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UTCI field measurements in an urban park in Florence (ltaly)

Abstract

The aim of this study is to evaluate human thermal comfort in different
green area settings in the city of Florence by using the Universal Thermal
Climate Index (UTCI). Field measurements of air temperature, solar
radiation, relative humidity, wind speed and black globe thermometer were
collected during hot summer days in various parts of Cascine Park, the
biggest urban park in Florence (ltaly). UTCI was evaluated over different
surfaces (asphalt, gravel and grass) completely exposed to the sun or
shaded by a large lime tree (Tilia x europaea). The results showed strong
differences in UTCI values depending on the exposure to tree shade,
while no significant difference was found among ground-cover materials
when all surfaces were equally exposed to solar radiation. Future studies
are needed to investigate the microclimatic effects of different tree species
on UTCI.
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Introduction

The characteristics of both artificial and natural materials
used within the urban environment have a decisive influence on
the urban heat island and on human thermal comfort. Urban trees
contribute to microscale cooling by evapotranspiration (Konarska
et al. 2014; Oke 1989; Demuzere et al. 2014) and by intercepting solar
radiation and reducing the heating of surfaces under their canopy
(Holst et al. 2004; Lee et al. 2016; Zolch et al. 2016). Even though air
temperature reductions in small green areas may be negligible,
especially in conditions of high air turbulence, numerous studies
confirm that tree shade can improve outdoor thermal comfort
dramatically by reducing a pedestrian’s exposure to both short-
and long-wave radiation (Rahman & Ennos 2016). Indeed, tree shade
and ground-cover type (e.g. vegetation and paving) strongly
affect surface temperature and can moderate air temperature,
especially in the daytime (Brandani et al. 2016; Loveday et al. 2019).
The characteristics of different tree species are also important;
for example, the density of the canopy (as expressed by its leaf
area index, or LAl) and its seasonal variation affect the proportion
of direct solar radiation that is absorbed or reflected by the tree
(Shahidan et al. 2010; Napoli et al. 2016; Massetti et al. 2019).

Tree shade and surface type also affect the values of
biometeorological indices that are used to evaluate human
thermal comfort. These indices are typically calculated from
meteorological variables, which may be quantified in different
ways. For instance, a recent study comparing different ground
surfaces and shading conditions (Pearimutter etal. 2017) showed that
the level of discomfort predicted for an area with highly reflective
gravel was higher when using the Index of Thermal Stress (ITS)
than it was when using the Universal Thermal Climate Index
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(UTCI). The aim of this study is to evaluate the level of thermal
stress that is generated on clear and sunny summer days for a
series of different ground-cover surfaces and shade conditions,
by using UTCI in particular.

Materials and methods

UTCI is an international standard (http://www.utci.org)
defined by the European Cooperation in Science and Technology
(COST)Action 730, based on recent research in human response-
related thermo-physiological modelling (Gosling et al. 2014; Coccolo
et al. 2016). It is expressed as the equivalent air temperature
(°C) of a reference environment that would produce the same
human physiological response as the actual environment. In this
case, the human physiological response to meteorological input
is based on Fiala’s (Fiala et al. 2001) multi-node model of human
thermoregulation (Jendritzky et al. 2012; Blazejczyk el al. 2012). The
UTCI categories of heat stress are defined as follows: above +46
— extreme heat stress; +38 to +46 — very strong heat stress; +32
to +38 — strong heat stress; +26 to +32 — moderate heat stress;
+9 to +26 — no thermal stress (Brode et al. 2012).

The study was conducted in an area of Cascine Park adjacent
to the School of Agronomy (Fig. 1). The effect of tree shading and
ground material properties on thermal comfort were investigated
by assessing the Universal Thermal Climate Index (UTCI) over
exposed gravel (Exp Gravel), asphalt (Exp Asphalt) and grass
(Exp Grass) as well as tree-shaded asphalt (S Asphalt). The
albedo of the monitored surfaces was measured and the results
showed 0.18 for asphalt, 0.36 for gravel and 0.25 for grass. In the
summer of 2014, measurements of air temperature (Ta), relative
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Figure 1. Study area and location of the micrometeorological stations: A) sun-exposed grass (Exp Grass); B) exposed asphalt
(Exp Asphalt); C) shaded asphalt (S Asphalt); and D) exposed gravel (Exp Gravel). Source: figures A-B-C-D — own study; map —
own study created by using OpenStreetMap®, Geoscopio WMS and QGIS 3.2.3, http://qgis.osgeo.org.

humidity (RH), wind speed and globe temperature (Tg) were
taken during calm and clear days using four micrometeorological
stations located at 1.7 metres above the respective surfaces
(Figure 1). All of the micrometeorological stations were located
within a radius of less than 100 metres. Each micrometeorological
station was equipped with sensors for measuring air temperature
(Ta) (°C), relative humidity (Thermo-hygrometer PS-0062-
AD, Netsens) (%), solar radiation (MJ m?2) (Global radiation
sensor, Netsens), wind speed (ms™') (Anemometer 6410, Davis
Instruments Corp.) and globe temperature (Pt100 sensor, globe
@ 150 mm, Delta OHM). Mean radiant temperature (MRT, based
on Tg) and the above-mentioned meteorological parameters
were used to calculate UTCI. Data were collected every 15
minutes, and hourly averages were calculated for data analysis.

Results

Measurements were taken during typically calm and sunny
summer days in Florence. During the summer of 2014, a total
of 7 days (2—4 July and 15-18 July), in clear sky conditions and
without wind, were monitored by a weather station located near
the study area. Maximum daily air temperature during the study
period was 32.5+1.7 °C, daily mean relative humidity was 61%,
mean wind speed was 0.3 ms™ and maximum solar radiation was
844183 W/m2.

A comparison of Ta, MRT and UTCI over the four surfaces
shows that daily mean and maximum values over S Asphalt were
lower than those over the other surfaces in all cases (Table 1).
The average daily temperature over the ‘dry’ surfaces (asphalt
and gravel), when exposed to the sun, was nearly 1.5 °C higher
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Table 1. Daily mean, maximum and minimum values of air temperature (Ta, °C) collected at the reference weather station located
near the study area (Ref), over sun-exposed grass (Exp Grass), asphalt (Exp Asphalt) and gravel (Exp Gravel), and over tree-shad-
ed asphalt (S Asphalt), together with calculated mean values of mean radiant temperature (MRT, °C) and Universal Thermal Climate

Index (UTCI, °C) over the same four surfaces

Ref Exp Grass Exp Asphalt S Asphalt Exp Gravel
mean 26.1 26.3 27.4 25.9 27.5
Ta max 32.5 32.9 35.0 31.0 35.1
min 18.3 18.5 194 19.6 18.9
mean 36.9 39.5 26.0 40.0
MRT max 66.1 67.2 38.8 63.8
min 17.4 18.4 19.4 17.7
mean 27.8 29.5 254 29.7
uTClI max 41.7 44.6 32.6 441
min 17.4 18.4 18.8 18.0

Source: own study

than that recorded at the weather station, while differences of
only +/-0.2 °C relative to the reference station were observed over
Exp Grass and S Asphalt. In terms of mean radiant temperature
(MRT), the most striking differences were seen between the
shaded and exposed asphalt surfaces — with the latter having
a higher daily mean (by nearly 14 °C) and a much higher peak
value (by over 28 °C). Calculating UTCI over the four surfaces,
the mean value over S Asphalt was 25.4 — corresponding to
‘no thermal stress’ — while the mean UTCI reached values
corresponding to ‘moderate thermal stress’ over all the other
surfaces (Table 1).

When comparing the hourly values of Ta, Tg, MRT and UTCI,
the differences between shaded and exposed surfaces were
even more evident (Table 2). During the daytime, air temperature
values over Exp Asphalt and Exp Gravel were on average 2 °C
higher than Exp Grass, and 4 °C higher than S Asphalt. Maximum
air temperatures were recorded over all surfaces and exposures
at 1 p.m. The differences in minimum daily temperatures were
reversed, with 18.5 °C recorded over Exp Grass and 19.6 °C over
S Asphalt. The minimum values of Tg and MRT were collected
one or two hours later than the minimum Ta over all the surfaces
observed: over Exp Grass at 5 a.m. and the other surfaces at
6 a.m., with a difference between surfaces of almost 2 °C.
Maximum values of Tg and MRT were recorded between 1 p.m.
and 2 p.m. for all exposed surfaces, whereas S Asphalt reached
maximum Tg and MRT at 5 p.m.

During the night-time and the early morning — until sunrise
— the surface with the lowest Ta value was Exp Grass, followed
by Exp Gravel.

During the early morning, minimum Ta over S Asphalt was
almost 1°C higher than over Exp Grass — and only 0.5°C higher
than Exp Gravel and 0.2°C higher than Exp Asphalt (Table 2).

The results show that the most dramatic reduction in thermal
stress, as expressed by UTCI, occurred over surfaces shaded by
trees: in these areas a pedestrian would be exposed to conditions
defined as ‘moderate heat stress’ for nearly all the hours of a
typical summer day (Figure 2).

Over the irrigated grass lawn, which had a low surface
temperature and albedo, hot conditions were maintained for only
a brief time in the afternoon.

According to UTCI, both Exp Gravel and Exp Asphalt
produced very strong heat stress during daytime hours. The very
small distinction between these two surfaces is likely due to the
lack of sensitivity of the black globe thermometer to the effects
of reflected solar radiation from gravel, which was interspersed
with other materials, on the body. A pedestrian in the unshaded
gravel and asphalt area would experience a degree of heat stress
for the full daytime period: from one hour after sunrise (7 a.m.)
to sunset (8 p.m.), the UTCI values exceeded 26 °C for a total
of 13 hours during the daytime under heat stress conditions.
The same pedestrian, if standing on grass exposed to sunlight,
would experience a total amount of 12 hours of heat stress; while
standing under tree shade they would experience a total amount
of 10 hours of heat stress.

Whether standing exposed to sunlight or under tree shade
also changes the degree of heat stress experienced by people.
Over Exp Gravel and Asphalt, during typical sunny and calm
days, a pedestrian would experience 2 hours of moderate heat
stress (from 7 to 8 a.m. and from 7 to 8 p.m.), 3 hours of strong
heat stress (from 8 to 10 a.m. and from 6 to 7 p.m.) and 8 hours of
very strong heat stress (from 10 a.m. to 6 p.m.). When standing
on grass exposed to sunlight, they would experience 3 hours of
moderate heat stress (from 8 to 9 a.m. and from 6 to 8 p.m.), 4
hours of strong heat stress (from 9 to 12 a.m. and from 5 to 6
p.m.) and 5 hours of very strong heat stress, from 12 a.m. to 5
p.m.). Finally, a person standing in tree shade would experience
8 hours of moderate heat stress (from 10 a.m. to 3 p.m. and from
5 p.m. to 8 p.m.) and 2 hours of strong heat stress (from 3 to 5
p.m.). The two hours of severe heat stress observed during the
study period for people standing in tree shade were characterized
by values very close to the lower threshold of the thermal stress
category (Figure 2).

Finally, air temperature and UTCI trends were observed
over exposed and shaded asphalt (Figure 3). UTCI values, both
in sun-exposed and shaded conditions, maintain similar values to
air temperature during the night (between 7 p.m and 5 a.m.). The
air temperature differences between exposed and tree-shaded
asphalt were of almost 3—4 °C. Maximum differences of almost
10-15 °C were observed during the daytime between UTCI over
exposed asphalt and tree-shaded asphalt. Over tree-shaded
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Table 2. Hourly mean values (expressed as mean + standard deviation) of air temperature (Ta, °C), black globe temperature
(Tg, °C), and mean radiant temperature (MRT, °C) collected at 1.7 metres over sun-exposed grass (Exp Grass), asphalt (Exp As-
phalt) and gravel (S Gravel) and over tree-shaded asphalt (S Asphalt)

Ta

Tg MRT

Exp
Grass

Exp S
Asphalt | Asphalt

Exp
Gravel

Exp
Grass

Exp

Asphalt

S Exp
Asphalt | Gravel

Exp
Grass

Exp S
Asphalt | Asphalt

Exp
Gravel

0]21.1£1.9|21.1%1.4 | 21.9+1.7 | 20.6+1.3 | 21.7+1.2

21.6x1.4

23.0+1.6 | 20.5+1.1 | 20.9+£0.1 | 21.6+1.4 | 23.1+1.8 | 20.5+1.1

1120.5¢2.1 | 20.4£1.4 | 21.1£1.6 | 20.0+1.3 | 21.3+2.8

20.8+1.3

22.2+1.5(19.9+1.2 | 20.842.1 | 20.8+1.3 | 22.5¢2.0 | 19.9+1.2

19.8+1.519.9£1.5 | 20.4+1.2 | 19.5¢1.5 | 20.4£2.9

20.3+x1.4

21.7+1.6 | 19.441.2 | 20.4£2.9 | 20.3+1.4 | 21.7+1.6 | 19.4%1.2

19.0+1.2 [ 19.5#1.3 | 19.8+1.2 | 18.9+1.4 | 19.1+1.4

19.9+1.5

20.9+1.1 [ 19.3%1.2 | 19.1£1.4 | 19.9+1.5 | 20.9%1.1 | 19.3+1.2

19.4+1.1 | 19.6+1.0 | 19.1£0.9 | 18.2+1.3

19.4+1.6

20.3+1.1 | 18.6+1.7 | 18.2£1.3 | 19.4+1.6 | 20.3+1.1 | 18.6+1.7

18.8+1.7 | 21.2#1.2 | 20.5+1.3 | 22.5+0.6 | 17.5+0.9

18.8+1.4

19.7+1.0 | 18.0+1.5 [ 17.4£0.9 | 18.8+1.4 | 19.7+1.0 | 18.0+1.5

2
3
4118.5+1.1
5
6

20.442.0 | 24.8+1.2 | 22.2+1.4 | 25.3+0.6 | 18.0+1.6

18.4+1.3

19.4+1.2 [ 17.7£1.1 | 18.0£1.6 | 18.4£1.3 | 19.4+1.2 | 17.7£1.1

7122.942.7|27.920.6 | 24.0+1.4 | 27.4£0.5 | 21.9+2.0

20.7+0.9

20.6+1.1 | 20.5¢1.0 | 22.242.1 | 19.1¥2.9 | 19.4+1.4 | 18.9+3.0

8126.1£3.0 | 30.3+0.8 | 26.1+1.8 | 30.3+0.8 | 25.1+1.6

25.840.2

22.6+1.1 | 36.0¢1.1 | 26.8+£1.2 | 23.1+0.7 | 20.2+1.7 | 38.9+2.1

9|28.942.8|31.9+0.7 | 27.9+2.0 | 32.2+1.0 | 37.7x1.1

40.7x1.4

24.7+1.0 | 41.0+1.5 | 47.742.1 | 45.9+3.3 | 22.3+1.6 | 46.2+3.2

10| 30.6+2.5 | 33.2+0.9 | 29.2+1.6 | 33.3+0.9 | 41.5+4.3

43.8+1.3

26.6+1.1 | 43.8+0.8 | 55.846.7 | 55.5+4.0 | 23.0+3.2 | 55.5+3.8

11]31.5+#2.3 | 33.3%2.3 | 29.8+1.6 | 33.5+2.3 | 41.4£3.7

44.6x2.6

28.1+1.3 | 45.1+2.9 | 58.4£7.0 | 60.4+3.4 | 25.1x1.4 | 61.5+6.6

12| 32.442.2 | 34.1+2.2 | 30.5+1.6 | 34.2+1.9 | 44.0+2.3

47.1+3.8

29.6+1.2 | 45.6+2.9 | 60.5£5.9 | 64.0+2.0 | 28.3+1.1 | 61.0+1.6

13| 32.942.0 | 35.0+1.5 | 31.0£1.3 | 35.1£1.0 | 44.0+2.3

48.3+3.6

30.0+0.9 | 46.6+2.6 | 60.5+5.9 | 64.6%2.0 | 28.5+1.0 | 61.3+1.8

14| 32.4+1.4 | 33.8+2.2 | 30.4£2.0 | 34.0+2.2 | 47.8+1.7

47.6x1.7

30.4+1.7 | 46.0+2.4 | 66.1+1.6 | 67.2+1.6 | 30.3+1.5 | 63.8%4.7

15| 32.3%1.9 | 33.4+1.8 | 30.3+1.3 | 33.3+1.8 | 41.8+6.2

44.2+2.3

30.741.9 | 42.1+2.3 | 54.1x1.5 | 60.7+2.1 | 31.5+2.9 | 55.8+1.6

16| 31.7£1.5 | 31.1+1.4 | 29.7£1.1 | 32.742.1 | 44.9+0.1

38.6+1.3

31.6+0.8 | 40.3+3.3 | 58.5+0.9 | 50.5+5.5 | 34.6+1.0 | 52.4+1.7

17| 30.0£1.1 | 29.6%1.2 | 29.1+1.0 | 30.6+1.3 | 31.6+0.4

43.9%1.6

33.1£1.9 | 45.0£3.4 | 33.4+0.5 | 62.1+2.6 | 38.843.9 | 63.1+5.2

18| 28.8+1.1 | 27.9+1.2 | 28.0+1.1 | 28.0+1.3 | 30.1+0.9

37.6£5.1

29.7+1.3 | 37.4+4.7 | 31.5+0.5 |50.5£13.9| 31.8+2.1 | 49.8+13

19| 27.3%1.4 | 26.4+0.9 | 26.7+1.2 | 26.3+1.2 | 28.7+0.3

30.5%1.5

29.1£1.2 | 39.2+0.9 | 29.3+1.0 | 34.7+1.5 | 31.4+1.7 | 51.2+3.6

20| 25.841.5|24.7+0.4 | 25.2+1.3 | 24.4+0.5 | 26.3+1.9

28.2+1.2

27.9+1.1 | 27.9+1.3 | 26.0+1.7 | 30.6+3.7 | 30.0+2.6 | 30.2+3.6

211 24.2£1.5|23.1%1.0 | 23.9+1.5 | 22.6+0.8 | 24.3+2.6

25.9+0.9

26.4+1.2 | 25.5+0.9 | 23.6+£2.5 | 27.3+1.7 | 27.8+2.0 | 26.9+1.7

22| 22.7£1.7 | 22.2+1.3 | 23.3+1.7 | 21.6+1.1 | 23.5£1.6

24.3+0.7

25.1+1.2 | 23.5+0.8 | 22.7£1.9 | 24.3+0.7 | 25.3+1.0 | 23.5+0.8

23| 22.0£2.0 | 21.4x1.4 | 22.3¥1.7 | 20.9+1.4 | 23.4x1.7

22.7+0.7

23.8+1.2 | 21.8+0.9 | 23.0£1.2 | 22.7+0.7 | 24.1x1.5 | 21.8+£0.9

Source: own study

asphalt, UTCI showed values similar to the air temperature (both
exposed and tree-shaded) during the daytime.

Discussion

The results of this study show the effect of tree shade on
human thermal comfort: the air temperature during hot sunny
days over sun-exposed asphalt is almost 3°C higher than over
tree-shaded asphalt, while the UTCI can be higher by 15°C,
passing from strong to moderate heat stress. Urban trees can
have a pronounced effect on the microclimatic conditions of their
immediate vicinity, and they can relieve the burden of thermal
stress experienced by pedestrians. As tree canopies shade not
only the person’s body but also the surrounding ground or built

surfaces, lower radiant temperatures are maintained, which
causes these surfaces to emit less intense long-wave radiation
and, at the same time, to reflect less short-wave radiation onto the
person’s body (Pearlmutter et al. 2017). The influence of vegetation
and trees on thermal comfort is well documented: in Florence,
it was found that a 10% increase in the percentage of greenery
surrounding a micrometeorological station could prevent 30
hours of summer discomfort (Petralli et al. 2015).

In recent years, research has increasingly focused on the
shading effect of different tree species (Armson et al. 2012; Napoli
et al. 2016; Shahidan et al. 2010): Napoli and collaborators collected
data on 10 different tree species in order to estimate surface
temperatures under different shade conditions. In Munich,
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==very strong heat stress
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= strong heat stress

no thermal stress

Figure 2. Hourly values of the Universal Thermal Climate Index (UTCI, °C) observed during sunny, hot and calm summer days in
Cascine Park in Florence and corresponding to levels of thermal sensation for pedestrians over sun-exposed grass (Exp Grass),
asphalt (Exp Asphalt), gravel (Exp Gravel) and tree-shaded asphalt (S Asphalt), and corresponding categories of UTCI thermal

stress. Source: own study

50
45

40

—UTCI - Exp Asphalt

- Ta - Exp Asphalt

12 15 18 21

Hour (h)
—UTCI - S Asphalt

- Ta- S Asphalt

Figure 3. Hourly values of the air temperature (Ta, °C) and Universal Thermal Climate Index (UTCI, °C) observed during sunny,
hot and calm summer days in Cascine Park in Florence over sun-exposed asphalt (Ta Exp Asphalt, red dashed line, and UTCI Exp
Asphalt, red line, respectively) and over tree-shaded asphalt (Ta S Asphalt, green dashed line, and UTCI S Asphalt, green line,

respectively). Source: own study

Robinia pseudoacacia L. and Tilia cordata Mill. were compared
in terms of surface cooling potential and significant differences
were observed (Rahman et al. 2019). All these results suggest that
thermal comfort can be influenced by the characteristics of tree
canopies, and this influence is especially apparent when thermal
comfort is evaluated using biometeorological indices that includes
radiation or variables linked to radiation (such as soil temperature
or globe temperature).

During the daytime, the maximum air temperature was
recorded over all surfaces and exposures at 1 p.m. Maximum
values of Tg and MRT were recorded between 1 p.m. and

2 p.m. for all exposed surfaces, while tree-shaded asphalt
reached maximum Tg and MRT at 5 p.m.; this time lag reflects
the fact that solar input peaks around noon but environmental
temperatures peak later in the afternoon. This is expected, as
tree crowns reduce the penetration of short-wave solar radiation
and lower the temperature of surfaces in their shade (Roy et al.
2012). Furthermore, as tree canopies are not homogeneous,
solar radiation passes through them with different intensity during
the day according to solar angles, canopy branching and leaf
percentages (Kotzen, 2003).
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This study shows that during the night-time and the early
morning the surface with the lowest Ta value is exposed grass,
followed by exposed gravel (Table 2). This result confirms previous
studies that assessed the cooling effect of permeable surfaces,
especially during the night (Wang & Banzhaf 2018; Shashua-Bar et al.
2009). In a previous study performed in Florence (Petralli et al. 2014),
the minimum daily temperature at a given location was affected
by the degree of urbanization surrounding it (an increase of 10%
in the proportion of grassland in a buffer area of 500 metres
around a location could cause a 0.6 °C reduction in minimum
temperature). With regard to the early morning, the results of this
study show that the presence of a tree canopy reduces the heat
loss for radiative processes during the night and this can reduce
air and surface temperature cooling (Armson et al. 2012).

The use of vegetation provides clear benefits compared
to dry asphalt and gravel, though irrigated grass that is fully
exposed to the sun has an especially low ‘cooling efficiency’ due
to its high water consumption. Both Exp Gravel and Exp Asphalt
produced very strong heat stress during daytime hours. The very
small distinction between these two surfaces is likely due to the
increased sensitivity of the black globe thermometer to direct
solar radiation, especially in the middle of the day (Khritetal. 2017),
and this could account for the low effect due to reflected solar
radiation by different surfaces. A pedestrian in the unshaded
gravel and asphalt area would experience a degree of heat stress
for the full daytime period. Whether standing exposed to sunlight
or under tree shade also changes the degree of heat stress
experienced by people.

For thermal stress evaluated with UTCI, our results suggest
that the most effective treatment for reducing thermal stress
under hot and clear conditions is to ensure that direct radiation
does not reach a pedestrian’s body or the surrounding ground
surfaces, regardless of their albedo. Some authors found that an
increase of ground albedo or the albedo of walls would lead to
an increase in the UTCI linked to an increase in mean radiant
temperatures (Schrijvers et al. 2016). However, other studies found
that albedo plays a significant role in mean radiant temperature
values during winter, but not during summer (Huang et al. 2019).
These different findings can also be linked to the method of
measuring or estimating mean radiant temperature in outdoor
environments (Thorsson et al. 2007; Krlger et al. 2014).
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Conclusion
The present study confirms the role of trees and tree shade

in cooling the surrounding air and improving outdoor thermal

comfort dramatically by reducing the exposure of a pedestrian to
both short- and long-wave radiation (Pearlmutter et al. 2014; Shashua-

Baretal. 2011).

The main results of this study on UTCI are summarized as
follows:
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