_ Moderate cold stress 81-130C 20%
I s'ioht cold stress 41-80C 10%
I c:treme cold stress <41C 0%
Winter Spring Summer Autumn Annual






nav.xhtml


  sustainability-15-15286


  
    		
      sustainability-15-15286
    


  




  





media/file6.jpg
nuncary ST { ; A

e
L
A
Rl
o
W

Annual trend (‘;C)

v Fosmi a0 T






media/file2.png
PU
{
ino
Ancona
o]
Aarche
>
>
(43
=
=
= Pescara
S 1Anuila 2.
1:5,292,572
o ®: e 120mi

100 200 km
Sounes €, VEFE. Gumi, FADL NOAK, USG. © Openroobiop
bitutors., CNES Artuss O, riscion, NASAMETL HASANGS o tha

SLOVENIA

&

\ Qadar
%0

¢ b o
i Sl
2
’79,/
(3 1,
Cs
3\
T
\
Q.. &
oSpllt
ST

Balaton

&

Slavonski Brod

L5

ooBanja Luka 9
BL

1

W

HUNGARY

;ﬂ—.‘

BN

<@
DO ooTuzIa 9’
P
BOSNIA AND 7
HERZEGOVINA =5y
?Sarajevo "\\\“*
SA et
%o ‘:’9 .
TPV
: :
TB{H
2@ Vi gk
DU~
Wsh Gu

Adriatic
oL

Kecskemet
o

o
Lstion $PAIY

_Barcelona

R

Pristina
o

Prizren
o

Sofia
o

oBlagoe\/grad

Algers T F )
_Resita
("I’argu Jiu
?Belgrade - beta =
ro urnu
BG Sev Podisul
Nati Getic
Craiova
o
C)Kraguje'vac V!dln
o~
Cacak J
o , O -
SERBTA ———
°N Montana
is 2
o





media/file5.jpg
«@‘M

sosui o T2

Ve A e
Vo A>w






media/file7.png
ino

NTIL A

SLOVENIA
ALjubIjana
LJ o

/ JANY

AN "
o riestpo A A NM:'_!&
S

i RI
* CROATIAX
v\ N\
PU ZA

dar

S PNG

N\~

‘ZD;\

Annual trend (°C)

- NEGATIVE VALUES + POSITIVE VALUES

2~4
4-6
6-8
8-10
> 10

HUNGARY® g

Balaton

0Szeged o~ o

e
z Timisoara
“x % o
/\Osijek
oS &

) % < L\o Novi Sad Resita
¥ R SlavonskiBrod "
e
o 3, -
S A A Belgrade

‘ABanJa Eaa A K é: i Drobeta-

DO * ,J’( BG \Portile dePFler Severin

voTuzIa v,
T >
BOSNIA AND A A
HERZEGOVINA T )

s 0 Kragujevac .

it LA o JVidin
z:_c_;Sarajevo N Cacak ;
SA e SERBIA e
N \

Adriatic
FIO





media/file3.jpg
(@) -«»...4 A

A I ® [
PETlovels of stress [G] Beograd 9PM
pe -
M et > 410C g
I S0 heat sress 351-410C -
B ovetoumes -t »
s 51300 =
N e 1omne g
a) gorica 7AM
@ M () [
PET levels of stress (<) lem\:a oM

Lot o
I coenetenis 4100 =
I svovshessves 391-410C =
T Nodeosebessios 391-350C -
o e 291-290C o
I e 181-20C =
B Socodses  131-180C =
I ioienecoidsvws 81-150C o
e a1-a0c =
B e <A1 -

) i (6) Py
PETleves o sress © 2avizn oM
o P
N oo 2410 -
. g $51-410 2
B v s 312350 =
e 512900 =
B e 81-350C -
B S 11-180C =
I ccevecoisues 8- B0 -
oo 41-80C -
| [t s





media/file9.png





media/file1.jpg





media/file0.png





media/file8.png
DKecskeme! |
Balaton HUNGARY o

s{ovmu - w \ i il
_"_‘Ljubljana §
(4] r |
A« Yzagren
NM 26

Venezi
ulla

Timisoara
o

dak
AOsi}ék
0s ¥

s £\ Novi Sad Resita
- -k ki ¥
B s G gl MR
_ ICROATIARL = R S@ T\ S=BN »
JAN e * oS A
PU ZA 3 ‘{;ganja Luka A ~~ “"AQ oBelgmde Drobeta
. BL DO * g BG Portile dc F.ev Severin
4 K ‘QTYuxla e
Ve > D
/4 ’
£, BOSNIA AND 12 A
z20m R HERZEGOVINA
ar . N
Y 5 Kragujevac Vidir
L - A - \ o A
i ZD * * ;,SSarajevo i Cacak :?
a0 SA ) SERBIA -t
) V. G
Annual trend (°C) S\ S
| - NeGAVE vaLUEs + POSITIVE VALUES e BT { YMostar o - v
AN A o0-2 Mo Tos PV
v P, A - Fa |
- £ o ™\ £3 1w
WV 2-4 4 E 2—-4 B K
A v 4-6 A 4—6 - ([ MONTENEGRO
5 <
E 6-8 4 6-8 U=
Ve-10 4 8-10 PG
v <10 A > 10 DShkoder Skopje . . OI
Adriatic
o= o Kecskemet » |
C) 9 PM Balaton HUNGARY /7
pgenfurt ol
|
¢ N
M/ r
SLOVENIA e VZ/\ 5 ol Aoad
Venezi s /; g
ulia A &Ljubljana g
AN i Timisoara
C A o
: AOsijek
e A &
& T A\ Novisad i)
Rl ol et Slavonski Brod Py NOS
7 Sl M o
[’: CROATIA* £ =00 Tl e Y A
N t * * o0 A
PU ¢ ZA : ABanjaluka A\ e poeigrace Drobeta-
¢ e BL DO e id BG Severin
0/_/];\ VoTuzla ’Lo
o i
\ ";«14,J BOSNIA AND 12 A
% HERZEGOVINA S
Zad/a{ A\ b Krag) ~
Ny NG agujevac Vidin
