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Abstract: With the rapid growth of populations worldwide, air quality has become an increasingly
important issue related to the health and safety of city inhabitants. There are quite a few factors
that contribute to urban air pollution; the majority of studies examining the issue are concerned
with environmental conditions, building geometries, source characteristics and other factors and
have used a variety of approaches, from theoretical modelling to experimental measurements and
numerical simulations. Among the environmental conditions, solar-radiation-induced buoyancy
plays an important role in realistic conditions. The thermal conditions of the ground and building
façades directly affect the wind field and pollutant dispersion patterns in the microclimate. The
coupling effect of wind and buoyancy on the urban environment are currently hot and attractive
research topics. Extensive studies have been devoted to this field, some focused on the street canyon
scale, and have found that thermal effects do not significantly affect the main airflow structure in
the interior of the street canyon but strongly affect the wind velocity and pollutant concentration at
the pedestrian level. Others revealed that the pollutant dispersion routes can be obviously different
under various Richardson numbers at the scale of the isolated building. The purpose of this review
is therefore to systematically articulate the approaches and research outcomes under the combined
effect of wind and buoyancy from the street canyon scale to an isolated building, which should
provide some insights into future modelling directions in environmental studies.

Keywords: wind tunnel measurements; computational fluid dynamics; thermal buoyancy; combined
effect; pollutant dispersion

1. Introduction

Along with the rapid expansion in the global population, environmental contamina-
tion, especially air pollution, has become a serious problem. With the development of the
economy and people’s awareness of environmental protection, people are paying increasing
attention to indoor and outdoor air quality [1–12]. Air pollution is bounded by the enve-
lope of buildings and can be divided into outdoor air pollution and indoor air pollution.
The primary outdoor emission sources mainly include industrial waste gas [13–15], traffic
emissions [16–19] and construction dust [20–22]. Building materials, cooking odours and
indoor equipment are the main sources of indoor air pollution [23–25]. On the other hand,
the outbreaks of SARS, MERS and COVID-19, airborne human diseases, are great threats
to global environmental health [26–32]. Thus, establishing a healthy, comfortable and safe
environment, both indoors and outdoors, is the primary purpose of modern buildings.

Pollutant dispersion from emission sources is influenced by a multitude of factors,
including environmental conditions, source characteristics, building morphology and the
distribution of obstacles around buildings. The effect of environmental conditions, such
as wind speed [33–37], wind direction [38–42], inflow turbulence [43–47] and thermal
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stratification [48–55] on airflow around buildings has attracted the attention of many
researchers in recent years. The thermal action on the external wall caused by environmental
heat sources such as solar radiation is also receiving increased emphasis as one of the major
driving forces for airflow motion [56–59]. In urban environments, the buoyancy effect is
mainly caused by solar radiation directly onto the external wall façade and ground during
the daytime, thus heating the surrounding air. The street surface in hot summer could
be heated to 64 ◦C due to the vertical incidence of solar radiation [57], and the maximum
temperature difference between the exterior wall surface and surrounding air could reach
18 ◦C [60]. Under windless conditions, the downwards inertial force is often offset by the
upwards buoyancy force, and the role of the buoyancy force on airflow movement should
not be overlooked.

The airflow and dispersion in urban areas can be divided into four scales based
on Britter and Hanna’s study [61]: regional (100 or 200 km), city scale (10 or 20 km),
neighborhood scale (1 or 2 km) and street scale (100 to 200 m). Notably, for the urban
airflow and pollutant dispersion driven by buoyancy effects, past studies mainly focused
on the neighborhood scale [62,63] and street scale [64,65].

Both the wind speed and source location are important elements in determining
the flow field and pollutant dispersion around isolated buildings under non-isothermal
conditions. Generally, in the normal wind direction, a stagnation zone was observed around
a bluff body at a height of 2/3 of the windward side of the building [66]. The airstream
above the stagnation zone flows to the building top, and the airstream from below the
stagnation zone flows to the floor. The wall heat plume drives the contaminants emitted
from low-rise units to upper units, especially in high-rise buildings.

At the neighborhood and street scales, the aspect ratios (AR: building height/street
width) are normally considered as one of the most significant parameters affecting the
pollutant dispersion [67–69]. He et al. investigated the flow and vehicular passive emission
exposure under aspect ratios from 1 to 6 and found that the pollutant exposures of the
windward side were lower than those on the leeward side when AR = 1–4, but the trend
was the opposite when AR = 5–6 [68]. By employing computational fluid dynamics (CFD)
simulations, the results show that higher aspect ratios and ambient wind speeds increase
the accumulation of pollutant concentrations in street canyons under all diurnal heating
scenarios [69]. In addition, the thermal effect can also be responsible for producing a flow
field in canyons. According to the results of the fluid experiment reported by Liu et al. [70],
the airflow within the street canyon is driven entirely by the buoyancy force, whereas
convection can arrive at the canyon’s upper atmosphere with the calm wind. The factors
related to the thermal effect can be simply divided into thermal position and thermal
intensity. During the daytime, solar radiation heats the different surfaces by different
zenith angles [71,72], and the temperature difference between the ambient air and different
surfaces varies with the daily temperature and sunshine duration variation in the street
canyon [73].

In reality, because wind and buoyancy usually act together in both canyons and
isolated buildings, pollutant dispersion driven by wind or buoyancy alone is nearly nonex-
istent [74]. Compared to iso-thermal flow studies, non-isothermal conditions have been
relatively less studied, and reviews devoted to studying the effect of various factors on
flow and dispersion under thermal effects are relatively scarce. Therefore, there is a need
for a comprehensive survey of the flow field and dispersion for different influential factors
under the combined effect of wind and buoyancy. This paper presents a comprehensive
and systematic review of the existing literature on the flow fields and pollutant dispersion
of two typical configurations under the combined effect of wind and buoyancy.

2. Materials and Methods
2.1. Criteria for Article Selection

This literature review was performed by searching Google Scholar, Science Direct and
Web of Science papers in addition to publications known to the authors. We mainly focused
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on the articles published in the last twenty years. This review focuses on two typical
building configurations (isolated buildings and street canyons). For each database, one set
of keywords included “pollutant dispersion”, “thermal effect”, “building” or “street” and
all the factors (all subtitles) mentioned in Section 3. On this basis, the relevant papers were
integrated and summarized.

2.2. Wind-Buoyancy Interactions and Governing Parameters

In the real-world scenario, wind and buoyancy are always present in urban flows at
the same time. The flow pattern in urban areas relates to the relative intensity between
buoyancy and ambient wind, and several dimensionless parameters were suggested to
indicate the relative intensity between these two forces in previous studies, including
the Froude number (Fr) and the Richardson number (Ri) [75]. The Froude number is the
reciprocal of the Richardson number, which means Fr =

1
Ri . The Ri number definition is

as follows:
Ri =

Gr
Re2 (1)

Gr =
gβH3

(
TW − Tre f

)
ν2 (2)

Re =
u0H

ν
(3)

where Gr is the Grashof number, and Re is the Reynolds number. TW is the external
wall surface temperature, and Tre f is the ambient air temperature; g is the acceleration of
gravity, β is the thermal expansion coefficient, H is the reference height, u0 is the ambient
wind velocity, and ν is the air kinematic viscosity. The Reynolds independence has been
significant for scaled models in urban aerodynamics [76]. Castro and Robins [77] suggested
a critical Reynolds number of 4000 based on the velocity at the height of the building,
while Hoydysh et al. [78] suggested 3400 based on the free stream velocity. The critical
Reynolds number 11,000 proposed by Snyder [79] is widely adopted to fulfil the dynamic
similarity [80–84].

To compare the mechanical driving force and buoyant driving forces, the Richardson
number (Ri) is defined. Normally, when the Ri number is smaller than 0.1, mechanical
driving plays a key role. When the Ri number is larger than 10, the buoyant driving force
dominates. However, in the case of a non-uniform temperature of the building facade or
various heights of the buildings, the estimation of the Ri number could be complicated.
For the idealized building configuration, the selection of building reference height is
uncontroversial, but for the street canyon with various building heights, the definition of
reference height is different in studies. Li et al. [85] used the average building heights of
the step-down and step-up canyons to calculate the Ri number, while Zhao et al. took the
lower building height as the reference height in the step-up canyon [86]. Therefore, cross
comparisons between studies should be made with care in the choice of length scales and
temperature difference.

It should be noted that there might be some expression features of Ri used in the
studies [87–90]. In the study by Nazarian et al. [87], the bulk Richardson number (Rib) was
used for the heated/cooled surface in the street canyon, and it was written as:

Rib =
gH

(
Tref−Tw

)
Tref U2

ref
(4)

where Ure f is the mean wind speed at the reference height, and the temperature used in the
equation is the average temperature. Obviously, the value from formula (4) is a negative
number for the heating wall and a positive number for formula (1). In addition to this,
Nazarian et al. [91] proposed the horizontal Richardson number (Rih), which differs from
previous studies that incorporate the effect of the canyon aspect ratio (H/W). Rih can be
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defined by comparing the ratio of the vertical momentum and horizontal thermal forcing
in the canyon and was written as:

Rih =
∂Ft/∂x
∂Fm/∂z

=
gH
U2

b

(
TL − TW

)
Ta

H
W

(5)

where ∂Ft/∂x is the buoyancy force, and ∂Fm/∂z is the inertial force. Without thermal forc-
ing, the momentum forcing (Fm) can be defined as ∂u′ω′

∂z . Under a small bulk approaching
wind, the thermal forcing (Ft) can be written as g TW−TL

Ta
. Ub is the bulk wind speed, and TL

and TW are the average temperatures of the leeward and windward surfaces, respectively.
This formula takes into account the canyon aspect ratio and indicates different heating
intensity effects. Alternatively, it should be noted that the expressions of the Richardson
number were very diverse, including the gradient and flux Richardson number [92,93].

When the Richardson number is used in this study in the following section, it refers
only to the Ri number, which is calculated from formula (1) to avoid any ambiguities in
the analysis. Nakamura et al. [94] reported data measured within an actual urban street
canyon and found that Ri ranged from 0.17 to 0.45 on a clear mid-summer afternoon.
Uehara et al. [95] investigated the atmospheric stability effect on airflow characteristics
using a stratified wind tunnel, and they found that the wind velocity inside the canyon was
almost zero when Ri reached 0.4–0.8. The airflow pattern at the urban canyon layer had a
close relationship with Ri.

3. Results and Discussion
3.1. Non-Isothermal Studies on Airflow and Pollutant Dispersion around an Isolated Building
3.1.1. Effect of Approaching Wind

Field and meteorological observations indicate that the airflow in an urban area is
usually gusty, with wind speed and direction varying with time [96]. It appears that the
strong winds may function as an air curtain with regard to blocking floor heat mass transfer
between units, and this was revealed by several studies [97,98]. In the numerical study by
Gao et al., when the temperature difference between wall surfaces and ambient air was 5 K
(Tw − Tair = 5 K), as the ambient wind speed increased from 0.5 m/s to 2.0 m/s, the plume
of pollutant released from the room was forced to approach the upper window, and when
the wind speed further increased to 4 m/s, the warm plume development was limited [97].

For non-isothermal studies, the variation in wind speed leads to different Ri num-
bers, and the results are commonly analysed using the Ri number [99–101]. For example,
Huang et al. [100] investigated the heated leeward wall surface and ground on flow and
dispersion of rooftop stack emissions around an isolated building under four free-stream ve-
locities (1, 3, 6, 9 m/s), and they reported that when Ri≤ 0.26, the resulting vortex flow field
was similar to that obtained in isothermal cases. In the common isolated building under non-
isothermal conditions, as the approaching wind speed increased, the extent of pollutants in
the upwards direction was suppressed, while the lateral dispersion first increased and then
decreased [98]. Table 1 summarizes the studies focusing on approaching wind speed effects
under surface heated conditions. The Reynolds-averaged Navier–Stokes (RANS) approach
was adopted in most numerical studies. This is the most commonly used method in compu-
tational fluid dynamics and does not require extensive resources [102–104]. However, there
are well-known limitations of steady RANS methods; they can only supply the average
wind flow field and dispersion fields and cannot capture the typical characteristic of the
inherently transient behavior of wind flows around buildings. LES methods can meet the
requirement and provide a more accurate prediction [105–108], which inevitably increases
the time cost and computational resources [109]. On the other hand, the time-varying char-
acteristics of wind speeds and directions and the turbulent fluctuation were not considered
in the current existing non-isothermal study. This might be considered when planning for
follow-up studies.
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Table 1. Studies on approaching wind speed under non-isothermal conditions around an isolated
building.

Ref. Methods a Turbulence
Model b Building Geometry Wind Speeds

(m/s) Ri Number Data Availability

[97] CFD RNG k-ε model A four-story building
(H = 10.8 m) 0.5–4.0 0.11–7.23

Air change rate,
distributions of mass
fraction of tracer gas

[98] CFD SST k-ω model A ten-story building
(H = 30 m) 1.0–13.8 0–14.0

Reentry ratios from the
source unit to the

other units

[99] CFD RNG k-ε model A twenty-story
building (H = 58 m) 0.4–6.4 0–156.9

Concentration
distributions, reentry

ratios from the source unit
to the other units

[100] WT + CFD Standard
k-ε model

1:40 scaled model
(H = 0.3 m) 1.0–9.0 0–2.33 Velocity contours,

concentration distributions

[101] CFD SST k-ω model Cubic (H = 4.0 m) 1.0–3.0 0–1.61 Velocity distributions,
temperature distributions

[110] CFD Baseline
k-ω model H = 3.2 m 1.0–5.0 0.1–2.50 Average concentrations,

reentry ratios
a CFD refers to computational fluid dynamics; WT refers to wind tunnel measurements; b RNG refers to the
renormalization group; SST refers to shear stress transport.

3.1.2. Effect of Source Position

It has been confirmed that the location of the source has a significant influence on
pollutant dispersion [111]. Over the last 10 years, a number of studies in the non-isothermal
field around isolated buildings have investigated this issue. First, the predication of
gasses emitted from rooftops has become a concern. Huang et al. carried out a series of
experiments to simulate stack emissions in a wind tunnel, where pollutants were released
from the left (upwind) or right (downwind) sides of the building rooftop with the rooftop
heated to 400 ◦C [112]. The experimental data indicated that the distribution paths of
pollutants also vary under different source locations, even for the same Ri number. The
pollutants were all lifted upwards and discharged into the upper atmosphere. A similar
study with left/middle/right sources on the rooftop showed similar results using CFD
methods, and the vertical pollutant concentration of the left source position was higher
than those of the center and right stacks [113].

Second, the transmission of gaseous pollutants released from multistory buildings
at different heights has attracted much attention [98,99,101,114]. For the pollutant source
located at the lower, middle and higher parts of the building under the heating condition
of the external wall surface, some studies have been previously performed. Based on the
results presented by Liu et al. [114], there was a strong near-surface dispersion effect of
increasing windward temperature when the pollutant was emitted in the middle floor.
When the source was located in the lower part of the leeward side, the concentration
increased in both the upper and lower adjacent levels as the temperature of the leeward
side increased, while the concentration decreased with the growth of leeward surface
temperature when the pollutant was emitted from the higher floor of the leeward side.
Furthermore, Liu et al. [98] found that when Ri ≤ 3.5, the vertical upwards transmission
was restrained as the source was located at the windward side. The pollutant transmission
was in the downwards and horizontal directions when the source was emitted from the
leeward side, and the worst situation was observed in the case of Ri = 0.074. In addition,
more experimental studies and varying-time inflow conditions should be performed to
further probe the mode of transient transmission which varies with time.
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3.1.3. Effect of Thermal Intensity

Thermal intensity is the most common factor in non-isothermal studies to investigate
the flow field and pollutant dispersion. The majority of non-isothermal studies around the
isolated building all included this factor [114–119]. This factor can be broken down into
thermal stratification and different surface heating intensities.

Thermal stratification comes in three forms (unstable, stable, neutral). Unstable ther-
mal stratification generally occurs during daytime hours; there are significant temperature
differences between urban surfaces and ambient air [60], and the near-ground atmosphere
usually behaves as a stable stratification at night [120]. Some papers have reported compar-
isons between unstable and neutral stratifications of flow fields and pollutant concentration
fields. Pavlidis et al. [121] noted that the velocity and temperature fields were almost
identical for neutral and unstable conditions by using the PALM model. The pollutant
concentration fields were studied by Masoumi-Verki et al. [122], and the results obtained
revealed that unstable thermal stratification conditions led to an increase in turbulent
kinetic energy (TKE), which increased concentration fluctuations and thus led to a decrease
in pollutant concentrations. Farzad et al. [123] examined the mechanisms of turbulent
transport and inverse gradients by employing LES methods under three different thermal
stratification conditions around a high-rise building.

During the day, solar radiation heats different surfaces by different zenith angles.
Depending on the latitude and time of day, the building ground, windward side, leeward
side and roof could be heated. Urban flows at different thermal intensities and different
heated surfaces have been studied previously. Table 2 summarizes the experimental and
CFD studies with the buoyancy effect concerning thermal intensity and thermal position.
Research methods, turbulence models, heated surface, heated intensity, Ri number and
data availability are all included in Table 2.

Table 2. Studies on thermal intensity under non-isothermal conditions around an isolated building.

Ref. Research
Methods a Turbulence Models b Building

Geometry
Heated

Surface c

Heated
Intensity

(TW – Tref)
Ri Number Data Availability

[98] CFD
SST k-ω

model + enhanced
wall function

H = 30 m WH/LH 0–15 K 0–14 Reentry ratios

[99] CFD
RNG k-ε

model + enhanced
wall function

H = 58 m WH/LH 0–13 K 0–156.9 Concentration distributions, air
exchange rate, reentry ratios

[100] WT + CFD Standard k-ε model H = 0.3 m LH + GH 0–240 K 0–2.33 Velocity distributions,
concentration distributions

[112] WT - H = 0.2 m RH 0–250 K 0–1.15 Temperature distributions,
concentration distributions

[114] CFD
RNG k-ε

model + standard
wall function

H = 0.9 m WH/LH 0–15 K 0–0.027 Vortex core locations, pollutant
concentrations

[115] CFD LES (Vortex Method) H = 0.16 m GH 0–114.81 K 0–1.5
Velocity distributions,

temperature distributions,
concentration distributions

[116] CFD URANS SST k-ω +
IDDES SST k-ω H = 0.16 m GH 0/33.6 K 0/0.085 Velocity distributions,

concentration distributions

[117] WT + CFD RNG k-ε model H = 0.15 m GH 3–58 K 0.057–1.13
Velocity distributions,

temperature distributions,
concentration distributions

[118] WT - H = 0.19 m LH 0–152 K 0–1.6
Velocity distributions, turbulent

kinetic energy distributions,
temperature distributions

[119] CFD Standard k-ε
model H = 10 m AH 5–50 K 6.81–68.06 Recirculation region

a CFD refers to computational fluid dynamics; WT refers to wind tunnel measurements; b RNG refers to the
renormalization group; SST refers to shear stress transport; URANS refers to unsteady Reynolds-averaged Navier–
Stokes; LES refers to large eddy simulation; IDDES refers to improved delayed detached eddy simulation; c NH
refers to no surface heating; LH refers to leeward surface heating; WH refers to windward surface heating; RH
refers to rooftop heating; and AH refers to all building surfaces heating.
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The majority of studies were completed on a reduced scale, and the Reynolds number
(Re) was lower than the full-scale model condition. Although Snyder [124] warned that
“tests to establish Reynolds number independence should be an integral part of any model
study”, this critical Reynolds number has been applied to non-isothermal flows without
questioning its validity. The results of the scaled experiment and full-scale measurement
with the same Ri number indicate that the buoyancy effect is only outstanding under
reduced-scale conditions [125]. Thus, the accuracy of the Reynolds number independent
criterion under non-isothermal conditions remains questionable, and it is worth exploring
and investigating whether the results obtained from scaled models can be generalized to
all full-scale models.

3.1.4. Other Factors

Aside from the three aforementioned factors, other factors could also affect the non-
isothermal flow field. For example, window type is easily understood [110,126]. Wang
quantified the ventilation rates through various typical window types and found that the
ventilation rates and temperature distributions inside the building varied depending on the
type of window, even though the areas where the windows open were almost identical [126].
Furthermore, open window or close window mode [99], thermal position [98,99,114] and
building height [119] effects were taken into consideration in different articles.

3.2. Non-Isothermal Studies on Airflow and Pollutant Dispersion in Street Canyons
3.2.1. Effect of Approaching Wind

Similar to an isolated building scenario, the inflow wind condition also has a significant
influence on the characteristics of the flow and pollutant dispersion in street canyons [127].
As the study of pollutant dispersion issues progresses in urban areas, more and more
studies have probed the associations of inflow conditions and airflow characteristics in
street canyons [81,94,128,129]. There are many studies on inflow conditions under non-
isothermal conditions. This section will primarily discuss the wind speed effect, while the
time-varying inflows and wind direction are also summarized.

For a 2D street canyon with AR = 1, if the inflow wind speed Vin = 0.5–1.0 m/s, the
street canyon flow structure consisted of two parallel vortices as the ground was heated,
and when the wind speed increased to 2.0–3.0 m/s, there was only one single vortex.
One single vortex was observed within the windward wall that was heated, with a wind
speed of 3.0 m/s, and the wind speed deceased to 0.5–2.0 m/s; the flow regime changed
to two counter-rotating vortices [130]. For an asymmetric street canyon with AR = 0.83,
Liu et al. studied the effect of ambient wind speed on the flow based on the particle image
visualization (PIV) technique when the ground was heated in a water tank experiment [70].
The results show that the center of the vortex becomes closer to the leeward side and
weakens the small circulation with increasing towing speed, as shown in Figure 1c–e. The
same conclusion was found in the study of Allegrini et al. [131], who used PIV to investigate
the flow field inside a canyon with AR = 1 by wind tunnel experiments. When all surfaces
were heated, the main vortex was again strengthened by buoyancy for all velocities.

In addition to the airflow characteristics, the inflow wind speed also affects the air
change rate inside the canyon. Wang et al. employed CFD methods to quantify the air
change rate in a regular street canyon with AR = 0.75. When the inflow wind speed ranged
from 0.5 m/s to 1.0 m/s, leeward and ground heating improved the air change rates
in the canyon, and when the inflow wind speed was above 2.0 m/s, the thermal effect
did not influence the air change rate inside the canyons, regardless of which surface was
heated. [132].

Then, we will note the influence of the inflow wind speed on contamination exposed
in street canyons. According to the experimental data obtained in a wind tunnel of Tongji
University, Shanghai, by Cui et al. [133], when the tracer gas was located on a low-rise
building rooftop with the ground heated, as the inflow wind speed increased (0.4–0.8 m/s),
there was a rapid dispersion of pollutants and decreased concentrations along the street
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vertical center. Moreover, Xie et al. [134] noted that a higher pollutant concentration
appeared on the windward side than on the leeward side as the wind velocity decreased
from 2.0 m/s to 1.0 m/s in a symmetrical street with the ground heated as the source
located at the street center.
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Several indicators have also been previously used in non-isothermal studies to estimate
the effect of wind speed, such as temperature distribution [133,135–138], turbulent kinetic
energy distribution [131,137–141] and convective heat transfer coefficient [142]. These
studies show the possibility of using a simple profile to estimate the wind speed effect with
the surface heated. For street canyon environments, the majority of studies on the flow field
were performed for the incident wind aligned with the canyon. Different angles of wind
produce various velocity distributions and surface drag. The building roof temperature at a
45◦ incident wind angle was about 2.5 K lower than the incident wind at 0◦ and 90◦ angles,
and the incident wind angle has no significant effect on the ground temperature [143].

3.2.2. Effect of Thermal Position

Thermal position is another critical parameter affecting the flow structure in the
canyons and thus affects the concentration of pollutants within the canyon. Once the
sun begins to rise and move, different surfaces of the building are heated depending on
different times of the day. There are no surfaces that are heated with the cloudy days or
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strong winds with little temperature difference, and all surfaces are heated at night by the
urban heat island effect.

For a two-dimensional (2D) street canyon with AR = 1, ground heating (GH), leeward
surface heating (LH) and all surface heating (AH) significantly enhance the primary clock-
wise vortex and improve pollutant dispersion, while windward surface heating (WH) and
no surface heating (NH) do not [144]. This was also confirmed in the study by Hang et al.,
who extended this conclusion to street canyons with ARs ranging from 0.5 to 0.67. Further-
more, a street canyon with AR = 2 was also investigated, and they found that the conditions
of ground and leeward surface heating can slightly enhance the pollutant dilution capacity
and turbulence flow. Next, the AR was further scaled up to three, and windward surface
heating, ground heating and all surface heating significantly increased the dispersion of
pollutants near the ground [145].

For a three-dimensional (3D) street canyon, Witri et al. [146] observed an overall
concentration reduction in all thermal conditions with an aspect ratio of s one, except for the
windward surface heating condition, and this special result was attributed to the reduction
in the overall wind speed in the street canyon, which led to pollutant accumulation. This
finding is similar to those reported in studies in 2D street canyons [144,147].

Table 3 summarizes the studies concerning the thermal position effect under non-
isothermal conditions. These studies present a wide variety of flow features inside the
canyon with a wide range of Ri numbers. Until now, evidence to support multiple flow
structures in 3D street canyons with different aspect ratios has been lacking. 3D simulation
is much more expensive than 2D simulation in terms of computational cost for the same
grid resolution, even up to 100–1000 times. Therefore, few studies have focused on the
thermal position effect on the flow field and pollutant dispersion in 3D street canyons
and have not considered the wide range of aspect ratios. Additionally, it is difficult to
characterize the flow pattern in 3D, as the vortices rotate in multiple planes [148]. In
summary, studies on thermal position with the buoyancy effect using 3D simulations or
experimental methods in urban street canyons are still limited.

3.2.3. Effect of Thermal Intensity

Thus far, the commonly used methods for creating various thermal intensities can
be roughly divided into three categories: (1) thermal stability, including stable, neutral
and unstable conditions [154]. In the stable stratification situation, the ground is usually
maintained at a constant temperature while the recirculating air is heated (TW > Tref).
In the case of unstable stratification, the ground is heated, and the recirculating air is
maintained at a lower temperature (TW < Tref) [155]. As its name implies, the neutral
condition means TW = Tref. (2) Different uniform temperatures are imposed on a particular
surface, leaving a temperature difference between ambient air and the target heated surface.
(3) We simulate the solar radiation intensity at the local solar time (LST) and create non-
uniform heating surfaces. Hence, these three groups are used to categorize the following
studies and summarize the thermal intensity effect on airflow and pollutant dispersion in
the street canyon.

As early as 2000, Uehara et al. [95] investigated the atmospheric stability effect on
the airflow inside a street canyon using a stratified wind tunnel and found that as the
stratification became strong, the vortices that formed in the canyon became weaker, while
the greater the instability was, the stronger the vortices became. The vortex intensity was
weakest under neutral conditions [156]. Cheng studied pollutant dispersion in 2D urban
street canyons in neutral, unstable, and stable thermal stratifications using the LES method
by OpenFOAM. The simulation results indicate that in the stable stratification situation,
a stagnant air layer was formed at ground level that trapped the pollutant, leading to a
severe accumulation of the pollutant. Under neutral and unstable stratification situations,
the pollutants were mixed well and were distributed more evenly in street canyons. As
stability decreases, the retention time of pollutants in the street canyon increases [48]. Going
one step further, Cai et al. [155] established the correlations between thermal stabilities
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and quantitative indicators based on the CFD method. Quantitative indicators include
the air change rate, pollutant removal rate, heat removal rate, heat transfer coefficient and
pollutant transfer coefficient.

Table 3. Studies on thermal position under non-isothermal conditions in street canyons.

Ref. Research
Method a

Street
Canyon

Dimension d
Aspect Ratio Heated Surface c Source

Category Ri Number Data Availability

[65] CFD 2D 1 NH/GH/WH/LH Line
source 4.57 Streamline field,

concentration distributions

[130] CFD 2D 1 NH/GH/WH/LH CO; line
source 1.1~39.04 Airflow characteristics,

concentration distributions

[132] CFD 3D 0.75 GH/WH/LH N. A N.A Pressure distributions,
air exchange rates

[134] CFD 2D 1 NH/GH/WH/LH CO; line
source N.A

Airflow characteristics,
concentration distributions,

vertical velocity

[144] CFD 2D 1 NH/GH/WH/LH/AH
CO; parti-
cle/line
source

2.63~5.26
Streamline and velocity fields,
concentration distributions,

particle distributions

[145] CFD 2D 0.5/0.67/1/2/3 NH/GH/WH/LH/AH CO; line
source 0~4.0 Velocity distributions,

concentration distributions

[146] CFD 3D 1 NH/GH/WH/LH Line
source 0.013/0.173 Velocity profiles,

pollutant concentrations

[147] CFD 2D 1/2/3.5 NH/GH/WH/LH Point
source 0~3.75

Streamline field,
temperature distributions,
concentration distributions

[149] CFD 2D 1.12 NH/GH/WH/LH N. A 0/2.68 Concentration distributions

[150] CFD 2D 0.1/0.5/1/2 AH/GH+LH/GH+WH/GH CO; line
source 6.6

Flow field, temperature
distributions,

concentration distributions

[151] CFD 3D 1 NH/GH/WH/LH N. A 0~2.7 Streamline field,
turbulent momentum fluxes

[152] CFD 3D 1 WH/LH N. A 0~2.14
Turbulent intensity

distributions,
temperature distributions

[153] WT 2D 1/1.5 NH/WH/LH Ethane;
line source 0~10.41 Velocity profiles,

turbulent kinetic energy fields
a CFD refers to computational fluid dynamics; WT refers to wind tunnel measurements; c NH refers to no surface
heating; LH refers to leeward surface heating; WH refers to windward surface heating; RH refers to rooftop
heating; AH refers to all building surfaces heating; d 2D refers to two-dimensional; 3D refers to three-dimensional.

Nakamura and Oke [94] measured the temperature inside a street canyon with
AR = 1.06 and a sky view factor of 0.43, and they discovered that the temperature dif-
ference between the building external surface and ambient air can reach 12–14 K. Based on
these analyses, numerous studies have been undertaken utilizing uniform surface heating
scenarios. Kim and Baik. [73] identified five flow regimes according to the simulation results
of 16 different aspect ratios (0.6~3.6) and 9 heating intensities on canyon ground (0–16 K)
in a 2D street canyon. When AR was very small (≤0.6) and the thermal intensity was very
strong (≥10 K), as the thermal intensity increased, a thermally induced vortex (TIV) on the
leeward side expanded, but a mechanically induced vortex (MIV) on the windward side
contracted. When the aspect ratio was relatively small or the heating intensity was weak,
an increase in the strength and size of small eddies with increasing heating intensity was
also observed. With an increase in thermal intensity, the vortex increased, the center of the
vortex decreased, and the upper vortex expanded inside the canyon when aspect ratios
ranged from 1.2 to 2.0, and the heating intensity was above 4 K. Li et al. [157] employed the
LES method to study the effect of ground heating on the pollutant concentration fields in a
uniform street canyon. It has been demonstrated that increased ground heating intensity
facilitates the removal of contaminants inside the canyon. This is the result of ground
heating increasing updrafts, turbulence mixing and pollutant fluxes, but it also increases
the temperature at pedestrian heights. Except for the ground heating, the different heating
intensities of the windward/leeward surface changed the vortex structure [131]. With
the increase in wall surface heating intensity, the turbulence kinetic energy was enhanced
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inside the canyon [152]. Table 4 denotes some articles on the effect of thermal intensity
(uniform surface heating). The velocity fields, turbulent kinetic energy fields, temperature
fields and pollutant concentration fields are available in various studies.

Table 4. Studies on thermal intensity under non-isothermal conditions in street canyons.

Ref. Research
Method a

Street
Canyon

Dimension d

Aspect
Ratio

Heated
Surface c

Heated
Intensity

(TW − Tref)
Ri Number Data Availability

[65] CFD 2D 1 WH 2–15 K 0.91–6.86 Streamline fields,
concentration distributions

[73] CFD 2D 0.6–3.6 GH 0–16 K 0–12.33 Streamline fields,
temperature distributions

[130] CFD 2D 1 WH 2–15 K 1.96–14.6
Airflows profiles,

concentration distributions,
velocity distributions

[131] CFD 3D 1 WH/LH/AH 47–107 K 0.058–1.54
Trajectories of the center of the
main vortex, Velocity profiles,

temperature distributions

[135] CFD 3D 1 GH 0–10 K 0–34.0
Velocity distributions,

turbulent kinetic energy
distributions

[136] CFD 2D 1 WH + GH
WH: 0~20

K; GH:
0~30 K

0~1.611 Velocity distributions,
temperature distributions

[141] WT 3D 0.8 AH 0~107 K 0~1.09

Velocity distributions,
turbulent kinetic energy

distributions,
temperature distributions

[152] CFD 3D 1 WH/LH 0~15 K 0~2.14 Turbulent kinetic energy
distributions

[153] WT 2D 1.0/1.5 WH/LH 0~240 K 0~10.41 Velocity profiles,
turbulent kinetic energy field

[157] CFD 3D 1 GH N. A 0~2.4

Mean flow distributions,
velocity variance,

temperature distributions,
concentration distributions

a CFD refers to computational fluid dynamics; WT refers to wind tunnel measurements; c NH refers to no surface
heating; LH refers to leeward surface heating; WH refers to windward surface heating, RH refers to rooftop
heating; AH refers to all building surfaces heating; d 2D refers to two-dimensional; 3D refers to three-dimensional.

In reality, the heating of a wall or ground surface induced by solar radiation is unlikely
to be uniform. Nazarian et al., initialized the corresponding time wind forcing data and
temperature using the solar load model and typical meteorological year data [87]. The time
of day, location, and canyon geometry determine the solar heat flow intensity and sunlit
configuration. The canyon vortex strength was influenced by spatial heating patterns at the
wall or ground surface that produce horizontal temperature and pressure gradients above
and within the canyon.

3.2.4. Effect of Canyon Geometry

The configuration of the street canyon, including architectural design, building ge-
ometry and canyon dimensions, determines the pollutant transport characteristics and
airflow [150]. The aspect ratio is the most commonly used indicator to represent canyon
geometry. Four kinds of flow regimes have been detected under isothermal conditions in
2D street canyons [158–170]. These regimes can be categorized into fully isolated roughness
flow, wake interference flow, skimming flow and multivortex flow regimes in deep street
canyons. In the previous literature, the descriptions of the first three flow patterns were
basically consistent, as shown in Figure 2, but differed in the fourth vortex flow regime.
Two contra-rotative vortexes were observed when the aspect ratio was 2.0 in the 2D wind
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tunnel experiment [67,169], while a single-main-vortex structure was detected when the
aspect ratio was 2.7 in the full-scale street canyon [170].
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When considering the thermal effect, many studies have been devoted to elucidating the
aspect ratio influence on the flow field in urban street canyons [64,70,73,138,143,145,149,150].
As the ground and building surface are all heated, Mei et al. used the unsteady RANS
model to simulate 6 street canyon aspect ratios between 0.5 and 3.0. In a shallower street
with AR = 0.5, the flow regime was similar to that under wind-driven flows. In the canyon
with AR = 1.0, two diagonally divided and counter-rotating vortices can be observed. For
the street canyon with AR of 1.5 to 2.5, three vertically distributed vortices were observed,
while two or three vortices were found in the canyon formed by wind. In the deeper
canyon with AR = 3.0, four counter-rotating vortices can be found. The anti-clockwise
vortex was divided into two vortices [149]. The pollutant concentration inside the street
canyon is related to the number and intensity of vortices. In the case of windward side
heating, the residue concentration ratio was the largest when AR = 1. When the aspect
ratio increased from 1.0 to 3.5, the residue concentration ratio gradually decreased. In
contrast to the leeward side or ground heating scenarios, the aspect ratio has a minor
impact on the residue concentration ratio [147]. However, simple expressions linking the
flow regimes with aspect ratios and Ri numbers are lacking. If geometric shapes or wind
conditions change, labor-intensive processing and computationally intensive calculations
are still needed, and most studies were conducted at symmetric street canyons, but due to
the different geometries of the buildings, an asymmetric street canyon is more common in
urban areas.

3.2.5. Other Factors

Recent studies under non-isothermal conditions in street canyons have focused on
the effects of approaching wind, thermal position, thermal intensity and street canyon
geometry. These effects have been discussed above, and some additional factors have also
been discussed in other studies. Qu et al. [171] described various thermal exchange models
on the flow field in different thermal conditions. Fellini et al. [153] evaluated how the
wall roughness influences pollutant dispersion within an idealized street canyon in a wind
tunnel. Asphalt and concrete were used as representatives of ground surface materials
to simulate the surface albedo influence on the energy balance and urban external wall
temperature [143].
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4. Conclusions

Deteriorating outdoor and indoor air quality has a major effect on human health and
can cause enormous economic losses. Therefore, it is imperative and urgent to improve
air quality. Understanding the coupling effect of wind and buoyancy on the airflow field
and pollutant dispersion is significant for accurately predicting the urban heat island and
pollutant prediction under realistic conditions. This paper reviews most of the related
studies and categorizes the influential factors on airflow and pollutant dispersion based on
two typical built environments. The following conclusions can be drawn:

1. Aimed at the isolated building, the three factors, i.e., approach wind (Section 3.1.1),
thermal intensity (Section 3.1.2) and source location (Section 3.1.3), have significant
influences on the flow field and pollutant dispersion routes both in and around
the isolated building and should not be ignored by residents and architects. In the
context of the global airborne disease pandemic, reasonable prevention and control
measures based on the coupled effects of wind and thermal force are appropriate
methods to prevent or reduce exposure. However, research gaps in the literature have
been identified. Multiple studies strongly rely on costly experiments and numerical
simulations, while additional works are required once the parameters change. Further
study linking the environmental indicators to the influencing factor and Ri number
is needed.

2. Aimed at the street canyon, the four parameters, i.e., approaching wind (Section 3.2.1),
thermal position (Section 3.2.2), thermal intensity (Section 3.2.3) and canyon geom-
etry (Section 3.2.4), played major roles in the airflow and pollutant concentration
decisions in urban areas. The flow regimes in street canyons with various aspect
ratios, thermal positions and intensities varied in different studies. We suggest further
simulations using the wind tunnel experiments database with a similar aspect ratio,
thermal position and Ri number to validate the numerical methods. In addition,
the accuracy of the Reynolds number-independent criterion under non-isothermal
conditions remains questionable, and it is worth exploring and investigating whether
the results obtained from scaled models can be generalized to all full-scale models in
follow-up investigations.

In summary, this paper systematically articulates the approaches and research out-
comes under the combined effect of wind and buoyancy from the street canyon scale to
an isolated building and reviews the effects of different influential factors on pollutant
dispersion. However, the existing studies of the relevant factors are largely independent of
each other in two typical built environments. The real gap in our knowledge is how the
complexities of the real world affect the behavior of flow and dispersion of contaminants,
and it is more important to study the impact of a combination of influencing factors to
identify which factors are more pronounced. By adopting the orthogonal experiment
design [172,173] to analyse the order of magnitude of various influencing factors under the
combined effect of wind and buoyancy, the effects of various influencing factors under a
typical built environment can be qualified and analysed, subsequently obtaining a better
understanding of the flow behavior and pollutant dispersion in complex reality. This study
is especially relevant for policy makers and urban planners for designing healthier and
comfortable indoor and outdoor environments, and continued partnerships with experts
from other sectors of practice and industry are of major importance. Collaboration with
civil engineers, meteorologists and landscape engineering is key to innovation. This could
help to further refine the guidelines, standards and urban development planning.

Author Contributions: M.W. writing—original draft preparation, G.Z.; writing—editing, L.W.;
writing—review and editing, X.L.; conceptualization, editing, Z.W.; methodology, data process-
ing. All authors have read and agreed to the published version of the manuscript.

Funding: This work was fully supported by the National Key R&D Program of China (Grant No.
2018YFC0810600).



Int. J. Environ. Res. Public Health 2022, 19, 12895 14 of 19

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chan, C.K.; Yao, X.H. Air pollution in mega cities in China. Atmos. Environ. 2008, 42, 19–142. [CrossRef]
2. Hachem, M.; Saleh, N.; Paunescu, A.C.; Momas, I.; Bensefa-Colas, L. Exposure to traffic air pollutants in taxicabs and acute

adverse respiratory effects: A systematic review. Sci. Total Environ. 2019, 693, 133439. [CrossRef] [PubMed]
3. Zheng, S.; Wang, J.; Sun, C.; Zhang, X.; Kahn, M.E. Air pollution lowers Chinese urbanites’ expressed happiness on social media.

Nat. Hum. Behav. 2019, 3, 237–243. [CrossRef] [PubMed]
4. Buccolieri, R.; Hang, J. Recent advances in urban ventilation assessment and flow modelling. Atmosphere 2019, 10, 144. [CrossRef]
5. Lee, S.C.; Chang, M. Indoor and outdoor air quality investigation at schools in Hong Kong. Chemosphere 2000, 41, 109–113. [CrossRef]
6. Khreis, H.; Nieuwenhuijsen, M.J. Traffic-related air pollution and childhood asthma: Recent advances and remaining gaps in the

exposure assessment methods. Int. J. Environ. Res. Public Health 2017, 14, 312. [CrossRef]
7. Neidell, M.J. Air pollution, health, and socio-economic status: The effect of outdoor air quality on childhood asthma. J. Health

Econ. 2004, 23, 1209–1236. [CrossRef]
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