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Abstract: With relatively high temperatures and evenly distributed precipitation throughout the
year, outdoor thermal comfort is important in Taiwan. Thus, we discuss thermal comfort in different
density areas with A: a low density (average buildings height/Street width ratio: 1.3, SVF: 0.28), B: a
mid density (H/W: 2.75, SVF: 0.14), and C: a high density (H/W: 6.88, SVF: 0.11). Data were acquired
through field meteorological measurements from the three sites on typical summer days from 15 to
17 July 2022. Around the Wanhua district of Taipei City, thermal comfort was obtained through the
calculation of thermal comfort indices: physiological equivalent temperature (PET) and Universal
Thermal Climate Index (UTCI). Results showed that different urban density areas had different
thermal comforts; streets in A were more exposed to sunlight, causing the mean radiant temperature
to be the highest; C had lower solar radiation and stronger wind with the highest comfort level; and
B had higher air temperature but lower radiation than A. PET contributed to uncomfortableness
in A. Thermal sensation vote results showed that B had the most “uncomfortable” votes because
wind speed in B was the lowest. Medium-density urban areas had enough solar exposure on the
pedestrian level, but not enough wind to dissipate the heat. PET was more sensitive to mean radiant
temperature. These findings provide a guideline and technical reference for urban designers to
mitigate the high temperatures of summer in urban areas and improve thermal comfort to create a
healthy environment and encourage people to utilize outdoor environments.

Keywords: outdoor thermal comfort; urban density; questionnaire survey; thermal comfort indices;
urban outdoor environment; environmental engineering; climate change

1. Introduction

Urban outdoor spaces accommodate pedestrian passage and provide space for out-
door activities; thus, they are important components of urban life. Encouraging urban
residents to visit outdoor spaces and streets benefits the city economically, physically,
environmentally, and socially [1–4]. Taiwan entered the era of an aged society with more
than 14% of the population being 65 years old and above. A study in Japan [5] concluded
that walkable urban spaces improved the lives of senior citizens. Outdoor spaces can also
provide health benefits and offer a feeling of social support. However, global warming
and the rapid urbanization process of big cities have caused tremendous changes to the
climate, especially in urban areas, intensifying the urban heat island (UHI) effect and affect-
ing outdoor thermal comfort. The UHI effect is a phenomenon where heat accumulates
in urban areas caused by urban development and activities [6]. In the past decade, the
urban temperature has been continuously rising and has caused a serious impact on urban
residents. Exposure to extremely high temperatures leads to fatigue and dizziness, and is
even life threatening [7,8]. According to the Central Weather Bureau, Taiwan is located in a
humid–subtropical region with relatively high temperatures and heavy precipitation with
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204 rainy days per year. The summer of 2020 was recorded as the hottest season ever in
Taiwan, with the highest temperature of 40.2 ◦C in Taitung and 39.7 ◦C in Taipei. According
to Taiwan Climate Change Projection Information and the Adaptation Knowledge Platform,
by the end of this century, there is a high possibility that summer will be lengthened by
up to 210 days per year, with winter shortened by less than 50 days if global warming
continues to escalate.

To encourage citizens to utilize urban outdoor spaces, thermal comfort is a neces-
sary factor to be considered. Thermal comfort depends on the satisfaction of the human
body in relation to the thermal environment. Global climate change has made people
pay more attention to outdoor thermal comfort. Outdoor thermal comfort is affected by
meteorological factors (air temperature, humidity, wind, sun, and exposure) and personal
factors (gender, age, clothing insulation, and metabolism). Thermal comfort can be as-
sessed through thermal indices and subjective questionnaires. Thermal indices can be
calculated through meteorological data acquired from field monitoring while conducting
questionnaire surveys around the monitoring area.

Physiological equivalent temperature (PET) and Universal Thermal Climate Index
(UTCI) are the most commonly used thermal comfort indices. PET was developed in the
1990s by Hoppe, and UTCI was developed by the International Society for Biometeorology
(ISB) [9]. Both PET and UTCI include factors affecting thermal comfort in the calculation:
meteorological parameters and personal parameters. UTCI has the advantage of presenting
different climates, weather, and locations [10]. Reference [11] indicated that PET was more
sensitive in the heat of summer; thus, both PET and UTCI were considered suitable thermal
indices to be utilized in this research. Several studies on urban planning showed that
different urban densities had different impacts on the wind ventilation and microclimate
of the area. Reference [12] concluded that stronger wind had the effect of dispersing and
diluting both pollutants and heat. Urban densities have significant impacts on the urban
climate, where good ventilation can improve thermal comfort. Studies in the past have
shown that urban densities are affected by factors such as sky view factor (SVF) and height-
to-width ratio (H/W), which is the ratio of building heights to street width [13]. Lower
density urban areas are proven to have more wind [14]. In urban areas with taller buildings,
the wind is accelerated around the corners [15]. During the daytime, air temperature and
SVF have a positive correlation, where lower SVF and H/W areas can block direct solar
exposure, thus resulting in cooler temperatures [16–18]. Studies in Canada showed [14]
that SVF between 0.3 and 0.85 caused a 1.5 K temperature difference. However, compared
to high-density areas, low-density areas can lose more heat and have lower temperatures
in the absence of solar radiation. Mean radiant temperature (Tmrt) is also proven to be
lower in narrow streets, where Tmrt increased with SVF value [19]. Research in Tainan [18]
studied the thermal environment of a school area and found that PET was lower in low
SVF areas. SVF and wind speed directly affect outdoor thermal comfort [20]. In a humid–
subtropical climate, lowering radiation and air temperature can result in higher thermal
comfort, and accelerating wind speed can improve urban ventilation and thermal comfort.
Therefore, overall thermal comfort can be evaluated through PET and UTCI with relevant
climate factors in the calculations.

This study aims to explore the relationship between urban density and the influences
on pedestrian thermal comfort in Taiwan through field monitoring and questionnaire
surveys. Thermal comfort in areas is compared with different urban densities in the
Wanhua district of Taipei on hot summer days. The effect of various urban densities on
human thermal comfort is investigated to determine urban density with the highest thermal
comfort level in summer, and to provide a guideline for urban planners to optimize the
thermal comfort of outdoor spaces in Taiwan.
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2. Methodology
2.1. Experiment Site

Taiwan has a humid–subtropical climate with high temperatures, especially in the
summer season, and a high level of humidity. Urban areas selected for this study are located
in Ximen, a part of the northeast side of the Wanhua district, which is located in the west
of Taipei City, the northern part of Taiwan (Figure 1). The pedestrian area in Ximen was
the first to be built in Taipei, and the largest in Taiwan. Ximen was selected as the location
of this study due to the variety of age groups and a large number of pedestrians, making
this place ideal for an outdoor human thermal comfort study. Three different locations
were selected as experimental sites for meteorological measurement and questionnaire
surveys in all three sites (A-C) were located in the same district to minimize the climate
difference (Figure 2). The H/W ratio and SVF value were used to determine the urban
density of this study. Fisheye images were taken and SVF was calculated using RayMan Pro
software [21–25]. Three types of urban densities (low, medium, and high) were compared
in this study. Site A was located in a low-density area that has an H/W ratio of 1.3 with an
SVF value of 0.28. Site B was in a medium-density area with an H/W of 2.75 and an SVF
value of 0.14. Site C had the highest density of all three, with an H/W of 6.88 and an SVF
value of 0.11. Taking solar angle into account, all three sites were north–south oriented to
minimize differentiation between sites (Table 1).
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Table 1. SVF and H/W Ratio of three different sites.

Site A
(Low Density)

Site B
(Medium Density)

Site C
(High Density)
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2.2. Meteorological Measurement

Site monitoring and meteorological data measurements of this study were conducted
during the summer season from the 15th to the 17th of July 2022. The dates chosen were the
196th to 198th days of the year, which were the typical hottest summer days in the Wanhua
district. The majority of the shops in Ximen opened around 10 AM; thus, this study was
conducted from 10:00 to 18:00 when the typical daytime activity occurred in Ximen to
ensure the number of questionnaire surveys in this study. Meteorological factors such as
air temperature (Ta), relative humidity (RH), wind speed (v), and black globe temperature
(Tg) were measured using the testo-480 measuring equipment. The equipment and probes
were placed at a height of 1.5 m, and thermal data were collected every 1 min.

2.3. Questionnaire Survey

A questionnaire survey was conducted simultaneously with field data measurement,
within a radius of 5m of the measuring equipment. Interviewees were randomly selected.
Taking thermal adaptation into account, interviewees stayed outdoors (preferably in the
same area) for at least 10 min to be eligible to fill out the questionnaire. The interview
method was used for the questionnaire, in which interviewees were asked questions in
the questionnaire. The questionnaire comprised three sections. The first section included
questions for information about the interview, such as date, time, and location. The second
section was for basic information on the interviewees, such as gender, age group, upper
and lower body clothing, and activities. The third section was for the thermal sensation
vote. This section included 6 questions. The first question was to determine the thermal
sensation of the interviewees according to their sensation at the moment of the interview
with a 5-point scale (−2, hot; −1, warm; 0, neutral; +1, cool; +2, cold). The second through
fifth questions were for the preference vote towards the climate parameters, including
air temperature, relative humidity, wind speed, and radiation with a 3-point scale (−1,
0, +1). Interviewees were asked about their expectations of the parameters. The last
question was about the overall thermal comfort of the interviewee using a 3-point scale
(−1, uncomfortable; 0, neutral; +1, comfortable). A total of 1177 valid questionnaires were
completed. Personal parameters such as age, clothing, and activities were collected to
calculate thermal comfort with PET and UTCI.

2.4. Thermal Comfort Indices

UTCI and PET are two of the most commonly used thermal comfort indices to assess
outdoor thermal comfort. Both indices were considered with every parameter influencing
thermal comfort: meteorological parameters (air temperature, relative humidity, wind
speed, and radiation), and personal parameters (clothing and metabolic rate) [9]. PET was
developed by Hoppe using the Munich Personal Energy Balance Model or MEMI, defined
as an environment where human skin and body temperature reach the typical indoor
environment where Tmrt = Ta, vp = 12 hPa, and v = 0.1 m/s. UTCI was developed by ISB,
using equivalent temperature where RH = 50%, Tmrt = Ta, v < 0.15 m/s, and vp < 20 hPa.
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With meteorological data obtained through field measurement and personal data obtained
through questionnaire surveys, outdoor thermal comfort was calculated through PET and
UTCI. Both indices were calculated with RayMan software, an applied meteorology and
climatology software developed by Andreas and Rutz [21–25]. The time, date, longitude,
and latitude of the experiment sites, meteorological data, and personal data were input into
the software to calculate thermal indices. Fisheye images were used to calculate the SVF
value for mean radiant temperature calculations. The average metabolic rates and clothing
insulation of interviewees were used in this study.

3. Results and Discussions
3.1. Meteorological Measurement

Among the three sites, the maximum mean air temperature of sites A and B were both
39.5 ◦C (Table 2). Site B had a slightly higher mean air temperature than A. Site B showed
the highest mean air temperature. The main reason was that the medium-density area
had enough sun exposure and solar radiation to the pedestrian level, but did not have a
high enough wind speed to disperse the heat. The mean air temperature and maximum air
temperature of site C were the lowest of all three. Site C also had the lowest black globe
temperature because C had the highest H/W ratio and lowest SVF value. Site A, with the
lowest H/W ratio and highest SVF value, showed the highest black globe temperature.
Although site A was more exposed to solar radiation, the openness allowed stronger wind
than B to lower the air temperature. Wind speed was the strongest in site C, but relative
humidity in site C was the highest. Humidity was defined as the concentration of water
vapor in the air. Higher-density areas could cause wind speed to be stronger around tall
buildings, but could also cause humid air to take longer to evaporate. In conclusion, site
C had the lowest mean air temperature and lowest black globe temperature. There was a
positive correlation between air temperature and wind speed, and between urban density
and black globe temperature. The higher the H/W ratio, the lower the radiation. The wind
speed in site B was the weakest, and the mean air temperature was the highest.

Table 2. Meteorological measurement results.

Site SVF
Tg (◦C) Ta (◦C) RH (%) v (m/s)

Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. Min.

A 0.287 37.9 42.3 34.4 36.5 39.5 33.0 47.1 56.1 40.9 0.9 3.8 0.1

B 0.14 37.2 40.0 33.8 36.7 39.5 34.4 45.7 53.0 39.9 0.7 2.6 0.1

C 0.114 36.1 43.1 32.5 35.7 38.2 33.1 47.7 57.1 41.1 1.5 5.8 0.2

3.2. Questionnaire Result

A total of 1177 valid questionnaires were collected: 457 in site A (208 males, 249 females),
384 in site B (178 males, 206 females), and 336 in site C (155 males, 181 females). Average
clothing insulation slightly differed from sites, which ranged from 0.28 to 0.29. Activity level
was also typical, which ranged from 2.03 met to 2.11 met. The majority of the interviewees
belonged to the 19−30 age group, with the 13−18 age group being the second largest, and
the 31−40 age group being the third. Tables 3 and 4 summarize the data of the interviewees.
Most of the interviewees voted “hot = −2” on the thermal sensation vote, and most pre-
ferred a lower temperature. More than half of the interviewees voted “lower = +1” on the
relative humidity vote. Stronger wind speed was preferred on sites A and B, but remained
unchanged in site C. Regarding solar radiation, most voted for “lower = +1”. Sites A and B
had a majority vote of “uncomfortable = −1”, while site C had a majority of “neutral = 0”.
The air temperature preference vote result showed that the thermal environment in Ximen
was extreme. The result showed that wind speed had a direct correlation with the thermal
sensation vote of the interviewees.
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Table 3. Summary of the interview data.

Site Gender No. of
Subjects

Avg.
Clothing (clo)

Avg.
Metabolism

(met)

A
M 208

457 0.28 2.03
F 249

B
M 178

384 0.28 2.11
F 206

C
M 155

336 0.29 2.06
F 181

Table 4. Age groups of interviewees.

Age Range <12 13–18 19–30 31–40 41–50 51–60 61–65 65< Total

No. of Subjects 33 163 539 123 111 100 41 67 1177

Percentage (%) 2.8 13.8 45.8 10.5 9.4 8.5 3.5 5.7 100.0

3.3. Relationship between Urban Densities and Pedestrian Thermal Comfort
3.3.1. Thermal Sensation Vote (TSV)

The thermal sensation vote (Figure 3) showed that the majority of pedestrians felt
“hot = −2”, as the summer thermal environment of Ximen was extremely hot. In site
B, the highest percentage of 82% was obtained, and in site C, the lowest percentage of
61% was recorded. This result proved that high-density areas (H/W = 6.88, SVF = 0.11)
had significantly better thermal sensation in the summer season. The medium-density
areas of site B (H/W = 2.75, SVF = 0.14) had the worst thermal comfort of all three sites.
Low-density areas (H/W = 1.3, SVF = 0.28) had 75% of the vote for “hot = −2”. Comparing
the percentages of thermal sensation votes, different urban densities showed different
thermal comfort, with thermal comfort ranking as site C > site A > site B.
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3.3.2. Meteorological Preferences Vote

Table 5 and Figure 4 show a majority of “lower = +1” on all sites, ranked as site
C (78.9%) < site B (91.9%) < site A (92.3%). Site A had the highest vote of pedestrians
who preferred the temperature to be “lower = +1”. While sites A and B had different
results with a difference of 0.4%, site C had 78.9% votes for lower temperatures, and
20.8% votes for “unchanged = 0”, which were significantly higher than the other two sites.
The relationship between Ta preference and TSV was similar, but the ranking was not
similar. The v has a direct relation to thermal sensation vote, where the stronger wind
was preferred on lower TSV sites. The v preference of “stronger = +1” was ranked as
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site C (46.1%) < site A (56%) < site B (63.5%). Solar radiation preference of “lower = +1”
was ranked as site A (75.1%) > site B (72.4%) > site C (63.1%), which was similar to the
measurement results. RH preference between sites was slightly different, as the human
body was not sensitive to changes in humidity.

Table 5. Summary of interview responses.

No. Question Variable Option
Statistics and Percentage

A B C

1 How do you feel? TSV

Hot = −2 344 75.3% 315 82.0% 204 60.7%

Warm = −1 55 12.0% 30 7.8% 53 15.8%

Neutral = 0 49 10.7% 34 8.9% 53 15.8%

Cool = +1 9 2.0% 5 1.3% 26 7.7%

Cold = +2 0 0.0% 0 0.0% 0 0.0%

2
How would you prefer

the air temperature to be?
Ta

preference

Higher = −1 2 0.4% 0 0.0% 1 0.3%

Unchanged = 0 33 7.2% 31 8.1% 70 20.8%

Lower = +1 422 92.3% 353 91.9% 265 78.9%

3
How would you prefer

the relative humidity to be?
RH

preference

Higher = −1 25 5.5% 27 7.0% 9 2.7%

Unchanged = 0 199 43.5% 146 38.0% 131 39.0%

Lower = +1 233 51.0% 211 55.0% 196 58.3%

4
How would you prefer
the wind speed to be?

v
preference

Weaker = −1 30 6.6% 14 3.7% 12 3.6%

Unchanged = 0 171 37.4% 126 32.8% 169 50.3%

Stronger = +1 256 56.0% 244 63.5% 155 46.1%

5 How would you prefer
the solar radiation to be?

Sun
exposure

preference

Higher = −1 11 2.4% 7 1.8% 3 0.9%

Unchanged = 0 103 22.5% 99 25.8% 121 36.0%

Lower = +1 343 75.1% 278 72.4% 212 63.1%

6 How is your overall
thermal comfort?

Thermal
Comfort

Uncomfortable = −1 259 56.7% 236 61.5% 130 38.7%

Neutral = 0 178 38.9% 135 35.1% 149 44.3%

Comfortable = +1 20 4.4% 13 3.4% 57 17.0%

In conclusion, both Ta and solar radiation of Ximen in summer were extreme. Site C
had the highest percentage of “unchanged = 0” in Ta, solar radiation, and v preferences
compared to the other three sites. RH showed no significant correlation to thermal comfort.
Lower solar radiation and Ta improved thermal comfort, but in a situation where Ta
and radiation were slightly different, wind speed showed a more direct correlation to
thermal comfort.

3.3.3. Overall Thermal Comfort (OTC)

OTC was used to evaluate TSV and the meteorological preference votes’ correlation
to thermal comfort. The majority of votes in sites A and B were “uncomfortable = −1”
(A = 56.7%, B = 61.5%). Site C had the highest thermal comfort, where the majority of
pedestrians voted “neutral = 0” (44.3%). OTC was ranked as site C > site A > site B. The
result correlated with TSV results, which was also consistent with wind speed preferences.

3.4. Thermal Comfort Indices
3.4.1. PET and UTCI Assessments

Meteorological data combined with average clothing insulation and metabolic rates
on each site were used to calculate PET and UTCI. Thermal indices calculations were
conducted in three periods to analyze the meteorological data and its impact on thermal
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indices (Table 6). Tmrt was the highest on every period at site A, because A had the
largest street area and the most sun exposure. In the period “10:00–12:30”, both PET and
UTCI in site B presented the most uncomfortable site. The ranking of PET and UTCI
was site B < site A < site C, with C being the most comfortable site. As can be seen in
Figure 5, during “13:00–15:30” and “15:30–18:00”, site C remained the most comfortable,
and site A was the most uncomfortable site. The difference between PET and UTCI during
“15:30–18:00” was small. During “13:00–15:30”, site A was significantly more uncomfortable
than B due to the direct sun exposure and high Tmrt. PET was more sensitive to heat when
the Tmrt level was high, and PET had a narrow range compared to UTCI. On average, PET
was higher than expected from UTCI. Sites A and B were “very hot” from 10:00 to 15:30,
and “hot” from 15:30 to 18:00. The result was consistent with TSV and OTC, where C was
the most comfortable site, being “hot” from 10:00–15:30, and “warm” from 15:30–18:00. The
TSV and OTC showed that site B had the most votes of “uncomfortable”. This proved that
air temperature and mean radiant temperature had a bigger influence on thermal indices,
but subjective thermal comfort in this study was affected by wind speed.
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Table 6. Summary of Tmrt, PET, and UTCI.

Site
10:00−12:30 13:00−15:30 15:30−18:00 Average

Tmrt PET UTCI Tmrt PET UTCI Tmrt PET UTCI Tmrt PET UTCI

A 47.9 42.4 39.9 50.7 45.6 42.4 39.7 38.8 38.5 46.1 42.2 40.3
B 46.8 42.9 40.6 45.2 42.3 40.6 38.8 38.1 38.1 43.6 41.1 39.8
C 44.7 39.7 38.3 44.0 40.3 39.1 38.0 36.9 36.8 42.3 38.9 38.0

In summary, the result showed that PET was more sensitive to thermal and radiation
changes than UTCI. In this study, PET was defined to be at three levels; “warm”, “hot”,
and “very hot”, while UTCI had two levels of “strong heat stress” and “very strong heat
stress”. PET and UTCI showed that the thermal environment in the Ximen area in summer
was extreme.
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3.4.2. Linear Regression Analysis

The relationship between thermal indices and questionnaire results was calculated
and analyzed using the linear regression analysis method to identify which thermal index
has more impact on subjective thermal sensation. Mean thermal sensation votes on each
site were obtained through TSV data from the questionnaire, ranging from −2 (hot) to +2
(cold), which were defined as the dependent variable of the analysis. To achieve higher
accuracy in the analysis, data from three days of surveys were calculated separately, with
each day consisting of three different times of day on each site, resulting in 27 cases of data.
PET and UTCI values of each site at the same time of day were calculated and defined as
the independent variable (see Figure 6).
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The coefficient of determination (defined as R-squared) is used to determine which of
the thermal indices fit the subjective TSV data. Linear regression of PET and MTSV has an
R-squared value of 0.307, while that of UTCI and MTSV has an R-squared value of 0.486.
Thus, by comparing the relationship between TSV and thermal indices, UTCI has a higher
significance of linear regression, which was shown by a higher R-squared value of 0.486,
which determines UTCI to be more suitable for outdoor thermal comfort evaluation in
this study.

4. Conclusions

Three different urban density areas were investigated to explore the relationship be-
tween urban density and outdoor thermal comfort. The H/W ratio and SVF were used to
determine different urban densities. Through meteorological measurement and question-
naire surveys, PET and UTCI were calculated, and questionnaire data were analyzed to
determine which site has the highest comfort level.

Urban densities affected the pedestrian thermal environment. Different H/W ra-
tios and SVFs had different impacts on pedestrian thermal comfort. In this study, site
C (H/W = 6.88, SVF = 0.11) showed the best thermal comfort in summer. The ques-
tionnaire survey result showed that the thermal comfort ranking of the three sites was
site C > site A > site B, with B being the most uncomfortable site. Thermal comfort ranking
was dependent on wind speed, as wind speed had a bigger influence on subjective thermal
comfort in this study, while relative humidity had the least influence on thermal comfort.
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PET and UTCI showed that the thermal environment in Ximen during the summer season
was extreme. Mean radiant temperature had a higher influence on both PET and UTCI than
wind speed. PET was more sensitive in extreme heat, and UTCI had a wider range than PET.
Both PET and UTCI showed that site C had the highest thermal comfort level. UTCI had a
higher significance towards the subjective thermal sensation vote result. Considering the
calculation result of PET and UTCI, further study is required to understand the difference
between the two.

Although site A had the highest solar radiation and Tmrt, site B had the highest mean
air temperature. This was because site A had a wider street width and lower buildings,
which caused sun exposure to be the highest, but stronger wind ventilated the pedestrian.
Site B had a higher average building height, but was not tall enough that sun could
penetrate the street. On the other hand, wind speed in site B was the lowest of all three
sites, causing the mean air temperature to be the hottest. Site C showed the highest thermal
comfort because tall buildings provided shading and stronger wind around the corners.
Urban ventilation was an important factor for outdoor thermal comfort. The findings of
this study provide a technical benchmark for urban planners, especially in hot summer
areas, such as Taiwan, to mitigate the effects of climate change and global warming that
cause extreme outdoor thermal environments for urban residents, and to create a healthier
outdoor environment.
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