FACULTY
OF MATHEMATICS
AND PHYSICS

Charles University

MASTER THESIS

Stépan Subik

Study of Thermal Comfort in the Urban
Environment

Department of Atmospheric Physics

Supervisor of the master thesis: RNDr. Eva Holtanova, Ph.D.
Advisor of the master thesis: Mgr. Michal Zak, Ph.D.
Study programme: Physics
Study branch: Meteorology and Climatology

Prague 2020



I declare that 1 elaborated this master thesis independently and only with the
cited sources, literature and other professional sources.

I understand that my work relates to the rights and obligations under the Act
No. 121/2000 Sb., the Copyright Act, as amended, in particular the fact that the
Charles University has the right to conclude a license agreement on the use of
this work as a school work pursuant to Section 60 subsection 1 of the Copyright

Act.

In Prague date ............ signature of the author



Title: Study of Thermal Comfort in the Urban Environment

Author: Stépan Subik

Department: Department of Atmospheric Physics

Supervisor: RNDr. Eva Holtanova, Ph.D., Department of Atmospheric Physics
Advisor: Mgr. Michal Zék, Ph.D., Department of Atmospheric Physics

Abstract: This thesis is written to compare indices, which describe the perceived
temperature of human body in thermal environment and apply them to study
the thermal comfort of city inhabitants. The thesis is divided into five parts.

In the first part, many thermal indices are presented and classified into empirical,
commercially used or analytical indices by their definition. The practical usage
of thermal indices is mentioned in the next chapter.

In the third chapter, the most suitable thermal indices for describing the ur-
ban thermal comfort are found. Those are UTCI, PET, PT, SET* and mPET.
Thermal index mPET .has been chosen to be used further in this study.

The fourth chapter includes the application of mPET on meteorological data
from Prague, Berlin, Hamburg, Nirnberg, Kéln and Frankfurt. The frequencies
and long-term behaviour are studied as well as the effect of the street canyon for
Prague’s streets Délnickd, Rohanské nabtezi, Legerova and Vinohradska.

The last part discusses the results. The thermal comfort in Prague and Berlin,
together with the effects of the street canyon in Prague are studied more closely.
It was found that in Prague, Berlin, Hamburg, Niurnberg and Frankfurt, the
frequencies of evening thermal discomfort, in terms of heat stress, are higher in
the cities than in surrounding areas which is a consequence of UHI. Furthermore,
the frequency of days with heat stress increases and the number of days with
cold stress decreases in Prague, Berlin, Niirnberg, Koéln and Frankfurt. Besides,
the simulation of the street canyon model showed the importance of tree planting
in Prague streets Legerova and Vinohradska and the importance of using high
albedo materials for building in Délnicka and Rohanské nabtezi street in order
to achieve more comfortable thermal environment.
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Abstrakt: Prace pojednava o popisu tepelného komfortu na zakladé tepelnych
indext1, které popisuji teplotu, kterou vnima lidské télo z okolniho prostredi.
Indexy jsou poté pouzity ke studiu tepelného komfortu obyvatel mést. Studie se
deéli do péti casti.

V prvni kapitole jsou prezentovany rizné tepelné indexy, které jsou rozdéleny
do t¥i skupin - experimentalni, komercéni a analytické - dle jejich definice. V
nasledujici kapitole jsou uvedena ruzna praktickd vyuziti tepelnych index.

Vhodné tepelné indexy jsou vybrany ve treti kapitole tak, aby co nejlépe popiso-
valy méstsky tepelny komfort. Jako vhodné indexy byly vybrany UTCI, PET,
PT, SET* a mPET. Pro tcely této studie byl vybran tepelny index mPET.

Ctvrtd kapitola obsahuje samotnou aplikaci mPET na meteorologicka data z
Prahy, Berlina, Hamburku, Norimberku, Kolina a Frankfurtu. Pro vSsechna mésta
je provedena studie vyskytu neptiznivych tepelnych podminek ve mésté a okoli a
jejich dlouhodobého chovani. Chovani mPET v zavislosti na vyskytu a charakteru
ulicniho kanonu bylo simulovano pro prazské ulice Délnicka, Rohanské nabtezi,
Legerova a Vinohradska.

V posledni kapitole jsou vysledky diskutovany. Tepelny komfort v Praze a Berliné
je studovan detailnéji nez v ostatnich méstech. V Praze, Berliné, Hamburku,
Norimberku a Frankfurtu byly frekvence dni s tepelnym stresem vyssi nez na ref-
erencnich stanicich, které reprezentuji mimomeéstské oblasti. Frekvence téchto dni
se navic zvysuje a frekvence dni se stresem zpusobenym chladem se snizuje, coz
plati pro Prahu, Berlin, Norimberk, Kolin a Frankfurt. Simulace uli¢niho kanonu
ukazaly, ze pro zvyseni méstského tepelného komfortu je dilezitd vysadba stromt
v ulicich Legerova a Vinohradska a také pouzivani materialt s vysokym albedem
na budovach v ulicich Délnickd a Rohanské nabtezi pro zvysSeni meéstského te-
pelného komfortu.

Klicova slova: Tepelny komfort, Méstsky tepelny ostrov, Tepelné indexy, mPET,
Stredni Evropa, Rayman
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Introduction

Thermal comfort is one of the fundamental indicators of suitability for the envi-
ronment to host life. The organisms living in cold Antarctic climate adapted to
the coldness during the whole year as well as the organisms living in a subtrop-
ical climate did in a warmer climate. The other organisms attempt to move to
another place with every change where they can find their former comfort—the
same stands for humans.

Humans live in different climates, and in each of them, they are used to the
temperatures that change throughout the year, to the precipitation with its yearly
course, wind direction and velocity that differs from mountains through lowlands
to seashores and more. All of those variables are measurable, and they can be
used to describe thermal comfort.

According to \Goodfellow and Tahti [2001], thermal comfort is defined as the
condition of mind that expresses satisfaction with the thermal environment. It is
an entirely subjective term, but in general, the difference among people’s choices
are small enough to consider a mean for many nations or smaller groups. The
thermal environment includes the body’s physiological response usually denoted
as strain and the atmospheric heat exchanges with the body usually denoted as
stress, as described in |Jendritzky and de Dear| [2009].

The thermal comfort is connected to the weather conditions which defines
climates. The close relationship between humans and the thermal component of
the atmospheric environment is evident and daily experienced by everyone. Thus,
issues related to the thermal comfort, discomfort, and health impacts are the rea-
son that the assessment, useful and practical forecast of the thermal environment
is one of the fundamental topics of human biometeorology.

Biometeorology is a study of the relationship between atmospheric conditions,
i. e. temperature, humidity and air movement, and living organisms. In our case,
the thermal comfort of humans is considered; therefore, the balancing human heat
budget will be studied. The equilibration of the organism represents the problem
to the various environmental and metabolic heat load. The heat load is controlled
by an autonomous thermoregulatory system that is additionally supported by be-
havioural adaptation. It consists of eating, drinking, clothing, activity, exposure
and migration, which are driven by human sensations of thermal discomfort.
These capabilities help a human being to live in different climate zones, though
the climates would cause different degrees of discomfort, according to [Jendritzky
and de Dear [2009].

Rapid urbanization has led to massive migrations of all people to urban re-
gions. Recently, the proportion of the world population living in urban regions is
over 50%, according to |Liu et al.| [2019]. However, due to global climate change
and enhanced urban heat island effects, the human thermal comfort has become
more important and the warming environment more harmful to citizens’ health
not only psychologically, i.e. in terms of thermal sensation, mood, and concen-
tration, but also physiologically by way of sunburn, heatstroke, and sweating.

The research of the human body’s responses, both psychological and physio-
logical, is expected to provide an insight into the thermal comfort and health of
humans in urban areas. The main aim is to receive sustainability and comfort



for the inhabitants in different microclimates to eliminate thermal discomfort in
the cities. There are still many responses and equations to be found for the de-
scription of the human body and the thermal environment system. As for the
known relationships, some models connect the weather to the thermal comfort
via thermal indices, indicators of thermal comfort.

The meteorological variables, in our consideration of the thermal environment,
are affected by the physical environment, e.g. wind can be enhanced by a plain
grassland or weakened by a forest or city buildings, and humidity can be influ-
enced by a river or a nearby sea. According to the surface, other variables can
be similarly changed. The most significant changes are found in the urban area
where the urban heat island (UHI) takes place.

The UHI phenomenon is an effect which increases the temperature in the
urban areas compared to the surrounding areas. As a result, the UHI leads to
increased energy needs due to the energy consumed by air-conditioners in terms
of cooling of the environment, environmental issues. It implies a more frequent
formation of smog and enhanced air pollutants and health consequences which
are connected to the human thermal comfort. According to (Rodriguez et al.
[2020]), the heatwave that took place in Europe in July 2019 set all-time high-
temperature records in several countries such as Belgium, Germany, France, the
Netherlands or the United Kingdom. The combination of UHI and climate change
only increases the effect of the UHI and leads to a higher airconditioning demand
on electricity. It forces the innovations in electricity generation, transmission and
distribution infrastructures.

According to Rodriguez et al. [2020], heat islands are mainly classified as
either atmospheric (Canopy Layer UHI or Boundary Layer UHI) or surface UHI.
Surface UHI refers to the increased warmth of urban surfaces, measured on a
large scale by using thermal infrared data from remote sensors in satellites or
aircraft. On the other hand, the Canopy Layer UHI is the one directly related
to human exposure where both air and surface temperatures influence outdoor
thermal comfort. We will aim at the Canopy Layer UHI to study the effect on
humans.

Many factors can influence the heat island, such as the climate characteristics
(solar radiation, wind and clouds, for instance). In general, the strong wind and
cloudy sky can reduce the UHI because the wind would cause mixing of the air in
the urban area and the air in the outer area and clouds will reduce the solar energy
reaching the city. Calm winds will make the air in the city more isolated and
clear sky would give higher solar energy to the surface, causing an enhancement
of the UHIL.

The season and time of day also affect the UHI intensity, as well as the char-
acteristics of the city (ratios of buildings, pavement and vegetation) and the
anthropogenic heat release (metabolic heat from humans, traffic, and heat re-
leased from buildings). For example, according to as|Rodriguez et al.| [2020], who
studied UHI intensity in Seville (Spain), the intensity may vary between 0.4 °C
and 11 °C, with an average of 4.1 °C.

This study aims at the thermal comfort of humans in six cities: Prague, Berlin,
Hamburg, Frankfurt am Main, Niirnberg and Koéln. In the first chapter, there
is an introduction of the thermal indices as the indicators of thermal comfort
in outdoor areas. The next chapter offers the practical usage of the thermal



indices presenting their non-scientific importance in architecture and tourism.
Furthermore, different thermal indices are compared to select the most suitable
one for this study in chapter three. After the selection, the chosen index is used
to compare thermal comfort in the chosen cities and the surrounding rural areas
in chapter four. In Prague, a few areas are modelled in order to study the effect of
the street canyon with different scenarios of the thermal environment. In chapter
five, there is an interpretation of the results with discussion. Ultimately, the
results are discussed, including the effect of urban planning consisting of tree
planting and building design.



1. Thermal indices

When the news media integrated the weather forecast in its program, there was
a pressure to produce data more applicable and useful for everyday life. The
temperature forecast can determine the appropriate clothing and precipitation
will tell us whether to take an umbrella or not. However, it has been recorded
that for example in 15 °C and low wind with no precipitation one can have only
light jacket whereas in 15 °C and stronger wind with at least little rain one would
need a sweater and a jacket not to feel cold.

In 1938, Biittner recognised the fact and postulated: ”If one wants to assess
the influence of climate on the human organism in the widest sense, it is necessary
to evaluate the effects not only of a single parameter but of all thermal compo-
nents. This leads us to the necessity of modelling the human heat balance” as
Hoppe| [1999] reads. The fact arranges a way to measure human thermal comfort
as the function of weather. From the definition, the weather is a state of the at-
mosphere in a given time at a given place described by meteorological variables,
i.e. wind, temperature, cloudiness, moisture, pressure and more. Therefore, ther-
mal indices as the indicators of human thermal comfort have been developed to
summarise the information of the weather conditions. Currently, there are more
than 165 indices, as|Staiger et al. [2019] claims, which has been simply categorised
into three groups, referring to the complexity of their definition and the common
usage.

1.1 Empirical indices

Since there was a need for a straightforward number to determine the thermal
comfort, there were many meteorologists that wanted to find the index. The first
indices were simply determined by formulae and used different complexity of using
the meteorological parameters. As a base variable air temperature was used in
most of them joined by relative humidity or wind velocity. Many of them are not
used daily, although they can occur in specialised studies. Below are described
two of the indices, Discomfort Index and Wind-chill index. More examples can
be found in |Auliciems and Szokolay| [2007], Section Empirical indices.

1.1.1 Discomfort Index

Discomfort Index (DI) was first introduced by [THOM] [1959] to describe the
human comfort using two parameters: air temperature and relative humidity.
The formula for DI is as follows:

DI =T — [(0.55 — 0.0055RH)(T — 14.5)] , (1.1)

where T' stands for air temperature in °C and RH is the relative humidity
of air in %. In the definition, the critical temperature is 14.5 °C, which is not
affected by the humidity change. When the temperature is higher, an increasing
DI with a higher RH may be observed whereas below the critical temperature the
DI is decreasing with higher relative humidity. The subjective comfort is given

by Table [I.1}



Table 1.1: Discomfort conditions according to Discomfort Index according to
Yousif and Tahir| [2013]

Condition DI

No discomfort <21

Under 50% of population feels discomfort 21-24

Over 50% of population feels discomfort 25-27
Most of population suffers discomfort 28 - 29
Everyone feels stress 30-32
State of medical emergency > 32

1.1.2 Wind-Chill Index

Wind-Chill Index (WCI) is described in [Steadman| [1959]. Its main aim is to
determine the cooling effect of wind when the temperatures are low. It is defined
by two equations:

WCI = h(33 = T},), (1.2)
h=9.0+10.9yv — v,

where T}, is ambient temperature in °C and v is the wind speed in ms™!. The
definition is parabolic in v, so the maximum effect is at 25 ms~!. It has no table
of comfort defined, more likely it is seen as a cooling factor.

1.2 Commercially used indices

Many forecasting centres and commercial companies have been developing their
indices since the 1990s to forecast the "real feel temperature”. Those indices
usually have simple definition using a formula or more complex definition using
computations and algorithms. The idea of a thermal index used in the public
media to describe and forecast thermal comfort has been the engine of the whole
research of the thermal indices. Many companies and institutes have developed
their "thermal sensation” temperature in the means of temperature modified by
other variables. The most common and still valid commercial indices are Heat
Index, Humindex and Apparent temperature.

1.2.1 Heat Index

The National Weather Service in the USA uses Heat Index (HI). As described in
National Weather Service [2018], it uses air temperature and relative humidity
to forecast the heat index. The definition is based on a quite complex equation



described in [National Weather Service [2016]:

HI = —42.379 + (2.04901523 x T') + (10.14333127 x RH)
— (022475541 x T x RH) — (6.83783 x 107% x T?)
— (5.481717 x 1072 x RH?) + (1.22874 x 107® x T? x RH)
+ (8.5282 x 107* x T' x RH?) — (1.99 x 107 x T? x RH?),

(1.4)

where T is the air temperature in °F and RH is the relative humidity in %.
The discomfort is then given by Figure (1.1

Relative Humidity (%)
4 7 With Prolonged Exposure
110 and/or Physical Activity
168 Heat Index
106
7 (Apparent Heat stroke or sunstroke
o 102 Temperature) highly kel
gl I e
S (%
"é %l Sunstroke, muscle cramps,
S farlarli and/or heat exhaustion likely
= |92/ 94]%69 10 Extreme Caution
90| 91]9395) 97 {100 Sunstroke, muscle cramps,
681861 891911939598 100/t andlor heat exhaustion possible
86 85| 678389 | 91|93 95|97 [100/102 Caution
84 ] 83|84 ]85 o6 | 68|89 09204 9698 ]100/103
82] 81] 62|83 84|84 ]85 6688 89 0001|9305 - ;
80 180 |80 [81 [61 [82 [82 [83 [e4 [84 [85 [86 |6 |67 Feligue posebe

Figure 1.1: Thermal comfort conditions according to Heat Index, taken from
'Ambient Weather| [2017]

1.2.2 Humindex

Canadian meteorologists use Humindex (Hum) to describe how hot the weather
feels to the average person. It is done by combining the effect of heat and hu-
midity. The formulas

Hum =T+ h (1.5)
h = 0.5555(¢ — 10.0) (1.6)
1 1
—6.11 417, . 1.
¢=0llexp (5 77530 (273.16 Td>) (1.7)

were developed by J. M. Masterton and F. A. Richardson of Canada’s At-
mospheric Environment Service in 1979, as describes PlanetCalc| [2016]. The
T stands for air temperature in °C and Ty is the dewpoint temperature in °C,

PhysLink [1995]. The comfort is described in Table

1.2.3 Apparent temperature

The Apparent temperature, also called Australian Apparent temperature (AT), is
index developed by Robert Steadman to forecast a thermal comfort for people in

8



Table 1.2: Discomfort degrees described according to Humindex, cited from Plan-
etCalc| [2016]

Condition Humindex | Recommendation
<25 None
No discomfort
25-29 Supply water to workers on an "as needed”
basis.

30-33 Post Heat Stress Alert notice. Encourage
workers to drink extra water. Start recording

di fort
Some discomfor hourly temperature and relative humidity.

34-37 Post Heat Stress Warning notice. Notify
workers that they need to drink extra wa-
ter. Ensure workers are trained to recognize
Symptoms.

38-39 Work with 15 minutes relief per hour can
continue. Provide adequate cool (10-15°C)
water. At least 1 cup (240 mL) of water
every 20 minutes. Workers with symptoms
should seek medical attention.

QIeat 40-41 Work with 30 minutes relief per hour can
dlSC.OIIlfOI‘t;. continue. Provide adequate cool (10-15°C)
avoid exertion water. At least 1 cup (240 mL) of water

every 20 minutes. Workers with symptoms
should seek medical attention.

42-44 If feasible, work with 45 minutes relief per
hour can continue. Provide adequate cool
(10-15 °C) water. At least 1 cup (240 mL) of
water every 20 minutes. Workers with symp-
toms should seek medical attention.

Dangerous;
possible heat > 44 Only medically supervised work can con-
stroke tinue.




Australia. The original formula described in [PlanetCalc [2012] took into account
the dry bulb temperature, humidity, wind speed, humidity and radiation from
the sun as follows:

Q
v+ 10
where T}, is the dry bulb temperature in °C, v is the wind speed in ms™!, Q
is the net radiation absorbed per unit area of body surface in Wm? and e is the
water vapour pressure in hPa that can be calculated using relative humidity RH
in % as

AT =T, + 0.348¢ — 0.700 + 0.70 — 4.25, (1.8)

RH ( 17.27T, ) | 1.9

— 6105 _—alla
RETI FP\os7 74T,

The formula was updated and simplified by the author himself into a current
form:

AT =T, + 0.33¢ — 0.70v — 4.00, (1.10)

where the net radiation absorbed per unit area of body surface does not take
place, and other variables refer to those in the former formulae ((1.8) and (L.9)).
Thus, in vCalc| [2019] it is called non-radiation version of the Australian Apparent
Temperature.

1.3 Analytical indices

All of the former indices are simple and experimentally determined by one or
more researches as |Auliciems and Szokolay| [2007] reads. They are defined by
fitting various meteorological variables to reach the optimal formulae to get a
function which can be then connected with a thermal sensation scale given mostly
by questionnaires. Therefore, many scientists were wondering if there is any
analytical index derived from physical equations. As a result, they built models
that provide an insight into the processes of heat exchange between the human
body and the environment and metabolic reactions on the heat stress.

In Thompson and Perry| [1997], there is considered a full view of the energy
balances of the environment and a human body. As for the human body, the
homeothermy has a precondition of maintaining a constant core temperature near
37 °C. Hand in hand, there are seven interlaced groups of adaptation strategies
to atmospheric, especially thermal, stimuli which [Thompson and Perry [1997]
defined as:

1. "Physiological adjustment, ranging from minor vasomotor to major sweat-
ing and metabolic responses”

2. 7Acclimatisation (including habituation) of both physiological and psycho-
logical mechanisms by periodic exposure to a thermal stimulus”

3. "Food energy intake and dietary alterations”

4. "Metabolic alterations in the scheduling of activities, selection and curtail-
ment of particular tasks or their sequencing.”

10



5. "Migration, either temporary or permanent avoidance of particular stress
conditions.”

6. "Clothing and building fabric interposition between the source of stress and
the organism.”

7. "External energy generation for space heating and cooling.”

The most desired adaptation strategy in urban areas is number 6 for its strat-
egy of shading the environment to avoid heat stress. As an example, we can use
the study |Lin et al. [2010] where the shading effect in Taiwan university is being
examined, and the results bring numerous positive findings of the modelling of the
urban thermal environment and the shading effect on outdoor thermal comfort.

The best approach for the thermoregulatory responses is to use the human
energy balance as shown in the following equation:

(M+W)+Q+R+C+E+S=0, (1.11)

where [Thompson and Perry [1997] consider M metabolic heat, W is the energy
used in work, () stands for short-wave solar radiation income R, C, E represent
the long-wave radiation, convection and evaporation, respectively and S is storage
within body and must equal zero over time.

The equation [I.11] as an energy balance equation can be quantified by two
personal and four atmospheric parameters, because the thermal condition is a
function of the clothing insulation variable, as follows:

e Metabolic rate (M)

Clothing insulation (/)

Air temperature(7")

Radiant temperature of surroundings(7 s gr)

Rate of air movement(v)

Atmospheric humidity(RH)

The metabolic rate is the amount of energy used by a human per unit of time.
The basal metabolic rate is defined as a metabolic rate at rest, so in every other
state, the metabolic rate is higher than the basal metabolic rate, as shown in
Figures [[.2] and [1.3]

Clothing insulation represents the amount and property of all clothing layers
that human wear. Its units are Clo, where 1 Clo corresponds to a normal business
suit with usual undergarments and footwear. Other examples are given by Figure
[L.4] and [LAl

Air temperature is the dry-bulb temperature measured in the area by either
mechanical or digital thermometer. It is the most important input for the thermal
comfort evaluation.

The radiant temperature of the surroundings is calculated by small-scale mod-
elling (see Matzarakis et al.| [2010b]), where the Stefan-Boltzmann law is used.

11



TABLE 2.1 Metabolic Rates for Typical Tasks

Metabolic Rate®

Activity met units® Btu/f ft? W/m?#
Resting
Sleeping 0.7 13 40
Reclining 0.8 15 45
Seated, quiet 1.0 18 60
Standing, relaxed 1.2 22 70
Walking (on the level)
2 mph (0.9 m/s) 2.0 37 115
3 mph (1.2 m/s) 2.6 48 150
4 mph (1.8 m/s) 3.8 70 220
Office activities
Reading, seated 1.0 18 60
Writing 1.0 18 80
Typing 1.1 20 65
Filing, seated 1.2 22 70
Filing, standing 1.4 26 80
Walking about 17 31 100
Lifting, packing 2.1 39 120
Driving/flying
Car 1.0-2.0 18-37 60-115
Aircraft, routine 1.2 22 70
Aircraft, instrument landing 1.8 33 y 105
Aircraft, combat 2.4 44 d 140
Heavy vehicle 3.2 59 185
Miscellaneous occupational activities
Cooking 1.6-2.0 29-37 95-115
House cleaning 2.0-3.4 37-63 115-200
Seated, heavy limb movement 2.2 41 130
Handling 110-Ib (50-k) bags 4.0 74 2850
Pick and shovel work 4.0-4.8 74-88 235-280
Machine work ;
Sawing (table saw) 1.8 33 105
Light (electrical industry) . 2.0-2.4 37-44 115-140.
Heavy i 4.0 74 235
Miscellaneous leisure activities
Dancing, social 2.4-4.4 44-81 140-255
Calisthenics/exercise 3.0-4.0 55-74 175-235
Tennis, singles 3.6-4.0 66-74 210-270
Basketball 5.0-7.6 90-140 i 290-440
Wrestling, competitive 7.0-8.7 130-160 410-505 |

Source: Reprinted with permission of the American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Inc. From 1897 ASHRAE Handbook of Fundamentals.

*For average adull with body surface area of 19.6 ft* (1.8 m?). For. whole-body average heat production;, 586 ]
also Table 5.21. AT

*One met = 18.4 Btu/h ft* = 58.2 W/m®,

Figure 1.2: Metabolic rate for different normal day activities suggested by Oliveiral
and Andrade [2007]

Activity Metabolic rate (W m )
Resting (sitting) 60

Standing 90

Reading/ writing 100

Talking 100

Walking slowly 120

Walking fast 160

Other Variable

Figure 1.3: Metabolic rate table for different normal day activities suggested by
University of Oregon| [2020]
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1.8-24

Figure 1.4: An overview on the Clo unit representation, [Auliciems and Szokolay]
12007]

TABLE 3 Insulating value of clothing elements
Man clo Women clo
underwear singlets 0.06 underwear bra+ panties 0.05
T-shirt 0.0 half slip 0.13
briefs 0.05 full slip 0.19
long, upper 0.35 long, upper 0.35
long, lower 0.35 long, lower  0.35
shirt light, short sleeve 0.14 blouse light 0.20
light, long sleeve  0.22 heavy 0.29
heavy, short sleeve 0.25  dress light 0.22
heavy, long sleeve 0.29 heavy 0.70
+5% for tie or turtle-neck)
vest: light 0.15  skirt light 0.10
heavy 0.29 heavy 0.22
trousers light 0.26 slacks light 0.26
heavy 0.32 heavy 0.44
pullover light 0.20 pullover light 0.17
heavy 0.37 heavy 0.37
jacket light 0.22 jacket light 0.17
heavy 0.49 heavy (.37
socks ankle length 0.04 stockings anylength  0.01
knee length 0.10 panty-hose  0.01
footwear  sandals 0.02 footwear  sandals 0.02
shoes 0.04 shoes 0.04
boots 0.08 boots 0.08

based on ASHRAE 1985

Figure 1.5: A detailed Clo unit description, Auliciems and Szokolay| [2007]
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The model uses air temperature and cloud cover or global solar radiation as in-
puts.

Rate of air movement is usually described by the wind velocity where the
direction is not needed in many models. Therefore the simple wind speed is
being used.

Atmospheric humidity is one of the earliest variable used to calculate the
"real feel temperature”. It is often referred to as relative humidity (RH) and it
is interchangeable with water vapour pressure (pyy) using the saturation water
vapour pressure (pswv):

RH = WV (1.12)
Pswv

All of those variables are used in numerical calculations of the models for ther-
mal comfort. For its nature, the atmospheric components are measured in time
series at meteorological stations, whereas metabolic rate and clothing insulation
are usually set constant on reasonable values.

Below are mentioned mainly those indices used in this study. For more thermal
comfort indices, see |Auliciems and Szokolay [2007], Section Analytical indices.

1.3.1 Klima Michel model

As the most simple indices using models we consider the Predicted Mean Vote
(PMV) and Predicted Percentage of Dissatisfied (PPD) mentioned in Hoppe
[1999] and mainly thought to help air-conditioning engineers to create a thermally
comfortable indoor climate. Later on, it was adjusted to outdoor conditions, and
now it is also known as the Klima Michel model. PMV is based on an equation
in Figure [1.6| where all variables are labelled. The large bracket in Figure is
the thermal load defined as the difference between the internal heat production
and the heat loss to the actual environment.

American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) then extended the calculated PMV with a comfort scale (Table [1.3])
where the values of PMV have a connection to the thermal sensation of persons
as Mayer and Hoppe| |1987| states. Rosenfelder et al. [2016] extended the table
to Table[1.4] where each of the classified value refers to the physical stress caused
by the thermal environment.

PPD is derived from PMV as

PPD = 100 — 95 exp(—0.03353PMV* — 0.2179PMV?). (1.13)

Therefore, the PPD establishes a quantitative prediction of the percentage
of thermally dissatisfied people determined from PMV. For example, when the
PMYV is between -0.5 and 0.5, the corresponding PPD drops below 10%.

The model was made for calculating an integral index for the thermal com-
ponent of climate. It was not established to give a realistic description of the
thermal conditions of the human body. Therefore, it could be accepted without
considering the body response on the change in thermal conditions. For instance,
in Fanger’s approach (Fanger| [1972]) sweat rate and the mean skin temperature
are quantified as comfort values. They are considered to be dependent only on
activity and not on climatic conditions at all, as Hoppe| [1999] states.
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PMV = (0.303e™ "™ + 0.028) x [(M - W) -
3.05 x 107-{5733 - 6.99(M - W') - Pa} -
a0t et 10 1 =1 s il S e
107°-M- (5867 - Pa) - 0.0014-M-(34 -
Ta) - 3.96-107"-fct+{Tct + 273)" - (Tr +

273)*} - fcl+hc+(Tct - Ta)]

Tcl = Tsk - 0.155-Icl+[3.96 x 107 -fcl - {Tct +
273)" - (Tr + 273)‘} + fct+hce(Tct -

Ta)]

[2.38(Tct - Ta)®2s
for 2.38(Tct - Ta)% %% » 12.1/Vair

12.1/Vair
| for 2.38(Tct - Ta)% 2 ¢ 12.1/Vair

he =

Tel
Tsk

clothing surface temperature
skin temperature

Figure 1.6: The definition of PMV [1992]

Table 1.3: ASHRAE Psycho-Physical Voting Scale, taken from Mayer and Hoppe
11987]

PMV | Sensation

-3 cold

-2 cool

-1 slightly cool
0 neutral

+1 slightly warm

+2 warm

+3 hot
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Table 1.4: Classification of PMV values into thermal stress classes, according to
Rosenfelder et al.| [2016]

PMV Thermal perception | Grade of physical stress
<-3.5 Very cold Extreme cold stress
-3.5 to -2.5 Cold Strong cold stress

-2.5 to -1.5 Cool Moderate cold stress
-1.5 to -0.5 Slightly cool Slight cold stress

-0.5 t0 0.5 Comfortable No thermal stress

+0.5 to +1.5 | Slightly warm Slight heat stress

+1.5 to +2.5 | Warm Moderate heat stress
+2.5to +3.5 | Hot Strong heat stress

> +3.5 Very hot Extreme heat stress

PT

Another thermal comfort index based on the Klima Michel model is the perceived
temperature (PT). As the Jendritzky et al. [2000] states, PT is used in the routine
procedure of the Deutscher Wetterdienst (German Weather Service). Although
it can be considered as a commercial index, it is viewed for its complexity to be
more suitable among the analytical and modelled indices.

As |Jendritzky et al. [2000] defines, PT refers to a reference environment,
in which the perception of cold and heat would be the same as under the actual
conditions. The wind velocity is reduced to a slight draught, and the mean radiant
temperature is equal to the air temperature in the reference environment. The
water vapour pressure is identical to the actual environment. It is only reduced
by condensation. Perceived heat and cold is computed using the comfort equation
by [Fanger| [1972], which is based on a complete heat budget model of the human
body.

Compared to the PMV and PPD, the PT is more difficult to compute for
its need for iterations in the algorithm used to achieve the values. Utilising
complexity, PMV is similar to the indices defined by the MEMI model such as
PET and SET*.

1.3.2 MEMI Model

The Munich energy-balance model for individuals (MEMI) is a more advanced
thermo-physiological heat-balance model using the human energy balance (1.11).
Two other equations used to establish the mean surface temperature of the cloth-
ing (7,;), the mean skin temperature (Ty) and the core temperature (7;.). These
equations describe the heat flows from body core to skin surface (Frg), (1.14])
and from skin surface through the clothing layers to the clothing surface, (Fs¢)
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Fes = vpppes(Te — Tsi) (1.14)
1

Feo = ]—(Tsk —Tu) (1.15)
cl

In , v, stands for the blood flow from body core to skin (Is”'m~2, de-
pending on the level of skin and core temperature), p, for blood density (kgl ™)
and ¢, for the specific heat (Wstlkgfl). In 1 is the heat resistance of the
clothing (Km*W™). For these equation is MEMI model considered as a two-node
model.

SET*

According to |Ye et al.|[2003], "SET* Index is defined as the equivalent tempera-
ture of an isothermal environment at 50% RH in which a subject while wearing
clothing standardised for the activity concerned, would have the same heat stress
(skin temperature, Ty) and thermoregulatory strain (skin wettedness w) as in
the actual test environment. Isothermal environment means the environment at
sea level, in which the air temperature equals the mean radiant temperature, and
the air velocity is zero.” Hy, is defined as the heat loss from the skin, i.e. the
thermal load of skin, and it can be expressed as:

Hsk = hs<Tsk - SET*) + whs,e(pwv,s - O'5pSET*)7 (116>

where h, stands for standard heat transfer coefficient in Wm ™2 °C, hs. is the
standard evaporative heat coefficient in Wm™?kPa ™", w the fraction of the wetted
skin surface, p,, s the water vapour pressure at skin, normally assumed to be that
of saturated water vapour at T in kPa and pggr. refers to the saturated water
vapour pressure at SET* in kPa, as|Ye et al.|[2003] continues. It is not necessarily
defined on a MEMI model. Also, another two-node model can be used for it is
not specified.

PET

As one of the most used indices, physiological equivalent temperature (PET) was
introduced in 1987, as [Hoppe [1999] reads. Physiological equivalent temperature
(PET) has definition valid outdoors and indoors. Let us assume a typical indoor
setting, where the heat balance of the human body is based on work metabolism
of 80 W (light activity), basic metabolism and a heat resistance of clothing 0.9
Clo. PET is the equivalent to the air temperature which, in such environment, is
maintained with core and skin temperatures equal to those under the conditions
being studied, Hoppe [1999] continues.
For indoor PET, there are a few simplifications of the model, such as:

e Mean radiant temperature equals air temperature

e Air velocity is set to 0.1 ms™*

17



e Water vapour pressure is set to 12 hPa (approximately equivalent to a
relative humidity of 50% at air temperature 20 °C))

Calculation of the thermal conditions of the body with MEMI for a given
meteorological parameters, iteration of the firstly guessed values for mean skin
temperature and core temperature is then put into the model MEMI and the equa-
tion system ((L.11)), and ([L.17))) for air temperature T (with v = 0.1ms™,
pwyv= 12hPa and Ty rr = T) is being solved. The resulting air temperature is
equivalent to PET.

1.3.3 FPC advanced Model

Since 2005, the COST Action 730 (Cooperation in Science and Technology, sup-
ported by the EU RTD Framework Programme) joined a Commission "On the
development of a Universal Thermal Climate Index (UTCI)” that has provided
the basis for European scientists from 19 countries and more to collaborate on
the development of a corresponding index (COST UTCI 2004). As Jendritzky
et al. [2012] state, "the aim was an international standard based on the latest sci-
entific progress in human-response-related thermo-physiological modelling over
the last four decades. The term universal must be understood in terms of being
appropriate for all assessments of the outdoor thermal conditions in the major
human biometeorological applications such as daily forecasts and warnings of
extreme weather, to bioclimatic mapping, urban and regional planning, environ-
mental epidemiology and climate impact research. This covers the fields of public
weather service, the public health system, careful planning, and climate impact
research in the health sector.” Jendritzky et al.|[2012] continues, the UTCI must
meet the following requirements:

1. "Thermo-physiologically responsive to all modes of heat exchange between
body and environment”

2. 7Applicable for whole-body calculations but also for local skin cooling (frost-

bite)”
3. "Valid in all climates, seasons, and time and spatial scales”
4. ”Appropriate for key applications in human biometeorology (listed below)”

The passive system of the Fiala’s multi-node human physiology and thermal
comfort (FPC) model includes a multi-segmental and multi-layered representation
of the human body using spatial subdivisions, as Jendritzky and de Dear| [2009]
reads. Appropriate thermo-physical and thermophysiological properties give all
tissue nodes. An average person is replicated by the data with consideration of
body weight, body fat content, and Dubois surface area. The overall data creates
a basal heat output and basal cardiac output which are appropriate for a nude
adult body in a thermo-neutral environment of 30°C. In these conditions, the
thermoregulatory activity is minimal.

FPC was adopted in terms of thermo-physiology and heat exchange theory.
The next logical step is a state-of-the-art adaptive clothing model, which was
developed and integrated to upgrade the FPC model. According to |Jendritzky
et al. [2012], the model considers:
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1. "The behavioural adaptation of clothing insulation observed for the general
urban population concerning the actual environmental temperature.”

2. "The distribution of the clothing over different body parts providing local
insulation values for the different anatomical segments.”

3. "The reduction of thermal and evaporative clothing resistances caused by
wind and limb movements of the wearer, who is assumed to be walking at
a speed of 4 kmh™" on level ground (2.3 met = Wm™?).”

UTCI

Universal Thermal Climate Index (UTCI) was then developed identically as an
equivalent temperature (ET*), see Auliciems and Szokolay| [2007]. It is one of the
youngest indices, and its necessity has been discussed in |Jendritzky et al.| [2012].
The discovery involved a definition of a reference environment with 50% relative
humidity (but vapour pressure not exceeding 20 hPa), with calm air and radiant
temperature equalling air temperature, to which all other climatic conditions are
compared, as |Jendritzky et al.|[2012] reads. Identical physiological conditions are
ensured by the equivalence of the dynamic physiological response predicted by
the model for the reference and the actual environment. The dynamic response
is multidimensional (body core temperature, sweat rate, and skin wettedness,
and more, at different exposure times). Also, by principal component analysis
as a single-dimensional representation of the model response, a strain index was
calculated, as Brode et al.| [2010] states.

For a given combination of air temperature, wind speed, radiation and hu-
midity, the UTCI is defined as the air temperature of the reference environment
that produces the same strain index value, as | Jendritzky et al. [2012] states. The
calculation of the UTCI equivalent temperatures by repeatedly running the ther-
moregulation model could take too much time. Therefore, a new quick calculation
procedure has been developed and made available, as |Brode et al.|[2010] claims.

The UTCI is calculated on a multi-node advanced FPT model, to be precise
343-node multi-segment model using more than 1000 simulations cases, according
to |Chen and Matzarakis| [2014].

1.3.4 YCC-thermoregulation model

The core of the YCC-thermoregulation model is 16- to 26- nodes that used the
passive body model based on Pennes’ bio-heat equation (Ennes [1998]). The
YCC model was created when those equations were applied in Fiala’s model and
convective and radiant principles in MEMI model, as|Chen and Matzarakis| [2014]
reads. It is the combination of the two former models that adapt the complexity
of the FTP model and the universality of the MEMI model. A blood pool element
and a bio-heat transfer principle has been used as well as a multi-layer clothing
model with clothing insulation and vapour resistance. Due to this modifications,
we can develop a new thermal comfort index, similar to PET.
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mPET

The modified physiologically equivalent temperature (mPET) is defined iden-
tically to the PET, but instead of the two-node MEMI model, it uses YCC-
thermoregulation model developed by |Chen and Matzarakis [2014]. It was de-
veloped for universal application in different climate zones. The weaknesses of
the original physiologically equivalent temperature (PET) has been overcome by
enhancing evaluation of the humidity and clothing variability as well as using the
more complex model, according to |Chen and Matzarakis [201§].
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2. The practical use of thermal
indices

Thermal comfort in urban areas is affecting human lives from the quality of sleep-
ing (Li et al.| [2020]) up to daily activities (Brandenburg et al. [2007]). Apparently,
in comfortable weather, there are more activities taking part outside. Weather
affects our behaviour and is related to recreational activities, i.e. sports, cycling,
walking, gardening, and more, as well as everyday activities. i.e. commuting to
work or school, shopping, working, and more. Cycling includes both commut-
ing and recreational aims. Brandenburg et al. [2007] explains the relationship
of recreational cyclists and commuting cyclists to temperature, precipitation and
thermal comfort. The study explains the importance of the thermal comfort
model for the daily weather forecast in the meaning of additional information for
the general public.

There were more appeals to the weather forecast media to include one of the
thermal indices in the session. Meteorological centres in different countries have
developed their thermal comfort index, and some of them are including the index
in the forecast. There are even papers about the implementation of the indices
in the forecast, i. e. the one mentioned in |Giannaros et al. [2018]. However, the
appearance of any thermal index is rather poor or none at all in public media.
The usage reaches from architecture through tourism to everyday situations.

Other useful applications of the thermal indices are urban planning, including
tree planting and using high albedo materials, tourism in the sense of climatolog-
ical data and thermal discomfort followed by mortality.

2.1 Urban planning

With the ongoing urbanization, the effect of UHI is being enhanced as the cities
grow, and the population is higher each decade. Thus, there were many stud-
ies trying to improve the thermal comfort in the cities by urban planning, see
Wonorahardjo et al.| [2020], Ouali et al.|[2020], Feng et al| [2020], Gatto et al.
[2020], |Abdi et al. [2020] and [Aram et al. [2019]. Such studies concentrate on
the thermal comfort of humans outdoors considering different patterns, mainly of
buildings and green areas. The results are similar for having high temperatures in
summer, where green areas grant more comfortable sensations than other urban
landscapes. Different approaches for enlargement of parks and pedestrian green
areas are suggested in most cities.

Other studies go more into the combination of buildings and tree planting
utilizing both into green roofs or green walls, as Netam et al.| [2019] and Mutani
and Todeschi| [2020] states. They found the green roofs and green walls are
increasing the thermal comfort outdoors and appeal to urban planners for using
those new elements in building development.

Another point of view is the passive cooling of the buildings. Considering the
indoor comfort, the size of windows has a small effect on the cooling effect as well
as in some situations green roofs and green walls, as Netam et al.| [2019] reads.
However, the outdoor comfort is improved by green roofs and green walls as is
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written above. The thermal comfort for buildings is being studied in terms of used
material on the building. As an example, the study Wonorahardjo et al.| [2020] is
worth mentioning. For the energy heat balance, a net radiation equation has been
used to study new possibilities of passive cooling, which lead to a study of high
albedo materials. It is based on reducing the net radiation on the building and
therefore passively cooling the indoor space. Falasca et al. [2019] and Taha et al.
[1992] suggest using high albedo materials to not only reduce the indoor net heat
and provide comfort. It is also meant to lower the energy needs of the building
caused by cooling during summer, to increase pedestrian thermal comfort. It can
also mitigate the consequences of heatwaves in cities.

2.2 Thermal indices in tourism

Thermal indices can also be used for tourism purposes. Some studies did extrapo-
lations of the thermal index values for a large area as Matzarakis et al. [2010a] did
and some went further to generally describe indices in different climate zones. For
each climate, a new comfortable sensation range was defined when a study was
published. The comfort zone was always defined, as shown in |Lin and Matzarakis
[2008]. The Table shows the calculated comfortable sensation ranges for dif-
ferent Koppen-Geiger climatic zones according to the mentioned locations. Yang
and Matzarakis| [2016] compares different climatic zones in China to highlight the
difficulty in the transition of the connection between thermal sensation and PET
in different zones. It is suggested to calibrate the scale for every zone or study
the differences via surveys for travellers. These findings can serve as an estimate
thermal sensation for people from one climatic zone travelling to a different zone.

Matzarakis [2007b]| has developed a simple graph for the general public called
climate-tourism-information-scheme (CTIS) where important climate informa-
tion for tourist about a destination can be found. The CTIS is meant to be used
as a detailed leaflet to anticipate thermal comfort, as well as aesthetic and phys-
ical conditions for planning trips and holiday. In the graph, there are variables
presented using frequencies, for each month in a year. The months are further
divided into thirds (10-day interval). The factors and criteria shown in CTIS are
originally stated in Matzarakis| [2007D].

The CTIS has been developed based on |[Matzarakis [2006] in need of short
and rich information for the public to educate about climate specifics in the
destination. Since than it was used mainly for PET as can be seen in [Zaninovi¢
and Matzarakis| [2009], Matzarakis et al.| [2013], Matzarakis| [2007a] and |Lin and
Matzarakis [2008] where climatic information for tourists about different cities
are summed in CTIS. An example of CTIS based on the data form this thesis is

in Figure 2.2
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Neutral

Town, Country c“;:::‘ sensation range
PET(°C)
Vitoria, Brazil 22.0-30.0
Singapore 24.0-30.0
Bello Horizonte, Brazil 19.0-27.0
Dar es Salaam, Tanzania 23.0-315
Tempe, Ar., USA 19.1-38.1
Cairo, Egypt 21.6-30.1
Damascus, Syria 22.8-28.5
Campo Grande, Brazil | Cfa & Aw 21.0-270
Taichung, Taiwan Cwa 21.3-285
Hong Kong Cwa 19.0-300
Sun Moon Lake, Taiwan | Cwa 26.0-300
Rome, Raly Csa 21.1-292
Tel Aviv, krael Csa 19.0-26.0
Crete, Greece Csa 20.0-250
Guangzhou, China Cfa 18.1-311
Changsha, China cfa 15.0-22.0
Middle/western Europe 18.0-230
Melbourne, Australia 14.0-28.0
Szeged, Hungary 13.0-225
Glasgow, UK 10.0 - 180
Tianjin, China 110- 24.0
Seoul, Korea 9.9-20.7
Warsaw, Poland 6.3-218
l Modified PET “Neutral” sensation . Modified PET “Neutral” acceptable range for hot climates

. Modified PET “Neutral” sensation for Germany . Modified PET “Neutral” acceptable range for cold climates

Figure 2.1: PET thermal index has in different climates specific comfortable zone
as published in |Potchter et al.| [2018].
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Prague, 1990-2019

- mPET<4
mPET>35

13<mPET<29
Cloudiness>5
Wind speed>8m/s
Humidity>93%
Precip.>1mm

- Precip.>5mm

| Il 1 v V Vi Vil X Xl Xl

V. pressure>18hPa

VI IX

I | | %

.0 15.0 27.0 35.0 50.0 75.0 100.0

0

Figure 2.2: CTIS providing basic information about Prague serving also as tourist
information. Variables are displayed based of their frequency of occurrence.

A similar approach has been described in De Freitas et al| [2008] where
the probability CTIS scale is expressed in seven climate classes from very poor
through marginal to ideal scale evaluating the variables in CTIS. For some vari-
ables, higher probability means less favourable conditions. It offers even more
simplified information for even more general public. The cost of the simplifica-
tion is losing the information of frequencies for further consideration of a trip or
holiday. An example of the simplified CTIS based on the data form this thesis is
in Figure [2.3

Prague, 1990-2019

O e
mPET>35
13<mPET<29
Cloudiness>5
Wind speed>8m/s
Humidity>93%

Precip.>1mm

--F-- -P----- Precip.>5mm

V. pressure>18hPa
| [l 1l v \Y \ VII VI IX X Xl Xl

| | I o
very poor marginal ideal

Figure 2.3: CTIS providing simplified information about Prague serving also as
tourist information. Variables are rated according to suitability for visiting from
very poor to ideal.

2.3 Effects on mortality

Thermal discomfort can be expressed by two extremes - cold, and heat discomfort
connected to cold and heat stress. Humans have inhabited different areas on the
Earth with a variety of specific climates and, in most of the areas, they have
adapted to the thermal conditions. However, cold and heat extremes exist in
many places in different seasons, e.g. cold spells or heat waves, causing discomfort
to human beings.
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Figure 2.4: Mortality rate deviation in Croatian Zagreb by |[Zaninovi¢ and|
Matzarakis [2014], error bars show standard deviation. Graph shows mortal-
ity rate for different levels of thermal stress for PET at 14:00 with the inclusion
of short-term adaptation. er Extreme, st strong, mo moderate, sl slight, HS heat
stress, CS cold stress, noS no thermal stress.

During the extreme conditions, women seem to be more vulnerable than men,
probably due to a higher number of older women and their different thermo-
physiology, as Zaninovi¢ and Matzarakis| [2014] states. Also, other people affected
the most by the discomfort are socially sensitive people due to a reduced possi-
bility of migration and those exposed to high or low temperature while at work.
There are also proves of the thermal discomfort effect on mortality in various
areas.

The mortality rate has been studied in different cities and climates. However,
the general relationship with thermal comfort is similar. In|Gabriel and Endlicher]
2011}, [Urban and Kysely| [2014], Zaninovi¢ and Matzarakis| [2014], |Nastos and|
Matzarakis| [2012], Matzarakis et al.|[2011] and[Ruuhela et al.[[2017], the mortality
rate in Germany, Czech Republic, Zagreb (Croatia), Vienna (Austria), Athens
(Greece) and Finland respectively has been studied. The relationship between
the thermal comfort and mortality rate, taken from [Zaninovi¢ and Matzarakis
[2014], is described in Figure The overall result is summarized for mortality
rate deviation which is at its lowest (negative) in no thermal stress and slight heat
stress situations, and it increases (to positive) towards more cold stress as well
as towards more heat stress. It is notable that with the increasing heat stress,
the mortality rate deviation increases more quickly than with the increasing cold
stress.
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3. The most suitable indicators
to describe the thermal comfort

3.1 The selection of appropriate thermal indices

As was described in the previous chapter, the number of all thermal comfort
indices is more than 165. However, not all of them are relevant, some of them
are dependent, and many are inappropriate or even inaccurate as Staiger et al.
[2019] claims. In this chapter, the best thermal indices are to be found to use for
the research based on data from meteorological stations.

The methodical framework for the selection of thermal indices for application
in the research has met an agreement with the methodology of Staiger et al.
[2019], i. e. only indices meeting the below-mentioned criteria are suitable:

1. ”The index must be defined in a model providing a rational representa-
tion of the human body involving heat transfer between the body and the
environment, the anthropometry and thermal properties of the body and
a dynamic (transient) representation of the human thermoregulatory. It
includes every complete model of the human energy balance, including pas-
sive and active thermoregulation which are integrated into a steady state.”
Cited also from [Parsons| [2014] and [Yokota et al.| [2014].

2. "The index needs to take a form of an equivalent temperature, i. e. there
must be a comparison between an actual environment and a reference en-
vironment, where mean radiant temperature (Tygrr) equals the dry-bulb
temperature, and the wind velocity is minor so that a reference subject
will show identical (selected) thermo-physiological values in actual and in
a reference environment.”

3. "The index cannot be defined only for certain environments, it must be
worldwide applicable.”

Applying those criteria to all of the affordable indices, |Staiger et al. [2019] has
chosen seven indices appropriate to describe the thermo-physiologically consistent
assessment of the human thermal environment. They all have been categorized
as Energy balance stress index and refer to two- or multi-node models. The se-
lected indices are the Universal Thermal Climate Index (UTCI), Physiologically
Equivalent Temperature (PET), Perceived Temperature (PT), Standard Effective
Temperature (SET*), Standard Effective Temperature Outdoors (OUT_SET*),
Effective Temperature (ET*) and Humid Operative Temperature (HToh). Al-
though PMV is still used as a simple thermal index with a simple scale for the
explanation of thermal comfort for the general public as shown in [Kumar| [2019],
it has not been selected for this study as an optimal index for its limited values.

In the closer look at the indices, three of them were excluded for different
reasons. OUT_SET* was removed for its identical definition to SET*. The only
difference was the calculation of the Tyt outdoors, which has a significant prob-
lem resulting in unrealistic high values of absorbed radiant energy. ET* was not
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selected also for its similarity with SET*. In contrast to ET*, the value of SET*
and other selected indices vary with the clothing insulation and metabolic rate of
interest of the subject concerned. Therefore, ET* is not universal. Finally, HToh
is not considered for its similar definition to ET* and SET*, where the two are
defined for RH = 50%, whereas HToh is set with RH = 100%. It is viewed as a
non-realistic when it should be used worldwide.

Among the examined indices the new modified Physiologically Equivalent
Temperature (mPET) was missing in Staiger et al. [2019]. It has been developed
as an improvement of PET using the multi-node model defining UTCI. Therefore,
it is considered as more advanced an at least as appropriate as the other four
chosen indices.

In the end, the only indices that passed through the elimination system in
Staiger et al. [2019] are UTCI, PET, PT and SET*. In this thesis, the four
indices are joined by mPET as this was not considered in the cited study. All of
them will be applied to the data, and according to the studied behaviours, one
will be used primarily to describe the data in the present thesis.

3.2 The application of the human heat balance
model

For the actual computation of the five chosen indices, the establishment of the
human body and environment model is required. For the purpose of their cal-
culation, the models RayMan (Matzarakis et al. [2007] and Matzarakis et al.
[2010c|) and SkyHelios (Matzarakis and Matuschek| [2011]) were considered for
their capability and numerous usage in human thermal comfort research. For
the numerical calculations of the above-chosen indices, RayMan model was used
for its suitability and simplicity and the emerging fast integration to the whole
process. The program SkyHelios was also tested, but it was not chosen for its
unstable behaviour, not functioning methods and no solution for fixing the bugs.
It can be caused by using a newer operating system or other technical issue and
lack of support. More comparison is given by Matzarakis [2014].

3.2.1 RayMan model

RayMan stands for "radiation on the human body”. It is a model of the human
heat balance with the environment capable of evaluation of thermal indices PMV,
PET, SET*, UTCI, PT and mPET. Thus, this ability is suitable for this thesis
of thermal comfort in urban areas. It has been developed and updated mainly
by Prof. Andreas Matzarakis. The program is free to use for scientific purposes
(see https://www.urbanclimate.net /rayman /).

As inputs to the model, it is needed to provide at least four meteorological
variables, geographical data, date and time data, personal data, clothing and
activity. From the meteorological quantities, it is necessary to use the air tem-
perature T, wind velocity v, relative humidity RH or water vapour pressure pyy
and global radiation G or cloud cover CC. As the geographical data, longitude,
latitude and altitude are required as well as the timezone offset from the UTC.
Date and time are inserted separately. Personal data consists of height, weight,
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age and sex. Clothing is described in Clo units, activity is in watts according to
the activity one is doing. Lastly, there is a switch between standing and sitting
position. The main output is thermal indices.

The process is simplified by reading data from a datafile and inserting com-
puted values straight to the text file. Using this approach leads to a faster eval-
uation of the thermal comfort indices as the given data from the meteorological
stations are usually already in the appropriate input format.

The RayMan model requires the data of air temperature in °C, wind speed
in ms™!, relative humidity in % and cloud cover in octas (eights). As the output,
the chosen five thermal indices were received.

Model Rayman also offers an option for basic modelling of the street canyon
including buildings and trees with given emission coefficient and albedo. The
model requires the point of calculation and the meteorological input to compute
the resulting thermal environment. By this approach, the specific thermal comfort
of a place in a city can be calculated.

3.3 Description of data

The five chosen indices have been calculated for the data provided by Deutscher
Wetterdienst (DWD), German weather service, via Climate Data Center (CDC)
and CHMU, Czech weather service. The data consists of air temperature, wind
speed, relative humidity, cloud cover, mean sea level pressure, dew-point tem-
perature, wind direction and precipitation. The map in Figure presents the
locations of the meteorological stations in Germany and the map in Figure |3.2
shows the stations in the Czech republic which were considered in the study.

The choice was made to select big cities with more stations nearby. Therefore,
Prague, Berlin, Hamburg, Nirnberg, Koéln and Frankfurt were chosen with near
stations around. The period of the data is from 1990 to 2019, i. e. 30 years of
data, with measurements at 7, 14 and 21 hours each day, although not every sta-
tion has been measuring through the whole thirty years. The selected stations are
mentioned in Table [3.1] There are four city stations for Berlin, two city stations
for Prague and one station for each of the other chosen cities. It also includes the
rural stations. All stations are aligned using the city it was compared with and
then alphabetically. The selection of the stations and the city it was compared
with is based on a maximum 120 km distance. Another choice parameter for the
stations was its altitude, where the difference of the altitudes of the station and
the city cannot be larger than 150 m. Also, only stations with similarly long
data series as the city stations are considered. The rural reference stations were
also selected only from villages and cities with less than 25 000 citizens (except
Potsdam, but the station is in a park far from the city centre).

As Table [3.1] shows, the comparisons will be made for Berlin 1990-2019, con-
sidering even stations Tegel and Tempelhof that were measured in years 1995-2019
and 1990-2008 and 2009-2019 separately for Dahlem. For Niirnberg are data in
years 2002-2020 and for Koéln, Prague and Frankfurt 1990-2019. The data from
the whole 30-year period are not available in every station, especially in the rural
stations, where the measurements began later.

After the selection, for every mentioned city, corresponding values for rural
areas are calculated. The rural stations’ set requires all stations with the same
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Figure 3.1: Map of meteorological stations in Germany. Colourful points repre-
sent all meteorological stations with the desired measured variables and encircled
points are stations used in the study.
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Table 3.1: The list of Meteorological stations used in the study with the names
and locations. The city is the studied city the station is compared with - (B)erlin,
(H)amburg, (N)turnberg, (K)oln, (F)rankfurt, (P)rague - and Years are chosen
according to availability of the temperature, humidity, wind speed and cloud

cover data. The letter of city in brackets marks the city stations.

City | Name of the station | Longitude | Latitude | Altitude | Years
[°E] [°N] [m]

P Céslav 15.393388 | 49.901637 | 251 1990-2019
P Doksany 14.170976 | 50.458773 | 158 1990-2019
(P) | Praha-Karlov 14.427743 | 50.069181 | 260 1990-2019
(P) | Praha-Libus 14.446957 | 50.007343 | 305 1990-2019
(B) | Berlin-Dahlem (FU) | 13.3017 52.4537 51 2009-2019
(B) | Berlin-Schonefeld 13.5306 52.3807 46 1990-2019
(B) | Berlin-Tegel 13.3088 52.5644 36 1995-2019
(B) | Berlin-Tempelhof 13.4021 52.4675 48 1990-2008
B Manschnow 14.5452 52.5468 12 1991-2019
B Potsdam 13.0622 52.3813 81 1990-2019
(H) | Hamburg-Fuhlsbiittel | 9.9881 53.6332 11 1990-2019
H Soltau 9.793 52.9604 75 1990-2019
N Kiimmersbruck 11.9016 49.4283 417 2002-2019
N Niederstetten 9.9666 49.3895 459 2002-2019
(N) | Nirnberg 11.0549 49.503 314 2002-2019
N Roth 11.1036 49.2164 386 2002-2019
(K) | Kéln-Bonn 7.1575 50.8646 92 1990-2019
(F) | Frankfurt am Main 8.5213 50.0259 100 1991-2019
F, K | Gieflen/Wettenberg 8.6439 50.6017 203 1990-2019
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Figure 3.2: Map of meteorological stations in the Czech Republic. The blue
square in Prague are the two city meteorological stations in Prague, and red
squares represent the reference stations.

city omitting the actual city stations. The set is a weighted mean, where the
mean is calculated using a reciprocal distance between the station and the city
as a weight. The set was calculated using the original measured variables, and
then the respective thermal indices were computed.

3.4 The variance of the thermal indices

Next step is to examine the variance of the thermal indices in dependency on
the given meteorological inputs. In the Figures [3.3] [3.4 3.5 [3.6] 3.7 .8}
and there are shown the dependencies of the five chosen thermal indices on
the air temperature, wind speed, relative humidity, cloud cover, mean sea level
pressure, dew-point temperature, wind direction and hourly precipitation amount
respectively. It includes all data form all stations mentioned in Table [3.1]

An overall comparison between the calculated indices is shown in Figures
- at the bottom right corner. The most considerable spread has UTCI with
a maximum without any outlying points, many outlying points decreasing the
minimum and the lowest mean value. The lowest spread has mPET, which is
also showing the highest mean of all indices.

From Figure is evident that the UTCI has the most prominent spread for
the temperatures in the situation with air temperature below 20°C. As for the
higher values, all indices except UTCI show a comparable spread. PET is also
the one showing the highest values. Not the highest nor the lowest values in the
graph has the PT as it stands between UTCI and the rest of the indices. PET
shows in the warm temperatures the highest values, whereas in cold temperatures
mPET has the highest values.

In Figure [3.4] the cooling effect of the wind is significant for UTCI more than
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39



for the other indices. With higher wind speed, UTCI tends to have lower values
than other indices. It is also important to mention that the UTCI model is less
stable, especially in extreme weather conditions. Therefore, the calculation fails
and some data are missing, which can be seen mainly in higher speeds of wind.
They have a similar behaviour leading to a minor cooling effect of the wind,
especially PT has the least dependency on the wind speed.

The dependency on humidity (Figure underlines the large spread for
UTCT and the higher values of all other indices. The mPET has the lowest spread
for low humidity, and it increases towards the higher humidity up to 85%, and
then it decreases. There is also shown the behaviour of the thermal indices with
different relative humidity. The graph projects lower values of thermal indices
towards higher humidity which can be caused by having higher temperatures in
a dryer environment.

Figure [3.6| gives a view on the difference between a clear sky and overcast
days. The dependence of the spread of the thermal indices on cloud cover is very
low.

Figure|3.7shows the behaviour of the indices depending on the mean sea level
pressure. It shows the highest spread around 1012 hPa, where it is also expected
to be the most situations. Towards lower and higher pressure, the spread is
decreasing. The spreads of the indices differ mainly in conditions with pressure
lower than 995 hPa. UTCI show the most significant spread for all measured
pressure values.

Figures and confirm no specific direct dependencies of the thermal
indices on precipitation and the direction of the wind. Therefore, the selection of
the suitable thermal index should be made based on the spread of the indices. The
most significant spread has UTCI, whereas other indices have a similar spread.
Therefore, the four indices showing similar behaviour are preferred to use in this
study.

The model has also made a few unrealistic values. The study considers only
values of all thermal indices in the interval -100 and 100 °C. The amount of
unrealistic values for UTCI is 0.03%, whereas for all of the other indices it is
0.005% which means that the model for UTCI has less realistic results than the
other models.

The thermal sensation and thermal perception for UTCI, PET, SET* and PT
shown in Table [3.2| are given in |Zare et al. [2018], |Ye et al.|[2003] and |Chen and
Matzarakis [2018]. For the mPET index, the scale for PET was chosen for the
similarity and comparability of those two indices, as|Chen and Matzarakis| [2014]
states. SET™* has a different scale of thermal sensation than the other chosen
indices having only five different thermal perception and grades of physical stress
instead of nine as the other indices. There are possibilities to define the missing
four grades but in this thesis, only the five categories will be used. Therefore, the
study will use the Table 3.2l with no extension of the SET* to all nine categories.

The indices cannot be compared to each other just by their values as there
is no reason to behave similarly. Therefore, a comparison based on the thermal
sensation has been made. Based on the data, the barplot (Figure has
been drawn. The graph considers the percentage of every category defined in
Table for the chosen indices. The similarity between PET and mPET is
visible, although mPET has higher values of temperature and therefore more
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Table 3.2: The classification of thermal perception and the grade of physical
stress for UTCI, PET, PT, SET* and mPET

Thermal Grade of | UTCI PET PT SET* mPET
perception | physical
stress
Very hot Extreme | >46 >41 >38 >37 >41
heat
stress
Hot Strong 38to46 | 35to4l |32t038 | 34to37 | 35to4l
heat
stress
Warm Moderate | 32t038 [ 29to35 |26to32 | 30to34 | 29to35
heat
stress
Slightly Slight 26 to 32 | 23t029 | 20 to 26 23 to0 29
warm heat
stress
Comfor- No ther- | 9 to 26 18t0 23 | 0 to 20 17t030 | 18 to 23
table mal stress
Slightly Slight 0to9 13to18 |-13to 0 13 to 18
cool cold
stress
Cool Moderate | -13 to 0 8to 13 -26to-13 | <17 8to 13
cold
stress
Cold Strong -27to-13 | 4t0 8 -39 to-26 4to8
cold
stress
Very cold | Extreme | <-27 <4 <-39 <4
cold
stress
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Figure 3.11: The thermal sensation of the five chosen thermal indices applied on
all city and rural stations in (1990-2019).

data in warmer categories. SET* was drawn with no values in Very cold, Cold,
Slightly cool and Slightly warm category due to its definition. The most values
in comfortable perception have PT with more than 60%. The Very hot category
has almost no representation (together only 0,013%) and Very cold is the largest
category in the PET and mPET indices (47% and 39% respectively).

3.5 Final selection of one thermal index

With the five chosen thermal indices the gender differences and time course are
studied to compare the indices in terms of gender dependence and change in time.

The personal data were used for both male and female gender. Table [3.3
specifies the personal data input for male and female given by [WorldData [2019]
as average height and weight of men and women in Germany (G) and Czech
Republic (C). Age has been chosen as default 35 years. Clothing was adjusted to
less than formal clothes. Furthermore, activity was set to represent fully standing
person walking in the city as it is the most common behaviour. The choice of the
values was made based on Figures [I.2] and [1.3]

The fundamental difference for a thermal sensation of a male and female body
is not the biological attributes, but the physical quality, i. e. body height and
weight. In Figure [3.12] there is a comparison of the male and female thermal
sensation for all data. The figure shows the minimum difference between the per-
ception of both genders. Therefore, both are not distinguished for the subsequent
studies. Figure shows the comparison of the PET, SET*, UTCI, PT and
mPET leaving no gender difference for UTCI and PT and a slight dissimilarity for
PET, SET* and mPET. The index PET is mostly higher for males and indices
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SET* and mPET are in most cases higher for females. The mPET difference
corresponds to the findings of Tung et al.| [2014].

Table 3.3: The personal data used for both male and female, Germany is denoted
by G, Czechia by C, based on WorldData| [2019]

Gender Male Female
Height [m] | G: 1.80, C: 1.80 | G: 1.66, C: 1.68
Weight [kg] | G: 88.8, C: 91.0 | G: 71.6, C: 74.5

Age [years] 35 35
Clothing [Clo] 0.9 0.9
Activity [W] 140 140
Position Standing Standing
M F M F M F M F M F
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Figure 3.12: Thermal perception comparison of both male and female body ac-
cording to the five chosen indices PET, SET*, UTCI, PT and mPET. Male data
are denoted by M, female by F.

43



05 Y T

Thermal indices [°C]
o
T
+ o+
|

— — N
. |
|
05 1 ,
+
+
+
+
A+ + -
+
+
+
I | | | |
PET SET* UTCI PT mPET

Figure 3.13: The difference between male and female calculated thermal indices
PET, SET* UTCI, PT and mPET for all mentioned cities.

A comparison between all five thermal indices has been made according to
their change in time. It will show the differences in several periods. For the 30
years, there are plenty of different weather situations as well as climate change.
Therefore the 30 years data are divided into decades and compared to obtain an
insight into the time variation. In Figure and Table [3.4] there is a visible
change towards thermal sensation connected with warmth for all five indices.
For the colder sensations, the change has been more pronounced between the
first decades (1990-1999 and 2000-2010), whereas for the warmer sensations, the
change is more prominent between the last two decades (2000-2009 and 2010-
2019). The comparison aims at the selection of the appropriate thermal index
and not at the study of a time course.

As Charalampopoulos and Santos Nouri| [2019] states, indices UTCI, mPET,
PET and PT were approved for their behaviour to be appropriate for further
studies. Although considering all of the variations, gender difference and time
changes, the index mPET has been chosen to be the most appropriate index. PET
was not chosen for its similarity with mPET, where mPET has a more advanced
and more precise model with better results as Figure 3.11] [Chen and Matzarakis
[2018] and (Chen and Matzarakis| [2014] shows. SET* was mainly removed for its
more than 83.5% of values being in the Cool category which covers all cold stress
grades and therefore only 15.5% are in a comfortable zone, and less than 1.5%
belongs to warm stress. SET™* was also defined only for indoors and |Staiger et al.
[2019] made the extension for outdoors.

This chapter has shown that UTCI behaves differently from the other four
indices. Moreover, mPET is a successor of UTCI and PET and therefore, it is
the most appropriate thermal index for this study.
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Figure 3.14: Thermal perceptions for the data between years 1990 and 2019
divided into three decades 1990-1999 (90s), 2000-2009 (00s), 2010-2019 (10s),
according to the five chosen indices PET, SET*, UTCI, PT and mPET.

45



Table 3.4: The relative frequency of thermal perceptions for the data between
years 1990 and 2019 divided into three decades 1990-1999 (90s), 2000-2009 (00s),
2010-2019 (10s), according to indices PET, SET* UTCI, PT and mPET. The
values are in %. DC marks the according decades and thermal sensations are as
follows: very hot (VH), hot (HT), warm (WM), slightly warm (SW), comfortable
(CO), slightly cool (SC), cool (CL), cold (CD), very cold (VC).

index | DC | VC CD CL SC CO | SW | WM | HT | VH
90s | 50.83 | 13.26 | 14.84 | 9.85 | 5.07 | 3.37 | 2.01 | 0.66 | 0.09
PET | 00s | 49.38 | 13.03 | 15.25 | 9.94 | 5.62 | 3.87 | 2.11 | 0.70 | 0.10
10s | 49.05 | 12.91 | 15.06 | 10.16 | 5.75 | 4.10 | 2.01 | 0.80 | 0.16
90s | 0.00 | 0.00 | 8&4.19 | 0.00 | 14.78 | 0.00 | 0.86 | 0.15 | 0.02
SET* | 00s | 0.00 | 0.00 | 82.96 | 0.00 | 16.00 | 0.00 | 0.92 | 0.11 | 0.01
10s | 0.00 | 0.00 | 82.58 | 0.00 | 16.30 | 0.00 | 0.95 | 0.16 | 0.01

90s | 1.38 | 13.42 | 29.64 | 21.72 | 30.32 | 2.81 | 0.67 | 0.03 | 0.00
UTCI | 00s | 0.90 | 12.43 | 28.78 | 21.97 | 32.08 | 3.08 | 0.72 | 0.05 | 0.00
10s | 0.95 | 11.69 | 28.61 | 22.22 | 32.63 | 2.99 | 0.83 | 0.08 | 0.00
90s | 0.00 | 0.05 | 3.12 | 26.76 | 63.66 | 3.97 | 2.03 | 0.40 | 0.01
PT 00s | 0.00 | 0.03 | 2.93 | 25.71 | 64.20 | 4.43 | 2.25 | 0.44 | 0.01
10s | 0.00 | 0.04 | 2.92 | 25.15 | 64.33 | 4.78 | 2.11 | 0.66 | 0.01
90s | 26.97 | 16.75 | 18.59 | 17.28 | 11.15 | 5.91 | 2.55 | 0.75 | 0.05
mPET | 00s | 25.35 | 16.52 | 18.30 | 17.66 | 11.65 | 6.84 | 2.79 | 0.84 | 0.05
10s | 24.72 | 16.55 | 18.49 | 17.41 | 11.88 | 7.18 | 2.73 | 0.94 | 0.09
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The choice corresponds with Matzarakis et al.| [2015], where UTCI and PET
were chosen to be the most precise indices. (Chen and Matzarakis [2014] presents
the mPET as a combination of UTCI and PET, making it the most appropriate
index for the study.
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4. Results

With the chosen thermal index, the data from each city and the surrounding
stations are studied. The main aim is to compare the behaviour of mPET and
the thermal sensation deduced in the cities and the surrounding stations.

One of the most obvious comparisons is the thermal comfort of the city station
and rural stations showing the percentage of occurrence of each thermal sensation
for months at each of the three timestamps of the day (7, 14 and 21 CET). The
time course of the thermal comfort and its variation are being studied as well
using the data from the three timestamps combined.

Regarding Prague, street canyons are chosen to study its effect on thermal
comfort using different scenarios, i. e. modifications of the real streets. The
canyons make a difference in the perceived temperature changing the wind di-
rection. Changes in tree planting and the albedo of the buildings will show the
importance of urban planning by thermal comfort differences for all scenarios.

Heat stress can appear, based on our data, only between March and Octo-
ber. As for the results, only the data from April to September are analysed
because during the remaining months, there occurred less than 5% of heat stress
situations.

4.1 Comparison between urban and non-urban
areas

With the assumption of gender independent thermal sensation, the graphs for
the studied cities were drawn and the thermal sensation was compared between
the city and the surrounding area. When choosing the meteorological station in
the desired city, there was an opportunity to use more than one station in Berlin
and Prague as it was discussed in Chapter [3.3] The meteorological stations for
Berlin are Dahlem, Schonefeld, Tegel and Tempelhof, for Prague the stations are
Karlov and Libus.

The multiple meteorological stations in Prague and Berlin provide us with
information about the differences inside the city. One of the most interesting
views in the city is the heat stress comparison. Heat stress is defined as mPET
> 23°C (see Table . Thus, such a comparison is made for both cities.

Another point of view is the time course of the thermal comfort for the selected
stations and cities. This is studied using decadal separation of the data into three
sets. Using this approach, the inter-annual variability is suppressed in favour of
a decadal change of the thermal sensation.

4.1.1 Prague

To study the thermal sensation in Prague, Figure has been plotted. It shows
warmer thermal sensation in the rural areas for 7 CET in April, June and Septem-
ber by 0.8%, 3.2% and 1.9% respectively. In the other months, the warmest ther-
mal sensation is in Karlov. As regards to the evening 21 CET temperatures, the
city stations are warmer in May, June, July and August. Concerning all displayed
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months, station Karlov is warmer than Libus station in the evening. As for the
sensations at 14 CET, Libus station is overall warmer than the Karlov station
and rural stations except for April (by 0.6%) and June (by 0.1%). Although, in
Karlov, there are more cases with hot and very hot sensations. Prague has a no-
table difference between the stations in the town among themselves in comparison
with the surrounding stations.

According to Geletic et al. [2019], the most significant differences in the morn-
ing and afternoon surface temperature are during summer (June, July and Au-
gust). With a direct connection of the surface temperature and mPET, Figure
corresponds to the statement. The April sensations have a smaller difference
between morning and afternoon mPET in all stations than July or August.

14 21 7 14 21 7 14 21 7 14 21 7 14 21
7RKLRKLRKL RKLRKLRKL EKLRKLRL RKLRKLRKL RKLRKLRKL RKLRKLRKL

Thermal sensation

I Very hot
[ Hot
[CCJwam
[___Islightly Warm
[ Comfortable
[ Slightly cool
I Cool

I Cold

I \ery cold

Relative frequency [%]

Apr May Jun Jul Aug Sep

Figure 4.1: Thermal sensation in Prague according to mPET at 7, 14 and 21 hours
CET. The percentage of occurrence of different thermal sensations are shown for
different months during a year and all three times of day. (R) is the set of stations
around the city and the other letters represent the city stations: (K) as Karlov
and (L) represents Libus.

In the graph there is a percentage of hours with heat stress during the
30 years. It shows that the highest percentage of warm mornings are in the
non-urban areas which are closely followed by Karlov and Libus. Among the
afternoon temperatures, there is surprisingly the most days with heat stress in
Libus compared to rural stations. The least heat stress at 14 CET is in Karlov in
the centre of the city. The most significant differences are recorded in the evening
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where the percentage of days with heat stress in Karlov is 3.1% and in Libus 1.6%
which is far more than in the rural stations having only 1.0% of evenings with
heat stress. The city has more days with heat stress, especially in the evening,
and the hot and very hot sensations are more present than in rural areas.
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The percentage of days when mPET > 23 °C

=
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Rural stations Karlov Libus

Figure 4.2: The percentage of days where mPET exceeds 23°C in Prague for
different city stations and a set of stations around the city at different timestamps
during a day for 30 years. Blue values are for 7:00, red values denote 14:00 and
orange values refer to 21:00 as hours in a day.

Figure [4.3| shows the temporal development of thermal sensation in the three
studied decades. According to the figure, heat stress is increasing in all discussed
stations. In Karlov and rural areas, it decreases and increases again. The most
significant change is taken between the second and third decade for the city
stations which is 1.7% in Libus, 1.6% in Karlov which means 186 more recorded
hours with heat stress from the three timestamps in a day and 0.3% for rural
stations.

The cold stress decreases in the city stations, yet in the rural stations, it
decreased and then increased again. The comfortable zone shrinks at every station
but only by 0.2% at the most. The shrinking of 0.2% occurs in the rural area.

50



100% 90s 00s 10s 90s 00s 10s 90s 00s 10s
CH s s |  —— T ——— |

90% [~

80% —

70% —

Thermal sensation

I Very hot

60% - I Hot

[ lwarm

[ Islightly Warm
[ Comfortable
[ slightly cool
I Cool

I Cold

I Very cold

50% —

Relative frequency [%]

40% —

30% —

20% —

10% —

0%

Figure 4.3: Decadal course in Prague’s stations and the set of surrounding stations
according to the frequency of thermal sensations evaluated using mPET at 7, 14
and 21 hours CET. R stands for rural stations, K is Karlin and L is Libus and
decades are 1990-1999 (90s), 2000-2009 (00s) and 2010-2019 (10s).

4.1.2 Berlin

In Figure [4.4] all city stations in Berlin are displayed on the map of Berlin.
Tegel, Tempelhof and Schonefeld are airport stations having specifically different
environment than city stations in the centre, in our case Dahlem. Schonefeld is
located at the edge of the city and Tempelhof is the closest to the city centre.
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Berlin
FgTempelnof

Figure 4.4: The meteorological stations in Berlin and their locations are shown
by yellow pins. The light grey line is the border of the city. Source: (Google Earth

Pro] 2020

The figure displaying Berlin data is split into two graphs. The first, Figure
4.5] shows stations Tempelhof, Schonefeld and Tegel with the rural set through
the whole 30-year period even though Tegel and Tempelhof did not measure the
whole time. The second graphs, Figure presents only station Dahlem and
rural set in years 2009-2019.

In Figure there are thermal sensations in Berlin for months April to
September for three parts of the day: 7, 14 and 21 CET. For most of the months,
stations Tempelhof and Tegel show the highest mPET for morning and evening
hours (7 and 21 CET). The rural stations have the lowest sensation for 7 and 21
CET. As for the middle of the day (14 CET), the warmest sensation is in the
rural areas and Tegel. The stations Tempelhof and Schonefeld have the coldest
sensation at 14 CET.

Figure 4.6| shows warmer morning sensation in Dahlem during the chosen
months except for May and June. The thermal sensation at 21 CET is warmer
in rural areas than in Dahlem. At 14 CET rural stations have warmer sensation
in all months except April and August, but the most frequently are hot and very
hot sensations in Dahlem.

Having displayed Figures the rural stations are colder than the airport
stations in the morning and evening, primary due to the UHI effect and including
heavy traffic causing heat increase. Thus, the airport stations do not measure
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such low temperatures.
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Figure 4.5: Same as , but for Berlin and the city stations are: (T) as Tempelhof,
(S) is Schonefeld and (G) denotes Tegel.
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Figure 4.6: Same as but for Berlin city station in Dahlem (D) and the
considered years are 2009-2020.

In Figure there is a percentage of hours when mPET > 23°C for each of
the three hours in a day (7, 14 and 21) during the whole 30-year period causing
heat stress. It displays the highest number in the morning for Tegel station and
the lowest for rural stations which are followed by Tempelhof and Schénefeld. The
afternoon heat discomfort appears the most at the surrounding stations and the
least it appears in Tempelhof and Schonefeld. As for the evening warm sensations,
Tegel station has the most situations with heat stress followed by Tempelhof and
Schonefeld, leaving the rural stations the coldest.

Figure [4.7) confirms the quick cooling from daily maximum to evening in
Dahlem. Rural stations have this effect lower and the least changes occur in
the airport stations. The morning heat stress is not the lowest in Dahlem which
can be caused by the heat accumulation in the city during the night. The data
from Dahlem are only from the last 11 years. Therefore, the length of the time
series affects the comparison.
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Figure 4.7: Same as but for Berlin.

Berlin station Dahlem for the first decade and the station Tempelhof for the
third decade have incomplete data leaving Figure [4.8| only two decades for both
stations. Other stations provide all decades. It displays the same course for all
stations, i.e. towards more heat stress and less cold stress. The mildest decadal
differences are in Tegel while the biggest are in Schonefeld and the surrounding
stations. The most significant change is taken between the first and second decade
for rural stations, Schonefeld and Tegel. The most significant change in the graph,
beside Dahlem, is in the rural stations by 2.6% at its maximum.

According to Mahlkow and Donner| [2017], there is an ongoing climate change
adaptation plan which aims at reducing heat stress in the city. In Figure
the time course shows a slow and comparable increase in heat stress for all the
stations.
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Figure 4.8: Same as Figure [4.3] but for Berlin and the city stations are: (T) as
Tempelhof, (S) is Schonefeld, (G) denotes Tegel and (D) represents Dahlem.

4.1.3 Hamburg

The meteorological station in Hamburg is located 10 kilometres northerly from
the city centre at the airport. Thus, it may differ from the thermal comfort
received right in the centre of Hamburg. The city is located approximately 100
km from the sea but there is no hill to affect the wind for there is no location
with an altitude higher than 40 m. The rural station it was compared with is in
Soltau, located approximately 80 kilometres southerly form the airport.

Figure [4.9] shows the thermal sensations in Hamburg for months April to
September for three parts of the day: 7, 14 and 21 CET. For all mentioned
months, the mPET in Hamburg is lower than in the surrounding stations at
14 CET. Similarly, the city does not have more days with heat stress than the
surrounding area at 7 CET, but it certainly experiences more days with cold
stress. However, the cold and very cold category is more present in rural areas.
As for thermal sensation at 21 CET, it is the same as the morning sensation
but in most of the months, the cold and very cold categories are more present in
Hamburg.

Hamburg is usually colder than the rural areas. Only in extreme events, where
the sensation is in the cold or very cold category, the city is warmer, thus not
reaching the cold extreme as frequently as the rural areas, as in Figure |4.9|shows.
The findings of Hoffmann et al.| [2016] shows that the airport experiences only
around half of the UHI strength compared to the city centre. Therefore, the city
centre should be warmer. At the airport and its neighbourhood are not as many
streets as in the centre and the population density is also lower, as|Schoetter et al.
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[2013] states.
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Figure 4.9: Same as [4.1] but for Hamburg and (C) is the city station.

The decadal course of the mPET in Hamburg and its surroundings is shown
in Figure [£.10] Each decade the city has slightly more heat stress and less cold
stress, having the most considerable difference between the first decades. In the
rural area, the course of heat stress is quite stable. It increases and decreases

slightly. Cold stress has the same time course.

The city station has the least visible changes in heat stress compared to other
city stations. This can be caused by low city expansion to the north and no
significant changes in the currently inhabited neighbourhood of the airport.
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Figure 4.10: Same as Figure [£.3] but for Hamburg and the city station is denoted
by (C).

4.1.4 Niirnberg

Niirnberg has a meteorological station similar to Hamburg. It is an airport station
located northerly from the city station. The city also has the highest altitude in
this study.

Thermal sensations in Niurnberg are displayed in Figure [4.11] similarly as for
the other cities. For the morning at 7 CET sensation, the city station is warmer
than the rural areas except for heat stress in June, where the rural stations have
about 0.2% more mornings in the slightly warm category. In the evening at
21 CET, the city is for all mentioned months warmer at least by 3% in total
sensations. At 14 CET, the city station has more of the warm sensations. It
implies more heat stress in the city during the afternoon.

Niirnberg is warmer than the rural areas for almost all cases in the morning,
afternoon and evening. Expectedly, the most considerable differences are in the
evening sensations where the city has up to 9% fewer days with cold stress than
in the surroundings.
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Figure 4.11: Same as[4.1] but for Niirnberg and (C) is the city station.

As for the decadal course in Niirnberg, Figure |4.12| was drawn with missing
data between 1990 and 2001. Regarding the city, heat stress increases by 0.8%
and cold stress decrease by 0.9% over the 20 years. In the surrounding area, the
decrease of cold stress is making changes of 0.2%. The heat stress is less frequent
nowadays, being decreases by 0.1% in total over 20 years. It leads to a slight
expansion of the comfort zone in rural areas.
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Figure 4.12: Same as Figure [£.3] but for Niirnberg and the city station is denoted
by (C).

4.1.5 Koln

Koln has its used meteorological station located at the airport similarly to Ham-
burg and Niirnberg. The airport is located 15 kilometres south-easterly from
the city centre, and it has about 10-metre difference in altitude compared to the
centre.

Figure describes the thermal sensation in Kéln. As regards to the 7, 14
and 21 CET sensations, it shows higher mPET in the rural areas than in the city.
The most significant difference in heat stress is in August at 14 CET, where in
rural areas is 16% more days with heat stress than in Koln. There is more cold
stress in the city, reaching even lower temperatures than the surroundings. The
most significant difference in cold stress is also in August, but at 21 CET having
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34% more days with cold stress in Koln.

Koln is not experiencing more heat stress than the rural areas for all the cases
in the morning, afternoon and evening. The most important hours for UHI are
in the evening, where none of the months is warmer in Koln compared to the
surroundings. No typical behaviour of UHI was observed in Koln probably due
to the location of the meteorological station at the airport far from the city centre.
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Figure 4.13: Same as[£.1] but for Koln and (C) is the city station.

In Figure [4.14] there is a time course of mPET in Koéln. Similarly to other
cities, the heat stress increases (by 1.1% in 30 years) and the cold stress decreases
(in 2.3% of cases during the whole period) in the city. There are fewer changes
in the surrounding area. The heat stress increases by 0.1% during three decades.
The cold stress firstly increases by 0.3% and then decreases by 0.3%.
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Figure 4.14: Same as Figure [£.3] but for Kéln and the city station is denoted by
(€).

4.1.6 Frankfurt

Frankfurt am Main is well-known for its international airport where even the city
meteorological station has been established. It is located south-westerly from the
city centre at a similar altitude and more distant from the river.

In Figure [4.15] there are thermal sensations for Frankfurt. At 7 CET, the city
is generally warmer than the rural areas. In the evening, the city also warmer
than the surrounding stations, on average in 2.8% of days. As for the 14 CET
sensations, the rural stations are again colder than Frankfurt, on average in 1.9%
of the cases.

The total amount of days with heat stress in the afternoon is more significant
in Frankfurt than in its surroundings. The morning and evening sensations have
the same results. Considering only the warmest sensations, the thermal sensation
in the city is also warmer.
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Figure 4.15: Same as[4.1] but for Frankfurt and (C) is the city station.

For Frankfurt, Figure .16 presents the time course of mPET and thermal sen-
sation. The city station shows a course comparable with other cities having more
heat stress (an increase of 1.7%) and less cold stress (decrease of 3.2%) nowadays
compared to 1990. The more significant change is taken between the last decade
for heat stress (0.9%) and for cold stress between the first decades (1.8%). The
rural stations have almost no change in thermal sensation. Considering there is
only one rural station for the surroundings of both Koln and Frankfurt, it has
the same behaviour as in Figure [£.14, The rural station around Frankfurt and
Koln is a station with the least mPET changes in this study.
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Figure 4.16: Same as Figure 4.3 but for Frankfurt and the city station is denoted
by (C).

4.2 The city streets model

Another point of view on thermal comfort can be made by modelling a part of a
city using buildings and trees. It provides an insight into the changes of street
canyon effect formed by long narrow streets for different scenarios. The street
canyon is studied in terms of thermal comfort connected more with radiation than
with a flow of wind through the street. Four areas in Prague have been chosen to
be modelled and used for the study of thermal comfort by modifying albedo of
buildings and changing the number of trees in the streets. As for the modelling
environment, program Rayman described in Chapter was chosen.

The building and green space data have their origin in the OpenStreetMap
project, where numerous buildings and other objects are stored and saved on the
world map. After extracting the desired maps of the streets, the files are converted
by program OSM2World to form files with objects added by additional building
information found automatically on the internet. Next step is the translation of
the object file into an obstacle file native for RayMan program. For this step
has been developed a simple script to perform any object file containing only
buildings and trees.
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When the model was complete, a calculation of the thermal indices was per-
formed together with meteorological data from Karlov station for it offers the
best, most relevant and consistent data while being close to all of the studied
streets. Thus, the inputs into the model are:

1. Geographical: modelled buildings and trees, longitude, latitude and altitude
2. Time: date, time and offset from UTC

3. Meteorological: air temperature, wind velocity, relative humidity and cloud
cover

4. Personal: height, weight, age and sex

5. Other: clothing, activity and position

The chosen streets are Délnickd, Rohanské nabtezi, Legerova and Vinohradska
for their length, width, location near the centre and in Rohanské nabiezi, new
buildings have been constructed. Therefore, it is possible to compare the old
and present configurations in the means of thermal comfort. Their locations are
shown in Figure The point in a street for calculation of mPET was chosen
to be in the middle of the streets.

= INinbhradsla-

X Leggro&a, p
Figure 4.17: The map of Prague. The red lines are the studied parts of the streets
in the RayMan model

In comparison, there are four (for Rohanské nabrezi five) configurations that
were modelled and calculated. The real state displays the actual configuration.
Added trees configuration has more trees in the street both coniferous and de-
ciduous with a uniform height of 10 m. For details see Figures [£.18] [4.21], [£.24]
The high albedo of buildings differs from the real state only in the albedo
of all buildings and lastly Added trees and High albedo buildings scenario com-

bines the previous two. The tree planting was suggested in 12016] for
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Table 4.1: The configurations studied in street model comparison

Description Mark | Building Albedo | Tree Albedo
Real state R 0.30 0.15
Added trees T 0.30 0.15
High albedo buildings A 0.70 0.15
Added trees and High + 0.70 0.15

albedo buildings

any street canyons with a heavy traffic volume to provide more thermal comfort
due to shadow casting and greenery expansion. The trees were added similar to
trees in the neighbourhood along both sides of the streets. See Table for the
comparison of the scenarios. The fifth situation has the same attributes as the
real situation, but some buildings in the model are removed. It represents the
street Rohanské nabtezi in 2003 before new buildings were constructed and the
circulation may change.

For each street, two analysis are presented. Firstly, the relative percentage of
the thermal sensation categories was studied to see the general differences between
the scenarios for 7, 14 and 21 CET. Moreover, one warm summer day with zero
cloud cover in Prague was chosen to study hourly course of mPET during the
day.

4.2.1 Délnicka

As the first street, Délnicka was modelled by the process described above and the
resulting model is shown in Figure [4.18 Two configurations are showing the real
state of the street and when trees were added to see the real difference. Délnicka
is a west-easterly oriented street more than 20 metres wide having two lines for
cars and two lines for trams. The street is surrounded by buildings and parking
spots as well. Thus, it is mostly in asphalt and concrete environment having high
thermal sensation during a warm day.

As Figure shows, the real state has up to 3% of July the very hot sen-
sation. The tree planting does not decrease the thermal discomfort as much as
using higher albedo materials for the buildings around the street. Unfortunately,
it has a positive effect only for the highest thermal sensations leaving the total
number of days with heat stress higher than in the real state but the strength of
the heat stress is mitigated.

The most significant difference between the scenarios is 6% which is in the
morning in April. The rest of the differences are lower than 4%. The evening
sensation is the coldest for scenarios using high albedo materials, whereas the
tree planting scenario and real state are warmer than them. In the morning, it
is mostly the other way around.

Considering Figure [£.20] the improvement of the thermal sensation during a
sunny day is not very significant. A slightly more comfortable thermal environ-
ment is using the combination of added trees and high albedo materials which
offers lower mPET from 10 CET to the end of the day. Nevertheless, in the morn-
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ing, the combined scenario brings 1.4°C more mPET then the other versions of
Délnické street. Interesting is also the increase of evening mPET for the added
trees scenario compared to the real state. The warmest scenario during the day
is the added trees being on average warmer by 0.2°C.

For Délnicka street, the scenario with a combination of added trees and high
albedo materials is the optimal solution to reduce the situations with the highest
heat stress and provide shadow for sidewalks.

Figure 4.18: The model of Délnicka street and its surroundings concerning only
buildings (red) and trees (green). The top picture displays the real situation and
the bottom was modified by adding trees. The yellow dot represents the point of
the calculation and grey epitomises the ground.

67



7 14 21 7 14 21 7 14 21 7 14
RTA+RTA+RTA+ RTA+RTA+RTA+ RTA+RTA+RTA+ RTA+RTA+RTA+
A TTT] 1111 T T [T ==

21

7 14 21 7 14 21
RTA+RTA+RTA+ RTA+RTA+RTA+

100%—

90%—

80%—

70%[—

Thermal sensation

I Very hot
[ Hot
[Iwarm
[ slightly Warm
[ Comfortable
[ slightly cool
I Cool

I Cold

I Very cold

60%—

50%[—

30%
20%
10% I|
I
Jun

Figure 4.19: Thermal sensation in Prague at modelled street Délnicka at 7, 14
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Figure 4.20: Hourly mPET in Prague Délnicka during a sunny day for August
26, 2016. (R) stands for a real situation, (T) for a scenario with added trees,
(A) for high albedo materials used in buildings and (+) for added trees and high
albedo materials together.

4.2.2 Rohanské nabrezi

Prague’s street Rohanské nabrezi is oriented from south-west to north-east. It
is wider than 30 m with four lanes for cars, two lanes for bicycles and joined by
one-line street with parking spots. The traffic density is high since it is one of the
main streets in Prague. The street has also been modelled, as shown in Figure
[4.21] There are three different configurations for the street. From top to bottom
it is the real state, a state with added trees and situation in 2003.

Figure presents, among other things, the difference between an old state
(2003) and nowadays state. Overall, the current state has lower heat stress in
terms of total days with heat stress and even the very hot sensation. It means
that the new buildings helped the street canyon to increase the thermal comfort
in Rohanské nabrezi. Although, in the evening, the UHI effect has increased after
the construction of the buildings.

The modified scenarios bring even more thermal comfort, having the added
trees scenario being the best for the daily maxima and the combined scenario
for the rest of the day. Rohanské nabtezi has the most significant difference
between the two scenarios among all studied streets. It is 17.2% and 17.7% in
the morning in June and July respectively. The added trees scenario has the
greatest differences compared to the other scenarios where the changes are lower
than 5%.

Considering all the months, the added trees scenario is the coldest in the
mornings and afternoons. In contrast, in the evening, the high albedo and old
state scenarios are at least in 0.9% of days colder than others.

Studying Figure [£.23], the added trees scenario helps to reduce daily maxima
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significantly during a clear sky day, up to by 2.6°C mPET. However, from 17
CET, it is the warmest scenario, having evening mPET by 0.6°C warmer. The
combined, high albedo and even old state scenarios have slightly lower mPET
than the real state, mostly in the evening.

In case of Rohanské nabrezi, the scenarios with added trees and the combined
scenario are the optimal future configurations. The best way would be start-
ing with the tree planting and all new building constructions from high albedo
materials would result in the combination of the two optimal scenarios.
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Figure 4.21: The model of Rohanské nabrezi street concerning only buildings
(red) and trees (green). The top picture displays the real situation, the central
picture was modified by adding trees and the bottom picture shows the situation
before 2003. The yellow dot represents the point of the calculation and grey
constitutes the ground.
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Figure 4.22: Same as Figure 4.19, but for Rohanské nabrezi and (O) denotes
situations before new buildings were constructed.
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Figure 4.23: Same as Figure [4.20, but for Rohanské nabtezi and (O) denotes
situations before new buildings were constructed.
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4.2.3 Legerova

Another chosen street is Legerova which is the closest to the Karlov meteorological
station. It is 25 metres wide and surrounded by 21 m high buildings. It has four
lines for cars and is oriented in a north-south direction. It has very high traffic
density and it is a narrow street leading through the centre of Prague. Its models
are shown in Figure with the location of the point of calculation. On the
left-hand side, there is the real state and the right picture represents the model
with added trees.

Figurel4.25shows only minor cooling effect of tree planting during the warmest
months but the effect increases in colder seasons. Overall, Legerova street is
showing the smallest differences between the scenarios, having a maximum change
of 5.3% in the afternoon in September. Except for September afternoon, the
changes are not greater than 1.5%.

The scenarios with added trees seem to be colder than those without any
extra tree planting for Legerova street. Trees seem to have more effect on the
thermal comfort there than the albedo of buildings but it is only a minor change
in thermal sensation. Those scenarios are also warmer in the evening compared
to the real state but on average, the difference is lower than 0.2%.

Shown in Figure [4.26] none of the modified scenarios improves the thermal
sensation during the clear sky day in the street. The most significant differences
in mPET are in the evening but only 0.1°C, which is the minimum measurable
difference. Therefore, all the scenarios seem to be equal under clear sky condi-
tions.

The best scenario, in order to minimise the heat stress in the street and mainly
the highest discomfort, for Legerova street is the added trees scenario.

Musco| [2016] has shown an optimal solution of UHI mitigation for Legerova
street using a scenario with planting small trees along the sidewalks. It does not
affect ventilation conditions negatively and supports more comfortable thermal
sensation. It supports the results of the present study, though the used trees are
higher than [Musco [2016] describes.
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Figure 4.24: The model of Legerova street concerning only buildings (red) and
trees (green). The left picture displays the real situation and the right was mod-
ified by adding trees. The yellow dot represents the point of the calculation and
grey is the ground.
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Figure 4.26: Same as Figure
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4.2.4 Vinohradska

Vinohradskd is a more than 20 metres wide street with two lines for both cars
and trams and two lines for parking. It is west-easterly oriented with high traffic
density complicated by the low number of lines. For the model, a part of the
Vinohradskd street located near the Prague Main Railway Station was chosen.
Its models are presented in Figure [£.27, where the top picture is the current real
state of the street and the bottom picture shows modification by adding trees.

In Figure [4.28] the thermal sensations are quite similar to each other having
the most significant colder sensation for added trees scenario during the after-
noon. Other modifications seem to have a lesser effect on the thermal comfort in
Vinohradskd street. Considering all scenarios without the added trees, the most
significant difference would be only 1.6%. Added trees scenario gives the most
considerable change of 6.2% in the afternoon in August.

In total, the most significant differences are in the afternoon and the smallest
ones take place in the evening. There are also cases with no difference at all in
terms of the second decimal space. It would mean that the differences between
the mPET are small and in some cases were the values close to the border of two
thermal sensations.

More interesting for this street canyon is the behaviour of thermal sensation
during the clear sky day (Figure . The morning and evening temperatures
are the same, while the differences are during the heat stress hours between 11
and 16 CET. Added trees scenario provides the least heat stress lowering mPET
by 2.6°C compared to the real state. It is followed by real state and high albedo
leaving the combined scenario the most uncomfortable scenario.

The added trees scenario has the most positive effect on thermal comfort
in Vinohradska street, ensuring the reduction of daily maxima and providing
shadows in the streets which correspond with Musco [2016].
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Figure 4.27: The model of Vinohradské street concerning only buildings (red)
and trees (green). The top picture displays the real situation and the bottom was
modified by adding trees. The yellow dot represents the point of the calculation
and grey is the ground.
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5. Interpretation of the thermal
indices

The analysis of outdoor thermal comfort has been done according to mPET
thermal index. It is the youngest index based on both UTCI and PET and
combines their multi-node approach with a stable MEMI model. The definition
of mPET was constructed for European citizens, and therefore no corrections are
needed for this study. There are also other indices suitable for this study, such as
PET, PT, UTCI and SET*. If one of them was chosen, the results might differ
as is shown in Figure |3.11]

Regarding thermal sensation in Prague (Chapter, the warmer sensations
in the evening in the city is a clear example of UHI in a city with a population
higher than one million citizens and the city centre being a dense build-up area.
In Figures and [1.2] there are visible step-by-step differences between the
stations. Karlov is in the centre of Prague having the most intensive UHI being
pronounced in the evening. Libus is located in the uptown having weaker UHI
when comparing the evening sensations. Moreover, rural areas have the lowest
thermal sensations just before the night when considering only data from 7, 14
and 21 CET. During the night, the differences will be lowering and city stations
may have even colder sensation than the rural areas (not shown).

For the results in Prague, the warm sensation in Libus is interesting when
compared to station Karlov. It can be seen in Figure where Libus station
has warmer sensation than Karlov in the afternoon except April and May. It also
has more days with hot and very hot category combined in June and August than
Karlov. It can be caused by housing estate in the proximity of the station Libus
and the geometry of the falling sun rays. Near Libus, there are meadows which
can also affect the temperature in different months due to albedo changes during
a year.

Significant differences between the urban and rural thermal sensations are
recorded in Berlin (Chapter [4.1.2), as is displayed in Figures and The
UHI effect is taking place in stations Tempelhof, Schénefeld and Tegel enhancing
thermal sensation in the evening. The heat stress causes more harmful envi-
ronment for the citizens of Berlin in terms of long-term health compared to the
surroundings of the city. |Stoops| [2014] connects the thermal discomfort and car-
diovascular health and also suggests psychological and sociological impacts. The
discomfort is strengthened at the airports (Tempelhof, Tegel and Schoénefeld)
during clear sky days due to usage of low albedo materials such as concrete and
asphalt causing an increase in surface temperature and heat accumulation.

In Berlin Dahlem, the afternoon sensation is slightly warmer than in rural
stations and the evening sensation is slightly colder compared to the surroundings,
as Figure [4.6|shows. As can be seen in Figure Dahlem is located between the
centre and uptown of Berlin. There are parks as well as the university campus
and botanical garden. The environment differs from the centre of Berlin, and thus
it is showing a different urban phenomenon. The temperature amplitude cannot
explain the high amplitude of mPET because it is smaller in Dahlem than in rural
areas. However, using temperature, humidity and wind speed, the high amplitude
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of mPET could be caused by a low amount of water in the city. The water in
the city is lead by a sewer system outside lowering the temperature inertia effect,
which is suggested in |Ascione et al.| [2017]. Due to streets consisting of different
materials and lack of fertile soil, cities can hold water only in the form of lakes,
ponds or in the green spaces like parks. This effect depends on the exact location
of the meteorological station suggesting no body of water nearby. However, there
is plentiful greenery in Dahlem. Thus it is not likely to be the case because of
the greenery near the station. It can be caused by various reasons. However, this
matter is beyond the scope of this study.

Comparing Prague and Berlin, the capital of Germany has a more noticeable
difference of evening mPET than Prague, considering stations Tegel and Karlov
and their difference from the respective rural areas which might be caused by more
inhabitants. Berlin has 3,421,800 and Prague has 1,259,100 citizens, according to
Population.City| [2015]. The difference of evening mPET is not likely made by a
percentage of public green spaces because Berlin has 59% and Prague has 57%,
as (City Mayors [2017] and [Stépének] [2018] state. The cities are also in the same
climatological categories, according to Beck et al. [2018]. It gives them similar
climatological conditions. The largest geographical difference is that there are
mountains between Prague and any sea, whereas Berlin is closer to the sea and
it has a more opened landscape towards the sea. Therefore, Berlin has more
maritime climate than Prague, which is connected with a more humid climate.
However, it has a minor effect. The difference in thermal sensations in Prague
and Berlin is more likely caused by their population and greenery.

A significant UHI has been observed in Niirnberg and Frankfurt. In both
cities is the thermal sensation overall warmer than the other areas and the biggest
differences are measured in the evening sensation. There is also a trend of having
more heat stress in the city nowadays compared to 90s and almost no changes in
heat stress in rural areas. It might be caused by high population in Frankfurt (1
034 200 citizens) and a low percentage of greenery in Nirnberg (48%), which is
the lowest among all studied cities.

In Hamburg and Koln were detected no UHI behaviours and the thermal
sensation was mainly colder than in the rural stations. The results for both cities
would be different if there were used meteorological stations in the centre of the
cities. The choice of the city meteorological stations is as important as the choice
of the rural stations. The more city stations are available, the more precise the
study. The location of the city station is also important. UHI is more pronounced
in the city centre than in the uptown, as can be seen in Prague in Figure [4.1]
where Karlov represents the city centre and Libus is in uptown.

In Hamburg, there are the smallest decadal changes regarding thermal sen-
sation, which can be a consequence of a different climate connected with the
location in lowlands not far from the sea. Higher wind speed together with the
direction from the sea brings mostly colder and more humid air from the North
sea, which can mitigate the increase of mPET.

Studying the time course of thermal sensation, both Prague and Berlin have
more hours with heat stress in the last decade than in the 90s, as Figures 4.3 and
4.8 show. It seems that the warming trend in Berlin is correlated with the warm-
ing trend in rural areas because both courses have similar decadal changes. Both
warmings correspond with the current warming in Europe, which is described

80



in TPCC 2019 [2019]. Nevertheless, the warming tendency in Prague is stronger
than in the surroundings, which can be explained by strengthening of the UHI.
The statement is supported by the fact that the time course is mainly affected by
afternoon and evening sensation while the morning thermal sensation does not
change so much.

An interesting finding is the time course in the rural stations around Ham-
burg, Niirnberg, Koln and Frankfurt shown in Figures |4.10} [4.12] [4.14] and [4.16|
respectively. In terms of heat stress, the rural stations show a decrease of heat
stress by 0.1%. In the surroundings of the other cities, there is also no case of
a faster increase in heat stress compared to the respective city stations. It can
be a result of a fluctuation of the mPET value. However, it disagrees with the
findings of Scott et al. [2018], who analysis thermal comfort in 54 cities in the
US in the years 2000-2015. [Scott et al.| [2018] states that heat stress increases in
rural areas more rapidly than in the urban environment.

The increase in the thermal stress mentioned above is also known to many
city authorities not only in Europe but worldwide as well. Therefore, the relevant
policymakers published plans aiming at the increase of thermal comfort in the
cities, mainly by a decrease of temperature, especially during heatwaves. Such
plans have been accepted also for Prague (Strategie adaptace hl. m. Prahy
na klimatickou zménul [2019]), Berlin (Gaebler| [2015] and Mahlkow and Donner
[2017]), Hamburg (Klocke [2011]), Niwrnberg (Hackner [2007]), K6ln (Grothues
et al.| [2013]) and Frankfurt |City of Frankfurt am Main| [2017]. Model Rayman
provides a basic insight into the thermal comfort in the city by modelling on a
scale of a building up to the whole city. Due to easy application and modification
of the objects in the model, it offers a powerful tool to study the city thermal
comfort dependency on various modification scaling from changes of the greenery
up to the modifications of buildings with its albedo and emission coefficients
considered.

Therefore, four scenarios have been studied for four streets Délnicka, Rohanské
nabrezi, Legerova and Vinohradska in Prague. The scenarios were: real state,
added trees, a high albedo of buildings and a combination of added trees and
high albedo buildings scenario.

Scenario with added trees mitigates the heat stress in Rohanské nabtezi, Leg-
erova and Vinohradska street. The high albedo of buildings brought less heat
stress only to Délnicka street and the combined scenario is ideal for Délnicka and
Rohanské nabtezi street.

The cooling effect of high albedo buildings scenario in Délnickd can be ex-
plained by the constellation of the buildings and the direction of the street and
the position of the point of calculation. The sun rays falling on the building
are reflected away, lowering the radiation absorbed by the environment. On the
other hand, in Legerova and Vinohradska, the high albedo scenario has the same
thermal sensation as the real state. It can be caused by the position, orientation
and shape of the buildings, which can result in different reflection of the sun rays.
The sun rays can reflect from the buildings and be absorbed by the surface. Thus,
the surface is heated by the additional sunray and thermal sensation is warmer
than in the real state.

Added trees scenario successfully lowers the mPET in three out of the four
streets. It is due to a shadow that trees cast on the ground during the day and
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their ability to cool faster in the evening than the building materials, e.g. asphalt
and concrete. Délnicka street was not affected so much by the tree planing prob-
ably for it already has some greenery. Moreover, the buildings are not forming a
narrow canyon for there are some parking spots.

Surprisingly, the combined scenario brought colder sensations only in two of
the studied streets. There are more complex connections between tree planting
and using high albedo materials. In some cases, the cooling effect of both prevails
(Figure , but in some, it results in warmer sensation (Figure .

Comparing the thermal sensation in all four streets, the relationship between
the orientation of a street and the direction of prevailing wind might also be
important to determine thermal comfort. However, it is not seen in the data
because all meteorological inputs are from station Karlov. To study those differ-
ences, measurements of air temperature, humidity, wind speed, cloud cover and
wind direction should be done in all studied streets and a more complex model
than Rayman should be used.
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Conclusion

One of the main aims of this thesis was to study different thermal comfort indices
in urban climate conditions which are connected with the effect of UHI. This
was achieved by the review of the three types of the indices: Experimental,
Commercial and Analytical. For each of the types, a few representative indices
were mentioned. For all mentioned analytical indices, thermal sensation scale was
presented as the connection between the value of the indices and real perceived
temperature. Their general usage was then explained in different fields of interest.
In urban planning, thermal indices are used to study thermal comfort, mainly
according to tree planting and using high albedo materials. Other applications are
in tourism to simplify the climatological information about a specified location,
which can be done via climate-tourism-information-scheme (CTIS). Last but not
least important matter is the usage in the research of mortality connected with
thermal discomfort, mainly during a heatwave.

Comparing various indices by their complexity, variability and overall suit-
ability for the meteorological data, mPET was chosen to represent the thermal
perception of human body in this study. It is the newest thermal index com-
bining the virtues of PET and UTCI, which are the most used thermal indices.
Model Rayman was also introduced as a tool which can calculate various thermal
indices for given general coordinates as well as simulate thermal conditions in
streets. The manual on the input data of buildings and trees for the simulation
was also introduced. The mentioned data consist of measurements of meteoro-
logical variables, i.e. air temperature, wind speed, relative humidity, cloud cover,
mean sea level pressure, dew-point temperature, wind direction and precipita-
tion, from stations in Prague, Berlin, Hamburg, Niirnberg, Koln, Frankfurt and
their surrounding rural area stations in the years 1990-2019. For the calculation
of mPET, only the first four mentioned meteorological variables are needed. In
the study, data from hours 7, 14 and 21 CET were mostly used to represent the
climatological results.

After the study of the thermal indices, another aim was to study the long-
term behaviour and frequency of thermal discomfort in mentioned cities. The
comparison was made by monthly frequencies of thermal sensations in hours 7,
14 and 21 CET from April to September for each city station and a set of stations
around the cities, in rural areas. The rural set is a weighted mean of measured
variables where weight is the reciprocal of the distance between the station and
the city station. For Prague and Berlin, the total number of hours with heat
stress for all city stations and the rural set were observed to support the research.
It was found that in Prague, Berlin, Niirnberg and Frankfurt, the frequencies
of thermal discomfort in terms of heat stress are higher in the cities than in
surrounding areas. The amount of hours with heat stress also depends on the
distance from the city centre, where it is usually the highest, and on the character
of the build-up within the station confines. Heat stress is increased in the cities
mainly in the evening and slightly in the afternoon, whereas the mornings are the
same or warmer in the rural areas around the cities.

As for the long-term behaviour, the data were divided into three decades
(1990-9, 2000-9 and 2010-9) and total change for hours 7, 14 and 21 CET com-
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bined was studied. The frequency of days with heat stress increases and the
number of days with cold stress decreases in Berlin, Prague, Hamburg, Niirnberg,
Koéln and Frankfurt. In Hamburg are the smallest changes in thermal sensation,
which can be a consequence of a different climate connected with the location in
lowlands closer to the sea than any other studied city.

Besides, thermal comfort in Prague was analysed according to the chosen
thermal indices in dependency on the character of a street canyon and city green-
ery. The outdoor thermal comfort in a city is in many places affected by a street
canyon effect. Meteorological variables, as well as the buildings and green areas
defining the street, form the thermal environment. The orientation of the street
in a relationship with a prevailing wind direction might also be important to
determine thermal comfort.

Four scenarios, real state, added trees, a high albedo of buildings and com-
bined scenario, were simulated in Rayman model to represent the urban planning.
Using tree planting and using high albedo materials for construction of buildings
are considered in this study. The monthly analysis of hours 7, 14 and 21 CET
from April to September was done using frequencies of thermal sensation based
on mPET. Furthermore, one day with no cloudiness was chosen to study hourly
differences between those scenarios. It was found that for Délnickd and Rohanska
nabrezi street, the combination of tree planting and using high albedo materials
would mitigate the heat stress perceived. In the other streets, Legerova and Vi-
nohradska, tree planting is more effective than constructing buildings using high
albedo materials. Those recommendations mainly lower the heat stress in the
streets.
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