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Street canyons are ubiquitous in urban areas. Traffic-related air pollutants in street canyons can adversely
affect human health. In this study, an urban-scale traffic pollution dispersion model is developed
considering street distribution, canyon geometry, background meteorology, traffic assignment, traffic
emissions and air pollutant dispersion. In the model, vehicle exhausts generated from traffic flows first
disperse inside street canyons along the micro-scale wind field generated by computational fluid dy-
namics (CFD) model. Then, pollutants leave the street canyon and further disperse over the urban area.
On the basis of this model, the effects of canyon geometry on the distribution of NOx and CO from traffic
emissions were studied over the center of Beijing. We found that an increase in building height leads to
heavier pollution inside canyons and lower pollution outside canyons at pedestrian level, resulting in
higher domain-averaged concentrations over the area. In addition, canyons with highly even or highly
uneven building heights on each side of the street tend to lower the urban-scale air pollution concen-
trations at pedestrian level. Further, increasing street widths tends to lead to lower pollutant concen-
trations by reducing emissions and enhancing ventilation simultaneously. Our results indicate that
canyon geometry strongly influences human exposure to traffic pollutants in the populated urban area.
Carefully planning street layout and canyon geometry while considering traffic demand as well as local
weather patterns may significantly reduce inhalation of unhealthy air by urban residents.
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1. Introduction

A street canyon refers to a narrow street with buildings built up
successively along each side (Vardoulakis et al., 2003). The
morphology of a street canyon hinders the dispersion of traffic
pollution emissions (Hunter et al., 1992), leading to higher pedes-
trian exposures to pollutants inside the canyon (Pirjola et al., 2012).
This may have serious deleterious human health consequences
(Hertel et al., 2001). Urbanization has caused continual increases in
the pervasiveness of street canyons in cities. Therefore, it is of great
importance to understand the distribution of traffic-related air
pollutants inside street canyons and its potential influence on hu-
man health.

Two approaches have been widely applied in street canyon
studies: model simulations (computational and experimental) and
field measurements. Research on model simulations usually
investigate factors influencing the dispersion of pollutants (Baik
and Kim, 1999) or compare performance among models (Di
Sabatino et al., 2008). Field measurements usually focus on pat-
terns of pollutant distributions in real-world street conditions (Xie
et al., 2003; Zhang et al., 2012). Some studies conduct both model
simulations and field measurements, mainly aimed toward vali-
dating models (Kukkonen et al., 2001; Manning et al., 2000).

Simulations of pollutant dispersion in street canyons have been
performed by empirical (or semi-empirical) models and compu-
tational fluid dynamics (CFD) models (Vardoulakis et al., 2003), and
they have been validated against measurements. As for empirical
models, Manning et al. (2000) conducted a field experiment and
examined the dependence of the performance of AEOLIUS
(Assessing the Environment of Locations in Urban Streets) model
on wind direction and traffic flow. The CALINE4 (California line
source dispersion model, version 4) and CAR-FMI (Contaminants in
the Air from a RoaddFinnish Meteorological Institute) models
were assessed against measurements by Levitin et al. (2005) and it
was found that measured and predicted pollutant distributions
agreed well for both models. The OSPM (Operational Street Pollu-
tion Model) and its adapted version simulate NOx, CO and BC
concentrations well (Aquilina and Micallef, 2004; Brasseur et al.,
2015; Kukkonen et al., 2001; Lazic et al., 2016), but biases still
exist in PM concentrations (Kumar et al., 2016) and the vertical
gradient of pollutant distributions (Berkowicz et al., 2002).
Although adopting dynamic empirical parameters improves the
model performance, it has limited applicability to real-time simu-
lation (Silver et al., 2013). ADMS-Urban (Atmospheric Dispersion
Modeling System-Urban) uses the street canyon module in OSPM
and has beenwidely used in urban air quality studies (Barnes et al.,
2014; Vardoulakis et al., 2007). The model SIRANE is capable of
simulating pollutant dispersion based on an urban street network,
but it cannot differentiate pollutant concentrations inside a street
canyon (Berrone et al., 2012; Carpentieri et al., 2012; Soulhac et al.,
2016, 2011, 2012). Fallah-Shorshani et al. (2017) integrated SIRANE
with a regional dispersion model and found an improved perfor-
mance. Although empirical models can well predict mean con-
centrations, they often fail to capture the range of concentrations
(Buchholz et al., 2013; Wang et al., 2016a), and their performance
vary with location, time and wind conditions (Levitin et al., 2005;
Vardoulakis et al., 2007; Venegas et al., 2014). Apart from empir-
ical models, CFD models were applied in street canyon studies,
including k-εmodel and large eddy simulation (LES) model (Walton
and Cheng, 2002; Walton et al., 2002). Solazzo et al. (2011) adopted
the standard k-ε model and found that the CFD model is capable of
reproducing long-term pollutant concentrations. Compared to
operational models, CFD models can better resolve wind and con-
centration fields within street canyons with any street configura-
tion, especially for complex building geometry (Antonioni et al.,
2012; Di Sabatino et al., 2007; Murena et al., 2009; Vardoulakis
et al., 2003).

Accurate pollutant dispersion simulations require precise wind
flows inside street canyons, which are influenced by canyon ge-
ometry. Baik and Kim (1999) have found that the number of
vortices increases with increasing canyon aspect ratio (height/
width), and the distribution of pollutants in street canyons can be
largely explained in terms of the vortex circulation. Small aspect
ratios were found to contribute to the ventilation in street canyons
as the air and pollutant exchange rates are higher when aspect ratio
is smaller (Baratian-Ghorghi and Kaye, 2013; Liu et al., 2005).
Moreover, other canyon geometrical factors, including canyon
height ratio (the ratio of the building heights along two sides of the
canyon), canyon length to height ratio, and roof shapes of upwind
and downwind buildings also play an important role in air pollution
dispersion (Assimakopoulos et al., 2003; Chan et al., 2001, 2003;
Huang et al., 2009). In addition to single street geometry, the
configuration of multiple buildings’ layout (e.g. canyon contiguity,
gap between buildings) also matters (Bady et al., 2011; Farrell et al.,
2015; Gu et al., 2011). Aside from canyon geometry, the wind flow
in street canyon is also influenced by many other factors, such as
background wind speed (Solazzo et al., 2011) and wind direction
(Kim and Baik, 2004), local stability conditions (Caton et al., 2003),
obstacles in street canyons (Huang and Zhou, 2013), and thermal
effects (Cai, 2012b; Li et al., 2012; Xie et al., 2006). Results can be
sufficiently complex when different assumptions are applied (Baik
et al., 2012; Gromke and Ruck, 2007; Pugh et al., 2012).

The emissions of pollutants in street canyons are mainly from
motor vehicles (Huan and Kebin, 2012). Therefore, in urban areas,
the traffic flow patterns also have a large impact on pollutant dis-
tributions, and the simulation of pollutant distribution in urban
areas requires consideration of traffic issues. For instance, a number
of studies have included traffic factors into land-use regression
(LUR) models (Briggs et al., 1997; Molter et al., 2010; Tang et al.,
2013). However, the LUR models are unable to characterize
micro-scale pollution distribution (i.e., at the scale of tens of me-
ters) (Hoek et al., 2008), and have to rely on extensive measure-
ments. Other studies derived traffic emissions from traffic counts
(online or extrapolated) and emission models (Buchholz et al.,
2013; Lazic et al., 2016; Wang et al., 2016a). However, for an ur-
ban area consisting of hundreds to thousands of streets, it is much
more difficult to derive the traffic volumes of every streets by this
means compared to applying traffic assignment model. Traffic
assignment determines the traffic flow pattern by the distribution
of traffic demand in transportation networks (Dafermos and
Sparrow, 1969). Previous research has done traffic assignment us-
ing a wide variety of methods, including modeling the variations of
traffic flows and resolving individual vehicles (Kaczmarek, 2005;
Nagatani, 1998; Ohazulike et al., 2013; Peng, 2013; Saumtally
et al., 2011). A number of these studies have combined the pro-
cess of traffic assignment with environmental pollution in urban
areas. Nejadkoorki et al. (2008) modeled CO2 emissions from traffic
in a small city in the UK with SATURN (Simulation and Assignment
of Traffic in Urban Road Networks). Mensink and Cosemans (2008)
applied PARAMICS (PARAllel MICroscopic Simulation) to the
simulation of traffic pollution and predicted pollution levels in
street canyons in a city quarter in Ghent, Belgium. Xia and Shao
(2005) used a Lagrangian model to simulate traffic flow and
emissions, and found a good agreement between simulations and
measurements.

As indicated above, the simulation of pollutant distribution in
large urban areas requires the combination of street canyon effects
and traffic emissions. Therefore, it is our intent to model the micro-
scale distribution of traffic-induced air pollution over a large urban
area using the physically-based air pollution dispersion model
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considering the process of traffic assignment. In this paper, we
develop a pollution dispersion model that employs simulations
using a CFD model and a traffic assignment model to simulate
pollutant dispersion in multiple street canyons. We further study
the effects of canyon geometry on the distribution of traffic-related
air pollutants over an urban area.
2. Methods

2.1. Wind field parameterization

Using CFD models to simulate pollutant distributions generates
high accuracy results, but requires vast amount of computational
time. Consequently, voluminous previous studies adopted CFD
models for domains that cover one to a few streets. Although
several CFD studies have expanded the modeling domains to an
urban district or a small city (Cheshmehzangi, 2016; Gousseau
et al., 2011; Kwak et al., 2015; Michioka et al., 2013; Tong et al.,
2012), simulations were done only for limited runs with the
consideration of computational cost. For a large urban area
including thousands of streets, conducting CFD model simulations
under numerous canyon geometric and meteorological scenarios is
tedious, computationally expensive and time consuming. There-
fore, we first characterized the wind field patterns inside a street
canyon based on CFD simulations with a variety of canyon geom-
etries and background wind configurations, and then used the
characterized wind fields to calculate the dispersion of air
pollutants.

A standard k-ε model was adopted to characterize turbulence,
as in previous street canyon studies (Le et al., 2012; Solazzo et al.,
2011). For a street, one of its two ends was determined to be the
origin of a right-handed space rectangular coordinate system, and
the axial direction of the street was set to be the direction of X-axis.
The width of street canyon was fixed to 40 m. The settings of the
input background wind profiles are as follows:

kðzÞ ¼ 0:1V2 (1)

εðzÞ ¼ C0:75m k1:5ðkzÞ�1 (2)

with V representing the horizontal wind speed (m s�1), z the height
above ground (m), and Cm ¼ 0.09, k ¼ 0.4.

Simulations were done for a street canyon under combinations
of different values of controlling factors. The controlling factors
include the aspect ratio (H=W) (when the building heights on each
side of the street differ,H is set to be the average height), the canyon
length to width ratio (L=W), height ratio (Hl=Hr) (Hl is the building
height of the side on positive Y-axis, while Hr is the building height
of the side on negative Y-axis), background wind speed (V , as in
Equation (1)), and the angle between the positive X-axis and the
direction to which the wind blows (a) (assuming no Z-component
of background wind). The values of these factors are listed in
Table S2 in the supporting information. In total, 960 (i.e.,
4 � 4 � 5 � 3 � 4) simulations were conducted.

A multiple regression analysis was employed to obtain the
relationship between simulated wind fields and their controlling
factors. The space inside the street canyon was proportionally
divided into 7220 cells (X-direction: 20 grids, Y-direction: 19 grids,
Z-direction: 19 grids). The dependent variables are the X, Y, Z-
components of the average wind speed (vx, vy, vz) in these cells,
while the independent variables are H=W , L=W , Hl=Hr , the X and Y-
components of background wind speed (Vx, Vy), and their cross
terms, etc. The parameterization was done using the stepwise
regression method, where the expressions of vx, vy and vz were
shown as Equations (3)e(5):

vx ¼ a1 � Vx þ a2 � Vy þ a3 �
H
W

þ a4 �
L
W

þ a5 �
�
ln

Hl

Hr

�2

þ a6
(3)

vy ¼ a1 � Vx þ a2 �
H
W

� Vy þ a3 �
L
W

� Vy þ a4 �
Hl

Hr
� Vy þ a5

� Vy þ a6
(4)

vz ¼ a1 � Vx
2 þ a2 �

Hl

Hr
� Vx þ a3 � Vx þ a4 �

H
W

� Vy þ a5 �
L
W

� Vy þ a6 �
Hl

Hr
� Vy þ a7 � Vy þ a8 �

�
ln

Hl

Hr

�2

þ a9

(5)

R2 and NRMSE (normalized root-mean-square error) were used to
characterize the agreement between parameterized and CFD wind
fields (Tables S3 and S4). The results demonstrate that Equations
(3)e(5) can well explain the speed and direction of wind in most
cells, especially for Equation (5). In addition, the parameterized and
CFD wind fields have also been validated against wind-tunnel data
(see Section S2).

We further investigated the dominant factors of vx, vy and vz for
all the cells. The dominant factor for a cell is the factor with the
largest standardized beta coefficient among all controlling factors.
For the equation of vx, the dominant factor for all cells is Vx, which
indicates that the X-component of wind speed inside a street
canyon is mainly determined by the X-component of background
wind speed. For the equation of vy and vz, situations are more
complicated as the dominant factors for cells depend on the loca-
tions of the cells inside street canyon. Fig. S2 shows the dominant
factors of vy and vz over three cross-sections at the beginning, the
midst and the end of a street canyon. The situations of the midst
and the end are quite similar, but are different from the beginning.
As the wind at the beginning of the street canyon may be affected
by the background wind to a great extent, the cross-sections of the
midst and the end basically represent the dominant factors inside

the street canyon. The dominant factors of vy are Vy and Hl
Hr

� Vy,

with Vy on the sides of the canyonwhile Hl
Hr

� Vy near the X-axis. For

vz, the dominant factors are Vy, Hl
Hr

� Vy and L
W � Vy, with Hl

Hr
� Vy on

the windward side while Vy and L
W � Vy on the leeward side. This

result suggests that the Y-component of the backgroundwind is the
main driver of the vortex inside street canyon. It also indicates that
relative height has a considerable effect on vy near the axis of street
canyon and vz on the windward side of street canyon.
2.2. Multi-street model of pollutant dispersion

In the multi-street model, the three-dimensional wind fields in
all street canyons are derived based on the parameterization results
at first. Then, traffic emissions by vehicles (assumed as a series of
point sources at the bottom of street canyons) are calculated (see
Section 2.3). Subsequently, pollutants emitted in street canyons are
dispersed according to Gaussian puff model (Seinfeld and Pandis,
2006). The equation of the Gaussian puff model is as below:
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cðx; y; z; TÞ ¼
Z∞

0

qdT

ð2pÞ32sxðTÞsyðTÞszðTÞ
,e

2
64�ðx�xpÞ2

2s2x ðTÞ
�ðy�ypÞ2

2s2y ðTÞ
�ðz�zpÞ2

2s2z ðTÞ

3
75

(6)

with cðx; y; z; TÞ representing the concentration at the point with
coordinates ðx; y; zÞ at time T , q the emission rate, xp yp, zp the co-
ordinates of a puff, and sxðTÞ, syðTÞ, szðTÞ the variances. The values
of sx, sy and sz are estimated based on the parameterization results
of American Society of Mechanical Engineers (AMSE) (Seinfeld and
Pandis, 2006).

Inside street canyons, vehicles emit an instantaneous puff at set
intervals, and the movements of puffs in the parameterized wind
field are simulated at the same interval of time. The puffs can enter
the neighboring street canyons and continue moving, or reach the
open space above canyons. When the puffs reach this open space,
they will disperse over the domain following gridded background
winds. As for reflections in urban terrain, we assume total reflection
at the ground and walls of buildings for puffs.

Inside a street canyon, the pollutant concentration is calculated
as the sum of contributions from all the puffs inside and outside the
canyon. For places outside canyons, the concentration is contrib-
uted by all the puffs outside street canyons. Therefore, the pollutant
concentration at any location of the domain can be estimated based
on Gaussian puff equation. Given the small domain size and rela-
tively longer lifetime of NOx (~1day) and CO (~2month), the
chemical evolutions of both NOx and CO are currently ignored in
this study and will be addressed in our follow-up research.
2.3. Traffic assignment model

Traffic emissions are dynamically determined by traffic flow
patterns. Therefore, human exposure inside street canyons are also
strongly influenced by traffic demand and street layout. In this
study, we developed a traffic assignment model using the static
Origin-Destination (OD) matrix, assuming that each traveler
chooses the route with the lowest time cost, which is determined
using the Dijkstra's Algorithm (Kreyszig, 2011). Traffic flows are
allocated based on the method of incremental assignment (Ferland
et al., 1975; Lu et al., 2008), which repeatedly applies all-or-nothing
assignments until the traffic volumes on all roads reach quasi-
equilibrium. The speed-flow function presented by the Bureau of
Public Roads (BPR) of the USA has beenwidely used for research on
traffic assignment (Brutti-Mairesse et al., 2012; Hu and Chen, 2014;
Liu et al., 2015). The speed-flow Curve by the Metropolitan Trans-
portation Commission (MTC) (Singh and Dowling, 1999), which is
an updated version of the BPR Curve, is adopted to depict the
relationship between vehicle speed and flow:

v ¼ v0�
1þ 0:2�

�
q

qmax

�10� (7)

with qmax the traffic capacity of road, v0 the free-flow speed of
vehicles, and q and v the actual volume and speed of vehicles. Given
the result of traffic assignment, the traffic emissions of NOx and CO
are derived by applying emission factor (EF, g/km) as a function of
vehicle speed (v, km/h) for Beijing vehicles (Equations (8) and (9)),
fitted from the simulations of MOBILE 6.2 model by Huang and
Zhang (2014):
EFNOx ¼ 0:0002v2 � 0:025vþ 2:2987 (8)

EFCO ¼ 46:847v�0:332 (9)

This traffic assignment model provides traffic emission inputs
for the multi-street model described in section 2.2.

2.4. Validation

We validated our model against observations during Nov. 20th -
21st, 2016 in a street canyon in downtown Beijing and made a
comparison between our model and an operational model OSPM.
The traffic contributions (simulated by the models) and the back-
ground pollution (measured by a nearby air quality station) were
added up to be compared with measured data inside the canyon.
Figs. 1 and 2 indicate that the dispersion model performs well in
Beijing as it captures the pollution levels and diurnal variations of
CO and NOx concentrations. Table 1 lists four statistical perfor-
mance measures that have been extensively used in evaluating of
air quality models (Cai, 2012a; Chang and Hanna, 2004; Venegas
et al., 2014). It quantitatively shows that our model performs as
well as, if not better than performance to OSPM. In the future, we
will use more measurements data to validate our model in more
streets and in different seasons.

2.5. Experimental design

We applied our model to approximate traffic pollution over the
center of downtown Beijing, China, which is delineated by “the 3rd
Ring of Beijing”. As shown in Fig. S3a in the supporting information,
the modeling domain is about 16 km � 16 km. Street layout was
obtained from the GIS database of Beijing, including detailed co-
ordinates of road length, width, and number of lanes. However,
directly using the street network of Beijing for simulation is not
necessary since many streets have low traffic volumes and their
contributions are ignorable. To simplify our calculation, we divided
the domain into 160 � 160 grids, where each grid covers an area of
100 m � 100 m. Then, the roads that connect the same two grids
were merged into one road whose two ends are located at the
centers of the two grids. By thismeans, the number of roads (able to
pass vehicles) was reduced from 2578 to 642, but the general
structure of the street network remains.

We adopted a widely-used mesoscale numerical weather pre-
diction model WRF (Weather Research and Forecasting) (Kwak
et al., 2015; Park et al., 2015; Wang et al., 2016b) to generate the
background wind fields over the Beijing City (with a resolution of
4 km) in Jan., Apr., Jul. and Oct. 2014. The WRF-simulated results
were validated against the observational data of the weather
monitoring station at Beijing from the United States National Cli-
matic Data Center (NCDC). Figs. S4 and S5 demonstrate that the
wind speeds and directions are well simulated by WRF. The simu-
lated wind fields were then divided into 8 groups according to the
angle between true north and the dominant direction from which
the wind blows (measured in a clockwise direction): (0�, 45�), (45�,
90�), (90�, 135�), (135�, 180�), (180�, 225�), (225�, 270�), (270�,
315�), (315�, 360�). Fig. S3b shows the wind rose of Beijing after this
division. For simplicity, in each group the wind directions and
speeds of the same grid were averaged, resulting in 8 typical
background wind fields. Applying these typical wind fields, the
pollutant concentrations were calculated and then averaged using
weights proportional to the frequency of winds falling within the 8
groups to represent the annual average pollution distribution in
Beijing. Background pollution concentrations originating from
emissions outside the domain, as well as secondary pollution



Fig. 1. The simulated and measured CO concentrations during Nov. 20th and Nov. 21st, 2016. The blue, red and green lines, respectively, represent the observed concentrations, the
simulated concentrations by the dispersion model, and the simulated concentrations by OSPM. For the red and green lines, the solid lines represent the simulated concentrations
with background pollution, while the dashed lines represent the simulated concentrations with traffic emissions only. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Same as Fig. 1, but for NOx concentrations.

Table 1
Summary of performance measures for model validation.

Performance measures Definition Ideal value Urban criterion Our model, CO OSPM, CO Our model, NOx OSPM, NOx

Normalized Mean-Square Error (NMSE) NMSE ¼ ððCo � CeÞ2Þ=ðCo,CeÞ 0 <6 0.10 0.11 0.33 0.33

Fraction of Ce within a factor of 2 of Co (FAC2) Fraction where 0.5 < Ce
Co

< 2 1 >0.3 0.89 0.87 0.76 0.73

Fractional Bias (FB) FB ¼ 2ðCo � CeÞ=ðCo þ CeÞ 0 (-0.67, 0.67) �0.09 �0.15 �0.11 �0.10

Correlation Coefficient (R) R ¼ ðCo � CoÞðCe � CeÞ=ðsCo
,sCe

Þ 1 e 0.81 0.82 0.39 0.34

Co: observed concentrations, Ce: estimated concentrations, sCo
: the standard deviation of observed concentrations, sCe

: the standard deviation of estimated concentrations.
Urban criteria for the performance measures are adapted from (Chang and Hanna, 2004).
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sources, were ignored in this study. Pollutant concentrations over
the domain at a height of 1.5 m (i.e. at pedestrian level) were
archived.

In the tests on the impacts of building heights on pollutant
distributions, we assumed that all buildings in the domain are of
the same height, fixed at 20 m, 25 m, 30 m, 35 m, 40 m, 50 m, or
60 m. As the widths of streets differ, aspect ratios of street canyons
are not uniform when a different building height is implemented.
Therefore, the building height instead of the aspect ratio was
investigated in this study.

To investigate the impact of height ratio, we ran multiple
sensitivity tests with height ratio ranging from 0.2 to 5.0. We use
the asymmetry ratio, i.e. g ¼ jlnðHl=HrÞj, to represent the degree of
asymmetry of street canyons (the detailed settings are described in
Section S1). For these tests, the average height of the buildings on
two sides was fixed to 30 m. Therefore, pairs of building heights
include (30 m, 30 m), (32 m, 28 m), (35 m, 25 m), (40 m, 20 m),
(42 m, 18 m), (45 m, 15 m), (50 m, 10 m).

For the impact of street width (a parameter relevant to air
pollution dispersion and traffic assignment but not affecting the
street network), 5 sensitivity tests were conducted with all street
widths set to be 0.5, 0.75, 1, 1.5, 2 times of the current values. The
building heights were fixed to 30 m.

In all the sensitivity tests above, we adopted the “peak flow”

scenario as the traffic flow pattern, where the traffic volumes per
hour were set to be 750 per lane for all roads, representing the level
of volume during the rush hour in Beijing (Meng et al., 2006). To
examine the dependence of our results on traffic flow patterns, four
additional idealized traffic scenarios were used. For each scenario,
1/3 of the “peak flow” volume is used as the base traffic flow.
Additional “converging flow” is also included, which is designed to
represent the travel demands of citizens going to business centers
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(destinations) from different residential areas (origins). Fig. S6
shows the configuration of the eight origins (red circles) and the
destinations (blue circles) of the converging flow in each scenario.
500 vehicles set off from each origin per hour and are evenly
distributed to all destinations. As a consequence, the total traffic
loads in the four scenarios are equal. The pollutant concentrations
were simulated and compared for all scenarios.

3. Results

3.1. Pollutant distributions over the domain

Fig. 3a shows the horizontal distribution of NOx concentrations
(see Fig. S7a for CO) from traffic emissions within the domain at the
pedestrian level (i.e., 1.5 m) when all building heights are set to
30 m. The distribution patterns of the two pollutants are very
similar, as they share the same dispersion processes. The NOx
concentrations are about 10e100 mg m�3 inside street canyons, and
below 1 mg m�3 outside the canyons. The CO concentrations are
about 10 times higher than NOx. The pollution levels inside and
outside street canyons reproduced by the dispersion model differ
significantly, since background pollution are not considered (note
that the annual-averaged NO2 and CO concentrations in Beijing in
2014 are 56.7 mg m�3 (Cheng et al., 2016b) and 1.29 mg m�3 (Cheng
et al., 2016a)). The pollution levels in Fig. 3a should be different if
having these sources included.

As shown in Fig. 3b, the domain-averaged pollutant concen-
trations decrease with the receptor height increases, and the rate of
decrease in concentrations is slower as the receptor height in-
creases (not for height above 15 m). Fig. 3c illustrates the proba-
bility distribution of pollutant concentrations over the domain at
Fig. 3. (a) Distribution of NOx concentrations at a height of 1.5 m over the center of Beijing as
Domain-averaged NOx concentrations at a receptor height of 0.5 m, 1.5 m, 3 m, 5 m, 10 m,
different receptor heights. The colors of curves in (c) are consistent with the colors of circles
referred to the web version of this article.)
different heights. All curves have two peaks, representing the
concentrations inside and outside street canyons. It is indicated
that pollutants outside street canyons are almost evenly distributed
in the vertical, while pollutants inside street canyons are typically
abundant at the bottom of the canyons, resulting in a large vertical
gradient.

3.2. Impacts of canyon geometry on pollutant distribution

We conducted numerous sensitivity tests with the dispersion
model to study the effects of canyon geometry (building height,
height ratio and width of street canyon) on the distributions of
traffic-related air pollutants over the modeling domain. The results
of CO are not presented if they have the same implication as NOx.

For the impact of building height, concentrations were simu-
lated assuming that all building heights are equal, with a value
ranging from 20 m to 60 m. Fig. 4a illustrates the domain-averaged
concentrations at pedestrian level, plotted against the uniform
building height (H) over the domain. When H is below 40 m, the
variation in domain-averaged pollutant concentrations in response
to the change of H is restricted to a narrow range. However, when H
is over 40 m, the domain-averaged pollutant concentrations in-
crease remarkably as the height of building increases. According to
the probability distributions of NOx concentrations with different
building heights in Fig. 4b, as H increases, the pollutant concen-
trations in street canyons become higher while concentrations
outside the canyons become lower. The case for H¼ 60 m is slightly
different, where both the concentrations inside and outside can-
yons increase. The trend in Fig. 4 demonstrates that higher build-
ings hinder the exchange of air inside and outside street canyons,
leading to reduced ventilation. This is consistent with previous
suming all building heights are 30 m and the traffic follows the “peak flow” pattern. (b)
15 m and 20 m. (c) Probability distributions of NOx concentrations over the domain at
in (b). (For interpretation of the references to colour in this figure legend, the reader is



Fig. 4. (a) Domain-averaged concentrations of NOx at a height of 1.5 m with uniform building height set to be 20 m, 25 m, 30 m, 35 m, 40 m, 50 m, and 60 m. (b) Probability
distributions of NOx concentrations over the domain at a height of 1.5 mwith different uniform building heights. The colors of curves in (b) are consistent with the colors of circles in
(a). (cee) The transverse wind fields (arrows) and NOx concentrations (color contours) over the center cross-sections of three symmetric street canyons with different aspect ratios.
The length and width of the canyons are 160 m and 30 m, respectively. The building heights on both sides of the canyons are (c) 30 m, (d) 35 m, and (e) 40 m. The background wind
is set to 3 m s�1. Note that the vertical axis range differs for each panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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findings (Liu et al., 2005), in which large eddy simulation (LES) of
pollutant dispersion inside a single street was investigated. As
shown in Fig. S8, a clockwise vortex appears in all canyons and
wind flow is stronger above a height of 5 m. However, near the
ground level (i.e., below 5m), wind speed is typically smaller and is
even lower in a canyon with greater aspect ratio. This inhibits the
ventilation of traffic pollutants, which are usually emitted by ve-
hicles below 1 m. Consequently, air pollutants are more likely to be
trapped at the leeward side of the bottom of a deeper street canyon
(Fig. 4cee).

Fig. 5a demonstrates the domain-averaged concentrations of
NOx against asymmetry ratio, g. For g between 0 and 0.85 (i.e.,
height ratio varies between 0.43 and 2.33), as the street canyon
becomes more asymmetric, the domain-averaged pollutant con-
centration decreases slightly at first and then increases. The
pollutant concentration shows a peak where g reaches 0.85 (i.e.,
with a corresponding height ratio of 0.43 or 2.33). For the highly
asymmetric case where g is above 0.85 (i.e., height ratio is below
0.43 or above 2.33), pollutant concentration becomes lower as the
Fig. 5. (a) Domain-averaged concentrations of NOx at a height of 1.5 m with different asymm
1.61. The red line is the average result of four possible height ratio scenarios with the sam
concentrations over the domain at a height of 1.5 m with different g (only the average resul
with the colors of circles in (a). (For interpretation of the references to colour in this figure
street canyon becomes more asymmetric. As shown in Figs. S9 and
S10, wind turbulence inside the canyon and thus the distribution of
pollutant inside and outside the canyon change substantially with
different height ratios and background wind directions. When the
building on the leeward side is lower than that of the windward
side, pollutants emitted at the bottom of canyons tend to disperse
outside the canyon. In contrast, when the windward building is
lower, pollutants are more likely to accumulate inside the canyons,
except for the highly asymmetric case where pollutant concentra-
tions inside canyon are low due to the disappearance of geometric
features of street canyon (Fig. S10f). According to Fig. 5b, under the
wind fields applied in the simulation the pollutants are prone to
disperse outside canyonswhen the canyons are asymmetric, raising
air pollution levels outside canyons while lowering pollution levels
inside canyons. Hence, the variation of the domain-averaged con-
centration at pedestrian level with g is a joint effect of the con-
centration changes inside and outside canyons.

Besides building height and height ratio, street width can have
multiple effects on pollution distribution. Firstly, traffic capacity
etry ratio g ¼ jlnðHl=HrÞj. The values of g are set to be 0, 0.13, 0.34, 0.69, 0.85, 1.10, and
e g value, while the grey shade defines the range. (b) Probability distributions of NOx

t of different height ratio scenarios is shown). The colors of curves in (b) are consistent
legend, the reader is referred to the web version of this article.)
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and congestion of roadways, and thus traffic emissions, are partly
determined by street width. Secondly, increasing the width of a
street canyon reduces its aspect ratio and promotes ventilation,
lowering pollutant concentrations. Fig. 6 illustrates the changes of
NOx concentrations (Fig. S11 for CO) with street widths ranging
from 0.5 to 2 times the current value. When the street widths are
larger, pollutant concentrations inside and outside street canyons
both show a significant downward trend. The domain-averaged
NOx and CO concentrations even drop by 90% and 95% when
street widths are widened from 0.5 to 2 times of the original case.
The difference in changes between the two species arises from their
emission factors (Equations (8) and (9)), where CO emissions are
more sensitive to vehicle speed.
3.3. Caveats

Here we summarize the uncertainties associated with the
modeling results. Firstly, we assume that all buildings are succes-
sively along the road, while in reality there are multiple openings
on the walls of a street canyon, where polluted air may leak out of
the street. This simplification could potentially overestimate the
simulated pollutant concentrations inside street canyons, but un-
derestimate pollution levels outsides the streets. Secondly, due to
the lack of data on building heights and traffic volumes, assumed
building heights are instead adopted for simulations and a traffic
assignment model is used rather than online or extrapolated traffic
counts. When examining the robustness of results under different
traffic flow patterns, as the traffic demands are complex and diffi-
cult to determine, the ODmatrices are also idealized. Therefore, the
distributions of pollutants do not reflect the real conditions, but
rather a theoretical characterization of the impacts of canyon ge-
ometry. To test the dependence of our results on traffic flow pat-
terns, we have conducted parallel tests with the four traffic
scenarios described in section 2.5. Our tests indicate that although
pollutant concentrations differ between scenarios, our findings are
robust. For example, Figs. S12eS15 demonstrate that the changes of
domain-averaged NOx concentrations at pedestrian level with
building height are similar to the result of the “peak flow” scenario
when the traffic flows follow scenarios 1e4. Thirdly, in the
dispersion model, the treatments of dispersion parameters and
reflections of Gaussian puffs also bring uncertainties to pollutant
distribution in complex urban terrains. Moreover, the parameteri-
zation of CFD wind fields may not apply to extreme cases of canyon
geometry that lie far beyond the parameter space. We will use CFD
simulations directly for these extreme cases as they appear much
less frequently in urban area. In addition, we did not take into ac-
count the effects of chemical processes, which may lead to biases
when NOx is converted to other NOy species, or CO is chemically
converted from other volatile organic compounds (VOCs).
Fig. 6. (a) Domain-averaged concentrations of NOx at a height of 1.5 mwith street widths se
of NOx concentrations over the domain at a height of 1.5 m with different street widths. All
colors of circles in (a). (For interpretation of the references to colour in this figure legend,
Even with those uncertainties, the prediction of our model
agrees well with the street-level observations. In the future, wewill
further improve the model to address these uncertainties, and
allow our model configuration to more realistically represent the
conditions over the center of Beijing. We will also collect more
street-level measurement data to further optimize model
parameters.
4. Discussion and conclusion

In this study, we examine the effects of street canyon geometry
on air pollutant distributions over the center of downtown Beijing.
We first parameterized the wind field inside a street canyon on the
basis of simulations using a CFD model, and then developed an
urban-scale traffic pollutant dispersion model that represents
street distributions, canyon geometries, background meteorology,
traffic assignment, traffic emissions and air pollutant dispersion.
After validation of the dispersion model against measurement data,
the distributions of traffic-related air pollutants at pedestrian level
over the downtown area of Beijing were then modeled under a
variety of canyon geometry configurations.

For the impact of building height on pollutant concentrations,
we found that higher buildings hinder ventilation in street canyons,
resulting in higher pollutant concentrations inside street canyons
and lower pollution outside the canyons. The increase of building
height from 20 m to 40 m has little influence on pollutant con-
centrations. However, when building height is over 40 m, the
pollutant concentrations within the street canopy increase rapidly
as the building height increases. The height of a six-floor building is
approximately 20 m, consistent with the height of many old
buildings in Beijing. As the building heights in Beijing are consis-
tently growing during urbanization (Cheng et al., 2011), in the
future, it is possible that most buildings in central Beijing would
reach 60 m. As the model results imply, if building height is
increased from 20 m to 60 m, the domain-averaged traffic-related
NOx and CO concentrations could increase by about 52%. This
means that human exposure to air pollutants in Beijing could in-
crease even with fixed traffic emissions. What is more, emissions
from road transport are bound to increase due to rapid vehicle
growth in cities of China (Zheng et al., 2014). Therefore, policy-
makers on urban planning should pay special attention to the
height of buildings in order to prevent increasing surface air
pollution caused by traffic emissions.

We also found that uneven building heights along a street affect
pollutant dispersion significantly. For street canyons with a height
ratio approaching 0.43 or 2.33, the highest domain-averaged
pollution level is observed. When relatively high or relatively low
canyon height ratio is reached, the concentration becomes lower.
Therefore, lower concentrations at pedestrian level appear when
t to be 0.5, 0.75, 1, 1.5, 2 times (W’/W) of the current values. (b) Probability distributions
building heights are set to be 30 m. The colors of curves in (b) are consistent with the
the reader is referred to the web version of this article.)



Fig. 7. The variations of NOx concentrations over the domain at a height of 1.5 m after
doubling the width of a street shown by the black rectangle. All building heights are set
to be 30 m. The traffic flows follow scenario 1.
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highly symmetric or highly asymmetric street canyons are applied
in the urban area. This result indicates that carefully planning the
asymmetry ratio could help lower the overall exposure of humans
to air pollutants.

What is more, increasing street widths result in lower pollutant
concentrations by reducing emissions (e.g., NOx emissions drop by
29% (57% for CO) when street widths are 2 times the current values)
and enhancing ventilation simultaneously. In reality, it is difficult to
expand the widths of all streets in an urban area, but may only
improve the road capacity where has the severest traffic jam. Fig. 7
shows the pollution changes when a road with large traffic volume
and heavy pollution (see Fig. S16 for the base, the target street is
marked with a black rectangle) is widened by a factor of 2. Apart
from the sharp decline of pollutant concentrations inside this street
canyon, this reconstructionwould alter concentrations in a number
of street canyons because of the change of traffic flow patterns. This
indicates that widening a street has a considerablemitigation effect
on its air quality, but the effect on other parts of the urban area
varies from place to place. To evaluate the overall net health impact
over the entire area, it needs to incorporate population distribution
into this analysis, which will be evaluated in follow-up research.

In summary, air pollution from road transport in cities remains a
great challenge to urban environmental management (Kelly and
Zhu, 2016). Canyon geometry and street layout have apparent im-
pacts on traffic-induced air pollution at pedestrian level in urban
areas. To achieve the goal of reducing the damage from traffic-
related air pollution to human health, besides mitigation of
vehicle emissions, canyon geometry should be deliberately
considered and optimized during the process of urban planning.
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