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Abstract: For a country with multiple climate zones, analyzing the impacts of urban design in
different climate zones is a prerequisite to climate adaptation policies. However, countries advanced
in climate adaptation strategies are mostly located in a single climate zone, leading to a lack of
research on climate adaptation policies for multiple climate countries. As China is launching the
urban zoning management policy, this research takes China as an example to explore a technique to
quickly distinguish the impact of urban design in multiple climate zones by combing the open-source
data with the Envi-met tool, where the open-source data indicate the data that can be obtained from
public platforms such as the internet and Envi-met is a microclimate simulation tool. First, the open
street map tool, one of the open-source data, was used to abstract the typical models of each climate
city. Then, open-source meteorological data were employed as the boundary conditions for Envi-met
simulation. Lastly, after the Envi-met simulation, the impacts of aspect ratio (H/W) on multiple
climate indicators in seven climate cities were analyzed with the meteorological interpolation method.
The analytical results show that H/W has a stronger ability to regulate the thermal comfort of high
latitude cities. In Guangzhou and Changsha, the maximum differences of PET caused by H/W are
only 0.61 °C (Changsha) and 0.63 °C (Guangzhou). H/W has the strongest regulating effect on the
thermal comfort in Harbin, with the highest value of 8.62 °C. The regulating effects of H/W on
outdoor PET in other 4 cities are 4.37 °C in Urumqji, 3.29 °C in Xining, 1.29 °C in Xi’an, and 0.76 °C in
Kunming. In addition, H/W mainly affects PET by modifying the radiant temperature. Compared
with mean radiant temperature, the effects of H/W on air temperature, relative humidity, and wind
speed are negligible. Longitude regulates the occurrence time of the coldest and hottest thermal
environments. Among the seven climate zones in China, the difference in appearance time between
the coldest and hottest reaches up to 2 h. For the implementation of urban zoning management
policy, in China, high latitude cities are encouraged to high H/W to create a comfortable city. Cities
whose latitude is less than 30° may not consider the impacts of H/W on thermal comfort. This
method of combining open-source data with Envi-met can serve as a reference for other countries
that span multiple climate zones. In addition, these results provide a decision-making basis for the
management of H/W in different climate cities of China.

Keywords: thermal comfort; aspect ratio; Envi-met; multiple climate zones

1. Introduction

Over the past few decades, rapid urbanization has resulted in higher thermal loads,
significantly affecting the energy demand and the health of the residents [1-3]. Many
countries have taken actions to mitigate the urban heat island, for example, the garden
city of Singapore and “Guideline for the planning, Execution and Upkeep of Green-Roof
Sites” of Germany [4,5]. However, most of these countries that are advanced in climate
adaption only have one climate zone where climate adaptation policies are easy to formulate.
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However, this issue in countries that span multiple climate zones is more complex. For
example, China have also promoted greening and controlled the urban morphology though
incentive or mandatory policies in the last decades [6]. But the achievements of these
actions are not satisfactory as China has many climate zones, where the mandatory policy
that is performing well in one climate zones may not be effective in another climate zone [7].
This is easy to understand as thermal perception is formed by regional climate and built
environment. For example, a study pointed out that H/W being 1.0 can provide a “cold
island area” for cities in arid regions [8], while another study in a hot and humid zone
indicated that H/W exceeding 2.0 effectively prolonged daytime shade [9]. Research
conducted in a Mediterranean city showed that H/W increased to 3.0 could effectively
reduce PET effectively by 4.0 °C [10]. Whether the H/W is 1.0, 2.0, or 3.0, the conclusions
are all correct in their respective regions, but may be incorrect in other climate cities. In
addition, all these conclusions are driven from three methods, field measurement, wind
tunnel experiment, and numerical simulation, which are widely used to explore the impacts
of urban morphology on the thermal environment [11,12]. However, for the multiple
climate cities, both field measurement and the wind tunnel experiments bring enormous
time and economic costs [13]. Although numerical simulation is acceptable, in the view
of time and economic costs, extensive work of data collection and simulation often brings
difficulties to research. Therefore, it is of significance to explore a method to quickly identify
the appropriate space for different climatic zones, which is urgent for countries like China
that is launching its urban management policies based on climate zones [14].

To explore a technical path to adaptive to multiple cities research, this research com-
bines the open-source data with the Envi-met tool to simplify the research workload. In this
research, open-source data include open street map data and open-source meteorological
data [15]. Open street map is non-profit data, which is built by public feedback. Open street
map provides urban road and building data globally. With the help of open street map,
this research will obtain the urban map easily. In addition, open-source meteorological
data are easy to understand, as many countries have published meteorological statistics on
their websites. The website of open-source meteorological data in this research are detailed
introduced in the next chapter.

Based on the open-source data, this study proposes a technical path to simplify the
research workload towards multiple climate zone and clarifies how H/W impacts thermal
comfort in multiple climate zones in China. The method proposed in this manuscript can
be used in many countries as a more time-saving and cost-effective method.

2. Materials and Methods
2.1. Research Methodological Framework

The research consisted of 8 steps. Step 1, seven typical cities were selected to analyze
the impact of H/W on the thermal environment. Step 2, meteorological parameters of those
seven cities were collected. Step 3, with the help of Landsat 8, satellite images of the seven
cities were obtained which were converted to identify the UHI of each city. Step 4, the
texture of typical heat island in each city was extracted by the open street map tool, which
provides the UHI area with the information of building and road. Step 5, the H/W of UHI
area were calculated from the satellite images with the tool of ArcGIS. Step 6, the typical
street models of seven cities were built according to the texture from Step 4 and the H/W
from Step 5. Step 7, after the accuracy of the Envi-met tool was validated, the thermal en-
vironments were simulated with the variation of H/W in different climate cities. Step 8, the
outputs of the research were analyzed. Figure 1 describes the research design of the study.
The 8 steps are described in detail in Sections 2.2 and 2.3.
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Figure 1. Research design.

2.2. Seven Building Climate Zones in China
2.2.1. Building Climate Zones and Climate Cities

China has 7 building climate zones, shown in Table 1, which are severe cold zone (I),
severe cold zone (II), cold zone (I), cold zone (II), warm zone, hot summer—cold winter
zone, and hot summer—-warm winter zone [16,17]. Based on the following three crite-
ria, 7 typical cities in 7 climate zones were selected. Firstly, the seven cities were the
provincial capitals in each climate zone, with high levels of economic development, urban-
ization, and population density. Secondly, the seven cities are evenly distributed across
the climatic zones, with latitudinal positions spanning more than 20 degrees. Thirdly, as
highly urbanized central cities, urban heat islands and thermal environment issues were
equally prominent in these cities. Harbin (45.63° N, 127.97° E), Xi’an (34.26° N, 108.93° E),
Changsha (28.15° N, 113.23° E), Guangzhou (23.27° N, 113.51° E), Kunming (25.29° N,
102.82° E), Xining (36.82°N, 101.44° E), and Urumgqi (43.42° N, 87.32° E) were selected as
a result.

Table 1. Seven building climate zones in China.

Building Climate Zones Climate Indicators Climate Cities
Severe cold zone (I) January mean F][Sl;n:ez(ilol%’_g;lgor;ean Ta=25°C Harbin
Severe cold zone (II) ]uly_éga;CTf ;arllg ilg, E?;%ZZER_I-? ;CSO" % Urumgqi

Cott ane ) G Sy mean T, <0°C
Cold zone (II) -2 Oclufy]i‘e‘;?}:f‘éa&{acg 0°C Xining
Warm e 016 iy mean T, < 13 Kunmin
Hot summer-cold winter zone 0 205C Oé ];r}ﬁf;};n?:ir}r}géé 9, ZC Changsha
Hot summer-warm winter zone 2515 2??;{; erf\ZIal;fTZa 1§02°9C °C Guangzhou

2.2.2. Meteorological Data of Seven Cities

By visiting the open meteorological websites (https:/ /www.cma.gov.cn/, https:/ /xihe-
energy.com/), a statistical website for official meteorological data in China, this research col-
lected the meteorological data of the hottest month in seven cities and plotted
Figures 2-5. The data shown in Figures 2-5 were used as the boundary condition in
the following simulations.
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Figure 2. Air temperature data of seven cities.
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Figure 5. Solar radiation data of seven cities.

2.2.3. Analysis of Building Forms within Heat Island Areas of Seven Cities

The seven building climate zones in China have different climates, cultures, and
histories, which contribute to their diversity in urban morphology [18]. This research
used “Landsat 8 + open street map” to analyze the spatial form within the strongest
urban heat island. Firstly, the study acquired summer remote sensing images from
https:/ /www.gscloud.cn, the official data platform of China Institute of Geography. These
remote sensing images were inverted to the land surface temperature (LST) in the Arcgis
platform, the most powerful geographic information technology that can translate land
surface temperature and calculate street height to weight. The method used to calculate
LST is shown in Equations (1) and (2) [19]:

Leen = B(Tsen) = (EB(TS) + (1 — s)Ld)T—i— La 1
K>
T, = ()
in((5t5) +1)

where Lgep, is the radiance measured by the sensor (W-m~2.sr~1.um~1), B is Planck’s
law, Tsen is the radiance brightness measured by the sensor (K), ¢ is the land surface
emissivity, T is the atmospheric transmissivity, Ts is the land surface temperature (K),
L4 is the downwelling atmospheric radiance, Ly, is the upwelling atmospheric radiance
(W-m~2.sr1.pum~1), and K; and K; are the radiation constants.

The urban heat islands calculated from Landsat 8 are shown in Figure 6, where the
most severe heat island of each city was chosen from the urban heat islands. Then, with the
tool of open street map, the most comprehensive open-source data platform that provides
global street data, we converted the three-dimensional spatial model of each severe heat
island, which is shown as the building layout in Figure 6. Based on the classification criteria
of spatial morphology [20], we extracted spatial prototypes of different urban heat islands,
shown as a typical street model in Figure 7.
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Figure 6. Typical heat island areas and building forms in seven cities.
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Figure 7. Typical street model of seven cities.

In Figure 7, a calculated area surrounded by the buildings is defined in each subgraph,
which is marked in red. In this research, we calculated the average meteorological indicators
within the area highlighted in red, as it reflects the general impacts of urban morphology
on the outdoor thermal environment.

2.3. Modeling for Climate Cities

With the tool ArcGIS, which can calculate the height of buildings based on the shadows
of remote sensing data, this research calculated the H/W of the streets entitled as the
building layout in Figure 8 [21]. The analytical results indicated that the H/W of high
latitude cities was slightly higher than that of low latitude cities. In general, the H/W
in Guangzhou, Changsha, and Kunming were observed in the range of 1 to 2.5, and
the lowest SVFs in Harbin and Urumgi were 0.5. For comparability, this research took
0.5, 1.0, 1.5, 2.0, and 2.5 as the cases to build models, shown in Figure 8. In Figure 8§,
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due to the diversity of building layout, the building densities were different, which were
23.7 (Harbin), 22.2% (Xi’an), 23.5% (Changsha), 24.1%(Guangzhou), 25.3% (Kunming),
24.2% (Xining), and 25.4% (Urumgi). In Figure 8, subgraphs a, b, ¢, d, and e are correspond
to the model with the H/W of 0.5, 1.0, 1.5, 2.0, and 2.5.

(a) (b) (© (d *
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& L L 0 0 1 J
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Figure 8. (a—e) Envi-met model with five H/W values for seven cities. Harbin: building density being
23.7%; Xi’an: building density being 22.2%; Changsha: building density being 23.5%; Guangzhou:
building density being 24.1%; Kunming: building density being 25.3%; Xining: building density
being 24.2%; Urumqi: building density being 25.4%.

2.4. Validation of the Envi-met

Envi-met is an advanced microclimate simulation tool that has been widely used
by urban planners. To confirm the accuracy of the Envi-met model, we conducted a
measurement experiment, which was carried out in Changsha, shown in Figure A1 of the
Appendix A. In this experiment, the micro-weather station was used, whose accuracy is
detailed in Table A1 of the Appendix A. The measurement lasted for 12 months, where
4 typical days in January (winter), April (spring), July (summer), and October (winter) were
selected to analyze. The measured and simulated data collected from the 4 typical days
are shown in Figure A2 of the Appendix A. The coefficient of determination (R?) [22], root
mean square error (RMSE) [23], and mean absolute error (MAE) were analyzed between
the simulated and measured data [24], whose equations are shown as Equations (3)—(5). In
the equations, X,,.; represents the measured value, and X, ; represents the simulated value;
n represents the number of data.

Z{\:l (Xm; i~ Xs; i)2
2
?:1 (Xm; i X)

n . . 2
RMSE = \/Eizl (Xm, 1 XS,' 1) (4)

n

RP=1-

®)
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The analytical results indicated that the R2, RMSE, and MAE of air temperature
were 0.99 °C, 1.76 °C, and 0.68 °C. The R?, RMSE, and MAE of relative humidity were
0.98%, 3.61%, and 1.50%, respectively. Compared with previous studies, the R? of air
temperature and relative humidity in this experiment were higher than 0.82 [25], which
means excellent fitness. The RMSE and the MAE of the air temperature in this experiment
were consistent with Hayder Alsaad’s validation results [26]. The RMSE and MAE of
relative humidity were below 8.77% and 7.78% [27], a threshold standard believed in

previous research. The validated experiment proved that Envi-met is reliable in simulating
the thermal environment.

3. Results

The meteorological data in the results section all refer to the average of the calculation
area. For example, the air temperature at 8:00 in Harbin was 24.5 °C (H/W = 0.5), which
means that the average air temperature of the calculated aera was 24.5 °C. To visually
display the effects of H/W on the daily thermal environment, this research used the
temperature interpolation method [28], which is shown as Figures 9-13. In these figures,
each point has three attributes (X, Y, Z), namely the horizontal axis X, vertical axis Y, and Z

values. X represents the time on that day, Y represents the H/W value, and Z represents
the meteorological data value under this scenario.

3.1. Effect of Aspect Ratio on Air Temperature

Based on the principle of the thermal distribution map, this research drew the air

temperature maps that affected by the H/W in seven cities of the severe hot day, which are
shown in Figure 9.
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Figure 9. Cont.
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Figure 9. Hourly distribution of air temperature in seven cities.

From Figure 9, it can be seen that the hottest air temperature of Harbin happened
around 15:00, and that of Changsha and Guangzhou happened around 16:00. For Xi’an,
Kunming, Xining, and Urumgi, the hottest air temperatures were delayed until around
17:00. This is caused by the difference in longitude among the seven cities. With the higher
longitude, the later the hottest time period appears. Similarly, the occurrence time of the
lowest temperature at night was consistent with that of the highest temperature during
the day. For Harbin, the lowest air temperature of the day occurred at 5:00, and that of
Changsha and Guangzhou occurred at 6:00. The lowest air temperatures of Xi’an, Kunming,
Xining, and Urumgi occurred around 7:00.

For Harbin, Changsha, and Guangzhou, high H/W improved the outdoor air temper-
atures since the highest air temperature of these streets occurred when H/W was around
2.0 to 2.5. Meanwhile, high H/W decreased the outdoor air temperatures in Xi’an and Xin-
ing. Kunming and Urumgqi were not sensitive to H/W in terms of outdoor air temperature.

To quantitively analyze the impacts of H/W on outdoor air temperatures in different
climate cities, this research analyzed the maximum air temperatures of each city under
the five H/W scenarios, shown in Table 2. The analytical results in Table 2 confirm that
Kunming and Urumgqi are not sensitive to H/W in terms of outdoor air temperature.

Table 2. Maximum air temperature in seven cities.

H/W
City Range
0.5 1.0 1.5 2.0 2.5
Harbin 26.38°C 26.42 °C 26.50 °C 26.56 °C 26.48 °C 0.18°C
Xi’an 28.58 °C 28.51°C 28.47 °C 28.42°C 28.41°C 0.17°C

Changsha 32.81°C 32.82°C 3293 °C 32.94°C 32.95°C 0.14°C
Guangzhou  31.82°C 31.85°C 31.89 °C 31.92°C 31.90 °C 0.10°C
Kunming 23.86 °C 23.88 °C 23.90 °C 23.86 °C 23.85°C 0.05°C
Xining 21.51°C 21.48°C 21.38°C 21.33°C 21.36 °C 0.18°C
Urumgi 27.61 °C 27.59 °C 27.57 °C 27.58 °C 27.59 °C 0.04 °C
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3.2. Effect of Aspect Ratio on Relative Humidity

Based on the principle of the thermal distribution map, this research drew the relative
humidity maps that affected by the H/W in seven cities of the serious hot day, which are

shown in Figure 10.
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Figure 10. Hourly distribution of relative humidity in seven cities.
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From Figure 10, it can be seen that the lowest relative humidity of Harbin happened
around 15:00, and that of Changsha and Guangzhou happened around 16:00. For Xi’an,
Kunming, Xining, and Urumgqi, the lowest relative humidity was delayed until 17:00
and 18:00. The trends of lowest relative humidity ere conversely similar to that of air
temperature, because high air temperature will decrease the relative humidity. For the
highest relative humidity, their occurrence times were 5:00 (Harbin), 6:00 (Guangzhou and
Changsha), 7:00 (Xi’an and Kunming), 8:00 (Xining), and 10:00 (Urumgqi).

Except for Harbin, the relative humidity of the other six cities increased with the rise
of H/W in daytime, and the relative humidity of the six cities generally decreased with the
increase of H/W at night time.

To quantify the impacts of H/W on outdoor relative humidity in different climate
cities, this research analyzed the maximum relative humidity of each city under the five
H/W scenarios, shown in Table 3. The analytical results in Table 3 indicate that with the
increase of H/W, the relative humidity increases at night in the cities except Harbin. In
addition, Table 3 also indicates that Xining and Urumgi have the lowest relative humidity,
but they are most sensitive to H/W in terms of relative humidity.

Table 3. Minimum relative humidity in seven cities.

City HW Range
0.5 1.0 1.5 2.0 2.5

Harbin 64.79% 64.78% 64.65% 64.66% 64.74% 0.14%
Xi’'an 57.94% 58.20% 58.48% 58.76% 59.01% 1.07%
Changsha 55.43% 55.64% 55.74% 56.02% 56.26% 0.83%
Guangzhou 58.99% 58.96% 58.98% 59.07% 59.32% 0.36%
Kunming 59.11% 59.15% 59.16% 59.42% 59.56% 0.45%
Xining 46.21% 46.50% 46.91% 47.17% 47.23% 1.02%
Urumgqi 28.57% 29.33% 29.86% 30.27% 30.42% 1.85%

3.3. Effect of Aspect Ratio on Wind Speed

The wind distribution maps are shown in Figure 11. Figure 11 indicates that, in general,
the wind speed during the day was greater than that during the night in all the seven cities.
In addition, for Harbin and Changsha, H/W being 1.0 produced the lowest wind speeds.
For Guangzhou, Xining and Urumgqi, H/W being 1.5 to 2.0 produced the lowest wind
speed. For Kunming and Xi’an, the lowest wind speed occurred when the H/W was 2.5.

In general, the effect of H/W on wind speed was slight. The differences of wind speed
in the five H/W cases were 0.13 m/s (Harbin), 0.03 m/s (Xi’an), 0.04 m/s (Changsha),
0.05 m/s (Guangzhou), 0.03 m/s (Xining), and 0.04 m/s (Urumgqji), respectively. These
differences are shown in Table 4.
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Figure 11. Hourly distribution of wind speed in seven cities.
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Table 4. Maximum wind speed in seven cities.
H/W
City Range
0.5 1.0 1.5 2.0 2.5
Harbin 0.15m/s 0.02m/s 0.01m/s 0.02m/s 0.04m/s 0.13m/s
Xi’an 0.12m/s 0.10m/s 0.10m/s 0.09m/s 0.09 m/s 0.03m/s

Changsha 0.09 m/s 0.05m/s 0.05m/s 0.06 m/s 0.07m/s 0.04m/s
Guangzhou 0.11m/s 0.07m/s 0.07m/s 0.06 m/s 0.07m/s 0.05m/s
Kunming 0.05m/s 0.05m/s 0.04 m/s 0.03m/s 0.03m/s 0.02m/s
Xining 0.08 m/s 0.05m/s 0.05m/s 0.05m/s 0.05m/s 0.03m/s
Urumgqi 0.09m/s 0.06 m/s 0.05m/s 0.05m/s 0.06 m/s 0.04 m/s

3.4. Effect of Aspect Ratio on Mean Radiant Temperature

The mean radiant temperatures in different H/W scenarios of the seven cities are
shown in Figure 12. From Figure 12, it is obvious that the highest mean radiant temper-
ature occurred at different time in the seven cities. In Harbin, the highest mean radiant
temperature occurred at 13:00. For Changsha and Guangzhou, the highest mean radiant
temperature happened at 15:00. In Xi’an and Kunming, the highest mean radiant tempera-
ture occurred at 16:00. Xining and Urumgqi experienced the highest radiant temperatures
around 17:00. For the lowest mean radiant temperature, the earlier the highest mean
radiation temperature appeared, the earlier the lowest mean radiant temperature appeared.

With the growth of H/W, the mean radiant temperature at pedestrian height gradually
decreased in the seven cities. This is because high H/W prevents solar radiation entering
the street canyon in the daytime, which decreases the mean radiant temperature. During
the night, high H/W blocks the loss of longwave radiation, which increases the mean
radiation temperature during night.
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Figure 12. Cont.
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Figure 12. Hourly distribution of Tmrt in seven cities.
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To quantify the impacts of H/W on mean radiant temperature in different climate
cities, this research analyzed the mean radiant temperature of each city under the five H/W
scenarios, shown in Table 5. Table 5 reveals that Harbin, Urumgqi, and Xining are more
sensitive to the change of H/W in terms of mean radiant temperature. The differences
of mean radiant temperature in three cities were 10.09 °C (Harbin), 7.57 °C (Urumqji),
and 6.39 °C (Xining). Kunming and Guangzhou were the least sensitive cities to H/W
regarding mean radiation temperature in the seven cities, whose impacts on mean radiant

temperatures were 1.36° C (Kunming) and 2.14 °C (Guangzhou).

Table 5. Maximum Tmrt in seven cities.

City HW Range
0.5 1.0 1.5 2.0 2.5

Harbin 50.89 °C 47.73 °C 4547 °C 43.06 °C 40.80 °C 10.09 °C
Xi’an 55.26 °C 5422 °C 53.56 °C 52.98 °C 51.52°C 3.74°C
Changsha 58.96 °C 58.90 °C 58.52°C 57.06 °C 56.56 °C 2.40°C
Guangzhou  56.04 °C 57.77 °C 57.67 °C 57.42°C 55.63 °C 2.14°C
Kunming 5153 °C 52.06 °C 52.20 °C 51.89 °C 50.84 °C 1.36 °C
Xining 51.01 °C 4993 °C 49.36 °C 49.06 °C 4462 °C 6.39 °C
Urumgqi 54.99 °C 53.50 °C 5257 °C 48.79 °C 47.42 °C 7.57 °C
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3.5. Effect of Aspect Ratio on Physiological Equivalent Temperature

The impacts of H/W on outdoor thermal comfort in the seven cities were analyzed
in Figure 13. Figure 13 illustrates that Guangzhou and Changsha suffer from the hottest
thermal perception in summer as the highest PET even exceeds 56 °C in the two cities. For
Harbin, Guangzhou, and Xi’an, H/W being 1.0 witnessed the highest PET in the street. For
Kunming, the highest PET happened when the H/W is 1.5. For Changsha, Xining, and
Urumgji, high H/W reduced the highest PET of the day.

For PET, the patterns of change are more diverse since the PET index is formed by
the combination of temperature, wind speed, humidity, and other indicators. PET is not a
direct physical indicator affected by morphology.
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Figure 13. Hourly distribution of PET in seven cities.
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To quantify the impacts of H/W on outdoor thermal comfort in different climate cities,
this research analyzed the highest PET in seven cities, shown in Table 6. Table 6 illustrates
that although Changsha and Guangzhou suffer from the most severe hot PET, H/W had
the weakest power in regulating the PET. In Guangzhou and Changsha, the maximum
differences of PET caused by H/W were only 0.61 °C (Changsha) and 0.63 °C (Guangzhou).
H/W had the strongest regulating effect on the thermal comfort in Harbin, with the highest
value of 8.62 °C. The regulating effects of H/W on outdoor PET were 4.37 °C in Urumgji,
3.29 °C in Xining, 1.29 °C in Xi'an, 0.76 °C in Kunming, 0.63 °C in Guangzhou, and 0.61 °C
in Changsha.

Table 6. Maximum PET in seven cities.

H/W
City Range
0.5 1.0 1.5 2.0 2.5
Harbin 44.87°C 48.45°C 47.54°C 42.41°C 39.83°C 8.62 °C
Xi'an 52.50 °C 52.59 °C 52.44°C 52.47 °C 51.30 °C 1.29°C

Changsha 57.74°C 57.86 °C 57.80 °C 57.44 °C 57.25°C 0.61°C
Guangzhou  56.88 °C 57.5°C 57.51°C 57.46 °C 57.12°C 0.63 °C
Kunming 4430°C 44.68 °C 4491°C 44.87 °C 44.15°C 0.76 °C
Xining 42.10°C 41.88 °C 41.61 °C 4143 °C 38.81 °C 3.29°C
Urumgi 46.78 °C 45.84 °C 4544 °C 43.25°C 42.41°C 437°C

4. Discussion

Urban morphology, vegetation [29,30], and reflectance [31] are the three main chan-
nels to mitigate urban heat island. This research explored the effects of H/W, an urban
morphology indicator, on thermal environment. The above results indicate that, compared
with mean radiant temperature, the effects of H/W on air temperature, relative humidity,
and wind speed are negligible, which is consistent with previous studies [4,32]. Previous
studies have clarified that high H/W blocks the access of solar radiation to the street, which
significantly affects the mean radiant temperature [33]. In this study, air temperatures some-
times were observed to increase with the rise of H/W in Harbin, Changsha, Guangzhou,
and Kunming, which was caused by high H/W storing more heat in buildings. Therefore,
it is easy to understand that similar phenomenon is commonly seen at nighttime in these
cities. High H/W is also reported to reduce the wind speed by its high wind resistance [34],
which was also confirmed in this research, especially in Harbin, whose wind speed reduced
from 0.14 m/s to 0.02 m/s with the increase of H/W in this research. Wind speed is not an
effective channel for H/W regulating thermal comfort. This is because the impacts of H/W
on wind speed in the seven cities are far from the perceptible wind speed. Previous studies
have confirmed that high H/W leads to a reduction in mean radiant temperature [35],
which is consistent with the results of this study. The increase of H/W could increase the
shade covering the street [36], reducing the mean radiant temperature. In this study, with
H/W increased to 2.5, the mean radiant temperatures were reduced by 3.74 °C (Xi'an),
6.39 °C (Xining), 7.57 °C (Urumqi), and 10.09 °C (Harbin).

Compared to low latitude cities, the solar incidence angle in high latitude cities
decreases, which makes it more sensitive the H/W. This study further analyzed the impacts
of H/W on thermal indicators in these cities, confirming that high latitude cities are more
sensitive to the H/W in terms of regulating the thermal environment. For instance, the
regulating power of H/W on mean radiant temperature in Harbin was several times that
of Changsha and Guangzhou.

Although air temperature and relative humidity increased with the rise of H/W in the
daytime, their effects were very weak compared to the mean radiant temperature. As the
mean radiant temperature decreases with the rise of H/W, hence the PET also decreases
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with the increase of H/W in the daytime. So, from the results of this study, we also
confirmed that H/W mainly regulates PET by the channel of mean radiant temperature.

For the urban zoning governance policy, Guangzhou and Changsha are not sensitive
to the change of H/W. Therefore, climate adaptive cities for Guangzhou and Changsha
may not consider the impact of H/W. For Harbin, H/W being 1.0 to 1.5 is not conducive to
its thermal comfort in summer. For the other four cities, high H/W is encouraged to build
the urban climate adaptive city.

5. Conclusions

This study proposes and exemplifies a method to explore the impact of H/W on
the thermal environment across multiple climate zones with open-source data and the
Envi-met tool, which reduces the time and economic cost of investigation. This method can
be used in any country to research its climate adaptation policies. In addition, this research
clarifies the effect of H/W on the thermal environment in multiple climate zones in China
and identifies the best H/W for each climate zone, which are helpful for policy-making
based on climate zones. The results can be summed up as follows:

e H/W had a stronger ability to regulate the thermal comfort of high latitude cities.
In Guangzhou and Changsha, the maximum differences of PET caused by H/W
were only 0.61 °C (Changsha) and 0.63 °C (Guangzhou). H/W had the strongest
regulating effect on the thermal comfort in Harbin, with the highest value of 8.62 °C.
The regulating effects of H/W on outdoor PET in other four cities were 4.37 °C in
Urumgj, 3.29 °C in Xining, 1.29 °C in Xi’an, and 0.76 °C in Kunming.

e  H/W mainly affects PET by modifying the radiant temperature. Compared with mean
radiant temperature, the effects of H/W on air temperature, relative humidity, and
wind speed are negligible.

e Longitude regulates the occurrence time of the coldest and hottest environments.
Among the seven climate zones in China, the difference in appearance time between
the coldest and hottest time of day reached up to 2 h.

Therefore, from the view of a climate adaptive city, high latitude cities are encouraged
to high H/W to create a comfortable city. Cities at low latitude are slightly affected by the
H/W in terms of thermal comfort. Therefore, cities whose latitude is less than 30°, may not
consider the impacts of H/W on thermal comfort.

This study enhances our understanding of the thermal comfort regulated by H/W
across multiple climate zones. This study has several limitations which need further
exploration. Firstly, Envi-met constructs ideal urban models, and complex urban models
should be explored in subsequent studies. Secondly, this study focused on the impact of
H/W on thermal environments without considering its impact on air pollutants. Evaluating
the H/W from the view of both the thermal environment and air pollutants deserve
further study.
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Appendix A

The micro weather station is shown in Figure A1. The metrics of the weather station in-
struments are shown in Table Al. The data of the measured and simulated air temperatures
and relative humidity are shown in Figure A2.

Figure A1. The micro weather station was fixed near the building.

Table Al. Introduction of the micro weather station.

Measuring Instruments Measurement Indicators Measurement Range Instrument Precision Range of Error
Ta and Air temperature —20 ~ 100 °C 0.1°C +05°C
a and RH sensor Relative humidity 0 ~100% 0.1% +0.5%
Wind direction sensor Wind direction 0~ 360° 1° +3°
Wind speed sensor Wind speed 0~70m/s 0.1m/s +0.5m/s
Solar radiation sensor Total solar radiation 0 ~ 2000 W/m? 1 W/m?2 45 W/m?2
39 y =0.9459x +0.9677 78 y =0.9955x +0.9898
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Figure A2. (a) the distribution of air temperature (simulated and measured data); (b) the distribution
of the relative humidity (simulated and measured data).
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