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a b s t r a c t

Urban air pollution features large spatial and temporal variations due to the high heterogeneity in
emissions and ventilation conditions, which render the pollutant distributions in complex urban terrains
difficult to measure. Current urban air pollution models are not able to simulate pollutant dispersion and
distribution at a low computational cost and high resolution. To address this limitation, we have
developed the urban terrain air pollution (UTAP) dispersion model to investigate, at a spatial resolution
of 5 m and a temporal resolution of 1 h, the distribution of the local traffic-related NOx concentration at
the pedestrian level in a 1 � 1 km2 area in Baoding, Hebei, China. The UTAP model was shown to be
capable of capturing the local pollution variations in a complex urban terrain at a low computational cost.
We found that the local traffic-related NOx concentration along or near major roads (10e200 mg m�3)
was 1e2 orders of magnitude higher than that in places far from roads (0.1e10 mg m�3). Considering the
background pollution, the NO and NO2 concentrations exhibited similar patterns with higher concen-
trations in street canyons and lower concentrations away from streets, while the O3 concentration
exhibited the opposite behavior. Sixty percent of the NOx concentration likely stemmed from local traffic
when the background pollution level was low. Both the background wind speed and direction sub-
stantially impacted the overall pollution level and concentration variations, with a low wind speed and
direction perpendicular to the axes of most streets identified as unfavorable pollutant dispersion con-
ditions. Our results revealed a large variability in the local traffic-related air pollutant concentration at
the pedestrian level in the complex urban terrain, indicating that high-resolution computationally effi-
cient models such as the UTAP model are required to accurately estimate the pollutant exposure of urban
residents.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Urban areas, especially in developing countries, are often char-
acterized by a combination of numerous buildings, a high popula-
tion density, and severe air pollution. Consisting of buildings with
various geometries, urban terrains are often highly complex and
e by Admir Cr�eso Targino.
ironmental Sciences, Peking
notably impact the local air quality and hence public health by
influencing the airflow in the atmospheric boundary layer
(Carpentieri et al., 2009; Gallagher, 2016; Krecl et al., 2015; Lateb
et al., 2016; Zhong et al., 2018). Consequently, the dispersion of
air pollutants in urban areas is a topic of active research in envi-
ronmental science.

Street canyons are narrow streets lined with buildings along
both sides (Vardoulakis et al., 2003) and are ubiquitous in urban
built environments. At the street scale, the airflow and pollutant
dispersion inside a street canyon are strongly associated with the
canyon geometry (e.g., the aspect ratio (the ratio of the canyon
height to the canyonwidth), the ratio of the building heights along
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both sides of the canyon, etc.) (Baratian-Ghorghi and Kaye, 2013;
Farrell et al., 2015; Gu et al., 2011). In addition, many other factors,
including background wind conditions (Kwak et al., 2016; Solazzo
et al., 2011), ground heating (Li et al., 2012), traffic flow (Thaker
and Gokhale, 2016) and vegetation cover (Abhijith et al., 2017),
also influence local pollutant dispersion. At the urban scale, com-
plex street networks result in a high spatial ventilation heteroge-
neity. Urban air pollutant sources are also spatially heterogeneous.
Based on high-resolution measurements, large spatial variabilities
of air pollutants have been encountered in many urban areas (Li
et al., 2018; Pattinson et al., 2014; Targino et al., 2018, 2016; Zhou
and Lin, 2019). For example, the concentration variations of NOx
and black carbon could be as high as 5- to 8-fold even within the
same street due to local emissions (Apte et al., 2017). The large
variabilities in both emissions and ventilation conditions make it
difficult to accurately characterize the spatial pattern of urban air
pollution. Major urban air pollutants include CO, NOx, SO2, volatile
organic carbon (VOC), O3, PM10, and PM2.5. Human exposure to
these pollutants results in adverse health impacts (e.g., pulmonary
and cardiovascular diseases) and premature mortality (Burnett
et al., 2018; Schraufnagel et al., 2019a, 2019b). Models with a low
spatial resolution have been found to not be capable to capture the
street canyon effect and might significantly underestimate human
exposure levels to air pollutants (especially primary pollutants such
as NOx and black carbon) (Fallah-Shorshani et al., 2017b). Therefore,
high-resolution model simulations of urban airflow and pollutant
dispersion would enable the improved assessment of pollutant
exposure and facilitate urban planning that provides better venti-
lation conditions and reduces air pollutant exposure and its asso-
ciated adverse health impacts.

Street-scale air pollution simulations have been performed with
empirical (e.g., land-use regression (LUR) models (Hankey et al.,
2017; Patton et al., 2017; Weissert et al., 2018)), semiempirical
models (e.g., the operational street pollution model (OSPM)
(Brasseur et al., 2015; Lazi�c et al., 2016), the atmospheric dispersion
modeling system (ADMS) (Barnes et al., 2014), the Research LINE
(RLINE)-source (Patterson and Harley, 2019), SIRANE (Fallah-
Shorshani et al., 2017a; Soulhac et al., 2016), AirGIS (Khan et al.,
2019)) and numerical models (e.g., computational fluid dynamics
(CFD) models (Aristodemou et al., 2018; Wang et al., 2019; Zhong
et al., 2017)). Although LUR models consider many factors (e.g.,
traffic, land use, population, meteorological variables), they are
based on numerous measurements, do not include chemistry and
generally reflect the long-term average pollutant distribution
(Hoek et al., 2008). Semiempirical models essentially rely on
Gaussian dispersion modeling, include simple chemistry and can
simulate the air pollution concentration at a low computational
cost. However, semiempirical models either only consider the
single-street canyon effect or have difficulty capturing the con-
centration variations inside a street (Buchholz et al., 2013; Soulhac
et al., 2011; Wang et al., 2016a). CFD models are suitable for accu-
rately calculating the pollutant dispersion and chemistry in com-
plex urban terrains, but their simulation capabilities are limited by
the high time consumption (Cheshmehzangi, 2016; Kwak et al.,
2015; Vardoulakis et al., 2003). Thus, current models are not well
suited to simulate urban-scale air pollutant dispersion at a high
resolution at an acceptable computational cost. In this paper, we
built on previous work by Fu et al. (2017) and developed an urban
terrain air pollution (UTAP) model by combining CFD and Gaussian
dispersion approaches and balancing the modeling accuracy and
computational cost. We then applied the UTAPmodel to investigate
the high-resolution dispersion and distribution of the local traffic-
related NOx concentration at the pedestrian level in a complex
urban terrain.
2. Methods

2.1. Multiscale air pollutant dispersion modeling system

The UTAP model combines CFD and Gaussian models by
adopting the CFD model to simulate the wind field in urban areas
and then applying the Gaussian dispersion model to simulate the
pollutant distribution based on the CFD-modeled wind field.
Through this approach, the UTAP model is able to capture the in-
fluence of multiple buildings on pollutant dispersion at a high
resolutionwhile substantially reducing the computational time and
providing better predictions than semiempirical models with a
greater potential to conduct large-scale simulations in the future
than CFD models.

We applied our model to Baoding, a densely populated, major
city in Hebei, China. Baoding is adjacent to Beijing and the Xiongan
New Area, is a major contributor to the air pollution in the Beijing-
Tianjin-Hebei region and serves as a representative city in our
study (Jiang and Bai, 2018). Considering the computational cost, in
this paper, we adopted a 1 � 1 km2 domain in downtown Baoding
to demonstrate the capability of the UTAP model to accurately
conduct high-resolution simulations. This domain consists of
several roads and a large number of buildings (see Fig. S1). There is
no local industrial source in the domain, and no high-resolution
residential emissions data are available. Compared to the trans-
portation contribution in Hebei Province, the residential contri-
bution to NOx is minor (Liu et al., 2016), and we focused on local
traffic-related NOx pollution (purely attributed to the traffic sources
within the 1 � 1 km2 domain) and investigated its spatiotemporal
patterns.

As microscale air pollution modeling requires information on
the background meteorological conditions and pollutant concen-
tration, a microscale CFD model is commonly coupled with a
mesoscale atmospheric model (Kwak et al., 2015; Michioka et al.,
2013). In this paper, a multiscale air pollutant dispersion
modeling system was built (Table S1). At the regional and urban
scales, the mesoscale Weather Research and Forecasting (WRF)
model (https://www.mmm.ucar.edu/weather-research-and-
forecasting-model) was adopted to derive the meteorological
fields for the Beijing-Tianjin-Hebei region and downtown Baoding
(an area of 30 � 30 km2). These two domains are illustrated in
Fig. S2. At the street scale, the UTAP model was employed to
simulate the fine-grid pollutant dispersion in the 1� 1 km2 domain
at a spatial resolution of 5 m. The central longitude and latitude,
grid resolution and number of grids in the three domains are
summarized in Table S1.

The urban canopy model (UCM) is a widely used module
embedded in theWRFmodel to better characterize the influence of
the urban canopy on the meteorological conditions and atmo-
spheric chemistry in the urban environment (Li et al., 2017; Wang
et al., 2016b). We applied the single-layer urban canopy model
(SLUCM) (Chen et al., 2011) to our simulations to derive the back-
ground wind conditions of the 1 � 1 km2 domain as input to the
UTAP model. Based on the GIS map of Baoding, we classified the
land use of downtown Baoding as a high-intensity residential area.
We adopted the urban parameters for the Beijing-Tianjin-Hebei
region of Barlage et al. (2016), as indicated in Table S2.

2.2. Wind database based on the parallelized large-eddy simulation
(LES) model (PALM)

Large-eddy simulation (LES) is a commonly favored approach in
CFD models to solve complex turbulent flows (Vardoulakis et al.,
2003; Zhong et al., 2015). LES is computationally efficient because
it only explicitly resolves large eddies while parameterizing small
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eddies, making it faster than direct numerical simulation (DNS). In
addition, it is able to capture flows at high temporal and spatial
resolutions and is thus more accurate than the Reynolds-averaged
Navier-Stokes (RANS) approach (Aristodemou et al., 2018; Hang
et al., 2017). We adopted the parallelized LES model (PALM)
(Maronga et al., 2015) to derive the three-dimensional wind fields
in the 1 � 1 km2 domain while considering the effect of buildings.
PALM is capable of conducting parallelized computation and has
been proven to perform well for urban terrains (Park et al., 2015b,
2015a). The surface topography was extracted from online map
resources. Applying the method of Park et al. (2015a, b), buffer
regions (consisting of artificial buildings arranged in lines, as shown
in Fig. 1) were added around the 1 � 1 km2 domain to prevent
turbulence from abrupt dissipation near the lateral boundary. The
turbulence recycling method (Maronga et al., 2015) was employed
during the simulations to generate turbulent inflows for the
domain of interest, and a recycling domain was added to the up-
stream area (indicated in Fig. 1).

With 360 possibilities of background winds, i.e., the boundary
wind conditions of the 1 � 1 km2 domain of Baoding (5 wind
speeds � 72 wind directions, and the values at a height of 10 m are
listed in Table S3) as inputs, we ran PALM and compiled a wind
database of 360 possible three-dimensional wind fields for the
domainwith an area of 1 � 1 km2 and a height of 300 m at a spatial
resolution of 5 m (i.e., 200 � 200 grid points in the horizontal
dimension and 60 grid points in the vertical dimension). When
setting the background winds, we adopted the empirical wind
profile as defined below, which follows a power law (Jiang et al.,
2004):

8>>><
>>>:

u2 ¼ u1

�
z2
z1

�m

; z2 � 200m

u2 ¼ u1

�
200
z1

�m

; z2 >200m

(1)

where u1 (known value, e.g., the measured data) and u2 represent
the wind speeds at heights of z1 and z2, respectively, and m is the
exponential factor (see Table S4 for the values used (Jiang et al.,
Fig. 1. Illustration of the surface topography in PALM. The 1 � 1 km2 domain is indicated b
buildings. The recycling domain is to the left of the dashed line. (For interpretation of the re
article.)
2004)). For each background wind, we ran PALM for an hour and
included the averaged wind field in the database.

2.3. Major processes in the UTAP model

2.3.1. Emission
We assume that all traffic pollutant emissions are emitted from

the 10 major road segments in the 1 � 1 km2 domain. The UTAP
model reads the emissions (see Section 2.4 for details on deter-
mining the traffic emissions) based on a road matrix (5-m resolu-
tion, as shown in Fig. S3). Every grid point in the road matrix
belonging to a road acts as a traffic point source in the model. The
emissions along each road are evenly distributed across these point
sources.

2.3.2. Dispersion and dry deposition
According to the background wind condition input derived from

the WRF model, the UTAP model selects two wind fields from the
PALM wind database whose background wind conditions are the
closest to those of the input, and thewind field is then generated by
interpolation.

Following our previous work, the process of pollutant dispersion
in the UTAP model is similar to the model described in Fu et al.
(2017). Gaussian puffs are emitted from traffic sources and then
move and disperse in the urbanwind field until leaving the domain.
Upon hitting the ground and building walls, the reflection and dry
deposition of the puffs are calculated. The dry deposition of air
pollutants is simulated according to the equation below:

dCi
dt

¼ � Vd;i

z
� Ci (2)

where Ci is the pollutant concentration, Vd;i is the deposition ve-
locity, and z is the height across which the air is well mixed
(assumed to be 5 m, i.e., the model resolution). The deposition
velocity is adopted from Su et al. (2010).

2.3.3. Chemistry
In terms of the atmospheric chemistry, since the pollutant
y the inner square with the white solid lines. The color indicates the elevation of the
ferences to color in this figure legend, the reader is referred to the Web version of this
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dispersion within the street canyons is on a timescale ranging from
seconds to minutes, previous semiempirical models (Silver et al.,
2013; Soulhac et al., 2011; Venegas et al., 2014) generally focused
on the fast reactions of NOx and O3. In the UTAPmodel, we followed
the SIRANE method, which treats NOx (NO and NO2) as an inert
species during dispersion modeling and then calculates the equi-
librium concentrations of NO, NO2 and O3. O3 initially comes from
the background atmosphere and reacts with the locally emitted NO
and NO2 based on the mechanism below (Soulhac et al., 2011):

8>><
>>:

NO2 þ hv�����!k1 NOþ O$ ðR1Þ
O$þ O2�����!k2 O3 ðR2Þ

NOþ O3�����!k3 NO2 þ O2 ðR3Þ
2.4. Model evaluation

We evaluated the UTAP model against measurements obtained
in the 1 � 1 km2 domain of Baoding. The hourly wind speed, wind
direction and NOx concentration were measured by two roadside
monitoring stations (denoted as S1 and S2 in Fig. S4) between
December 22, 2017 at 14:00 and December 25, 2017 at 14:00, which
is a time interval when the air pollution in winter is severe (see
Section S3 for more details on the NOx measurements). Each hour,
we also counted the number of four types of vehicles (light-duty
and heavy-duty passenger vehicles and light-duty and heavy-duty
trucks) on the ten major roads in the domain during this time
period using camera footage. The traffic emissions were estimated
by multiplying the number of vehicles by the emission factors from
Chen et al. (2016) (see Table S5).

Fig. 2 (and Fig. S5 for monitoring station S2) shows the observed
and simulated wind speeds and directions at monitoring station S1.
The results of WRF-UCM are included for comparison. Due to the
Fig. 2. Simulated and measured (a) wind speeds and (b) wind directions at monitoring stat
the UTAP simulation results, observations, and WRF-UCM data, respectively. The wind directi
indicates the range of all possible quantitative wind directions corresponding to the observed
is referred to the Web version of this article.)
spatial resolution of 1 km, the winds predicted by WRF-UCM were
the same for the two stations. The ground-level wind speeds
observed at the two stations were both below 1 m s�1 with little
variation, reflecting a relatively stable atmosphere inside the street
canyon. In contrast, the wind speeds simulated by WRF-UCM
fluctuated sharply around 0e3 m s�1 and were generally higher
than the observations, which demonstrates that the WRF model
failed to precisely capture the ground-level wind speed in the ur-
ban environment. Compared to WRF-UCM, the wind speeds pre-
dicted by the UTAP model were much closer to the observations.
The wind directions at S1 and S2 exhibited significant temporal
variations and differed substantially from each other. While WRF-
UCM could not differentiate between the different wind di-
rections at the two stations, the UTAPmodel reflected the influence
of the complex urban terrain on the wind directions at the two
locations. At specific hours (e.g., during the mornings of 23 and 25
December), there were large discrepancies (approximately
90�e120�) between the observed and UTAP-simulated wind di-
rections. These discrepancies may be due to the inaccurate back-
ground wind field simulation by WRF-UCM or uncaptured local
turbulences around the monitoring stations. Overall, the UTAP
model simulated the wind field well.

Fig. 3 shows the modeled and measured NOx concentrations at
the two stations. The concentrations simulated by PALM are also
shown for comparison. The total concentrations in the UTAP model
and PALM were obtained by summing the traffic contribution and
the urban background pollution. The background NOx concentra-
tion was estimated based on the data from the national air quality
stations in Baoding. Both the pollution levels and diurnal variations
in the concentrations were well reproduced by the twomodels. The
Gaussian dispersion module in the UTAP model produced similar
concentration results as those produced by PALM, while the UTAP
model required much less computational time than PALM did
(3 min versus 3 h to simulate a 1-h concentration distribution).
Table 1 lists several performancemeasures of the air quality models
and the background. The data show that the UTAPmodel and PALM
ion S1. The green solid lines, red solid lines/rectangles and blue dashed lines represent
ons shown in the blocks as the observed directions are qualitative. The height of a block
direction. (For interpretation of the references to color in this figure legend, the reader



Fig. 3. The simulated and measured NOx concentrations at (a) S1 and (b) S2 at a height of 2.5 m. The red, blue and green lines represent the observations and the UTAP and PALM
simulation results, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Summary of the performance measures for model evaluation regarding the NOx concentration.

Performance Measures Normalized Root Mean Square
Error (NRMSE)

Fraction of Ce Within a Factor of
2 of Co (FAC2)

Fraction Bias (FB) Correlation Coefficient (R)

Definition
NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCo � CeÞ2

q
=Co

Fraction where

0.5 <
Ce
Co

< 2

FB ¼ 2ðCo � CeÞ=ðCo þ CeÞ R ¼ ðCo � CoÞðCe � CeÞ=ðsCo
$sCe

Þ

Ideal Value 0 1 0 1
Urban Criterion e >0.3 (-0.67, 0.67) e

UTAP, S1 0.25 0.97 0.05 0.84
PALM, S1 0.23 0.99 0.17 0.91
Background, S1 0.28 0.86 0.29 0.96
UTAP, S2 0.17 0.96 0.05 0.93
PALM, S2 0.23 0.93 0.01 0.87
Background, S2 0.20 0.89 0.17 0.95

Co: observed concentration; Ce: estimated concentration; sCo
: the standard deviation of the observed concentration; sCe

: the standard deviation of the estimated concen-
tration. The urban criteria for the performance measures are adapted from Chang and Hanna (2004).
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both essentially performed equally well. This result also justified
the simplified chemistry in the UTAP model at the street scale.
Compared to the background, the UTAP model achieved further
improvements, which means that combining the local traffic and
background pollution levels in the UTAP model could better reflect
the total NOx pollution level in complex urban terrains.

3. Results and discussion

3.1. Wind fields in the complex urban terrain

Based on the PALM simulations, the UTAP model could generate
the wind fields in the 1 � 1 km2 domain in Baoding. Complicated
airflow patterns were observed as air entered the street canyons
with various geometric characteristics driven by the background
wind (see Fig. S6). Horizontally, the wind directions were jointly
determined by the background wind direction and the axes of the
street canyons (Figs. S7a and b). Vertically, the street canyon effects
(Vardoulakis et al., 2003) were captured by the UTAP model since
the vortices within the street canyons drove the winds upward on
the leeward side and downward on the windward side (Fig. S7c).
Influenced by the underlying surface, the wind speed substantially
decreased at a lower height (Figs. S7def).

3.2. Dispersion of the traffic-related NOx

To study the dispersion of traffic-related primary pollutants in
complex urban terrains, we applied the UTAPmodel to simulate the
dispersion of NOx emitted by the traffic sources in the 1 � 1 km2

domain in Baoding over the period for which the model was



Fig. 4. Snapshot of the distribution of the local traffic-related NOx concentration in the 1 � 1 km2 domain in Baoding (unit: mg m�3). The buildings are displayed in gray. The
pollutant concentration is shown in colors of the “haze”. The background wind direction is indicated by the white arrow. The simulation time is December 22, 2017 at 14:00. Note
that the legend has a log scale. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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evaluated. The background NOx and O3 concentrations were ob-
tained from the national air quality stations in Baoding. The tem-
poral and spatial resolutions were 1 h and 5 m, respectively. Fig. 4
shows a snapshot of the three-dimensional NOx distribution in the
domain, indicating that the spatial variation in the concentration
could be over several orders of magnitude. The NOx dispersion
pattern was highly dependent on the background winds, street
geometry and emission pattern (see Fig. S8). For streets with axes
nearly perpendicular to the background winds, part of the pollut-
ants accumulated inside the street canyons, while the remainder
was removed from street canyons through the openings between
buildings or moved above the street canyons and was further
dispersed downwind. For streets with axes nearly parallel to the
background winds, pollutants basically moved along the street
canyons without notable transport between the streets. The
pollution levels in the early hours (Fig. S8d) were much lower than
Fig. 5. The (a) time-averaged distribution of the local traffic-related NOx concentration at t
Baoding during the measurement period. Note that the legend in panel (a) has a log scale.
those at the other times of the day due to the smaller number of
vehicles on the road.

Fig. 5a shows the time-averaged distribution of the local traffic-
related NOx concentration at the pedestrian level (1.5 m) over the 3
days (the background wind rose during that time interval is illus-
trated in Fig. 5b). There were substantial spatial variations in the
concentration. The pollution levels along the roads
(10e200 mg m�3) were 1e2 orders of magnitude larger than those
in places away from the roads (0.1e10 mg m�3). This difference in
the pollution level was due to two reasons. First, the buildings along
both sides of the streets hindered pollutant dispersion, keeping the
vehicle-emitted NOx inside the street canyons. Second, the
Gaussian puffs diffused while moving, thus decreasing the traffic
contribution to pollution in areas far away from the roads (negli-
gible compared to the background NOx concentration of
10e100 mg m�3 during the time of simulation). Along the different
he pedestrian level (1.5 m) and (b) background wind rose of the 1 � 1 km2 domain in
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roads, the pollution level primarily also varied because of the dif-
ference in traffic volume. The spatial variations in NOx were larger
along or near the roads than elsewhere. This patternwas consistent
with previous findings (Patton et al., 2014; Zhang et al., 2017),
whereby distance-decay gradients were reported for traffic-related
air pollutants from major roads.

3.3. Temporal and spatial distributions of the pollutant
concentration

Fig. 6a depicts the temporal variations in the domain-averaged
NOx concentration at the pedestrian level over the 3 days. The
variations in the traffic-related NOx concentration generally
depended on the temporal pattern of the traffic volume (high from
7:00 to 22:00 and nearly zero for the rest of the time). When the
background pollution in Baoding was high, the local traffic-related
NOx concentration accounted for less than 20% of the total NOx
concentration. However, when the background air was relatively
clean, local traffic contributed as much as 60% of the NOx pollution
in the domain. This result demonstrated the importance of local
traffic-related pollution to the urban air quality. With the sub-
stantial efforts in China on pollution mitigation in the power and
industrial sectors, the background NOx pollution levels in urban
areas will be lowered, and the significance of local traffic emissions
on NOx pollution will be greater. However, the traffic contribution
may also decrease in the future due to the increased adoption of
electric vehicles in China. As shown in Fig. 6b, the temporal varia-
tions in NO and NO2 were similar to those in NOx, while O3 showed
the opposite pattern due to its reactions with NOx (Soulhac et al.,
2011). During the hours with a high NO concentration (e.g., all of
December 22 and 23 and the morning of December 25), the O3
reactionwith NO dominated and the ground-level O3 concentration
was nearly zero. When NO concentration decreased on December
24, NO2 photolysis dominated instead, and the O3 concentration
increased to approximately 60 mg m�3.

Fig. 7 shows the spatial distributions of the time-averaged
Fig. 6. The temporal variations in the domain-averaged pollutant concentration at the pedes
panel (a), the red solid line and the blue dashed line represent the total and local traffic-relat
the total NO, NO2 and O3 concentrations, respectively. (For interpretation of the references
pollutant concentration at the pedestrian level. With the urban
background concentration considered, the pollutants still exhibited
pronounced spatial variations. NOx (NO and NO2) pollution was
heavier near the major roads. For NOx and NO, the differences be-
tween the pollution levels along and away from the streets were
very large (200 versus 100 mg m�3 for NOx and 50 versus 30 mg m�3

for NO). NO2 demonstrated a smoother concentration transition
(80e100 mg m�3 along the streets and 70 mg m�3 away from the
streets), since NO2 is mainly a secondary species and has a lower
spatial gradient. In contrast, the spatial distribution of the O3 con-
centration was the opposite of that of the NOx concentration. The
O3 concentrationwas lower along or near the roads, where most O3
would be removed by the freshly emitted NO from the on-road
vehicles through the process of NOx titration (Kimbrough et al.,
2017).

To evaluate air pollution and its health impacts on humans,
many region-scale studies employed mesoscale atmospheric
models with a resolution of tens of kilometers (Qin et al., 2017;
Yang et al., 2018). However, to better estimate the exposure of ur-
ban residents to air pollutants (especially traffic-related pollutants),
high-resolution simulations are recommended (Batterman et al.,
2014). Although we can estimate the overall exposure level of the
populationwith low-resolutionmodels or measured data from tens
of air quality stations, it remains difficult to accurately evaluate the
exposure levels at various locations (especially those near the
emission sources) in a city. The large uncertainties in external
exposure would persist in the assessment of health impacts and the
determination of air pollutant dose-response relationships. As
indicated by our findings, there were notable variations in traffic air
pollution between the ground and urban background levels and
between the different locations in the complex urban terrain. Apart
from traffic sources, urban industrial and residential sources might
further add to the spatial variations of the pollutant concentration.
The UTAP model considered the building geometry and captured
the local variations of the concentration while remaining compu-
tationally efficient, which enables urban-scale high-resolution
trian level (1.5 m) in the 1 � 1 km2 Baoding domain during the measurement period. In
ed NOx concentration, respectively. In panel (b), the blue, red and green lines represent
to color in this figure legend, the reader is referred to the Web version of this article.)



Fig. 7. The distribution of the time-averaged (a) NOx, (b) NO, (c) NO2, and (d) O3 concentrations at the pedestrian level (1.5 m) in the 1 � 1 km2 Baoding domain during the
measurement period. Note that the legends are not the same for all panels.
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applications. Therefore, it is important for future environmental
and epidemiological studies to develop and use high-resolution
atmospheric models such as the UTAP model in urban
environments.

To improve the performance of urban dispersion models in
evaluating air pollutant exposure, various sources of high-
resolution data, including urban morphology, background meteo-
rology and pollution, emissions inventory and population distri-
bution, are required (Forehead and Huynh, 2018). There has been
research on urban air pollution and exposure assessment incor-
porating big data. Messier et al. (2018) established a data-only
approach and LUR-kriging model to efficiently exploit measured
big data to map urban air pollution at a high resolution. Hankey
et al. (2017) examined the possibility of lowering the population
exposure to air pollutants through urban planning based on
numerous traveling and pollution data. Future research would
require more data to better predict the pollutant concentration and
human exposure in complex urban terrains. For instance, by
combining the traveling demand of urban residents, the UTAP
model can be utilized to assess the real-time population exposure
and achieve optimal travel route planning aimed at minimizing
personal exposure.

3.4. Impacts of the background wind conditions on the local traffic-
related NOx pollution

In addition, to study the impact of the background wind con-
ditions on the pollutant distribution in the domain, wemodeled the
pollutant dispersion under 360 typical background winds (the
same as the input conditions when building the PALM wind data-
base, as indicated in Table S2). Fig. 8a shows the domain-averaged
local traffic-related NOx concentration at the pedestrian level under
the various background winds (Fig. 8b shows the standard devia-
tion of the NOx concentration). The background wind speed had a
notable influence on both the average pollution level and the
spatial variability of pollution. When the background wind was
weak (i.e., <3 m s�1), the domain-averaged NOx concentration was
much higher than that under strong background winds. When the
background wind speed increased from 1 to 3 m s�1, the average
concentration decreased by more than 50%. In addition, relatively
weak winds resulted in larger spatial variations in the NOx con-
centration, which implies that the pollution in hotspots would be
even more severe. Regarding the role of the wind direction, we
found that although not as marked as the wind speed, the back-
ground wind direction also affected the pollutant distribution,
especially in the low-wind speed cases. When the background
wind speed was below 3 m s�1, it was clear that the domain-
averaged NOx concentration and its standard deviation tended to
be higher when the wind direction was approximately 20� (i.e.,
nearly perpendicular to the long axes of most buildings and the
axes of the street canyons shaped by these buildings in the
domain). In these cases, as the background wind entered the street
canyons perpendicularly, the airflow formed vertical vortices inside
the canyons, which led to poor ventilation conditions, high pollu-
tion levels and large spatial variations. This result implies that ur-
ban air pollution impacts could be reduced through urban planning
considering the influence of the street geometry on ventilation
conditions. For example, buildings oriented along the prevailing



Fig. 8. The (a) domain average and (b) standard deviation of the local traffic-related NOx concentration at the pedestrian level (1.5 m) in the 1 � 1 km2 domain of Baoding as a
function of the x- (west to east) and y- (south to north) components of the background wind. The total background wind speed (m/s) is marked by the dashed white circles.
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local wind direction would effectively ameliorate the air quality on
the whole and even more in the hotspots.

3.5. Caveats

Herein, we summarize the uncertainties of our simulation
results.

First, our results were dependent on accurate predictions of the
background meteorological and chemical conditions. For the
meteorological conditions, we simulated the 3-day-averaged dis-
tribution of the local traffic-related NOx concentration at the
annually averaged air temperature of Baoding and obtained similar
results (Section S1), which implies that the simulated pollutant
dispersion in winter was representative of the annual average. The
concentrations observed at the air quality stations in Baodingmight
be influenced by local pollution and serve as an unsatisfactory
proxy of the urban background pollution level. Nevertheless, it
would not affect our findings on the dispersion of the traffic-related
NOx.

Second, the performance of the UTAP model was directly
affected by the quality of the emission data. Owing to the diffi-
culties of obtaining a high-resolution emission inventory, the traffic
emissions were estimated for only three days. The biases from
either counting the vehicles or the adoption of emission factors
would diminish the reliability of the simulated traffic emissions.
Other pollution sources (e.g., industrial and residential sources)
were not included due to lack of information, which also limits the
model capability of evaluating the total external exposure of urban
residents.

Third, certain parameters in the UTAP model may also have an
impact on the simulated NOx distribution. We performed a sensi-
tivity test of the moving interval of the Gaussian puffs, which
demonstrated that the current resolution of puff movement is
necessary (Section S2).

Fourth, in this study, we focused on the influences of the back-
ground winds and of the complex urban terrain on the urban wind
fields without considering traffic-induced turbulence, which could
facilitate ventilation and lower the concentration gradient (Pospisil
and Jicha, 2017). However, the scale and intensity of traffic-induced
turbulence are often limited, depending on the number of vehicles
and vehicle speed.

Additionally, the chemistry module in the UTAP model is the
same as that in the SIRANE model, which simplifies the reactions
between NOx and O3 by assuming that a chemical steady state is
reached. Kimbrough et al. (2017) revealed that when applying
Gaussian dispersion to the conversion of NO to NO2, the availability
of background O3 should be considered. The simplified chemistry
works well in winter but may not be adequate in summer, when
biogenic hydrocarbons are released in vastly larger quantities and
volatilization of anthropogenic hydrocarbons is more intense as
well due to the higher temperature. This module will be improved
in future research.

In addition, the UTAP model was validated using measurement
data from only two sites in the 1 � 1 km2 domain. Additional
higher-resolution data will be collected to better examine the
performance of the UTAP model.

4. Conclusions

In this study, we investigated the distribution of the local traffic-
related NOx concentration in a complex urban terrain. By devel-
oping a high-resolution urban dispersion model (the UTAP model),
we simulated the pollutant distribution at the pedestrian level in a
1 � 1 km2 domain in Baoding city in Hebei, China, for three days in
December 2017 at a spatial resolution of 5 m and a temporal res-
olution of 1 h.

We found that the local traffic-related air pollutant dispersion
and distribution in the urban area were greatly influenced by both
the ventilation conditions and emissions. The ground-level urban
wind fields were characterized by complex turbulence patterns and
jointly determined by the background winds and street geometry.
The local traffic-related NOx concentration along the streets was
1e2 orders of magnitude higher than that elsewhere, with a con-
centration ranging from 10 to 200 mg m�3 along or near the major
roads and a concentration ranging from 0.1 to 10 mg m�3 in places
far away from the roads. We also observed that the total NOx (as
well as NO and NO2 separately) concentration at the pedestrian
level was higher along the roads, while the O3 concentration
exhibited the opposite spatial pattern because of NOx titration. The
absolute contribution of traffic to the NOx concentration was
determined by the temporal pattern of the traffic volume, while the
relative traffic contribution also depended on the background
pollution of Baoding and could reach as high as 60%.

For the impacts of the background wind conditions on the
dispersion of the local traffic-related NOx, we found that a stronger
background wind speed lowered both the overall level and spatial
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variability of pollution. When the background wind was perpen-
dicular to the axes of most streets in the domain, more severe NOx
pollution and a higher spatial heterogeneity at the pedestrian level
were observed.

Our results showed that differences in the ventilation conditions
and emissions could lead to a high spatial heterogeneity of the air
pollutant concentration at the pedestrian level in urban environ-
ments. To accurately measure human exposure to pollution, future
urban air quality studies should employ models such as the UTAP
model that can differentiate the various concentrations at the street
scale without being too computationally costly.
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