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Abstract:

The main purpose of this research is to assess the outdoor thermal comfort
(OTC) of Belgrade, in order to investigate how distinct bioclimatic conditions
influence on the human organism during the summer in urban environments.
Universal Thermal Climate Index, which represents the heat stress of the
human organism caused by meteorological conditions, was used as an indicator
of thermal comfort in the study. The main goal was to monitor changes in
the index values, as well as the frequency of various categories of thermal
stress during the hottest part of the year (months June, July, and August).
For this research, mean daily meteorological data from the Meteorological
Observatory Belgrade have been collected for the period from 1999 to 2018.
The obtained results show a gradual change in the bioclimatic conditions,
which are generally more adverse in July and August. Results also indicate
that OTC in Belgrade was considerably reduced, especially in 2007, 2012,
2015, 2017, and 2018..
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INTRODUCTION

Extreme weather conditions are one of the most common conse-
quences of climate change, as a global threat [1]. It is followed by the
severe biometeorological conditions that can have a strong impact on
public health and quality of life in urban areas. In addition, it has a serious
impact on thermal comfort (which can be outdoor or indoor). The generally
accepted definition of thermal comfort is: “it is the condition of mind
that expresses satisfaction with the thermal environment and is assessed
by subjective evaluation” [2].

Findings of Geleti¢ et al. [3,4] have shown that in Central Europe and
other European regions, heat-related hazards such as extreme tempera-
tures, heatwaves, tropical days and nights will become more frequent
during the 21st century. Cities, as the areas where the increase in popula-
tion density is pronounced and in which a larger amount of heat accumu-
lates due to various anthropogenic factors, are prone to the emergence
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of urban heat islands (UHI) and heat-related hazards
[4]. That is the main reason why the issue of outdoor
thermal comfort (OTC) in urban areas has become the
subject of numerous studies. Among currently conduct-
ed studies and applied indices, the Universal Thermal
Climate Index (UTCI) is increasingly popular [1]. UTCI
is claimed to be a universal thermal index that can be
successfully applied in the evaluation of open spaces in
different geographical areas [5]. According to Binarti et
al. [6] the UTCI multi-node model is very precise “in
replicating the human dynamic thermal response under
a wide range of thermal environments”.

OTC in urban environments, its perception, and its
varieties due to different climate zones fascinate and at-
tract many authors worldwide, and as a consequence
significant improvement was made and achievements
were noticed in this science field after the year 2000 [7].
The application of UTCI for this purpose is very com-
mon. Kolendowicz et al. [8] have applied this index in
order to evaluate bioclimatic conditions in the area of
the southern Baltic coast, for the period 1981-2014.
Lam and Lau [7] have examined the divergence in ther-
mal perception and way of dressing between inhabit-
ants from two different climate regions (Melbourne
and Hong Kong) over similar UTCI ranges in summer.
Brode et al. [9,10] have applied this index to assess the
outdoor urban thermal comfort of the city of Curitiba
(Southern Brazil). Abdel-Ghany et al. [11] have studied
different thermal indices (among them UTCI) to assess
the arid environment of the central region of Riyadh,
Saudi Arabia. In a study conducted by Moélders [12],
hourly UTCI values were determined, based on me-
teorological data from 456 stations in Alaska, eastern
Russia, and northwestern Canada over a period of 38
years (1979-2017). The UTCI based assessment of bio-
climatic conditions of urban areas in Europe has been
the subject of numerous research papers and projects
so far [1,6,13,14,15,16]. In recent years, urban OTC in
Western Balkan countries was investigated in several
studies, and its perception in many cases was evaluated
through UTCI [15,17,18,19,20].

This scientific field is in a phase of accelerated de-
velopment, because of the increasing consequences of
climate change, the negative effect of global warming,
and the worsening of living conditions in big cities. As
Pantavou et al. [16] have mentioned, the estimation of
urban thermal comfort is pivotal in the foundation of
efficient health warning systems and planning public
spaces in cities.
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1. STUDY AREA

Belgrade, the capital and largest city of Serbia, is
located on the Balkan Peninsula in Southeast Europe.
Geographically, it lies on the Sava and Danube river
bank (Fig. 1), near the Mountain Avala (511m) and it
belongs to a continental climate region. Summers are
warm and maximum temperatures are most commonly
recorded during July and August, while the minimum
temperatures are most commonly recorded in January
[21]. Belgrade's climate is considered to be a Cfa type
(a humid subtropical type of climate) according to the
Koppen-Geiger climate classification. An average an-
nual temperature observed in the city for the period
from 2000 to 2017 was 13.4°C [22]. The increase in daily
temperature in Belgrade is evident, and it is additionally
influenced by the existence of an urban heat island [17].

According to the Statistical Office of the Republic of
Serbia [23], the city municipality of Vracar, which cov-
ers an area of just 3 km?, is the most densely populated
part of Belgrade, with 19 285 inhabitants/km? (in to-
tal 57 856 dwellers in 2019). It is also a highly urban-
ized zone, characterized by a lack of open green spaces
(Fig. 2). Placed in this environment, the meteorological
station Meteorological Observatory Belgrade (western
Vracar, 44°48'N, 20°28'E, 132m) gives us meteorological
data which best reflects the bioclimatic conditions that
occur in the central urban areas [19].

SAVSKI VENAC

VRAGAR'

Fig.1. Central urban zone of Belgrade - City municipalities
Vracar, Stari grad and Savski venac
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Fig. 2. The city municipality of Vracar

One of the most significant results of scientific co-
operation within the “European COST Action 730”
network is the presentation of the Universal Thermal
Climate Index, which has significantly improved human
biometeorology as a science [10]. The advantages of this
index were also recognized by the World Meteorologi-
cal Organization (WMO) [8]. Since then, the applica-
tion of the UTCI has become increasingly common,
both in scientific and epidemiological researches and in
fields such as the development of health warning sys-
tems, urban and spatial planning, etc. Thanks to that, this
index is slowly gaining the status of “an internationally
standardized instrument for the assessment of thermal
environments® [24].

The UTCI (°C) combines both meteorological and
physiological parameters for the determination of ther-
mal comfort through the evaluation of human energy
balance [25]. All physiological parameters used in this
study were determined and defined by international
standards and previously conducted scientific tests.
As for the physiological parameters, they refer pri-
marily to the metabolic processes in the human body.
This kind of process produces heat in the organism
that is continuously exchanged with the immediate
surroundings. By virtue of this capability, the human
body manages to maintain constant body temperature
[13,14,17,18,24,25].

According to the ANSI/ASHRAE Standard 55 [2,18]
“MET” is defined “as a measure of physical activity and
it corresponds to the release of human heat of 58.2W.m™
from an average skin surface area of an adult (1.8m?), i.e.
it is equivalent to the energy rate generated per unit sur-
face area of an average person at rest. Further, ISO 8996
[26] has defined the standardized value of the metabolic
heat energy (M) which amounts to 135W.m* (2.3MET),
for a person moving at a speed of 1.1m.s"'(4 km.h™).
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In this research, the UTCI-Fiala multi-node model
of human thermoregulation integrated with an adap-
tive clothing model was used for the simulation of the
human reaction [18,27]. UTCI can most easily be ex-
plained as “the air temperature of the reference envi-
ronment which produces an equivalent dynamic physi-
ological response under a set of reference conditions“
[9,10,18]. This model actually helps us to understand
and then simulate the reactions that take place in human
skin and lead to the sweat production, e.g. during exces-
sively warm periods when the body tries to maintain
balance and constant temperature [13,25]. In addition,
UTCl is “the air temperature of a reference environment
that would cause in the human body the same UTCI-
Fiala model’s response as the genuine environment”
[14,18]. It is also important to mention that the condi-
tions of the reference environment used in this paper are
confirmed in previously conducted research by various
authors [10,13,14,18,24,25,28].

According to this model, there are 10 categories of
cold and heat thermal stress, which are shown in Table
I. The UTCI equation (1) is:

UTCI=f(t.f, vt ) (1)

In this function, “t (°C)” represents air temperature,
“f (%) is relative humidity, “v (m/s)” is wind speed, and
“t . (°C)” is mean radiant temperature. For this occa-
sion, we additionally included another one meteorologi-
cal parameter — cloudiness “N (in % or in octants)”, in

order to obtain more precise calculations.

UITCI thermal strass classification
UTCICO) Stress catepory
UTCI=46 Extreme heat strass
38<UTCI=46 Vary strong heat stress
32=JTCT=38
e
9<UITCI=16
s
-13<JTCI=0
-27<JICT <13
-40<1ITCT=-27
UTCI=-40 Extrema cold strass

Table 1. UTCI thermal stress classification
Source: [13,25]
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Determination of a certain UTCI thermal stress
was based on the meteorological data set, which was re-
trieved from the Republic Hydrometeorological Service of
Serbia. The data set consisted of twenty Meteorological
Yearbooks (from 1999 to 2018). Each Meteorological
Yearbook was the source of the mean daily values of
meteorological parameters (t,f,v,N) used in this study
[29]. The mentioned data were recorded at the Mete-
orological Observatory Belgrade (the station is located
in the area called “western Vracar”). Software Bioklima
2.6, developed by Prof. Krzysztof Blazejczyk, was used
as a tool for UTCI calculations [30].

3. RESULTS

Abdel-Ghany et al. [11] have defined human thermal
comfort “as a condition of mind, which expresses satis-
faction with the surrounding environment”. Addition-
ally, they singled out high temperatures and humidity
as the main reasons that cause heat stress [11]. These
microclimatic indicators are those that determine out-
door thermal comfort. How people feel in the environ-
ment, has a strong impact e.g. on working performance,
lifestyle, health, etc. Under the influence of intensive
urbanization, morphological characteristics and other
factors, the air temperature in cities is almost always
higher in relation to the temperature measured in the
surrounding rural areas [31]. Battista et al. [31] have
estimated that for the medium-sized cities difference in
air temperatures amounts between 0.5°C and 3°C. This
can reduce OTC, provoke health problems, and reduce
the energy efliciency of buildings [5,32]. Furthermore,
reduced OTC may have an indirect impact on indoor envi-
ronments, interfering with indoor thermal comfort or en-
hancing/reducing energy loads for air conditioning [9,10].

As already mentioned, Belgrad’s climate belongs to
the Cfa climate type (a humid subtropical climate). Ac-
cording to Binarti et al. [6] the humid tropical and sub-
tropical climate covers a vast area of the globe, which is
inhabited by more than 33% of the world’s population.
Berger [33] has noted that UHI occurs in cities belong-
ing to this climate twice as much as cities in other cli-
matic zones. That is the main reason why Belgrade was
chosen as a study area for the research.

The research was conducted in two phases. First,
authors have observed the different index values and
categories of thermal stress on a daily basis, year after
year. In the second part, we have analyzed separately
the first (1999-2008) and second decade (2009-2018) to
gain insight into what long-term changes of OTC can be
expected in the future.
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Figure 3, 4, and 5 show the ratio of the total number
of days for each category of thermal stress during the
investigated period (June — August, 1999-2018). Fig. 3
distinctly shows that in June outdoor thermal comfort
is the most favorable during the summer season in Bel-
grade. June is the only month where the results showed
the presence of the cold thermal stress. The minimum
value of the index was recorded on 9th June, 2005
(UTCI = -3.75°C). After 2005, cold stress during sum-
mer in Belgrade was not recorded (regarding the mean
daily values of meteorological parameters that were used
in this study). On a mean daily level, the prevalent cat-
egory of thermal stress (during all three months) is the
one where the values of UTCI are between 26°C and
32°C, which means that people outdoors feel ,,moderate
heat stress“. Comparing these three months, we can also
conclude that during June, the days with ,,no thermal
stress“ most often occur (9<UTCI<26).

At first glance, we can see that the OTC in Belgrade
has been noticeably reduced, mainly in July and August
(Fig. 4 and 5). It can be concluded that the weather con-
ditions during July and August lead to unfavorable bio-
climatic conditions, and as a result of that in many cases,
UTCI value on a daily level belongs to the categories of
“moderate” (26<UTCI<32) and “strong” (32<UTCI<38)
heat stress. However, the presence of strong heat stress
varied over the years, especially in August 2018, when 16
days with “strong heat stress” were recorded (of which 5
and 7 consecutive days), while in August 2002, 2004 and
2005 only 2 days were recorded (in each year). Accord-
ing to this category of thermal stress as adverse years
2017 (14 days), 2015 (12 days), and 2012 (12 days) also
stand out.

Prolonged periods of high temperatures in July 2007,
enabled the occurrence of the longest heat stress event
during these 20 years, with 10 consecutive days when
the daily index value was over 32°C. In July 2007, there
were 15 such days in total. The second-longest heat
stress event, with 8 consecutive days in the category of
thermal stress between 32°C and 38°C, occurred in July
2012. In total, in July 2012, there were 14 such days.
According to the Republic Hydrometeorological Service
of Serbia [29], the year 2012 was the second hottest year
since 1951. What is even more interesting, since 2007,
an obvious reduction in the number of days without
thermal stress was registered, i.g. in 2012 and 2016 there
were just 3 days in that category. In 2017, only 1 day
with “no-thermal stress” was registered, while in 2018
there was no such day.
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Analyses of input data and obtained results have
shown the increasing frequency of extreme summer
temperatures. Also, an increase in UTCI values was
noticed over a 20-year period. As regards the thermal
stress category of “very strong heat stress” (where the
index value is between 38°C and 46°C), there were five
cases when UTCI has overstepped its threshold: in
2000 (UTCI=38.3°C, 4" July), in 2002 (UTCI=38.17°C,
24" June), in 2007 (UTCI=39.38°C, 22" July), in 2013
(UTCI=38.49°C, 29" July), and 2017 (UTCI=38.47°C,
5" August). The mean daily values of UTCI were also
high in 2012 and 2015, when they almost reached 38°C.
The highest UTCI value during the whole investigated
period was registered on 22" July 2007 (39.38°C). As
stated by Tosi¢ et al. [22] just two days later, on 24"
July 2007, a record temperature of 43.6°C was registered,
which was the highest recorded temperature in Belgrade
in the past 120 years.

The findings in this paper are in keeping with the other
papers which have studied different phenomena con-
nected with weather conditions. For instance, in terms
of extreme weather conditions in Serbia, Unkasevi¢ and
Tosi¢ particularly singled out the heatwave that lasted
from 14" to 27", July 2007 [34]. Unkasevic et al. [21]
have been investigated trends in extreme temperatures
in Belgrade from 1975 to 2003 to estimate how an
increase in the mean summer temperatures is linked to
changes in the extreme maximum and minimum tem-
peratures. It is believed that the rising average seasonal
temperatures are connected with a significant increase
in the occurrence of extreme maximum temperatures
[21]. Furthermore, the findings of Unkasevi¢ et al. [21]
show that the average summer temperature in Belgrade
has increased by 0.1316°C/yr. As Pordevi¢ claims [35],
in observed period from 1957 to 2006 the rise of an av-
erage, maximum and minimum annual air temperature
in Belgrade was significant. In addition, To$i¢ et al. [22]
recognized the year 2012, followed by 2007, 2011, and
2017, as a year with a maximum number of fires within a
period of 18 years (2000-2017). Moreover, a high possi-
bility of fire contingency in Belgrade was present almost
every year after 2007 (with the exception of 2014) [22].

Comparing two decades 1999-2008 and 2009-2018,
the results showed a decline in the number of days
defined as days “without thermal stress®, when UTCI
mean daily value was between 9°C and 26°C. On the
other hand, there was an increase in all other categories
distinguished by a higher degree of thermal discomfort.
If we look at the data obtained for August (Fig. 5), we
can see that the number of days in “strong heat stress”
category rose from 64 (1999-2008) to 91 (2009-2018)
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which means almost 30% of the increase. Simultane-
ously, the number of days with “no-thermal stress®
(9<UTCI<26) in August decreased by more than 50%,
from 80 (1999-2008) to only 36 (2009-2018). In addition,
we have registered, for the first time in these 20 years, a
day with “very strong heat stress“ in August, and what
is more important is that it was the maximum summer
value of UTCI in 2017.

We have similar results for July. For example, UTCI
in “moderate® and “strong heat stress“ category records
a constant growing tendency - from 149 (1999-2008) to
161 (2009-2018) for moderate, and from 79 to 104 for
strong heat stress (increase of 24%). Concurrently, there
was a 47% drop in the total number of days with
“no-thermal stress” (from 80 to 42 such days) (Fig. 4).

Slightest changes were observed in June. The number
of days with “moderate heat stress” is almost the same -
157 such days in the first decade, and 158 in the second.
Some changes can be noticed regarding the days without
thermal stress, where a decrease was recorded (from 98
to 92). Also, in the category of strong thermal stress, an
increase was registered (from 42 to 50 such days).

All of the above gives us a verification that the OTC
inBelgrade has been reducing in the last 20 years.

Fig. 3.UTCI thermal stress categories in total,
June 1999-2018
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Fig. 4 UTCI thermal stress categories in total,
July 1999-2018
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Fig. 5.UTCI thermal stress categories in total,
Aug 1999-2018

Considering that some of the most significant changes
in terms of outdoor thermal comfort in Belgrade have
occurred in July and August during the period from
1999 to 2018, these two months were further analyzed.
Fig. 6 and 7 show the trendline of the number of days
for different categories of thermal stress according to
UTCI. Table II shows the annual values of the growing or
descending trend of a particular thermal stress indicator.
By analyzing the obtained graphs, the following can be
concluded: the crucial changes of OTC in Belgrade are
connected to the “no-thermal stress” and “strong heat
stress” categories. The green trendline shows a constant
decline in the number of days without thermal stress
from 1999 to 2018, with an annual trend of -0.36 days/yr
in July, and -0.272 days/yr in August. On the other hand,
the highest growth trend was recorded in July in the
“strong heat stress” category (red trendline), amounting
to 0.275 days/yr. August follows, with a growth trend of
0.229 days/yr. During August, the category “very strong
heat stress” manifests a slight growing tendency (0.012
days/yr), which confirms that the bioclimatic conditions
in Belgrade are subject to change, leading to more un-
comfortable OTC.

Annual trend (days/yr) for July and August, 1999-2018

Heat stress category July August
Moderate 0.067 0.03
0.275 0.229

-0.008 0.012

Table 2. Annual values of the growing or descending
trend of a particular thermal stress indicator, Belgrade,
July and August
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Fig. 6. Trendline - number of days for each thermal stress
category of UTCI, Belgrade, July 1999-2018
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Fig. 7. Trendline - number of days for each thermal stress
category of UTCI, Belgrade, August 1999-2018

4. CONCLUSION

The primary aim of this study was to evaluate the
OTC of the central urban zone of Belgrade during the
hottest summer months. Outdoor thermal comfort
assessment, for the period from 2009 to 2018, was con-
ducted by using UTCI, a heat budget index, which rep-
resents the heat stress of the human organism caused by
meteorological conditions. The obtained results enable
better insight and understanding of how climate change
affects local bioclimatic conditions in urban areas. We
can also see how outdoor thermal comfort in Belgrade
becomes more and more unpleasant, year after year, es-
pecially after 2007.

The increasing temperature (annual and mean daily)
and extreme summer temperatures, prolonged heatwave
periods, Belgrade’s UHI phenomenon, aerosols, air pol-
lution (cause of the greenhouse effect), lack of “green
architecture” and open green spaces in the central part
of the city, high urbanization and other anthropogenic im-
pacts lead to reducing of OTC. All of this has a strong
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and negative impact on the human organism, public
health and the quality of life in Belgrade. OTC causes
discomfort predominantly during July and August. In
the twenty-year period, 2007, 2012, 2015, 2017, and 2018
stands out as the most adverse ones. The year 2007 can
be marked as a “turning point”, because after this year
days without thermal stress are in permanent decrease,
with an annual trend of -0.36 days/yr in July, and -0.272
days/yr in August, while the number of days that be-
longs to other categories of heat stress is on the rise. The
highest growth trend of 0.275 days/yr was observed in
July. The maximum index value during the investigated
period was 39.38°C (22 July 2007), while the minimum
value was -3.75°C (9™ June, 2005). That was an isolated
case of “moderate cold stress®, and after 2005, cold stress
during summer in Belgrade was not recorded.
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