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Abstract: Under the influence of the urban heat island effect, the thermal environments of urban built-
up areas are poor, leading to the loss of urban vitality and the extreme deterioration of thermal comfort.
In this paper, the outdoor thermal environment in Wuhan’s main urban area is studied via the use of
field measurements. From June to August in the years 2015 to 2017, 20 measurement points were
selected for monitoring from 08:00 to 19:00 h, which were located in spaces such as residential areas,
parklands, commercial streets, and college/university campuses. The measurements for the same
types of land and different types of land use are analyzed. A comprehensive thermal environment
index is used to quantitatively evaluate the overall situations of thermal environments. The results
showed that the cooling effect of vegetation shading was stronger than the effect of water evaporation
and the maximum temperature difference between the two cooling methods reached 6.1 °C. The
cooling effect of the canopy shading of tall trees was stronger than the effect of grassland transpiration
and the maximum temperature difference was 2.8 °C. The streets with higher aspect ratios might
improve the ventilation, but the wind speeds remained low, which did not provide a strong cooling
effect. This study helps urban planners understand the thermal environment of Wuhan or similar
cities with hot summer and diversified urban areas, and puts forward suggestions to reduce the heat
island effect from the aspect of building layout, green coverage, shading mode, and street aspect
ratio, so as to establish sustainable cities that are climate adaptable and environmentally friendly.

Keywords: outdoor thermal environment; main urban area of Wuhan,; field measurements;

physiologically equivalent temperature

1. Introduction

Currently, more than half of the world’s population lives in urban areas, and this pro-
portion is expected to rise to 66% by 2050 [1]. Increasing urban populations and expanding
urban areas have brought about a series of environmental consequences, such as hotter
cities, global warming [2—4], more difficulty for people to participate in outdoor activi-
ties [5], increased urban resource consumption [6,7], storms and precipitation events [8],
increased heat-related mortality [9,10], and high levels of urban pollution [11].

Some studies have shown that unreasonable layouts of the urban underlying surface,
intensive human activities, and growing numbers of construction projects are all important
factors contributing to the heat island effect [12-14]. Today, building materials consist
mainly of reinforced concrete, which has the characteristics of lower heat capacity, faster
heat absorption, and better storage temperature. This type of concrete is the main source
of the heat that raises ground temperatures [15]. With the expansion of constructions, the
reduced number of trees leads to a decrease in vegetation transpiration and less arbor
canopy shade while the reduction in the surface areas of water bodies also exacerbates the
heat island effect [16,17].

To help urban residents better adapt to the possible impacts of global warming and
urban heat islands in urban thermal environments, as well as to improve the thermal
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comfort of open urban spaces, scholars have adopted different methods to study outdoor
thermal environments. Some studies have used field surveys and questionnaires. Yan et al.
used measurement methods to analyze the thermal performance of a large urban vegetation
park in Beijing and its impact on the surrounding urban thermal environment [18]. Yang
et al. demonstrated through outdoor measurements that shade and trees could improve
outdoor thermal environments [19]. Coutts et al. measured three streets running east
to west under high-temperature weather in Melbourne, Australia, and found that the
temperatures under tree canopies were lower and the minimum temperature could be
reduced by 1.5 °C [20]. Tania Sharmin et al. used field measurements and questionnaires to
analyze the outdoor thermal environment of Dhaka, a tropical city, and showed that urban
geometry had a significant effect on urban microclimates and outdoor thermal comfort [21].

To study the influence of a certain factor on an outdoor thermal environment, some
scholars have established scale models to be used outdoors or indoors. For example,
Park et al. conducted field measurements on a scale model site to study the impact of urban
vegetation on the outdoor thermal environment [22] and the impacts of different water
forms (in the form of artificial ponds) on the urban thermal environment [23]. Du et al.
combined wind tunnel testing and on-site monitoring, and then proposed strategies for
designs to improve the wind environment and thermal comfort at the pedestrian height [24].
Janssen et al. used the computational fluid dynamics (CFD) model to study the wind
comfort of pedestrians around a building and obtained very different conclusions on wind
comfort according to different standards [25]. Jianlin Liu et al. combined the wind speed
distribution simulated by a CFD model with air temperature, radiation temperature, and
humidity field measurements and studied the effect of elevated design on the thermal
comfort of the surroundings [26].

Ali-Toudert et al. evaluated outdoor thermal comfort with ENVI-met software [27].
Dwivedi et al. also used this software to simulate the thermal environment of the Mumbai
metropolitan area, and then proposed the use of vertical walls and dense urban vertical
coverage or forests to reduce the urban heat island effect [28]. Qaid et al. used ENVI-met
software to simulate the study area for analyzing the thermal comfort of different hot spots
in Putrajaya, Malaysia, and obtain wind speeds and building heights, which are the key
variables for reducing the physiologically equivalent temperature (PET) thermal index [29].

In this study, Wuhan's representative urban spaces (high-density commercial streets,
residential areas, college/university campuses, and urban green spaces, such as parklands)
are selected for measurements during the summertime. The instruments, such as ultrasonic
anemometer, temperature and humidity recorder and Black globe thermometer, are used.
The indices of the summer microclimates of these typical urban spaces in Wuhan, such as
air temperature, relative humidity, wind speed and direction, are obtained. The research
focuses on high-temperature processes. The spatial structures of these land types are
relatively homogeneous and simple. The environmental conditions of similar areas can be
determined from the case points.

Then, a quantitative analysis was put forward in terms of vegetation planting, building
aspect ratios, suitable water feature layouts, and reasonable shading. In the research, the
shade of the building could reduce the temperature by 3.5 °C. Vegetations kept the thermal
environment stable in summer. The temperature difference between the underlying surfaces
of vegetation and water body could reach 6.1 °C. The temperature difference between the
reasonable and unreasonable arrangements for outdoor public venue would reach about
6 °C. A street with an aspect ratio of 2 had higher wind speed, but its temperature was 2 °C
higher than a street with an aspect ratio of 1. It showed wind speed in normal streets was
low and had limited function of ventilation. From the PET value regression analysis, air
temperature had greater influence than relative humidity and wind speed. According to
these results, suggestions can be provided from the perspective of optimizing the thermal
comfort of urban residents in urban environment.
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2. Methodology
2.1. Study Area

Wuhan City (113°41'-115°05’ E, 29°58'-31°22’ N)) is located in central China, east of the
Jianghan Plain and the lower reaches of the Yangtze River. Wuhan's climate is subtropical
humid with hot summers from June to September, where the maximum temperature can
reach 39.4 °C [30]. Thermal environmental issues are very prominent in this area. The main
urban area of Wuhan is selected as the study area, which is generally considered as the
urban area within the third traffic ring. This area is also the place with the strongest heat
island effect and poor thermal environment in Wuhan (Figure 1).
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Figure 1. Distribution of measurement points.

Waubhan is a city with a population of 11.2 million in central China, with an urban
area of 8569.15 km? [31]. The city contains different kinds of spaces and rich underlying
surface types, such as residential districts with various densities, large rivers and lakes and
commercial streets. The thermal environment of Wuhan is complex and has diversified
unique characteristics.

2.2. Characteristics of Urban Spaces

This study was conducted in July and August 2015 to 2017. These two months are the
summer in Wuhan and the hottest time of the year. This study selected 9 days out of all
the observation days for all-weather outdoor thermal environment analysis and research,
as shown in Table 1 [32]. The measured physical quantities included air temperature
and relative humidity, as well as instantaneous wind speed and direction. A total of
67 measurement points were obtained and 20 were selected for analysis, which included
residential land-use type (Points 1, 2, 3, 8, 9, and 17), urban park land-use type (Points 4,
6,10, 11, and 12), commercial land-use type (Points 5, 13, 19, and 20), college/university
campus land-use type (Points 14, 15, and 16), industrial land-use type (Point 7), and medical
facility land-use type (Point 18). These measurement points are shown in Figure 1.
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Table 1. Characteristics of the locations of the measurement points.

Number Me]ajse:lt:e(r)lfent Land-Use Type ' Bﬁili(:hntg llsDuel:illrtlyg Covecr;;;:r;{atio Abbreviation
1 13 July 2015 R Multistory High Low R-MHL
2 13 July 2015 R Multistory Low Medium R-MLM
3 13 July 2015 R High-rise Low Low R-HLL
4 14 July 2015 G / / High Gl
5 14 July 2015 B Low-rise High High B-LHH
6 17 July 2016 G / / Medium G2
7 17 July 2016 M Multistory High Low M-MHL
8 23 July 2016 R Low-rise Medium Medium R-LMM
9 23 July 2016 R Multistory High Low R-MHL
10 26 July 2016 G / / High G3
11 26 July 2016 G / / High G4
12 26 July 2016 G / / High G5
13 13 August 2016 B Multistory High Medium B-MHM
14 10 July 2017 C Multistory Medium High C-MMH
15 10 July 2017 C Multistory Medium High C-MMH
16 22 July 2017 C Multistory Medium High C-MMH
17 22 July 2017 R Low-rise High Low R-LHL
18 22 July 2017 H High-rise High Medium H-HHM
19 25 July 2017 B Multistory High Low B-MHL
20 25 July 2017 B High-rise High Low B-HHL

1 C signifies campus land-use type; H signifies medical facility land-use type; B signifies commercial land-use type;
G signifies park land-use type; M signifies industrial land-use type; and R signifies residential land-use type.

In Table 1, the types of land use were classified referring from the “Code for classi-
fication of urban land use and planning standards of development land” [33]. Building
height refers to the average height of buildings in the area where the measurement point is
located, which can be divided into three categories: low-rise buildings (1-3 F), multistory
buildings (4-9 F), and high-rise buildings (>10 F) [34]. As it is shown in Appendix A
Table A1, green coverage ratio was divided into low (<30%), medium (30-60%), and high
(>60%). Additionally, in Table A2 in Appendix A, building density was divided into low
density (<15%), medium density (15-30%), and high density (>30%). The letters in the
abbreviations represent the type of land use, building height, building density, and green
coverage ratio, respectively.

These types occupied large proportions of the urban land in Wuhan, and each had
different outdoor thermal environments. The selected points are representative, which
can be used to analyze the thermal environment of the same type of urban space, and can
also be used to compare the thermal environment of different land-use types. Three main
types of residential buildings were studied: traditional residential buildings (Point 17) [35],
a multistory staff dormitory built in the 1990s (Points 1, 8 and 9), and newly built mid-
to-high-rise residential buildings, which exhibited high-rise low-density urban forms
(Points 2 and 3). City parks, such as Hongshan (Point 10), Zhongshan (Point 11), and
Baodao Parks (Point 12), usually use large and complete green spaces that incorporate
various types of plants and water bodies intended to improve the microclimates of the parks.
Commercial streets included two types. The first type comprised linear spaces that were
building-based, had low green coverage ratios, and had high degrees of ground hardening
(Points 13, 19 and 20). This type was formed between commercial buildings and urban
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roads. The other type was formed by two rows of multistory buildings and comprised strips
of spaces with high greening coverage ratios and moderate building densities (Point 5).
College/university campuses tend to be independent, complete ecosystems (Points 14, 15
and 16). The buildings are mainly multistory or high-rise. The overall building densities
are low and the layouts are loose. The overall green coverage ratios are high, forming
more pleasant microclimates, but the use of large-scale impermeable paving tends to have
negative effects.

The measuring points were selected in the typical outdoor spaces in these areas, and
the thermal environment structure was in a state of dynamic stability. That means the index
of thermal comfort, such as temperature and relative humidity, may change with weather
and time, but the thermal environment structure may keep stable. Therefore, the thermal
environment at the location of the measuring point may be the representation of the same
type of area when the surrounding building height, building density and green coverage
are similar.

2.3. Thermal Environment Monitoring

The air temperatures, relative humidities (RH), wind speeds, and wind directions
of the selected urban spaces were monitored for the objective evaluation of the thermal
comfort levels of outdoor spaces. The base data (including hourly temperature, relative
humidity, and wind speed) used for comparison were taken from the National Weather
Station (30°21/36.00” N, 114°1’48.00" E) in Hannan District in the southwestern, suburban
area of Wuhan.

To avoid possible sources of interference, the measuring instruments at each mea-
surement point were placed more than 3 m away from a building (Figure 2). Pedestrians
were prohibited from approaching or touching the instruments. The wind speed and
direction recorder consisted of a probe and tripod. The height of the probe was set at
about 1.8 m above the ground. The measuring instruments are shown in Figure 3. The
accuracy of the wind speed measurement was +0.3 m/s and the change was between
—30 °C and 80 °C. The accuracy of the wind direction measurement was +3° and the range
was 0-360°. A TR-72wf recorder was placed in the middle of the tripod at about 1.5 m
above the ground to measure the air temperature and relative humidity for 12 h. The in-
strument automatically recorded data once every minute from 08:00-19:00 h. The accuracy
for temperature was +0.5 °C and the range was between —30 °C and 80 °C. The accuracy
for humidity was £5% RH, which was converted to 0-99% RH. Each observation station
operated continuously for three days from 08:00-19:00 h. The black globe thermometer
was used to show the ambient radiant temperature [36]. Its accuracy was £0.3 °C and the
range was between —10 °C and 70 °C. Stable and continuous measurements were selected
for unified processing.

Figure 2. Field measurement photos.
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Figure 3. Instruments used for the investigation. (a) Ultrasonic anemometer; (b) Black globe ther-
mometer; (c) Temperature and humidity recorder (TR-72wf).

2.4. Daily Weather Conditions during Measurements

The meteorological conditions of the selected days are shown in Table 2. During the
measurement period, the lowest temperature was 29.1 °C and the highest temperature was
38.2 °C. The highest relative humidity was 92% and the lowest relative humidity was 43%.
The maximum wind speed was 6.0 m/s and the minimum wind speed was 0.4 m/s. The
coolest day was 17 July 2016 with an average temperature of 31.9 °C, whereas the hottest
day was 25 July 2017 with an average temperature of 37.4 °C. On 14 July 2015, the all-day
wind speed was the lowest with an average wind speed of 1.2 m/s, whereas, on 23 July
2016, the all-day wind speed was the highest with an average wind speed of 4.4 m/s.

Table 2. Meteorological parameters on each observation day at Wuhan Station (30°21'36.00” N,

114°1'48.00" E).
b Air Temperature (°C) Relative Humidity (%) Wind Speed (m/s)
a

y Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD

13 July 2015 31.7 35.0 34.0 1.0 54.0 70.0 59.6 4.6 1.8 24 2.0 0.3
14 July 2015 29.1 35.3 32.8 24 51.0 92.0 69.1 14.0 04 2.1 1.2 0.5
17 July 2016 29.7 33.4 31.9 1.2 66.0 81.0 72.6 5.6 1.3 3.9 2.3 0.7
23 July 2016 32.7 35.4 34.3 0.9 53.0 60.0 56.0 24 3.8 5.1 44 0.5
26 July 2016 34.1 37.2 36.1 1.0 47.0 66.0 54.3 5.5 2.3 4.6 3.7 0.7
13 August 2016 34.2 37.0 36.1 1.0 50.0 66.0 55.8 5.0 0.6 3.6 2.1 0.8
10 July 2017 27.3 30.8 29.5 1.1 71.0 88.0 77.8 5.1 1.6 3.2 2.3 0.5
22 July 2017 34.2 37.8 36.8 1.2 43.0 61.0 49.2 5.4 1.8 3.7 2.6 0.6
25 July 2017 35.8 38.2 37.4 0.8 46.0 55.0 48.7 2.8 0.6 2.5 1.6 0.6

2.5. PET Calculations

The Physiological Equivalent Temperature (PET) is defined as the air temperature
at which, in a typical setting (without wind and solar radiation), the heat budget of the
human body is balanced with the same core and skin temperature as under the complex
outdoor conditions to be assessed [37]. It is related to air temperature, wind speed, relative
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humidity, and radiant temperature obtained by the black globe thermometer. Some typical
measurement points were selected to analyze the PET index by RayMan 1.2 Software [38]. A
mathematical model of the PET index and other meteorological parameters was established
to reflect the comprehensive thermal environments of different surface features.

3. Results of Analysis

Different types of land use in the main urban area of Wuhan have different types of
outdoor urban forms and thermal environment characteristics. In this paper, urban spaces
were selected to examine the outdoor thermal environments and the factors affecting them
were summarized. In order to ensure the effectiveness, all comparisons of measurement
point conditions were carried out on the same day.

3.1. Characteristics of Thermal Environments of Residential Areas

Figure 4a—c shows measurement Point 1 (R-MHL) in a multistory residential area with
high building density, small public spaces, and less vegetation. Point 2 (R-MLM) was in a
residential area with both multistory and high-rise buildings, and Point 3 (R-HLL) was in a
residential area with high-rise buildings and low building density. Small trees and shrubs
were planted in the flower beds among the residences and the overall green coverage ratio
was low.

ol
(d)

Figure 4. Satellite map of measurement points 1-3 and points 8-9. (a) Point 1; (b) Point 2; (c) Point 3;
(d) Point §; (e) Point 9.

The time average statistics of the above residential space measurement points during
the daytime (09:00-17:59 h) on 17 July 2015 were conducted as shown in Figure 5. Before
12:00 h, the temperatures of Points 1 (R-MHL) and 2 (R-MLM) remained below 35 °C and
36.2 °C, respectively, whereas that of Point 3 (R-HLL) remained above 35.5 °C. As shown
by the air temperature comparison in Figure 5a;, the time of the maximum air temperature
difference of the three measurement points was 09:00 h and the temperature of Point 3
(R-HLL) was about 3.5 °C higher than those of the other two measurement points. In the
morning (before 12:00 h), Point 3 (R-HLL) was under direct sunlight, so the solar radiant
heat caused the temperature to rise to 37.9 °C, whereas the other two measurement points
lay in the shadow of the building and experienced the highest temperature at 36.1 °C.
This result showed that the high-density dwellings around Point 1 (R-MHL) had formed a
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zone of shadows that blocked the solar radiant heat and lowered the mean temperature to
34.4 °C, which was 1.2 °C and 2.3 °C lower than the daily mean temperatures of Points 2
(R-MLM) and 3 (R-HHL), respectively. However, the high building density and enclosed
building layout at Point 1 caused the mean wind speed to be 0.4 m/s, whereas those at
Points 2 (R-MLM) and 3 (R-HHL) were 0.8 m/s and 1.0 m/s, respectively. According to the
above analysis, the effectiveness of breezes in reducing the air temperature was weaker
than that of the shade. The temperature difference between the two forms of cooling was
about 2 °C.

Mean Wind speed (m/s)

16:00 17:00 9:00 10:00 1100 1200 1300 1400 1500 16:00 17:00 9:00 1000 1100 1200 1300 1400 1500 16:00 17:00

Time Time

—o—Pointl —%—Point2 —&—Point3 —o—Pointl —%—Point2 —&—Point3

(a2) (a3)

45.0 04
16:00 17:00 900 1000 11:00 1200 1300 14:00 1500 16:00 17:00 9:00 10:00 11:00 1200 1300 14:00 1500 1600 17:00
Time Time

—6—Point8 —%—Point9 —o—Point8  —x%—Pointd

(b2) (bs)

Figure 5. Comparison of measurement point parameters. (a;) Temperature comparison; (az) Relative
humidity comparison; (az) Wind speed comparison; (b1) Temperature comparison; (bz) Relative
humidity comparison; (bz) Wind speed comparison. The value on the abscissa axis represents the
measurement hour. For example, 9:00 represents an hour within the range of 9:00-9:59, and the value
on the ordinate axis represents the average value within each hour.

According to the above analysis, though solar radiation gradually increased in the
morning, the enclosing buildings formed a zone of shadows that reduced the air tempera-
ture. In the shadow of the buildings, the temperature was 3.5 °C lower than that in direct
sunlight, but the wind speed of this building layout was only 50% that of the buildings laid
out in a row.

The measurements of Point 8 and Point 9 were made in another time period on 23
July 2016. Figure 4d,e shows Point 8 (R-LMM) beside the road of a multistory residential
community. The buildings along both sides of the road were arranged to create an enclosure.
Tall trees by the sidewalks close to this point provided good shade. Point 9 was located
in the flower bed of a multistory residential area with high building density and a low
greening rate. The buildings around the measurement point were arranged in a row.
Figure 5bq,b, shows that the temperature and wind speed at Point 8 (R-LMM) were lower
than those at Point 9 (R-MHL). Between 09:00 and 11:00 h, the air temperature at Point
9 rose by 3 °C, whereas that at Point 8 increased by only 0.7 °C. As the shadow of the
vegetation blocked the strong radiation of the sun, the temperature of the measurement
point did not rise too rapidly, as shown in Figure 4d,e.

Figure 5bq,b; shows that the all-day temperature at Point 8 (R-LMM) was lower than
36.2 °C, which was under severe high temperature [39], but the relative humidity was
higher than that of Point 9 (R-MHL), which was under direct sunlight. The shade and
transpiration of the trees at Point 8 increased the relative humidity and kept the temperature
low so that the temperature difference in the daytime at Point 8 was within 2 °C. At Point 9,
the temperature difference reached 4 °C in the daytime.
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3.2. Characteristics of Thermal Environments of Urban Parklands

Figure 6a—c shows Points 10 (G3), 11 (G4), and 12 (G5) located in Hongshan Park,
Zhongshan Park, and Baodao Park, respectively. Each park had high green coverage and
was located on the hard pavement, but the combined types of the underlying surfaces were
different. Point 10 was located on the hard pavement of the square at the park’s entrance
and had no shelter from the sun. This park was located in the central area of the city and
the surrounding buildings were mainly multistory. The vegetation in the park consisted
mostly of tall trees. Point 11 was located on the hard-paved square in the central area of its
park and also had no shelter. The central area of the park had rich vegetation with tall trees
creating dense shade and some water bodies, whose surface areas accounted for about 20%
of the park’s total area. Point 12 was located on the hard pavement of the island in the
center of the park. The green coverage ratio of the island accounted for about 50% of the
island’s area while the surface area of the water bodies in the park accounted for about
62.5% of the park’s total area.

(b)

Figure 6. Satellite map of measurement points 10-12. (a) Point 10; (b) Point 11; (c) Point 12.

The average temperature of Point 12 was the highest, which was 2.8 °C higher than
that of Point 10 and 4 °C higher than that of Point 11. Point 12 was surrounded by water,
but the green coverage rate was about 50%, whereas the green coverage rates of Points 10
and 11 were as high as 90%.

The environmental characteristics of the three measuring points were found from
the segmented intervals of time. Figure 7 shows that, before 11:00 h, the temperature at
Point 12 (G3) was the highest (44.6 °C) and the increase was the greatest (12 °C within two
hours), whereas the temperature at the other two points was the same at below 40.5 °C.
All three measurement points were exposed directly to sunlight. The temperature at Point
12 was higher those at Points 10 (G3) and 11 (G4), indicating that the cooling effect of the
water evaporation of Point 12’s park was weaker than that of the high-density vegetation’s
transpiration in the other park. From 13:00 to 15:00 h, the average temperatures of Points
10, 11, and 12 were 43.2 °C, 40.4 °C, and 44.4 °C, respectively. Point 11 was covered by
water and high-density vegetation. Under the joint action of water surface evaporation and
vegetation transpiration, the temperature remained relatively stable. The wind speed also
had a good cooling effect with the highest speed at Point 11. The wind speed at Point 10
was relatively high, but the temperature also rose significantly. Therefore, ventilation alone
could not effectively alleviate the high temperatures during the summer afternoons.

From 15:00 to 17:00 h, the temperature dropped by 11 °C at Point 12 (G5) and by
3.07 °C at Point 10, but remained basically unchanged (dropped by 0.55 °C) at Point 11
(G4). When the intensity of the solar radiation gradually weakened, the temperature
at Point 12 was drastically reduced by water evaporation, which performed better than
the vegetation transpiration at Points 10 and 11. The maximum temperature difference
between the two forms of cooling was 7.6 °C. At 17:00 h, the solar radiation was weak and
the temperatures of both Points 10 and 11 on the hard-paved ground in the parks were still
higher than 39.4 °C, whereas that of Point 12, which was on the island, dropped to 34.2 °C.
The temperatures of Points 10 and 11 were 5.2 °C higher than that of Point 12.
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Figure 7. Comparison of points parameters. (a) Temperature comparison; (b) Relative humidity
comparison; (c¢) Wind speed comparison.

The analysis of the thermal environments of the three city parks showed that large
areas of vegetation and water could play significant roles in cooling. When solar radiation
was strong, the cooling effects of the vegetation were stronger than those of the water bodies.
The maximum temperature difference between the types of cooling was 6.1 °C. When the
solar radiation weakened, the water bodies provided higher cooling rates and lower
ambient air temperatures. At places with strong solar radiation, the combination of lush
trees and water bodies provided good thermal environments with stable air temperatures.
Although ventilation had cooling effects, it could not offset the effects of thermal radiation.

3.3. Characteristics of Thermal Environments of Commercial Streets

Figure 8a-b shows Point 5 (B-MHH) on hard pavement in the middle of a commercial
pedestrian street surrounded by multistory buildings. The spaces between the buildings
were moderate. The average street aspect ratio was less than 1. Point 13 (B-MHM) was
located beside the commercial street outside a multistory construction, where the spaces
between the buildings were small. The construction’s shadow completely covered the
measurement point. The average street aspect ratio was about 2. Owing to the high average
street aspect ratio of Point 13, its ventilation was better than that of Point 5, which had
a lower building density and higher greening rate as a result of its low average street
aspect ratio. The vegetation was better at blocking solar radiation and providing stronger
transpiration. According to the analysis in Figure 9, the maximum difference in the hourly
wind speeds of Points 13 and 5 was about 0.5 m/s. However, the wind speeds at both
measurement points did not exceed 1 m/s. During the whole day, the air temperature of
Point 13 was about 2 °C higher than that of Point 5. The relatively high wind speed could
not improve the environment because of poor shading.

Figure 8. Satellite map of measurement points 5, point 13 and points 19-20. (a) Point 5; (b) Point 13;
(c) Point 19; (d) Point 20.

Figure 9a; shows that from 11:00 to 12:00 h, Point 5 (B-MHH) was directly exposed to
the sun and the temperature increased by 7.6 °C to 43.3 °C in a short time, by 5.7 °C more
than that at Point 13 (B-MHM). The measurement point was under direct sunlight for a
short time, so exposure to the sun was the main reason for the rise in temperature.
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Figure 9. Comparison of point parameters. (aj) Temperature comparison; (a;) Relative humidity
comparison; (az) Wind speed comparison; (b1) Temperature comparison; (bz) Relative humidity
comparison; (bz) Wind speed comparison.

The data of Point 19 and Point 20 were compared. Figure 8c,d shows that Point 19
(B-MHL) was located on a hard pavement in the southwest-northeast commercial street.
The measurement point was directly exposed to the sun in the morning and covered by
the shadows of the buildings in the afternoon. The buildings around this measurement
point were of medium height or very high and their density was high. The greening rate
around the measurement point was low with only low shrubs and small trees planted in
the flower bed.

Located on the hard pavement of a commercial street running north—south, Point 20
(B-HHL) was covered by the shadows cast in the morning by the surrounding buildings of
high height and density, but it was directly exposed to the sun in the afternoon. The height
of the buildings around the measurement point was high and the density was also very
high. There was no vegetation around the measurement point and there were only some
small trees near the street.

Figure 9b1—b3 shows that the air temperatures of Points 19 (B-MML) and 20 (B-HHL)
were above 36.5 °C on the day of the measurements, but their temperature changes dis-
played completely opposite trends. The temperature of Point 19 (B-MML) reached 42.4 °C
at 09:00 h and was the highest (44.2 °C) at 10:00 h when the temperature difference (6.1 °C)
between the points was the greatest. Afterwards, the temperature of Point 19 continued
to decrease. However, at 09:00 h, Point 20 was at 36.5 °C, which was the lowest value
for the whole day. Subsequently, the temperature rose steadily and reached the highest
temperature (44.5 °C) at 16:00 h. The temperature changing nodes of the two measurement
points were between 12:00 and 13:00 h. Solar radiation affected these two measurement
points and the air temperature changed with the sun’s trajectory in the sky. The maximum
and minimum temperatures of the two measurement points were basically the same. The
temperature difference between the lowest temperature and the highest temperature was
about 6 °C and there was an opposite trend at the time of occurrence.

The shadows cast by the buildings and tall trees could provide a relatively comfortable
outdoor environment during the hot summer and had better environmental effects than
the good ventilation in the streets. Urban ventilation generally had low wind speed, which
could not improve the thermal environment. The designs of the urban external spaces
could be conducted reasonably according to the sun’s movements. Outdoor activities in
the morning could be arranged in a space, such as Point 20, whereas the space required
for outdoor activities in the afternoon could be arranged in a space, such as Point 19. For
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example, planners can locate venues for elderly people who like morning exercises within
the shadows by buildings cast in the morning.

3.4. Characteristics of Thermal Environments of Campuses

Figure 10a,b shows the comparison of the areas with medium building density, such
as the university campus at Point 14 (C-MMH) in the square at the entrance of the univer-
sity. To the northwest of the measurement point was the main road of the city while the
university’s buildings lay to the northeast, east, and southwest, forming a closed layout.
The buildings had an average height of about 20 m and a moderate density. There was
less vegetation around the measurement point. Point 15 (C-MMH) was located on the
hard-paved ground in front of the cafeteria at the center of the campus. The buildings
surrounding the measurement point were mid-high rise with moderate building density
and high green coverage ratio. The environments of the two measurement points were
similar and mainly differed in their green coverage rates.

(b)

Figure 10. Satellite map of measurement points 14-15. (a) Point 14; (b) Point 15.

Figure 11a—c show that the air temperature of Point 14 was higher than that of Point
15 between 10:00 and 16:00 h while the temperature difference was between 1.2 °C and
1.9 °C. Moreover, according to the comparison of the wind speed parameters, the wind
speeds at Points 14 and 15 during the whole day were small with the average wind speeds
at 0.8 m/s and 0.7 m/s, respectively. At 09:00 h, the temperature of the two measurement
points was the same. However, at 10:00 h, the air temperature difference between the
two measurement points reached the maximum, with the temperature of Point 14 being
1.9 °C higher than that of Point 15. The vegetation and grassland around Point 15 increased
the relative humidity through transpiration and played a strong role in regulating the
temperature. Point 14 (C-MMH) had a very low surrounding green coverage ratio, and the
solar radiant heat increased the temperature of the hard pavement. The air temperature in
this Point was within 35 °C and the maximum temperature difference was 5.7 °C. However,
the maximum temperature at Point 15 was 34 °C and the maximum temperature difference
was 4.6 °C. Point 14 (C-MMH) had an average temperature of 1.0 °C higher than that of
Point 15 (C-MMH). This difference was evidently caused by the green coverage ratio.

Relative humidity (%
ind speed
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—o—Point14  —¥—Pointls —o—Point1d  —%— Pointls

Figure 11. Comparison of measurement points parameters. (a) Temperature comparison; (b) Relative
humidity comparison; (c) Wind speed comparison.
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Although the overall building height and density were moderate and the green cover-
age ratio was high, the hard-paved squares on the campus still maintained high tempera-
tures with the highest at about 1.9 °C higher and the average temperature at about 1.0 °C
higher than those in the greener area of the campus in the daytime.

3.5. Comparison among Different Land-Use Types

In addition to the above analysis, it is also necessary to compare the thermal environ-
ment of urban spaces of different land use types under the same weather conditions.

(1) Comparison of Thermal Environments of the Urban Park and Commercial Street

In Figure 12a,b, Point 4 (G1) was located on the lawn of a large park located in the
central area of Wuhan City. There were many types of vegetation and the green coverage
ratio was more than 85%. Point 5 (B-MHH) was located under a tree canopy on hard-
paved floor in the middle of a commercial pedestrian street and surrounded by multistory
buildings. The street aspect ratio was less than 1. As shown in Figure 13a, the temperature
at Point 4 (G1) was higher than at Point 5 (B-MHH) during the whole day. The temperature
difference was between 0.6 to 2.8 °C. The maximum temperature difference was 2.8 °C at
13:00 h and the temperature difference between the two points gradually decreased. The
cooling effect of the tall tree canopy was stronger than that of grassland transpiration and
the maximum temperature difference reached 2.8 °C.

Figure 12. Satellite map of measurement points 4-5. (a) Point 4; (b) Point 5.
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Figure 13. Comparison of point parameters. (a) Temperature comparison; (b) Relative humidity
comparison; (c¢) Wind speed comparison.

(2) Comparison of Thermal Environments of the Urban Park and Industrial Land

Urban parks and industrial lands usually have distinct thermal environment charac-
teristics, and their comparison has research value. Figure 14a,b shows Point 6 (G2) in an
open, large-scale comprehensive city square park, which had a 20,000-square-meter lawn.
There were large areas of trees to the northwest and southeast of the square, as well as
a circle of roadside trees along the perimeter of the square. Point 7 (M-MHL) was in an
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urban industrial area whose buildings were multistory workshops, offices, and some staff
dormitories with high building density and a small number of shrubs.

Figure 14. Satellite map of measurement points 6-7. (a) Point 6; (b) Point 7.

Figure 15a shows that the air temperature at Point 6 (G2) was lower than that of
Point 7 (M-MHL) throughout the day. The temperature difference between the two points
throughout was between 0.5 °C and 2.2 °C. At 14:00 h, the temperature at Point 6 was
34.3 °C and the temperature at Point 7 (M-MHL) was 36.5 °C. At this time, the temperature
difference between the two points was the maximum.

Relative humidity (%)
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Figure 15. Comparison of point parameters. (a) Temperature comparison; (b) Relative humidity
comparison; (c¢) Wind speed comparison.

Figure 15c shows that the wind speed at Point 7 (M-MHL) was higher than that at Point
6 (G2). The average wind speeds of the two points were 2.2 m/s and 1.2 m/s, respectively.
When the wind speed at Point 7 (M-MHL) was higher, the air temperature was also higher.
The surrounding area was an industrial plant with a large area of impermeable paving.
When solar heat radiation was strong, the relative humidity was reduced by 10% from
09:00 to 14:00 h. The cooling effect of ventilation did not offset the effect of the solar radiant
heat. Therefore, the air temperature at Point 7 (M-MHL) was relatively high and remained
at above 34 °C until 16:00 h. The maximum temperature was 36.5 °C.

Although Point 6 was also exposed to the sun and the wind speed was low with
an average of only 1.2 m/s, the large amount of vegetation around the point maintained
high humidity as a result of transpiration. The relative humidity throughout the day was
more than 62%, which kept the temperature below 34.6 °C. Therefore, the cooling effects
of the vegetation transpiration at these points were better than that of ventilation and the
maximum temperature difference reached 2.2 °C.

It could be seen that the thermal environment of the urban park was kept more sta-
ble than that of industrial land. The changes and fluctuations at Point 6 before 16:00 h
were evidently less than those at Point 7. The underlying surface, which was composed
mainly of green spaces, had a relatively stable temperature and relative humidity; the air
temperature fluctuation remained within 1.5 °C. The air temperature fluctuated greatly at
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the corresponding hard pavement interface. When the wind speed doubled, the tempera-
ture fluctuation reached 2.5 °C and the range of the relative humidity fluctuation reached
about 10%.

(38) Comparison of Thermal Environments of the Campus, Residential Area, and Medical Space

The urban spaces of the campus, residential area, and medical space are often used by
the residents and their difference in thermal environment was often focused. Figure 16a—
shows Point 16 (C-MMH) in an open field on the northeast side of the front door of the
university’s library. The green coverage ratio around the point was high, but it was still
exposed to the sun all day. Point 17 (R-LHL) was in a residential area and the surrounding
buildings were multistory houses. The street aspect ratio was relatively high (height: width
was about 2-3), so the point lay in the shadow of the buildings. Point 18 (H-HHM) lay in
the dense shade of a tree canopy on the sidewalk outside the hospital all day.

(b)

Figure 16. Satellite map of measurement points 16-18. (a) Point 16; (b) Point 17; (c) Point 18.

Figure 17a shows that, before 10:00 h, when solar radiation was weak, the temperature
at Point 17 was approximately equal to that at Point 18. Before 10:00 h, the temperatures at
Points 17 and 18 were lower by 4.5 °C and 4.3 °C, respectively, than that at Point 16. The
relative humidity was 13.5% and 13.6% higher, respectively.

5

°

o

°

Average wind speed (m/s
o

°
°

9:00 10:00 11:00 1200 1300 14:00 1500 1600 17:00 9:00 1000 1100 1200 1300 1400 1500 16:00 17:00 9:00 1000 11:00 1200 1300 1400 1500 16:00 17:00

Time

—e—pointl6 —*—pointl7 —A—point18

(a)

Time Time

—€—pointl6 ——pointl7 —#—pointls —€—pointl6 ——pointl7 —A—pointl8

Figure 17. Comparison of point parameters. (a) Temperature comparison; (b) Relative humidity
comparison; (c¢) Wind speed comparison.

According to the measurement on that day, Point 17 was in the shadow of the building
because of the high street aspect ratio, Point 18 was in the shadow of the canopy of trees,
and Point 16 was under direct sunlight during this period. The above analysis shows that
the shadows of the trees and buildings could have cooling effects.

As can be seen from Figure 17a—c, from 11:00 to 15:00 h, the average temperature at
Point 16 was 40 °C, the average relative humidity was 35.3%, and the average wind speed
was 1 m/s. The average temperature at Point 17 was 42.1 °C, the average relative humidity
was 34.5%, and the average wind speed was 0.7 m/s. The average temperature at Point 18
was 38.3 °C, the average relative humidity was 43.3%, and the average wind speed was
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0.6 m/s. The comparisons of the values and positions of the measurement points show
that Points 16 and 17 were under direct sunlight with the average temperature of Point 16
being 2.1 °C lower than that of Point 17, as a result of the cooling effects of transpiration by
large areas of vegetation. The average wind speeds at Points 17 were a little higher than
those of Point 18, but the relative humidity of Point 18 was 10% higher and the temperature
was 4 °C lower than those of Point 17. Point 18 was in the shade of the canopy of the trees,
whereas Point 17 was under direct sunlight during this period. The results indicate that the
shading and transpiration of the trees increased the relative humidity, and their cooling
effects were stronger than that of only ventilation. Therefore, the outdoor temperature
stayed at a low level and the temperature difference reached 3 °C.

4. Discussion

The outdoor thermal environments of different types of land use were analyzed and
found to be related to the building space layout, green coverage rate, and shading of each
type of land use.

It was also necessary to understand the relationship in the thermal comfort indices of
various land-use types in the same external space measurement environment. A significant
negative correlation (R = —0.91) between the air temperature and relative humidity was
found for all measurement points, which were located on different land types. However,
the effects of the changes in relative humidity were small, because the air temperature
decreased only by about 0.3 °C for every 1% increase. Figure 18 shows the results of the
correlation analysis of the measurements of all points.

(29 y = - 0.26x+50.27
S R®=0.83

Air temperature (°C)

25.0 35.0 45.0 55.0 65.0 75.0 85.0
Relative Humidity (%)

Figure 18. Scatter plot of air temperature and relative humidity.

4.1. Comprehensive Analysis Based on PET Values

The above study only investigated the individual effect of the indices of the summer
microclimates, such as air temperature, relative humidity, and wind speed. PET was used
to study the comprehensive relationships of the indices of microclimates. The temperature
values of the black globe thermometer at the typical measurement points were added into
consideration. Although PET values are expressed by temperature, they reflect the overall
effects of thermal environments. Hence, they are not consistent with the data expressed
only by air temperature.

On the basis of the above analysis, a statistical analysis was conducted. Correlations
between PET values and temperature, relative humidity, wind speed, and black globe
temperature were found, with most of the points having strong correlations. The calculation
model is given in Table 3. The coefficients of these models show that air temperature had
the greatest influence on the PET values of most points, followed by wind speed, which was
far stronger than relative humidity, more than 10 times in many cases. However, compared
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with the research of other scholars mentioned in the Introduction Section, the effects of
wind speed were not obvious. It showed that the wind speed in the city was too low to
play its due role.

Table 3. PET value regression analysis. Where Tj is air temperature, RH is relative humidity, V, is
wind speed, and Ty is radiant temperature obtained from the black globe thermometer.

Point PET Value Regression Analysis

PET was correlated with Tg and V, at 0.05, adjusted R? =0.939
PET =2.246 T, + 0.655 RH + 0.319 Tg + 1.893 V, — 87.961

PET had no correlation with V,, adjusted R? = 0.854
PET =0.252 T, — 0.148 RH + 0.319 T, + 34.006

PET had no correlation with RH, PET was correlated with V, at 0.05,
Point 16 adjusted R? = 0.99
PET = 0.739 T, + 0.455 Tg — 0.355 V4 — 5.363

PET was correlated with V, at 0.05, adjusted R?=1

Point 14

Point 15

Point 17 PET = 0.810 T, + 0.054 RH + 0.453 Tg + 0.202 V, — 10.557
Point 18 PET had no correlation with V,, adjusted R? =0.99
PET =—-0.412 T, — 0.156 RH + 1.059 Tg +21.790
Point 19 PET had no correlation with RH, adjusted R?=1
PET = 0.607 T, — 0.005 Tg +0.485V, — 1.497
. . . 2 _
Point 20 PET had no correlation with V,, adjusted R“ =1

PET =0.711 T, + 0.009 RH + 0.453 Tg + 0.204 V, — 4.854

As shown in Figure 19, the PET values of Points 14 and 15 were compared. The
maximum PET value at Point 14 reached 39.3 °C. From 09:00 to 10:00 h, the PET values
increased by 4 °C to 36 °C and stayed at a high level. However, the PET value of Point
15 stayed at a low level at not more than 34.4 °C during the whole day. Moreover, the
highest PET value appeared two hours later than that of Point 14, indicating that the PET
value of Point 15 was more stable. The environmental properties of the underlying surfaces
of Points 15 and 14 were similar, but the green vegetation around Point 15 was more
abundant. Hence, the thermal environment was more stable and there was a lag effect on
the occurrences of the poor thermal environments.

PET
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Figure 19. Comparison of PET values at measurement points 14-15.

Figure 20 shows a comparison of the PET values of Points 16, 17, and 18. The PET value
of Point 16 was relatively stable, but changed rapidly in the afternoon and decreased by
about 4 °C. However, the PET value of Point 16 was higher at above 45.5 °C before 15:00 h.
The PET value at Point 17 changed the most throughout the day, fluctuating between
36.5 °C and 52.5 °C. The PET value of Point 18 was relatively stable with the average value
at about 39.7 °C, which was 5 °C lower than that of Point 16. From the comparison of the
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PET values and other meteorological parameters, it could be seen that wind speed did not
have a strong influence on the overall thermal environment, whereas radiation was the
most influential factor affecting PET values. The environmental PET values of tall trees
were more stable than those of other green areas.

PET

9:00 10:00 11:00 12:00 13:00 1400 15:00 1600 17:00
Time

—&—pointl6 —— pointl7 —A— pointl8 --+43--- Extreme heat stress

Figure 20. Comparison of PET values at measurement points 16-18.

Figure 21 shows that the PET values of Points 19 and 20 changed in the opposite
direction. The PET values of the two points were relatively high with the lowest at about
39 °C and the highest at about 49.3 °C. This result was similar to that drawn from the
previous diagram of air temperature. The outdoor thermal environments of commercial
spaces with high density and low green rates were poor. Solar radiant heat was the main
factor causing a high PET value and good ventilation could not alleviate the hot outdoor
thermal environments.
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Figure 21. Comparison of PET values at measurement points 19-20.

4.2. Limitations

This study also has some limitations. Future research could start from the following
three aspects. First, the outdoor spaces of different land types in built-up urban areas
are complex and diverse. The types of measurement points should be more diversified
to facilitate deeper comparisons and analyses. Second, this study analyzed only the
characteristics of urban outdoor thermal environments during the summer. The analyses
could be extended to the winter. The two-quarter improvement strategy can provide more
extensive suggestions for urban planning. Third, a questionnaire survey should be used to
elicit the subjective evaluation of urban residents together with the various meteorological
parameters of measurement points, analyze and investigate from the perspective of urban
outdoor space users, and make suggestions for improvement.
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5. Conclusions

This paper presents the measurement results of the outdoor thermal environments of
typical urban spaces obtained during the summer in Wuhan, China. From the results, the
following conclusions were drawn.

The investigation of the outdoor thermal environments of enclosing residential build-
ings showed that the shade cast by the buildings reduced the air temperature efficiently.
The maximum temperature difference reached 3.5 °C. In addition, the shade and transpira-
tion of tall trees helped to keep the temperatures stable and the temperature differences
within 2 °C throughout the day. For the urban parkland, when solar radiation was strong,
the cooling effects of large areas of vegetation were stronger than those of water bodies. The
temperature difference of these two types of underlying surfaces can reach 6.1 °C. For street
valley spaces, the wind speed in the street with the aspect ratio of 2 was twice that of the
street with the aspect ratio of 1, and the temperature increased by about 2 °C. With the sun’s
movement, the maximum temperature difference of the street space was about 6 °C without
and with shading by the surrounding buildings. Campuses with surrounding vegetation
had good outdoor thermal environments. The highest temperature in the square on the
campus was about 1.9 °C higher than that in the green area and the average temperature in
the square throughout the day was also about 1.0 °C higher.

According to the comparison of the measuring points of different underlying surfaces,
the temperature of the park lawn was higher than that of the trees in the commercial street
and the temperature difference reached 2.8 °C. The comparison of the green park space and
the factory area showed that the temperature of the green park space was relatively high
under solar radiation, but the fluctuation was small and stable. The temperature fluctuation
of the factory land reached 2.5 °C and the relative humidity fluctuation was also relatively
large, reaching about 10%.

From the calculation of PET, the overall effect of thermal environment can be con-
structed. Among the various parameters, temperature had the strongest effect on the
thermal environment, followed by wind speed. The effect of relative humidity was rela-
tively small.

From the results and information provided by this study, the thermal environment in
various urban spaces was well understood. In urban planning, corresponding measures
can be considered to improve the thermal comfort in various urban environments, such as
shading the square area with tall trees, using the water surface to improve the areas that
need to be cooled in the afternoon, effectively using the shadows of buildings to arrange
citizens’ activity venues and select the appropriate street aspect ratio to meet the needs of
ventilation and cooling. Therefore, through the quantitative study of thermal environment,
recommendations can be provided for the sustainability of climate and environment in
cities, such as Wuhan, with huge urban spaces and hot summers.
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Appendix A

Table A1l. Classification of green coverage ratio.

Level ! Measurement Points Green Coverage Ratio Characteristics
; Fin 1, o i, L withlow vegenion orerag
9 Point 9, Point 17, Point <30% & ty ’
= 19 Point 20 pure impermeable streets, and
! industrial land
§ Point 2, Point 6, Point 8, The greening level is average, which is
gt Point 13, Point 14, Point 30-60% also combined with the land types of
5 18 other functions
Point 4, Point 5, Point . . .
& 10, Point 15, Point 11, >60% Land with hlf}}‘fgezﬂo“ coverage,
- Point 12, Point 16 such as parks

! In this study, the green coverage ratio was divided into three groups: low density (<30%), medium density

(30-60%), and high density (>60%).
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Table A2. Names, photos, building density, and 3D maps of measurement points.

Numbers Names Building Density ! Photos 3D Maps 2

1 Hangqi residential 36.3%
community High density
China Resources 0
2 Central Park 14.6%
residential Low density
community
Zhonghai Qintai
. . 13.8%
3 Huafu residential .
. Low density
community e
4 Jiefang Park /
5 Wuhan Tiandi 31.8%
commercial street High density

6 Hongshan Square /
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Table A2. Cont.

Numbers Names Building Density ! Photos 3D Maps 2
7 SUPOR electric rice 30.4%
cooker company High density o
Honggapg 2n.d 25.7%
8 Street residential . .
. Medium density
community
9 Xinyuan residential 35.9% o
community High density
10 Hongshan Park / @
11 Zhongshan Park / m
12 Baodao Park /
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Table A2. Cont.

Numbers Names Building Density ! Photos 3D Maps 2

13 Tanhualin 37.2%
commercial street High density
R 22.1%
14 Hubei University Medium density
Central South
15 University of 16.6% @
Finance and Medium density
Economics
16 Wuhan University 21.3% @
of Technology Medium density
Tor}gxmgh 33.4% @
17 residential Hieh densi
community & ty
18 Wuhan Second 33.1% @

Hospital High density
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Table A2. Cont.

Numbers Names Building Density ! Photos 3D Maps 2

19 Xunlimen 32.8%
commercial street High density @
20 Lianfeng Square Higfﬁfeﬁsi ty @)
! In this study, the buildin% density was divided into three groups: low density (<15%), medium density (15-30%),
and high density (>30%). © 3D graphics made with Lbs.amap.com as base.
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