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Understanding the synergistic effect of multiple parameters is helpful to urban planners
trying to design sustainable cities through a holistic approach. The objective of this
research was to investigate how the street aspect ratio (HW), street orientation (AO),
and greenery parameters, such as leaf area density (LAD) and aspect ratio of trees (ART),
could affect the microclimate and outdoor thermal comfort of street canyons in a central
business district under the local climate conditions of Chongqing city. To achieve this goal,
a series of single- and multi-parameter simulations which followed an orthogonal design of
experiments (ODOE) were conducted. The physiological equivalent temperature (PET) was
adopted to assess the results of microclimate simulations for different urban models. The
main findings are as follows: 1) The aspect ratio and orientation of urban canyons and ART
play significant roles in influencing microclimate variables at the pedestrian level. 2) There is
an inverse relationship between the street aspect ratio and Tmrt, and likewise for ART; the
highest wind velocity was obtained when the aspect ratio of canyons was 2 and 3, which
consequently developed the channeling phenomenon (when the domain wind is prevailing
with street direction). 3) The East–West streets and canyons with an HW = 0.5 incur the
warmest thermal conditions and longest extreme discomfort durations. 4) Results for the
PET andmeteorological parameters exhibit less significant variation obtained from different
values of LAD than those observed in the other three parameters.

Keywords: urban canyon geometries, street greenery, outdoor thermal comfort, parametric simulation, synergistic
effect

INTRODUCTION

Over the past 60 years, the global climate has undergone significant changes, with the number of days
marked by heat waves continuing to increase (IPPC, 2014). Heat waves not only pose a threat to
residents’ lives and health but also cause shortages in the urban infrastructure supply and adversely
affect transportation facilities (Luber and McGeehin, 2008). With the rapid development of
urbanization, the surface and air temperatures in cities exceed those in rural areas; this
phenomenon is known as the urban heat island (UHI) effect (Oke, 1982). It is mainly related to
synoptic weather conditions, the characteristics of urban morphology and urban canyons, the lack of
green spaces, high-absorbing urban materials, anthropogenic heat generation by human activities,
and heat sinks (Haddad et al., 2020a). For any human settlement, the UHI effect and global warming
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jointly increase the ambient temperature in cities (Haddad et al.,
2020b). The rise in temperature has many implications, especially
for energy consumption, pedestrian comfort, environmental
health, and human well-being (Fahed et al., 2020). In realizing
that the interaction between cities and climate could inform
urban planning guidelines, potential opportunities that climate
change presents could be seized upon to help create healthy and
sustainable cities.

The interaction between microclimate and buildings is
predominant in urban areas, wherein the urban microclimate
is closely linked to the urban climate. Oke (1988) clarified that in
terms of urban climatology, the urban microclimate is formed by
meteorological parameters and is strongly affected by local
surroundings and the anthropogenic sources of both heat and
air pollutants (Akbari et al., 1992; Golden, 2004; Chow et al.,
2013). The creation of UHI interferes with the microclimatic
conditions one is exposed to, whether one is working or staying
outdoors, and is directly related to people’s health, life, and work
(Harlan et al., 2006; Guhathakurta and Gober, 2007). In related
studies, much effort has been devoted to the potential of urban
morphology and greenery parameters for optimizing the urban
microclimate (Andreou, 2014; Perini and Magliocco, 2014;
Morakinyo and Lam, 2016). Recently, Yilmaz et al. (2021)
selected a street in Erzurum (Turkey) as a case study scenario;
their results showed that in the summer period, the air
temperature of the greener street scenario is about 1.0°C
cooler than the typical condition and about 2.0°C warmer in
the winter period. Earlier, Qaid and Ossen (2015) investigated the
influence of six asymmetrical aspect ratio scenarios of streets on
their microclimate in Malaysia, finding that an aspect ratio of
0.8–2 reduced the surface temperature by 10°C–14°C and air
temperature by 4.7°C, mitigating the effects of tropical heat
islands. The landscape elements can also cool down the cities
and create a comfortable local microclimate. In a work by
Morakinyo et al. (2020), simulations that entailed the
combination of 54 generic tree forms and 10 characteristic
urban morphology types were conducted. Their results
demonstrated that variable temperature regulation by tree
forms (species) occurs with varying magnitude across different
types of urban morphology. Notably, daytime and nighttime
temperature regulation effects were 0.3–1.0°C and 0.0–2.0°C,
respectively.

Among the relevant studies, street canyons, as the basic urban
geometrical units, play a key role in the formation of
microclimate (Oke, 1992). As reviewed by Jamei et al. (2016),
urban canyons determine the solar access, shading, and wind
conditions, which then affect the air and surface temperatures.
The canyon is considered uniform if it has an aspect ratio
approximately equal to 1, shallow if the canyon has an aspect
ratio less than 0.5, and deep if the aspect ratio is 2 or greater
(Ahmad et al., 2005). Over the past few decades, numerous
studies have investigated the effects of urban canyon
geometries upon the microclimate parameters via field
measurements or numerical simulations (Ali-Toudert and
Mayer, 2006; Pearlmutter et al., 2007; Andreou, 2014;
Chatzidimitriou and Yannas, 2017). The parameters at the
urban level include the neighborhood layout configurations

(NL) (Taleghani et al., 2015), sky view factor (SVF), aspect
ratio of street canyon (HW) (Chatzidimitriou and Yannas,
2016), and their axis orientation (AO) (Pearlmutter et al.,
2007). Concerning greenery, the tree covered area (TCA), the
leaf area density (LAD), and a measure of tree distribution, like
the aspect ratio of trees (ART), are considered the main variables
in the design process (Morakinyo and Lam, 2016; Morakinyo
et al., 2017; Zhang et al., 2018). Trees not only modify the
microclimate by altering the solar radiation reaching and
terrestrial radiation leaving the ground they also contribute to
outdoor thermal comfort by improving the shading effect via
evapotranspiration (Fahmy et al., 2010; Spangenberg et al., 2019).
Table 1 reports some relevant studies on the synergistic effects of
different parameters on microclimate and outdoor thermal
comfort. Only the relationship between HW and OA has been
thoroughly studied, and all the reports to date show that the
East–West (E–W) orientated canyons suffer the worst thermal
comfort vis-a-vis other orientations. There are also some studies
on the impact of different greening configurations in canyons on
outdoor thermal comfort, as well as investigations of the
relationship between SVF and parameters of street trees.

In the aforementioned studies, the outdoor thermal comfort
was generally employed to evaluate the field measurement or
simulation results. Thermal comfort indexes derived from human
energy balance have been developed to evaluate the outdoor
environment, such as the outdoor-standard effective
temperature (OUT-SET*) (Spagnolo and de Dear, 2003), the
predicted mean vote (PMV) (Fanger, 1972), and the universal
thermal climate index (UTCI) (Bröde et al., 2012). The
physiologically equivalent temperature (PET) (Höppe, 1999)
considers individual parameters, such as human activity,
metabolic rate, and thermal resistance of clothing. In addition,
the PET has been validated in all climates and seasons, and is
simply expressed in degree Celsius (°C) (Matzarakis et al., 1999),
which is more convenient for researchers and designers to use.
Thus, the PET was adopted as the outdoor thermal comfort index
to evaluate the pedestrian-level thermal comfort in this study.

Numerical simulations have been widely used to investigate
urban microclimates in recent years (Matzarakis et al., 2007;
Lindberg et al., 2008; Matzarakis et al., 2010; Rayner et al., 2015;
Salata et al., 2016). There are two kinds of numerical simulation
methods: distributed parameter and lumped parameter methods.
The distributed parameter method is based on computational
fluid dynamics (CFD) for analyzing fluid thermodynamic
problems (Littlefair et al., 2000; Franke et al., 2007; Tominaga
et al., 2008). By using this technology to establish the turbulence
model of airflow in a given area, and then setting reasonable
boundary conditions and parameters according to meteorological
and built environment data, the coupled calculation of convective
heat transfer, radiation heat transfer, and heat conduction process
in outdoor thermal environment can be realized such that the
distribution characteristics of thermal environment parameters,
temperature field, humidity field, and velocity field in different
positions in the area can be obtained (Li et al., 2015). Currently,
the CFD software packages include Fluent, PHOENICS, and
ENVI-met, and numerical simulation software has been
applied in related research (Yuan et al., 2012; Cao and Wang,
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2017; Hou and Ming, 2018; Wang and Wang, 2018). Bo-Ot et al.
(2012) used PHOENICS to simulate the influence of a
neighborhood-scale green space layout on the outdoor thermal
environment in Tainan City, which showed that the green space
layout has the best cooling effect in a built environment. Ali-
Toudert and Mayer (2007) used ENVI-met to study the effect of
certain design parameters, such as the street aspect ratio, axis
orientation, symmetry, building facade shape, and landscape
greening, upon the thermal comfort of street canyons in a dry
and hot climate area. ENVI-met is one of the most widely
employed models for simulating the thermal comfort at the
street level at a fine resolution (Bruse and Fleer, 1998), and it
is the available software package that has the capacity and
functions required by our present study. Therefore, in this
work, science version V4.5 of ENVI-met was used for the
simulations.

The abovementioned studies related to street canyons
reported significant effects of geometries and greenery
parameters on microclimate and outdoor thermal comfort.
Yet, studies on the synergistic thermal benefit of HW and AO
of canyons combined with LAD and ART of street trees, which is
essential for thermal comfort at the pedestrian level in street
canyons, are still lacking. Furthermore, most of these studies were
done based on the urban scenarios of a single canyon or block,
without consideration of the differential influence from
surrounding urban contexts in a real urban environment.
Moreover, related studies were carried out in regions with
certain climatic conditions, especially in hot, arid, and
temperate zones. Accordingly, conclusions drawn from studies
in a hot humid climate, mostly in coastal cities, cannot be

generalized to inland cities with humid subtropical climate,
like Chongqing, a typical mountainous inland city in China.

This study can be seen as extending the above studies, by
taking a more comprehensive perspective to examine the
synergistic relationship between canyon geometrical and
greenery parameters under the local climate of Chongqing. A
series of parametric analyses were conducted for a wide range of
hypothetical urban scenarios, with various and multiple
parameters derived from the streets and planning regulations
of Chongqing city. Finally, based on our results, some guidelines
and strategies for optimizing the microclimate and outdoor
thermal comfort are proposed. This study is a part of the
National Social Science project of China entitled “Research on
the prevention, control and management mechanism of heat wave
disasters in high-density mountainous cities.” Some field
measurements and outdoor thermal comfort questionnaire
surveys had already been conducted in Chongqing in the
summers of 2019 through 2021, whose relevant findings were
also incorporated into this study.

METHODS

The methodological framework of this study consisted of the
following steps:

1) Developing a prototype parametrical model based on the
investigation of urban geometrical features in Chongqing,
and proposing a wide range of hypothetical urban
scenarios with various and multiple geometrical parameters

TABLE 1 | Studies on the synergistic effect in different parameters on outdoor thermal comfort.

Reference Location Climate Variations Findings

Morakinyo and Lam (2016); Morakinyo
et al. (2020)

Hongkong Hot-humid TCA; LAD; ART; SVF The effectiveness of ameliorating thermal stress from trees
is related to the height of tree trunks and planting patterns;
daytime and nighttime temperature regulation effects were
between 0.3–1.0°C and 0.0–2.0°C, respectively, depending
on tree forms and SVF value

Chatzidimitriou and Yannas (2016),
Chatzidimitriou and Yannas (2017)

Thessaloniki,
Greece

Temperate HW; TCA; NL; materials The effect of different variations in two types of urban form,
courtyard, and squares, on the microclimate were
compared. HW has a stronger effect on PET in courtyards.
Trees have the strongest influence on microclimate
compared with other variations

Bourbia and Awbi (2004) El-Oued, Algeria Hot-desert HW; AO Compact street canyons with HW higher than 1.5 and N-S
oriented streets achieve the highest shading area

Pearlmutter et al. (2007) Negev, Israel Hot-arid HW; AO Compact street canyons have better thermal comfort (only
in 1 ≤ HW ≤ 2) when near N-S oriented streets

Taleghani et al. (2015) De bilt,
Netherlands

Warm and
temperate

NL; AO Urban forms influence the duration of direct Sun and mean
temperature. The point in courtyards illustrates better
thermal environment since it has smaller SVF

Perini and Magliocco (2014) Milan Genoa
Rome, Italy

Mediterranean Building density and
height; vegetation type；

The higher density causes higher temperatures, and with
taller buildings, vegetation has higher cooling effects; the
amount of green areas and types can make a different
cooling effect

Bartesaghi-Koc et al. (2021) Sydney, Australia Humid
subtropical

Materials; greenery;
shading; spray system

The best-performing scenario combining reflective
materials, increased greenery, spray systems, and
traditional shading provides a very significant reduction of
Ta and Ts of up to 3.3°C and 30.9°C, respectively
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derived from the building and planning regulations of
Chongqing.

2) Investigating the thermal performance of various prototype
models, and finding out the thermal benefit of each parameter.

3) Adopting the orthogonal test to investigate the synergistic
effect among four key parameters including the canyon aspect
ratio, canyon axis orientation, the LAD, and the aspect ratio of
street trees (ART).

4) Proposing the implications for optimizing the guidelines and
strategies of urban design, as based on the obtained results for
the aforementioned.

Site Description and Climate Analysis
This study was conducted for typical summer conditions in
Chongqing city, located at 29.57°-N and 106.55°-E at 238 m
a.s.l. According to the world map of the Koppen-Geiger
climate classification, Chongqing city belongs to the Cwa and
Cfa climate zones (Kottek et al., 2006) corresponding to a humid
subtropical climate. This generally takes the form of hot
summers, with an average maximum temperature of 32°C, and
cool winters. In this region, the highest air temperature occurs in
June to September, and the number of days exceeding 35°C
accounts for 20–25% of July and August. Wind speed is

FIGURE 1 | Monthly variations of meteorology-temperature (A), precipitation (B) and wind speed (C).
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highest in the spring every year, with prevailing winds from the
northeast and East, and a monthly wind speed of 0.28–1.4 m/s.
Themonthly trends of some essential meteorological variables are
depicted in Figure 1.

The study area is located in the central part of Chongqing city,
called Jiefangbei. It is one of the most famous central business
districts (CBD), with a dense urban morphology and complex
land-use, as shown in Figure 2A. This area is characterized by tall
buildings, and winding and narrow streets, which constitutes a
compact urban texture. Most of the street orientations are not
strictly N–S or W–E, as some streets have intermediate
orientations.

Development of Urban Canyon Scenarios
To explore the existing urban canyon geometry, some
representational plots were selected for investigating the urban
geometrical features in the study area. The locations and their
geometrical and greenery parameters, such as the canyon aspect
ratio of these plots, are shown in Figure 2B and Table 2.
Generally, the aspect ratio of streets in Jiefangbei varies from
0.5 to 3, for which values can be rounded to 0.5, 1, 2, or 3. For the

streets’ orientation, four main directions were adopted: E–W,
N–S, NE–SW, and NW–SE. According to the investigation
results, the LAD of street trees varies from 1 to 3, whose
values can be rounded to 1, 2, or 3. The ART of street trees
varies from 0.5 to 2, with these values rounded to 0.5, 1, or 2.

Considering the complexity of urban morphology in CBD, it is
necessary to develop a simplified prototype model for describing
the characteristics of different neighborhoods as a common
pattern from a design perspective. According to an urban
morphology analysis, the neighborhood can be seen as a
combination of building block layouts and canyon types at
different scales, and the typology of the neighborhood can be
simplified into a uniform prototype system that consists of square
blocks with different street canyons in a rectangular coordinate
system, as shown in Figure 3. Some details in these neighborhood
blocks, such as small patios and material variations in a block, are
ignored because their influence on pedestrian level thermal
comfort is relatively weak when compared with that of the
layout configurations (Jamei et al., 2016). Therefore, the
length-to-width ratio of the uniform building block can be
used for representing the configuration of a neighborhood

FIGURE 2 | Location of Chongqing city (A) and the reference site (B).
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layout. The canyon axis orientation is directly related to the
neighborhood layout.

The urban model referred to in this study was developed based
on the aforementioned analysis of the aspect ratio and other urban
geometrical features of the Jiefangbei area. The urban street canyon
served as the basic structural unit for this study’s microclimate
simulation and analysis. Chongqing is a typical mountainous city;
due to its terrain features, the blocks are not as regular as they
would be on flat land, and most of them are 200 m × 200 m in sizes
as a unit block in Jiefangbei. Therefore, the simulation adopted this
size as a unit block. According to the sizemeasurements of the plots
with commercial single buildings in the Jiefangbei area, the size of
the unit plot of buildings was set to 40m × 40m; this is suitable for
a single commercial or business building, to simplify the
simulations. According to the Code for Traffic Plan and Route
Design of Urban Roads in Chongqing, the main roads, secondary
roads, and branch roads are embodied as two-way, six-lane street,
and two-way four-lane or two-lane street, respectively. For
Chongqing city, the standard width of the main streets,
secondary streets, and branch roads is 32–42m, 20–36m, and
9–26m, respectively, and sidewalks should be set on both sides.
Considering the mountainous terrain and to facilitate the
calculations, the width of the main street and secondary street
was chosen to be 24 and 12m, respectively, with additional 3 m of
sidewalks on either side (i.e., 6 m of sidewalk) for a total width of
30 m and 18 for each street type, respectively. Figure 4 shows the
basic scenarios of geometrical and green parameters. Based on the
aforementioned typological and scale analysis of the urban form, a
parametric model can be generated to investigate the single-
parametric and synergistic effects of different variables.

Simulating the Microclimate With ENVI-Met
and Its Validation
ENVI-met, developed by Bruse (2004), is a grid-based 3D
microclimate model with a typical horizontal resolution spanning
0.5–5m and a time step of 1–5 s. ENVI-met provides a “nesting
area” around the core domain to distance the boundaries away from
the target area and thus minimize boundary effects acting on the
target area (Salata et al., 2016). In this study, five nesting grids that
were positioned around the domain area were used. Furthermore, to
provide more stable lateral boundary conditions for the simulations,
the horizontal boundary of the domain area was set to be at least
twice the height as the tallest building in the model.

A comparative validation experiment was conducted for
observed (actual) versus predicted (simulated) data plotted to
check the correspondence of ENVI-met under a hot subtropical
climate. According to local measurements in Jiefangbei CBD, the
ENVI-met model for the actual scenario was built, and
12 “receptors” were set (same with Figure2B), with the
distribution of actual measuring as shown in Figures 5A,B. In
addition, the initial meteorological boundary conditions of the
model were set according to the measured values on the day of
actual measurement, and shown in Table 3. When the measured
points of A1 are selected as representative empirical data, the
hourly measured and simulated values of air temperature and
humidity are shown in Figures 5C,D. The measured values of A1T
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are highly consistent with its simulated values, and the highest
temperature in both appears at the same time; but the measured
air temperature value climbs faster than the simulated value and
drops more sharply after passing the peak temperature. The
initial measured relative humidity is higher than the simulated
value; however, the measured values are very close to simulated
values as the humidity gradually increases beyond its lowest
point. The daily differences between the measured and
simulated values of air temperature, relative humidity, and
wind velocity are listed in Table 4. It can be seen from
Table 4 that the daily difference of air temperature and
relative humidity at most measuring points is within the
precision range of the testing instrument (±0.5°C and ±3%).

Referring to the Typical Meteorological Database Handbook
for Buildings (Zhang and Yang, 2012), the solar radiation in

Chongqing is hottest in July, which is the hottest month of the
year. According to its definition in Design Standard for Thermal
Environment of Urban Residential Areas, the typical
meteorological day is a day selected in typical meteorological
years to represent the seasonal climate characteristics. Therefore,
July was chosen as the representative month of summer; then,
compared with the calculated monthly average of meteorological
data (data source from Chinese standard Weather Data
[CSWD]), 20th was selected as a typical meteorological day,
being the day closest to that month’s average. The hourly
meteorological data on July 20th were simulated as the initial
meteorological conditions, which lasted for 48 h and were
recorded once every hour. Because the dynamic wind speed
and direction could not be inputted, the average wind speed
in July was calculated to be 1.63 m/s, and the wind direction with

FIGURE 3 | Typological analysis of selected central business district Jiefangbei in Chongqing.

FIGURE 4 | Generative process diagram of the parametrical prototype model.
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the highest frequency in July was selected as the boundary
condition of the wind environment. In addition, according to
the relative humidity of the soil in Chongqing in the
summer—obtained from the website of the Central Weather
Bureau, China—the specific parameters for the initial
simulation conditions of ENVI-met were derived (Table 3).

Orthogonal Design of experiments
ODOE is a branch of factorial design of experiments (FDOE)
(Cox and Reid, 2000). It is used to acquire test results from only a
small group of original experiments, when compared with other
design of experiment (DOE) methods (Condra, 2018). Unlike
some other traditional research methods, it can assign a weight to
all non-numerical comparisons by statistical calculation. In an
ODOE, we call the distinct settings in each factor “levels.” The
original number of cases equals the product of the numbers of
levels. Based on a suitable orthogonal table, representative cases
with the characteristics of “uniform dispersion, neatness, and
comparability,” can be selected from the original cases so that
researchers only need to test these typical ones to obtain a final
result. ODOE has been widely used in various scientific fields for
its high efficiency (Yang et al., 2020; Zheng G. et al., 2021, Zheng
et al., 2021 W.). ODOE helped Lv et al. (2020) to reduce the
number of tests from 1,458 to 18 in their research on the impact of
individual factors on the thermal environment in subway
stations. Using ODOE, Yang et al. (2016) completed a multi-

factor study on the allowable fluctuation ranges of the individual
metabolic rate based on thermal comfort from 25 experiments.

To improve the efficiency of simulation, ODOE was
incorporated into this study, to effectively reduce the number
of studied cases (i.e., the effects caused by factors including
interactions can be obtained from fewer combinations of
various factors). Here, PET was used to evaluate the four
parameters: street orientation (AO), street aspect ratio (HW),
LAD, and ART. As shown in Table 5, the levels of AO were listed
as A1, A2, and A3 successively, and the same rule applied to the
factor levels of HW, LAD, and ART. Then, the orthogonal table of
L_27 (313) (Table 6) was chosen to conduct experiments with
four factors (HW, AO, LAD, and ART), with each factor
comprising three levels. In addition, because of the
interactions uniformly distributed in each factor, the main
effects’ ranking can be decided without the influence of their
interactions. The 27 tested cases are shown in Table 6.

Thermal Comfort Index and the Range of
Thermal Perception
PET was used here as the thermal comfort index, and Biomet
V5.1 (Bruse et al., 2019), a post-processing tool of ENVI-met, was
selected for dealing with the simulation results from 6:00 to 18:00
(outdoor activity time during the day) at a vertical height of 1.5 m
from the ground. Regarding the human body model, all PET

FIGURE 5 | The actual scenario (A) and ENVI-met model of the actual scenario (B), the hourly air temperature (C) and the relative humidity (D) at A1.
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values in this article are calculated for a 35-year-old man, 1.75 m
in height, and weighing 75 kg, with clothing insulation of 0.9 m2

k/w. According to the prior research findings of the National
Social Science project, the thermal comfort temperature is
20.35°C ≤ PET≤31.07°C in the Jiefangbei area, which was
adopted as the evaluation value in the analysis of the following
results.

RESULTS

Parametric Simulation Results
Aspect Ratio (HW)
According to the microclimate simulation results for the canyon
aspect ratio (HW), illustrated in Figure 6A, the maximum Ta

ranges from 32.23°C in the deep street canyon (HW = 3) up to

36.1°C in the shallow street canyon (HW = 0.5), as the street
aspect ratio shifts from high to low. However, only slight
differences can be found between the street canyons having
aspect ratios of 2 and 3. The changes to Tmrt in the street
canyon are similar to those of Ta (Figure 6B). The possible
reason for this behavior is that solar radiation plays a key role in
Tmrt formula together with Ta, and buildings along the deeper
street canyons cast more of shadow (“shadow-cast”), leaving less
solar reaching into the canyons; consequently, the trends of Tmrt

and Ta are similar. But the effect of deep street canyons on
shading and cooling is limited by the width of the street. When
the shadow-cast of buildings on street sides completely covers
the street surface, any further increase in the height of buildings
and improving the HW will not enhance the cooling effect.
Figure 6C shows the results of wind velocity, which revealed
that a higher HW leads to a greater average wind speed in street

TABLE 5 | Factor levels of orthogonal models.

Factor level Factor
A (street orientation)

Factor
B (aspect ratio)

Factor C (leaf area
density)

Factor D (aspect
ratio of trees)

1 N-S H/W = 1 LAD = 1 ART = 0.5
2 NW-SE H/W = 2 LAD = 2 ART = 1
3 NE-SW H/W = 3 LAD = 3 ART = 2

TABLE 3 | Conditions used in the simulation with ENVI-met.

Various Settings

Parametric simulation Validation simulation

Location Chongqing, China. 29.59°N, 106.54°E, 315 m above sea level
Size and resolution 200×140×(40–180)m 930×975×180 m

X = 1 m, Y = 1 m, Z = (1–3)m X = 3 m, Y = 3 m, Z = 3 m
Simulation start day [DD.MM.YYYY] 19.07.2019 (the day before a typical summer day) 25.07.2019 (the day before a field experiment day)
Simulation start time [HH:MM:SS] 23:00:00 23:00:00
Total simulation time [h] 48 48
Model state save intervals (min) 60 30
Wind speed 10 m above ground [m/s] 1.63 m/s 2.04 m/s (according to the measured meteorological values)
Roughness length at measurement site 0.010 0.010
Wind direction (0:N; 90:E; 180:S; 270:W) 22.5 135 (according to the measured meteorological values)
Min and max temperature (°C) 23.70°C，34.10°C 26.80°C, 38.00°C (according to the measured meteorological values)
Min and max related humidity (％) 54％, 97％ 35％, 75％ (according to the measured meteorological values)
Initial atmosphere temperature [K] 298.15 298.15
Specific humidity at 2500 m [g water/kg air] 17 17
Relative humidity at 2 m [%] 82 82
Inside temperature [K] 297 297
Heat transmission: walls [W/m2K] 0.72 0.72
Heat transmission: roofs [W/m2K] 1.74 1.74
Albedo: walls 0.3 0.3
Albedo: roofs 0.4 0.4

TABLE 4 | Daily difference between measured and simulated values of meteorological parameters.

A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4

Temperature (°C) −0.13 0.45 0.26 0.09 0.04 0.53 0.08 −0.14 0.28 −0.30 −0.45 0.28
Relative humid (%) 1.73 −0.72 0.14 −1.63 1.50 0.20 0.77 1.08 0.09 0.67 −0.25 2.35
Velocity(m/s) −0.16 −0.46 −0.32 −0.49 −1.52 −0.46 −0.83 0.50 -0.49 0.37 −0.75 −1.40
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TABLE 6 | Results of models in orthogonal experimental design of mix levels.

Standard orthogonal table

A B (A×B)1 (A×B)2 C (B×D)2 (A×D)2 D (A×D)1 (B×D)1 Mean PET

1 1 1 1 1 1 1 1 1 1 1 1 1 1 32.635
2 1 1 1 1 2 2 2 2 2 2 2 2 2 30.924
3 1 1 1 1 3 3 3 3 3 3 3 3 3 29.001
4 1 2 2 2 1 1 1 2 2 2 3 3 3 29.284
5 1 2 2 2 2 2 2 3 3 3 1 1 1 28.250
6 1 2 2 2 3 3 3 1 1 1 2 2 2 29.878
7 1 3 3 3 1 1 1 3 3 3 2 2 2 27.754
8 1 3 3 3 2 2 2 1 1 1 3 3 3 28.903
9 1 3 3 3 3 3 3 2 2 2 1 1 1 28.263
10 2 1 2 3 1 2 3 1 2 3 1 2 3 32.106
11 2 1 2 3 2 3 1 2 3 1 2 3 1 29.409
12 2 1 2 3 3 1 2 3 1 2 3 1 2 33.704
13 2 2 3 1 1 2 3 2 3 1 3 1 2 28.806
14 2 2 3 1 2 3 1 3 1 2 1 2 3 31.048
15 2 2 3 1 3 1 2 1 2 3 2 3 2 29.951
16 2 3 1 2 1 2 3 3 1 2 2 3 1 29.362
17 2 3 1 2 2 3 1 1 2 3 3 1 2 28.647
18 2 3 1 2 3 1 2 2 3 1 1 2 3 27.484
19 3 1 3 2 1 3 2 1 3 2 1 3 2 30.668
20 3 1 3 2 2 1 3 2 1 3 2 1 3 33.902
21 3 1 3 2 3 2 1 3 2 1 3 2 1 32.656
22 3 2 1 3 1 3 2 2 1 3 3 2 1 32.493
23 3 2 1 3 2 1 3 3 2 1 1 3 2 31.158
24 3 2 1 3 3 2 1 1 3 2 2 1 3 29.460
25 3 3 2 1 1 3 2 3 2 1 2 1 3 30.623
26 3 3 2 1 2 1 3 1 3 2 3 2 1 29.291
27 3 3 2 1 3 2 1 2 1 3 1 3 2 31.466
K1j 29.43285 31.66765 30.12982 30.41652 30.41502 30.57402 30.26245 30.17139 31.48827 30.17293 30.34244 30.47718 26.92912
K2j 30.0579 30.0369 30.44614 30.01507 30.17059 30.21531 30.33378 30.22612 30.4018 30.22317 30.14095 30.40423 33.66227
K3j 31.30237 29.08856 30.21716 30.36153 30.20751 30.00379 30.19689 30.39561 28.90305 30.39702 30.30973 29.91171 30.20173
Qj 16.3034 30.63127 0.480,351 0.852,665 0.31251 1.495,761 0.084384 0.245,989 30.33024 0.24889 0.210,464 1.702,982 204.0624
MIN 29.43285 29.08856 30.12982 30.01507 30.17059 30.00379 30.19689 30.17139 28.90305 30.17293 30.14095 29.91171 26.92912
Range (R) 1.869,515 2.579,092 0.31632 0.401,452 0.244,428 0.570,236 0.136,897 0.224,219 2.585,227 0.224,092 0.20149 0.565,474 6.733,159
Optimal level A1 B3 C2 D3
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canyons, because a narrow, deep canyon accelerates the airflow
into the canyon. This brings more heat out, and thus cools the
canyon.

Figure 7 shows the detailed temporal and spatial distributions
of PETwithin the street canyons during the daytime (i.e., 6:00–18:
00). Evidently, the shallowest canyons experience the longest
duration of highly uncomfortable conditions, lasting from 9:00 to
18:00 (Figure 7). However, the extreme discomfort conditions are
located on one side after 10:00 when the HW is 1 and after 12:00
when the HW is 2, but then gradually shift to the other side until
16:00 and 15:00, respectively. When the HW is 3, the PET value
exceeds 31°C at 13:00, and drops below 33°C in less than 2 h in the
middle of the street. By 18:00, the PET value is between 30
and 31°C.

Street Orientation (Axis Orientation)
According to the meteorological simulation results for the
four different street orientations, there was only a slight
difference among them in their mean Ta (Figure 8A).
Conversely, the maximum Ta is 1.6° C higher in the W–E
street than that in the N–S street. The Tmrt results showed
more significant variation between the different orientations
(Figure 8B). The other orientations (N–S, NE–SW, and
NW–SE) had lower Tmrt values and longer durations of
shading than the W–E street. The W–E street experiences
two peaks in Tmrt, at 10:00 and 16:00. This is reversed in the
NE–SW and NW–SE streets because these lie at opposite
angles incident to the Sun. The NE–SW street absorbed
solar radiation in afternoon, while the NW–SE street did so
mainly in the morning.

According to the temporal and spatial distributions of PET
shown in Figure 9, the average PET value in the NE–SW street

(34.23°C) is slightly smaller than that in the NW–SE street
(35.58°C). A possible explanation is that the average wind
speed is higher in the street canyon with a NE–SW direction
(Figure 9), making the conditions more comfortable, and this
reduces its PET values. The temporal and spatial evolution of PET
in the NE–SW street is similar to that of N–S streets, but the
duration of discomfort is slightly longer in the NE–SW street than
in the N–S street. The PET value of the NE–SW street exceeds
31°C at 9:00, yet this phenomenon did not appear until 10:00 in
N–S streets. Their mean PET values are 32.99 and 34.23°C,
respectively, with a difference of 1.34°C.

The temporal and spatial evolution of the W–E street differs
from other street orientations. The extreme discomfort
conditions are located in the center of streets after 13:00 and
gradually extend outward to the two sides. As the W–E street
experienced the largest area of discomfort conditions, its
maximum and average PET values surpassed those of other
orientations, with an average PET value reaching 40.79°C and
the maximum PET value reaching 53.40°C.

Leaf Area Density
From the Tmrt results obtained for different LAD values
(Figure 10A), we can see that the effect of a cooling and
humidifying surrounding environment was slightly influenced
by the variation of LAD. Compared with the street canyons
without vegetation, in which the Tmrt reached 65°C, the
outdoor thermal comfort of the street canyons with trees has
been significantly improved. The results of latent and sensible
heat flux obtained from street canyons with a different LAD
(Figures 10B,C) showed that the specific mechanisms differed.
Considering the lower LAD value, the large gaps between leaves
facilitate respiration and transpiration, and the surrounding

FIGURE 6 | Profiles of meteorological parameters in canyons with different aspect ratios-air temperature (A), average wind speed (B) and mean radiation
temperature (C).
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microclimate is chiefly cooled by leaf evaporation; when the LAD
value is higher, there are more leaves in the same horizontal unit
area, leaving fewer and smaller gaps between leaves, which leads
to greater stomatal resistance of their pores on the leaf surface,
and this limits their evapotranspiration (Figure 10D).
Consequently, the same cooling effect is achieved mainly by
directly shielding the solar radiation.

Figure 11 shows the temporal and spatial evolution of PET
obtained from street canyons whose LAD differs. The overall
distribution is even, and there is no lag in the peak in the canyon.
For a street canyon with LAD = 1, the PET exceeds 31°C at 11:00,
and the maximum PET value is 35.4°C at 15:00. However, the
extreme discomfort conditions occur after 12:00 for LAD = 2 and
LAD = 3 streets, whose maximum PET values appear at 16:00,
being 33.8 and 33.6°C, respectively. For the three LAD values of

streets, the duration of uncomfortable conditions lasted until 18:
00, and their difference in total discomfort duration was not more
than1 h.

Generally, compared with its absence, the outdoor thermal
comfort obtained with vegetation present is arguably, having
maximum PET values all below 40°C for the three different LAD
levels. The higher the LAD is, the later in the day the
uncomfortable conditions appear, and the shorter the duration
of discomfort. Yet the results of PET exhibited less significant
variation under different LAD levels than among the four street
canyon orientations.

Aspect Ratio of Street Trees
Figure 12 shows that the Ta and Tmrt in street canyons vary
significantly with changes in the aspect ratio of street trees

FIGURE 7 | Temporal and spacial variations in PET at the pedestrian level within the street canyons in different aspect ratio-H/W = 0.5 (A), H/W = 1 (B), H/W = 2 (C)
and H/W = 1 (D).
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(ART). The cooling effect of trees at the pedestrian level in the
street canyon is likely achieved by their canopy shading against
direct solar radiation combined with the evapotranspiration of
leaves. According to correlations with meteorological
parameters (Figure 12), the ART has a linear negative
correlation with both Ta and Tmrt, but a positive correlation
with air relative humidity and average wind speed. When the
ART increases, the distance between street trees is shortened,
and the quantities of street trees in the same street canyon are
increased. Therefore, at the pedestrian level, the space area
blocked by the canopy of trees was augmented, and the
evapotranspiration of canopy leaves effectively reduced the
Ta and Tmrt in the surrounding environment. When the ART
= 1 and 2, the Tmrt is always lower than 50°C. When the ART
value is high, a narrowing effect occurs between the densely
arranged tree canopies and the ground (Figure 12D), which
increases the average wind speed in the street canyons and the
intake volume of air, consequently improving the outdoor
thermal comfort.

As evinced in Figure 13, PET values decrease gradually as
the ART increases. For the streets with an ART = 0.5, the
discomfort conditions, where PET exceeds 31°C, are located
on one side after 10:00, and the maximum value of PET
reaches 47.94°C, and the discomfort duration lasts nearly 9 h.
By contrast, the uncomfortable conditions appear at 12:00 for
streets with ART = 1, and at 13:00 for streets with ART = 2,

for which the discomfort duration is only 6 h; this is reduced
by 3 h in comparison with the ART = 0.5 street. Maximum
PET values obtained from streets with an ART = 1 and ART =
2 were 41.4 and 35.6°C, respectively; hence, the maximum
difference between them was 12.34°C. Furthermore, with a
greater ART, the time at which uncomfortable conditions
appeared was gradually delayed.

Synergistic Simulation Results
After the parametrical simulation, the orthogonal method was
used to investigate the synergistic effect on the thermal
environment of urban street canyons.

The simulation results of 27 tested cases are presented in
Table 6. Comparing the PET of each factor level with K1j, K2j,
and K3j, the optimal level ranking of each factor can be achieved
as follows (Table 6 and Figure 14): street aspect ratio and ART
are negatively correlated with PET in the street canyon such
that the higher the values of ART and aspect ratio is, the lower
the PET is; the optimal level of street aspect ratio is 3, in which
the PET value is the lowest; the optimum level of ART is 2;
concerning the street orientation, the N–S street performed the
best, and the NW–SE street the worst. The results of the
aspect ratio and orientation are consistent with the
conclusion of previous reported simulations. Under the
synergistic effect of multiple parameters, the trend of a
single-factor influence on the thermal environment is

FIGURE 8 | Profiles of meteorological parameters in canyons with different orientations-air temperature (A) and mean radiation temperature (B).
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consistent, but the degree of its effect was changed. In the
multi-parameter situation, the optimal value of ART was
valuable for promoting the thermal comfort of street
canyons with a lower aspect ratio or having an E–W
orientation. However, the optimal level of LAD is 2, unlike
results from previously reported simulations. Because the LAD
simulation displayed only slight differences, LAD = 2 was
deemed the most economical choice here.

To determine the specific impact of factors and their
interactions with PET, the contribution rate was adopted.
Through it, the specific influence of a given factor (or
interaction) was measured as proportion: the sum of squares
of column deviations of each factor (or interaction) relative to
the sum of squares of total deviations, which is calculated in
this way:

ρj �
Qj

Q
� Qj

∑
13
j�1Qj

,

where ρj is the contribution rate; Q is the sum of squares of the
total deviation; Qj is the sum of squares of the column deviations;
and j is the column number.

According to that formula, the contribution rate of each
factor and their interaction with the street canyon models
were calculated (Figure 15). These results could be ranked
as follows: street aspect ratio > ART > street orientation >
interaction between street aspect ratio and ART > interaction
between street orientation and ART > LAD. Among them, the
contribution rates of the street aspect ratio and ART were
similar and the highest among them, being 11.32 and 11.21%,
respectively. The contribution rate of the LAD and the

FIGURE 9 | Temporal and spacial variations in PET at the pedestrian level within the street canyons in different orientation-N–S (A), NE–SW (B), W–E (C) and
NW–SE (D).
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interactions between street orientation and ART were the lowest,
respectively, just 0.12 and 0.18%; this indicated few effects on the
outdoor thermal environment when various changes occurred.
Furthermore, the low contribution rates of the interaction between
the street aspect ratio and ART (1.18%), as well as the interaction
between street orientation and the street aspect ratio (0.49%),
implied their limited effects on the thermal environment.
Overall, both ART and HW are the paramount parameters to
govern the outdoor thermal environment of street canyons,
followed by the street orientation.

Searching for the optimal composition of factors with
significant interaction (A and B, B and D) could serve as a
useful reference when choosing the appropriate levels of factors
in urban planning and design. According to the average value of
PET during the daytime, the interactions are summarized in
Table 7. The PET values of each row and column in the table
indicate the average effect of the combination of these factors on
the outdoor thermal environment. For example, A1B1 represents
the average PET value of all test results of the N–S street with a
street aspect ratio of 1. Comparing these results, the optimal

FIGURE 10 | Profiles of meteorological parameters in canyons with different LAD-mean radiation temperature (A), latent heat flux (B), sensible heat flux (C) and
stomatal risistance (D).

FIGURE 11 | Temporal and spacial variations in PET at the pedestrian level within the street canyons in different LAD-LAD = 1 (A), LAD = 2 (B) and LAD = 3 (C).
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combination of street orientation (factor A) and the street aspect
ratio (factor B) is A1B3, and the worst combination is A3B1.
Furthermore, the combination of A1B3 and A1Bi (i = 1, 2, and 3)
outperformed other combinations. The optimal combination of

the street aspect ratio (factor B) and ART (factor D) is B3D3, and
the worst combination is B1D1. Meanwhile, the combinations,
namely, B3Di and BiD3 (I = 1, 2, and 3), are evidently better than
the other combinations.

FIGURE 12 | Profiles of meteorological parameters in canyons with different ART-air temperature (A), mean radiation temperature (B), relative humidity (C) and
average wind velocity (D).

FIGURE 13 | Temporal and spacial variations in PET at the pedestrian level within the street canyons in different ART-ART = 0.5 (A), ART = 1 (B) and ART = 2 (C).
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To search the optimal configuration of parameters, PET was
ranked from low to high as shown in Table 8. According to this list,
the optimal configuration of the street canyon model is A2B3C3D3

(model No.18), the optimal configuration of factors is “NW–SE
street with a street aspect ratio of 3 and street trees with an LAD of 3
and ART of 2”; the worst configuration is A3B1C2D1 (model No.20),
with this corresponding to “NE–SW street with a street aspect ratio
of 1 and street trees with an LAD of 2 and ART of 0.5.” Generally,
combining with the optimal composition of factors with significant
interaction yielded the best configuration (A1B3CiD3) for a street
canyon.

Furthermore, the difference in the average value of PET
between No.18 (the best configuration) and No.7 (ranked
second) model was only 0.27°C. In addition, there are 19

simulation models whose average PET values are within the
thermal comfort zone; for five of them, PET was about 28°C,
while for another eight models it was about 29°C. Among these 19
models, their street orientations were mostly N–S and NW–SE,
their prevailing street aspect ratio is 2 and 3, and the ART is most
often 1 or 2, whereas their factor levels of LAD are evenly
distributed.

DISCUSSION

Parametric and Synergistic Effect Analyses
After a description and analysis of the thermal performance of the
four parameters, the results showed that deeper canyons

FIGURE 14 | Average values of PET from 800 to 2000 in canyons with different factor levels.

FIGURE 15 | Contribution rate of each factor and factor interactions.

TABLE 7 | Calculation of interaction between factors A and B, and factors B and D in the street canyon model.

Factor A factor B N-S NW-SE NE-SW Factor B factor D 1 2 3

1 30.853 31.74 32.409 0.5 33.414 31.14 29.91
2 29.137 29.935 31.037 1 31.895 30.131 29.178
3 28.307 28.498 30.46 2 29.693 28.839 28.176
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generated a more comfortable pedestrian-level thermal
environment. HW, as the most common variation in urban
design, has been reported on in many studies (Bourbia and
Awbi, 2004; Chatzidimitriou and Yannas, 2016;
Chatzidimitriou and Yannas, 2017); higher HW results in
lower thermal stress, which is in line with our study.
However, we found some differences in the wind velocity
results. In other research, the higher HW leads to a greater
wind velocity in street canyons, due to the channeling
phenomenon of a deep canyon. As clarified by Deng and
Wong (2020), due to the bottleneck in wind caused by the
deep streets (i.e., those with an HW = 3 and 4), wind speeds in
the streets are nearly identical, and the maximum wind speed is
within the deepest canyon, whereas the minimum wind speed
is in a shallower canyon. While this situation stems from the
fact that the dominant wind in the model runs parallel with the
orientation of the street canyon, in other situations, when the
canyons are diagonal to the prevailing wind, such as in the
findings by Yin et al. (2019), the wind speed in a canyon

decreases as its HW value increases due to wind blocked by
high buildings on either side of the canyons.

The same situation for wind velocity also appears in the
parametric simulation of ART. When the ART is high,
channeling is formed between the dense tree canopy and the
ground, which increases the wind speed along the street canyons,
consequently improving the level of outdoor thermal comfort.
However, in a real urban case, the loss of pressure due to the
lack of flatness of the area and the supply of wind from the upper
part of the street prevent it. The reality is that the denser the foliage,
the lower the wind speed. This is likely because the ENVI-metmodel
tends to overestimate the wind speed with significantly higher
deviations for an initialized wind speed above 2 m/s (Tsoka et al.,
2018). In addition, the wind speedwas calculated using the simulated
data at the pedestrian level (1.5 m above ground); this, together with
the influence of the boundary grid, could explain this result.

The findings for the street canyon orientation are consistent
with related studies. Ali-Toudert andMayer (2007) mentioned that
the thermal environment of E–W oriented streets is the most

TABLE 8 | Ranking average PET of 27 models from low to high.

ID Configuration Average values
of PET

ID Configuration Average values
of PET

18 A2B3C3D3 27.48468 15 A2B2C3D2 29.95122
7 A1B3C1D3 27.75434 25 A3B3C1D2 30.6239
5 A1B2C2D3 28.25049 19 A3B1C1D3 30.66849
9 A1B3C3D2 28.26356 2 A1B1C2D2 30.92469
17 A2B3C2D2 28.64718 14 A2B2C2D1 31.04829
13 A2B2C1D3 28.80659 23 A3B2C2D2 31.15848
8 A1B3C2D1 28.90307 27 A3B3C3D1 31.46629
3 A1B1C3D3 29.00139 10 A2B1C1D2 32.10656
4 A1B2C1D2 29.28423 22 A3B2C1D1 32.49313
26 A3B3C2D3 29.29122 1 A1B1C1D1 32.6351
16 A2B3C1D1 29.36283 21 A3B1C3D2 32.65636
11 A2B1C2D3 29.40935 12 A2B1C3D1 33.70439
24 A3B2C3D3 29.46087 20 A3B1C2D1 33.90255
6 A1B2C3D1 29.87879

ID is the model number of simulation, refer to Table 6.

TABLE 9 | Design implications of street geometry.

Aspect ratio Diagram Suggested implications Suggested
values of LAD

Suggested
values of ART

H/W = 1 Try to choose the N–S orientation LAD = 1 ART = 2

NW-SE streets is better than NE–SW streets LAD = 2 ART≥1
Avoid W–E streets LAD = 3 ART≥1

H/W = 2 Suggest N–E streets and NW–SE streets LAD = 1 ART≥1

LAD = 2 ART≤2
LAD = 3 ART≤2

H/W ≥ 3 Avoid W–E streets LAD = 0–3 ART = 0–2
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stressful, which we also found in our parametric simulation; in
contrast, the N–S orientation provided the greatest thermal
comfort. Only slight differences were obtained in results by
varying LAD because the same cooling effects are achieved via
different ways across a range of LAD values. When the LAD value
is higher, this is via direct shielding of the solar radiation; when the
LAD is lower, this is via leaf evaporation.

In this study, the synergistic simulation of multiple parameters
by applying the ODOE is an innovation. These results show that
the effects of HW and ART are the most significant, followed by
AO. However, the effect of LAD is attenuated. In the optimal
configuration, LAD = 2 is a more cost-effective option. Above all,
a single parameter yields varying performance effects upon
pedestrian-level thermal comfort in different ways related to
the combination of other parameters. It is therefore
meaningful to study the synergistic phenomenon, which can
help urban designers better understand the correlation
between variables and then fulfill their final objective.

Urban Design Implications
On the basis of the previous analysis of parametric and synergistic
simulations, some implications for urban design in the central
business area can be summarized as follows:

Street Canyon Design
The suggested parameters suited for different street conditions
are shown in Table 9. In a street canyon, HW and ART exert the

greatest influence on the outdoor thermal environment.
Combined with the synergistic effect of multiple parameters
vis-a-vis each parameter, the most ideal design is that of N–S
streets whose street aspect ratio is 3, coupled with a distance
between street trees that is half of their height, namely, ART = 2.
But prerequisite must be met: the prevailing wind direction is the
same as the street orientation. However, when the street
orientation cannot meet these ideal conditions, the thermal
comfort of pedestrians can nonetheless be improved by
increasing the heights of buildings on both sides of the street
or the amount of street trees. Likewise, when the street aspect
ratio is low, the same effect can be achieved by increasing the
values of the three other parameters.

Greenery Design
Through field measurements and a simulation study, we found
that trees in the form of LAD and ART are the main factors
affecting the cooling and ventilation effects. An ART<2 can
provide a comfortable outdoor microclimate. According to
different types of space, different tree layouts may be adopted
(Table 10). As an important space for people’s outdoor activities,
the central square (area space) should be relatively loosely
arranged for greenery, such as under ART = 1; this should not
only provide enough shading for people to reduce solar radiation
but also not affect outdoor activities. On both sides of the road
(linear space), street trees should be arranged according to an
ART = 1–2 to improve the efficacy of greenery.

TABLE 10 | Design implications of greenery.

Spatial classification Spatial diagram Suggested
values of LAD

Suggested
values of ART

Suggested vegetation

Area space(square) 2–3 1 Trees and grass

Spotted space(node) 1–2 1 Trees and shrubs

Linear space (street canyon) 1.5–3 1–2 Trees and shrubs

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 85181019

Peng and Huang Thermal Comfort of Urban Canyon

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Limitations
Bearing in mind that there are a wide range of parameters that
together may affect the thermal comfort and urban thermal
environment, some other essential urban design parameters
not considered in this research included wind direction, the
materials of buildings and pavements (Chatzidimitriou and
Yannas, 2016), and vegetation types (Arghavani et al., 2020).
In addition, the quantities and intervals of some parameters
selected in this research were insufficient to fully describe their
precise influence, such as the aspect ratio, due to the limited grid
resolution in the simulations. Therefore, more detailed research on
the previously mentioned parameters will be pursued in future
works. Another element of this study that limits its scope of
inference is that it only considered urban forms under a certain
uniform organization having the same plot size. Although the
diversity of canyons and urban forms could affect the air
temperature, it is difficult to describe this characteristic and
compare its impacts via parametric research approaches.
Furthermore, it may be useful to conduct simulation studies
during winter conditions. It would be useful to determine the
thermal conditions during this time for the same building
parameters as summer time building and the winter climatic
conditions in the simulations, which would create extra depth in
the findings, and we will also conduct the winter simulation in
future works.

Some limitations in ENVI-met used must be mentioned here
as well because they can impact the accuracy of the simulations.
For instance, in the overall calculation of radiation fluxes, there is
some error in them for estimating Tmrt (Huttner, 2012), and the
applied turbulence model Yamada and Mellor E-ε, tending to
overestimate the turbulent production in high acceleration areas
such that the proficiency decreased at wind speeds over 2 m/s
(Acero and Arrizabalaga, 2018). Even though representative data
from the actual site were applied in our study, the simulation
error is still difficult to be avoided entirely, especially with respect
to wind speed and Tmrt, because only the hourly air temperature
and relative humidity can be imputed as boundary conditions.

CONCLUSION

Urban geometry and greenery play important roles in improving
the microclimate and thermal comfort at the pedestrian level. The
proper configuration of parameters is a highly valuable tool for
current urban planning and design. This research investigated the
impact of urban geometry and greenery parameters in the central
business district on pedestrian-level thermal comfort under the
local climate of Chongqing city, covering the synergistic effect of
multiple parameters from a holistic and design perspective.

Based on the aforementioned results and discussion, our
major findings are as follows:

The street aspect ratio, street orientation, and ART of urban
canyons all play a significant role in affecting the microclimate
variables at the pedestrian level. The street aspect ratio and ART

contribute the most to urban canyon’s thermal microclimate.
There is an inverse relationship between the street aspect ratio
and Tmrt, and the same phenomenon can be found in the results
of ART. This is because increasing the street aspect ratio and ART
could result in less solar access and better shading conditions in
urban canyons, consequently leading to lower Tmrt and Ta.
Furthermore, deep canyons experience the highest wind
velocity, which fosters the narrowing (channeling) effect of air.
But there is a prerequisite: the domain wind direction must match
the streets’ orientation. In terms of PET, the E–W street and
shallow canyons incur the warmest thermal conditions and
longest duration of extreme discomfort to pedestrians. The
PET and meteorological parameters showed less significant
variation across different values of LAD than that observed in
the other three parameters. Considering the optimal composition
of factors with significant interactions, A1B3CiD3 is the best
configuration for the street canyon. This means “NW-SE street
with a street aspect ratio of 3 and street trees with an LAD and
ART of 2” performs the best providing outdoor thermal comfort
in urban canyons.

Based on the aforementioned conclusions, a few optimization
methods and strategies for urban designers in similar conditions
are presented. By understanding the correlation and sensitivity of
different parameters, as well as the synergistic effect of multiple
parameters, for street canyons, it should be easier for urban
designers to find a balance between high performing street
canyons vis-a-vis other crucial factors in seeking to improve
the design of urban morphology.
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