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ABSTRACT

The main objective of this paper is to study thédoar thermal comfort of the central urban zone of
Belgrade during summer season in order to exanomedifferent bioclimatic conditions affect human
body. For this purposes Humidex, a simple heatxnslas applied. The research involved analyzing
different Humidex values, the so-called “sub-indicealculated based on hourly (7:00 and 14:00),
mean daily and maximum values of meteorologicahpeaters (air temperature and humidity) that were
recorded at the meteorological station Belgradeacaf.), for the period 1999-2018. Outdoor thermal
comfort in Belgrade is generally more adverse iy amd August, resulting in most days belonging to
the categories of “some discomfort” (30-39) ande@rdiscomfort” (40-44), with periodic recording of
the most severe categories of heat stress, asgocat‘very dangerous”(Humidex>55). Category of
“very dangerous” heat stress shows linear increlsang July, with positive trend of 0.03 days/10
years. The findings also show that from 1999 to&0@fean index value gradually rose and values of
sub-indices Humidey, and Humidexn.x have exceeded thresholds 40 for great discomfatt4® for
dangerous heat stress more often then in the pevdecades.
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INTRODUCTION

Changing of the bioclimatic conditions of the loealvironment influenced by climate change as a
global phenomenon, combined with densely built arageas, results in a number of negative effects,
such as: more adverse bioclimatic conditions, I#atds effect, severe heat waves Etf. The main
target of this paper is to describe and analyzemb&orological conditions and its consequences on
the life and different activities of inhabitantstbe central urban area of Belgrade, through tmplsi
heat index.

Potentially unfavorable climatic conditions, dissed here, indicate a problem for the urban
sustainability in general. Therefore, the studyiofclimatic conditions of urban areas is attractamg
increasing number of authors. Humidex, as a sintpégmal comfort index based on just two
meteorological parameters, gives reliable insightitreme heat conditions which are caused by high
air temperature and humiditits results are directly comparable with temperiardegrees Celsius

Technical Institute Bijeljina, Archives for TechaiSciences. Year XI -°iQ1 75



Lukic, M. An analysis of the ...... Archives for Technical Sciences 20191 75-84

and its values are associated with the correspgmiidgrees of thermal comfort, rendering the index
“widely understandable” according to Getetind other$2].

Today Humidex application can be found in numerstuslies. Heidari et al. in 2018], applied this
index in order to evaluate heat stress in the autftibs in arid and semi-arid climates of Iran.akid

and others in 20114] studied thermal environment assessment reliabilging temperature —
humidity indices. Burke et al. in 2006], in one part of research, have applied Humidearder to
examine the influence of environmental factorsudel topography and climatic variables such as heat
and humidity, precipitation and daylight availatyilon a person’s propensity to walk in Brisbane,
Australia. Study conducted by Zhang et[&l], estimated the impact of Humidex on HFMD (Hand,
Foot, and Mouth Disease) in Guangdong Province t{fS@hina) and its variability across socio
economic status and age groups was. Other goodpéesuni the application of Humidex in testing of
thermal comfort of urban areas which need to bedtare: Geletiet al. in 201§2] employed this
index to assess thermal comfort of the city of Bf@zech Republic), using air temperature and
relative humidity data; Oleson and oth§r used five indices of heat stress (NWS Heat Indig), (
Apparent Temperature (AT), Simplified Wet Bulb Géolemperature, Humidex, and Discomfort
Index) to analyze interactions between urbanizati@at stress, and climate change, in the wider are
of the U.S. and southern Canada. Hamdi et al. i62ed Humidex with a 1-km resolution dynamic
downscaling technique to perform simulations withlre A1B scenario of the ARPEGE-Climate
global climate model for Brussels, BelgiyB]. Ho and others in 201[®] demonstrated an empirical
approach to map apparent temperature (Humidexjdbtal scale, which relies on publicly available
weather station, observations and spatial dataday@mbined in a random forest regression model,
for Greater Vancouver, Canada. Mekis ef &l] have studied trends in severe conditions in Canada
during the period of 60 years. Giannopoulou efHl] analyzed Humidex on the territory of Athens
(June—August 2009) with the aim of determiningiiftamperature and humidity have urban thermal
comfort. The assessment of outdoor environmentatlimatic conditions for the purposes of smart
urban planning, which was carried out by meanswhldex in the area of the city of Hardec Karlove
(the Czech Republic) for the period from June t@uat 2011-2014, shows that July is the most
adverse month, with the highest rate of “greataliffort” category, according toi®dova et alf12]..

An application of Humidex for determining thernt@mfort was presented in a research conducted
by Rana et a[.13].

Close environment of Belgrade and Serbia was staréa for several examples for of applying
Humidex in the assessment of bioclimatic conditidfisst was bioclimatic assessment of weather
condition of Banja Luka (Republic of Srpska) focreational purposes conducted by Pecelj and others
[14]. Recently, Lukt et al.[15] investigated the bioclimatic conditions of the ttehpart of NiS, based

on the use of Humidex. The purpose of this reseashto observe the index change on a daily basis
during the hottest part of the year over the pefiiooh 1998 to 2017.

STUDY AREA

Belgrade is a city of international importance witle highest level of urbanization in the Republic
Serbia. It is the administrative center of Serhieting as the center of economy, tourism, transport
education, culture and history. The city is locavedthe Sava and Danube River, near the Mountain
Avala (511m a.s.l.). According to the 2011 cenEld 1 659 440 permanent residents live in the
wider Belgrade area (Belgrade Agglomeration), white Belgrade settlement, which includes
downtown and more urbanized part has a populatioh D66 763 inhabitants. City is located in a
continental climate region where the maximum meaity demperature occurs in July or August,
while the minimum temperature occurs most freqyentJanuaryf17]. It is scientifically proven that
Belgrade, as the largest urban area in Serbiasgesfic bioclimatic conditions, such as an urbaath
island with unfavorable conditio&§].

As the main objective of the paper is to studydhtoor thermal comfort of the central urban area o
Belgrade during summer season, daily meteorologiatl from the meteorological station Belgrade -
Vracar for the period 1999-2018 have been consideraede® on the climate record of this station,
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relevant meteorological parameters were used. HEtios is situated at an altitude of 132 meters and
its geographical coordinates are 44° 48' N and Z®°E. This meteorological station was chosen
because it is located in the most densely populpéetiof Belgrade and best reflects the bioclimatic
conditions that occur in central urban areas. Tityensunicipality of Vratar covers an area of 3 km
inhabited by 57 483 inhabitants, which means thatgopulation density is 19 161 inhabitants/km
(data by Statistical Office of the Republic of Sajb

METHODOLOGY

In this study author have conducted a bioclimatialgsis for the hottest part of the year - summer
months (June, July and August), which is basecherdata obtained at the Belgrade weather station
(44° 48' N, 20° 28' E), located in territory ofycihunicipality Vra&ar. The meteorological data used in
this research are taken from the Meteorological rveek for the period 1999-201BL9]. The
objective of the research is to observe daily ckarig the values of the index discussed during the
hottest part of the year during the period of 28rgg1999-2018). The research involved analyzing
different Humidex values, the so-called “sub-indicevhich were calculated on the basis of the
hourly, daily and maximum values of meteorologipatameters that were recorded (Table 1). The
Humidex index was calculated by applying the Biokdi2.6 software packad2Q].

Table 1. Definition of indices used in the study

Abbrevations Definition of sub-incices
Humidexz; Calculated on the basis of the hourly (07h) vabfameteorological parameters
Humidex ¢ Calculated on the basis of the hourly (14h) vabfameteorological parameters
HumideXmas, Calculated on the basis of mean daily temperatndehumidity values
HumideXaiy value Calculated on the basis of the maximum daily tenaijpee (Tmax)

Humidex (°C) is defined as a heat index that represthe subjective outdoor temperature that a
human feels in a hot and humid environment. In otha&rds, it is used as a measure of heat resulting
from the combination of excessive humidity and ghhiemperatur¢12,13,14,21,2R2 The human
body has the ability to respond to environmentaiditions and acclimatize to it, but exposure to
extreme heat may overcome the resistance of themirody and be harmful for human hedRf].
Extreme heat conditions occur when Humidex excspdsific thresholds (Humidex >30).

If the Humidex value reaches35, we can say that the environmental conditiores l@@coming
potentially dangerous. Therefore, we can expect tha feeling of discomfort will occur in the
outdoor environment, as well as various medicalbl@ms and even some more serious health
disorders, such as severe fatigue and heatstgkeThis model was first proposed during the 1960s
and it was called Humituf®5]. Later it was established by the Canadian metegists[21].

Using the two main dimensions of heat stress, taea@ian meteorologists devised the Humidex
range (Table 2) and proposed a formula for calmgathis index, which was adopted later. It is
calculated as follows:

HUMIDEX = t + 0.5555 - (vp — 10)
Where, vp is air vapour pressure (hPa) and vp 2610773779, £/100)

Here, t is air temperature expressed in Celsiusedsg(®) and f is relative humidity expressed in
percent (%). According to Environment Canada, Haxitelated hazards are as follows table 2.

Table 2. The scale of Humidex and the degree of@dnsource{21,23

Range of Humidex Degree of comfort
Comfortable A little discomfort, fatigue with praiged physical activity is possible
30-39 Some discomfort Exhaustion due to heat is possititeprolonged physical activity
Great discomfort Avoid strenuous physical activiigssible heat cramps or heat exhaustion
45-54 Dangerous Prolonged physical activity can leadett Istroke
>55 Very dangerous A heat stroke is unavoidable if gaysctivity continues
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RESULTS AND DISCUSSION

Under the influence of climate change, the cliretd microclimate of Serbia and its surroundings,
especially urban areas are subject to constantgehamd adverse weather conditions are becoming
more frequent. Minimizing their effects, establrghisustainability and improving living conditiorns i
urban areas is becoming a true challenge for uptermers, architects, ecologists, climatologisis an
other experts who are dealing with spatial and aggohl development. As a result, an increasing
number of studies are emerging related to the vagen of heat waves and their frequency, outdoor
thermal comfort, the occurrence of extreme tempeestin the hotter part of the year and drought
across the region etfl5,18,23,26,27,28,29,30]. The findings of numersuglies exploring different
aspects of the weather conditions in Serbia indicatsteady increase in the average annual air
temperature and show that these changes are dbpeadtceable during the summer seagads).
According to UnkaSeviand To& [27] in terms of duration, intensity and the heat wageerity in

the hottest summers occurred in the period fron61641952, 1988 to 1998 (particularly from 1992 to
1995) and from 2000 to 2003. The longest heat wavexe recorded in 1952, with 53 days in
Belgrade and 62 days in Ni$ (out of the total nundfehe days in the year). In other work, Unka&evi
and To& [31] particularly singled out the heat wave that ocedirin Serbia in 2007 and lasted from
14" July to 27" July.

The findings that have been obtained in this paperin keeping with the above studies. Figure 1, 2,
and 3 show the ratio of the total number of days dach category of heat stress during the
investigated period (June — August, 1999-2018).graph clearly shows that June in Belgrade is the
most favorable month from the bioclimatic pointwiéw during warm, summer season. The pleasant
feeling of being outdoors is especially presenirduthe morning hours, at 7 a.m. In the morning the
prevalent category is the one defined as “comftetattlumidex <29). Similar results were obtained
based on the mean values of meteorological parasn@temideX.iy vaud (Figure 1). Apart from the
comfortable category of outdoor thermal comforyda which Humidex belongs to the category of
“some discomfort” (30-39) on a daily level are tormge extent represented. According to the
representation of the category “some discomfort’aodaily level, 2003 and 2012 stand out. The
highest reached heat stress category in June dilis@0 years is “dangerous” (45-54) was recorded
on June 12 2010, when index value was 45.1.

Outdoor thermal comfort in Belgrade is generallyrenadverse in July and August and this especially
refers to the values recorded at 14:00 (Humigiexand during the part of the day when maximum
temperature (Humidex.,) was measured (Figure 2 and 3). Analyzing theltgstican be concluded
that the weather conditions during July and Audestd to unfavorable bioclimatic conditions,
resulting in most days belonging to the categasie®'some” (30-39) and “great discomfort” (40-44),
with periodic recording of the most severe categpof heat stress (dangerous and very dangerous).
Under these conditions, the human body temperaisge and it can cause certain medical problems
such as rash, thermal cramps, fatigue accomparnietbisea, dizziness, headache, a sudden rise in
body temperature (sunstroke) and finally heatst{i@. There are some anthropogenic sources of
heat that additionally reinforce adverse bioclimatnditions, for example traffic, lighting, redace
wind speed etd11].

The increasing temperature at Belgrade is alstectla heat island processes, enhanced aerosdls, an
probably, the greenhouse effect, so these recoeyssmrve as a valuable tool to monitor potential
greenhouse warmin§l7]. What should be highlighted in this paper is thetfthat there is an
increasing frequency of extreme temperatures ancbasing index values over a 20-year period.
During the first decade of the investigated per(®899-2008) maximum index values ranged most
frequently around 43, with three cases when subxindumidexm,x exceeding threshold value of 45
(dangerous). That was recorded in 2001 (Humigex47.01, August 1), 2003
(HumideXma=45.20, July 2i’) and 2007 (Humidex.,=45, August 291). The second decade (2009-
2018) proved to be more bioclimatically unfavorabMhich confirms assertions that weather and
bioclimatic conditions in Serbia have been changiegr by year. Maximum values were ranged
between 44 and 45, noting that the threshold db#%he category “dangerous” (45-54) was exceeded
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5 times (in 2010, 201122015, 2016 and 2017). The highest recorded valu@githe whole perio
covered by the study was 55.07 (Jul"2011).

Apart from the goal of observing the change inindex value on a daily basis from year to year,
second part of the research was dedicated to sepavaervation of the first (19-2008) and second
decades (2002018) to gain insight into what lo-term changesan be expect. The results
obtained showed that all sitdices record decline in the number of days defiae “comfortable.
On the other hand, there was an increase in albttiner categories characterized by a lower or i
degree of discomforfThe most noticeable changes were reed in Humideys sub-index values
during July and Augustf we look at the data obtained in July for Humiy7,, we can see that the
number of days with “some discomfort” rose from @99-2008) to 79 (20(—2018) which means

by a one-third (almost 30% @icrease). In August, Humidy7, in the category of “some discomfo
records the constant tendency of growth from 261ltaghat is, the number of such days increase
almost 50% over a teyear period. The smallest increase was recordedgldune, oly three days in
the mentioned category (from 38 to 41). When it esrto the month of June, comparing the

decades of the study period, the changes that ectwith the Humide 4, are much more interestit

An increase can be observed in the valtf Humidex., where there is a positive trend of rose in
number of days with “great discomfort” from 8 (1-2008) to 16 (20022018). Comparing the tw
decades, during July and August, Hum 4, index recorded similar results: a positive chamgedin

July from 23 to 32 days in the category “great alisfort”, and in August from 22 (19-2008) to 30
(20092018) in the same heat stress categThe changes do not only refer to the hottest paithe
day, but also the mean daily values. Findings nkaSew et al.[17] showthat the mean summ

temperature at Belgrade increased at rate of 0°Clyr.

On a daily average, ie. «index

Humidexiy vaie the most pronounced changes were recorded in skuNumber of days in th
category “comfortableivas reduced from 213 (1S-2008) to 176 (2002018)— over 17%, whereas
the number of days with “some discomfort” rose frdm(199-2008) to 134 (20(-2018).
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Since the mid-1980s the incidence of heat wavé&eigrade has increased and they occur on average
every year, while before the 1980s, the averagdence of heat waves was once in every three years
[26]. As Bordevi¢ claims [30], in observed period (1957-2006) the rise of meaaximum and
minimum annual air temperature in Belgrade was jment. UnkaSewi et al. [17] have been
investigated trends in extreme temperatures foB#igrade in the period 1975-2003 to assess how an
increase in the mean summer temperatures is retatethanges in the extreme maximum and
minimum temperaturesThey concluded that the rising mean summer tempestat Belgrade are
associated with a substantial increase in the oeace of extreme maximum temperatures.

Temperature extremes are a key aspect of any elimhange because ecosystems and societal
responses are most sensitive to théif. That is why in the last part of the research spedttention

was paid to the maximum values of the heat indegurE 4, 5 and 6 show time series of the number
of days for each heat stress category accordihtutoidexmax for the all three months in the 20-years
period. Linear graphs show that the most signiticianges in outdoor thermal comfort are related to
the category of “comfortable”.

There was a linear decrease in the observed hestsstategory: in June (1999-2018) it was -1.6
days/10 years, in July it was — 2.41 days/10 yemrd,in August declining trend was -2.14 days/10
years. As for the other categories of heat streat firesent less or greater thermal discomfort, all
categories (some discomfort, great discomfort, demgs and very dangerous) are characterized by
positive trend of linear increase. The highest ghotnend shows category of “some discomfort” (30-
39) in July and it was 1.54 days/10 years, théallbwed by August (1999-2018) with positive trend
of 1.12 days/10 years. Category of “very dangerdgsit stress shows linear increase just during July
with positive trend of 0.03 days/10 years.

These findings indicate that July is the most aslvenonth in terms of the bioclimatic conditions on
the territory of Belgrade during the summer. lingportant to single out the fact that a similar ropes
were observed in August, as well, during the twoades of investigated period. From 1999 to 2018,
mean index value gradually rose, according to Hemig and especially Humidex,,. Values of
these sub-indices have exceeded threshold 40 rfteretben in the past.

Secondly, it has been observed that heat wavesedefas prolonged periods of very high air
temperature$23], occurred more and more frequently during the seadecade (2009-2018), with
three or more consecutive days belonging to thedipdiscomfort” category (40-44). Considering the
tendency of increasing daily temperatures and gadfiedumidex in August, it can be expected that in
the coming decades a higher representation ofigiest thermal stress category will occur.
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Figure 4. Time series of the number of days foegaties of heat stress of Humiggx
in June, for the period 1999-2018
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Figure 4. Time series of the number of days foegaties of heat stress of Humidgx, in July,
for the period 1999-2018

30 Comfortable
trend = 1.12 days/10 years Some discomfort
25 — — - Great Discomfort
Dangerous
20 +— — ] W A

— — Linear (Comfortable)

15 - ﬂ Linear (Some

discomfort)
/ \ _rs

— rend = 0.86 days/10 yeas
5 -
trend = 0.12 days/10 yea

10

0 N . -
(2] o — N ™ < Te) (o] N~ (o] (2] o — N ™ < n (o] ~ [ee]
[*2] o o o o o o o o o o — - — - — — — — —
(o) o o o o o o o o o o o o o o o o o o o
— N N N N N N N N N N N N N N N N N N N

Figure 4. Time series of the number of days foegaties of heat stress of Humidgx,
in August, for the period 1999-2018

CONCLUSION

The main goal of this study was to conduct analg$ibioclimatic conditions that occur in central
urban area of Belgrade during the hottest parhefyear - summer months (June, July and August).
The research was based on climate record of theamwtgical station Belgrade - \&a for the
period 1999-2018. This meteorological station wlagsen because it is located in the most densely
populated and built up part of Belgrade and bdtgats the outdoor thermal comfort of central urban
zones. For this purposes Humidex, a simple heaimchs applied. Humidex, index based on just two
meteorological parameters, gives reliable insightitreme heat conditions which are caused by high
air temperature and humidity.

The results in this study help us to better undebsthe process of climate change, its impact oal lo
bioclimatic conditions and how it affects humanrgsi and ecosystems in urban environment.
Outdoor thermal comfort in Belgrade is generallyenadverse in July and August and this especially
refers to the values of sub-indices Humigdgand Humidex,... Under these conditions, the human
body temperature rises and it can cause certairicalegroblems. Those risks are higher in urban
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areas, as a consequence of a combination of ndastdrs (weather conditions) combined with
anthropogenic influences. The increasing tempezatind extreme phenomena at Belgrade are also
related to heat island processes, enhanced agrasdlprobably, the greenhouse effect.

The results obtained were analyzed at two levikt: Wwas observing the change in the index value on
a hourly and daily basis from year to year, ancdsdovas separate observation of the first (1999-
2008) and second decades (2009-2018) of the igegstl period to gain insight into long-term
changes. The results showed that all sub-indicesrdedecline in the number of days defined as
“comfortable” (Humidex <29) during all three monthkehich leads to constant increase in all the other
categories of lower or higher degree thermal digoamThe most pronounced decline in the number
of “comfortable” days occurred during July and Asguand especially with the sub-index
Humidexs, Number of days in the category of “comfortable” waduced from 124 (1999-2008) to
83 (2009-2018), ie. over 33% of decrease in Julg, ia August it was was reduced from 111 (1999-
2008) to 70 (2009-2018), which means almost 37%eafease. Trend lines for each month presented
in this paper also confirm that the most significahanges in outdoor thermal comfort in Belgrade
during a twenty-year period are related to thegmte of “comfortable”, with a negative trend in yul

of -2.41 days/10 years.
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