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Abstract. Owing to the substantial traffic emissions in urban
areas, especially near road areas, the concentrations of pol-
lutants, such as ozone (O3) and its precursors, have a large
difference compared to regional averages, and their distri-
butions cannot be captured accurately by traditional single-
scale air quality models. In this study, a new version of
a regional urban–street network model (an Integrated Air
Quality Modeling System coupling regional urban–street:
IAQMS-street v2.0) is presented. An upscaling module is im-
plemented in IAQMS-street v2.0 to calculate the impact of
mass transfer to regional scale from street network. The in-
fluence of pollutants in the street network is considered in the
concentration calculation on the regional scale, which is not
considered in a previous version (IAQMS-street v1.0). In this
study, the simulated results in Beijing during August 2021,
using IAQMS-street v2.0, IAQMS-street v1.0, and the re-
gional model (Nested Air Quality Prediction Modeling Sys-
tem, NAQPMS), are compared. On-road traffic emissions in
Beijing, as the key model input data, were established using
intelligent image-recognition technology and real-time traf-
fic big data from navigation applications. The simulated re-
sults showed that the O3 and nitrogen oxide (NOx) concen-
trations in Beijing were reproduced by using IAQMS-street
v2.0 on both the regional scale and street scale. The predic-
tion fractions within a factor of 2 (FAC2s) between simula-
tions and observations of NO and NO2 increased from 0.11
and 0.34 in NAQPMS to 0.78 and 1.00 in IAQMS-street v2.0,
respectively. The normalized mean biases (NMBs) of NO

and NO2 decreased from 2.67 and 1.33 to −0.25 and 0.08.
In the coupled model, the concentration of NOx at the street
scale is higher than that at the regional scale, and the sim-
ulated distribution of pollutants on a regional scale was im-
proved in IAQMS-street v2.0 when compared with that in
IAQMS-street v1.0. We further used IAQMS-street v2.0 to
quantify the contribution of local on-road traffic emissions
to the O3 and NOx emissions and analyze the effect of traf-
fic regulation policies in Beijing. Results showed that heavy-
duty trucks are the major source of on-road traffic emissions
of NOx . The relative contributions of local traffic emissions
to NO2, NO, and O3 concentrations were 53.41 %, 57.45 %,
and 8.49 %, respectively. We found that traffic regulation
policies in Beijing largely decreased the concentrations of
NOx and hydrocarbons (HC); however, the O3 concentration
near the road increased due to the decrease consumption of
O3 by NO. To decrease the O3 concentration in urban areas,
controlling the local emissions of HC and NOx from other
sources requires consideration.

1 Introduction

Air pollution can affect climate change and human health,
and it has been the focus of the public and policymakers,
especially in recent years (An et al., 2013). In China, a se-
ries of strict clean-air action plans have been implemented
to decrease the concentration of particulate matters with
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aerodynamic diameters less than 2.5 µm (PM2.5). The mean
PM2.5 concentration was 61.8 µgm−3 in 2013 and reduced
to 42.0 µgm−3 in 2017 (Zhang et al., 2019). In contrast, the
concentration of surface ozone (O3) has generally been in-
creasing (Li et al., 2019; Wang et al., 2019). The maximum
8 h O3 concentration reached 196 µgm−3 in the North China
Plain in 2019. In addition, 48.2 % of the polluted days in
2019 were caused by O3. Owing to its increasing concentra-
tion trend and adverse impacts on humans and vegetation, an
increasing number of studies have focused on the mechanism
of O3 formation and relevant control strategies.

The O3 concentration is influenced by the meteorological
fields, precursor–emission intensities, photochemical pro-
cesses, and regional transport processes (Zheng et al., 2018;
T. Wang et al., 2017). As the precursors of O3, nitrogen ox-
ides (NOx) and volatile organic compounds (VOCs) have
complicated nonlinear relationships. The formation of sur-
face O3 can be divided into the NOx-sensitive and VOC-
sensitive regions, owing to the complexity of photochemical
processes (Sillman, 1999), with the primary control species
of the precursors requiring careful consideration according to
the sensitive region in each case. The O3 concentration may
even increase after conducting inappropriate precursor con-
trol; consequently, increasing the precision of simulations of
O3 and its precursors at the urban scale constitutes an urgent
scientific topic.

Regional-scale air quality models are common tools for
analyzing air pollution episodes, such as the Comprehen-
sive Air Quality Model with Extensions (CAMx), the Com-
munity Multiscale Air Quality (CMAQ) model (Byun and
Schere, 2006), and the Nested Air Quality Prediction Model-
ing System (NAQPMS), have been widely used in air quality
research (J. Li et al., 2012; Y. J. Wang et al., 2017; Cheng
et al., 2019; W. J. Zhang et al., 2020). The influence of an-
thropogenic emissions on the regional atmospheric environ-
ment has been assessed through sensitivity analyses using re-
gional models (W. J. Zhang et al., 2020; Cheng et al., 2019)
or source-apportionment analyses (Wagstrom et al., 2008;
Yarwood et al., 1996; Y. J. Wang et al., 2017; Lin et al.,
2016; Li et al., 2015; Y. Li et al., 2012). However, regional
models have spatial resolutions that are usually coarser than
1× 1 km, thereby being unable to capture the emission and
diffusion characteristics of pollutants at the street scale (Baik
and Kim, 2010). Thus, the influence of local emissions on air
quality at the street scale cannot be simulated using regional
models.

Local-scale air quality models, such as the computational
fluid dynamic (CFD) and street-scale network models, which
consider the impact of urban building topography on the dif-
fusion of pollutants (Depaul and Sheih, 1985, 1986; Wedding
et al., 1977), have been adopted by numerous researchers
to investigate the distribution of pollutants at a finer spatial
resolution (Vardoulakis et al., 2003; Y. Zhang et al., 2021;
Patterson and Harley, 2019; Soulhac et al., 2012). The flow
field and dispersion of pollutants on the local scale, such

as street canyons, can be accurately simulated by the CFD
model, but it is more suitable for air quality simulations over
a few streets rather than at the urban scale. In addition, the
CFD model does not usually consider complex chemical re-
actions; this introduces limitations to the simulation of sec-
ondary pollutants, such as O3 (Fellini et al., 2019; Thouron
et al., 2019; Ashie and Kono, 2011). Street-scale network
models, such as the Model of Urban Network of Intersect-
ing Canyons and Highways (MUNICH), an operational ur-
ban dispersion model (SIRANE), and the Operational Street
Pollution Model (OSPM; Kakosimos et al., 2010; Soulhac et
al., 2011; Kim et al., 2018, 2022), can simulate the distribu-
tion of pollutants at the street scale with a lower computa-
tional cost. MUNICH has been widely used for investigating
the air quality at the street scale (Gavidia-Calderón et al.,
2021; Lugon et al., 2020; Kim et al., 2018). Further studies
showed that the simulations of the street-scale model are in-
fluenced by the utilized background field in each case, which
may be provided by a regional model (Lv et al., 2022; Wang
et al., 2022a; Kim et al., 2018). Therefore, to provide a more
dynamic and precise background field, it is essential to build
a two-way integrated regional urban–street network air qual-
ity model, and the feedback of street-network-scale model
on regional urban background needs to be considered. Many
researchers have focused on the development and applica-
tion of coupled regional urban–street-network-scale air qual-
ity models (Lv et al., 2022; Nuterman et al., 2021; Biggart et
al., 2020; Lugon et al., 2020; Benavides et al., 2019; Kim et
al., 2018; Hood et al., 2018; Isakov et al., 2007, 2009). How-
ever, most coupled models involve large uncertainties origi-
nating mainly from traffic emissions; hence, they need more
refined emission inventories as input (Biggart et al., 2020).

The variation in the emission inventory of O3 precursors
is critical to O3 generation. Traffic emissions become one of
the main sources of O3 precursors, especially in urban areas.
Cheng et al. (2019) found that the anthropogenic emissions
of NOx and VOCs in 2017 decreased by 42.9 % and 42.4 %,
respectively, when compared with the emissions in 2013, ow-
ing to strict industrial emission control in China. However,
the contribution of traffic to the NOx emissions increased
from 67.2 % in 2013 to > 80 % in 2017. In additional, emis-
sion uncertainties, caused by the spatial mismatch between
the locations of emissions and spatial proxies, can lead to
additional uncertainties in air quality simulations, especially
in small-scale regions (Zheng et al., 2017); hence, real-time,
high-resolution traffic emission inventories are also essential
for more precise coupled model simulations.

In this study, we developed a new version of dynamic
urban street-scale model (Integrated Air Quality Modeling
System coupling regional urban–street; IAQMS-street v2.0)
using a two-way coupling between the MUNICH street-
scale model and NAQPMS regional air quality model, based
on previous version of IAQMS-street v1.0 (Wang et al.,
2022a). The hourly variation and spatial distribution of O3
and NOx concentrations were simulated in Beijing dur-
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ing August 2021. An upscaling module is added to trans-
fer the pollutants from the street-scale model to a regional
model, which is not considered in IAQMS-street v1.0. We
used image-recognition technology based on road moni-
toring and traffic big data to create high-resolution traffic
emission inventories. To evaluate the performance of the
IAQMS-street v2.0, we conducted simulations under dif-
ferent models (IAQMS-street v2.0, IAQMS-street v1.0, and
NAQPMS) and validated the simulation results through com-
parison with observations from monitoring sites and on-road
observations. In the following, we discuss the simulation dif-
ferences among the two-way coupled (IAQMS-street v2.0),
one-way coupled (IAQMS-street v1.0), and regional models
(NAQPMS) and analyze the O3 and NOx distribution char-
acteristics. Furthermore, we quantify the contribution of on-
road vehicle emissions to the distribution of O3 and NOx
concentration. The influence of traffic management and con-
trol measures on the variation in the traffic emissions and
pollutant concentrations are quantified.

2 Materials and methods

2.1 Coupled regional urban–street-network-scale
model

As the regional-scale model used in IAQMS-street v2.0, the
NAQPMS regional air quality model is a 3-dimensional Eu-
lerian chemical transport model that reproduces the chemical
and physical process of pollutants by solving the mass bal-
ance equations The physical processes include the horizon-
tal advection, vertical advection and diffusion, dry and wet
deposition in NAQPMS, and also includes a gaseous chem-
ical mechanism (carbon bond mechanism Z, CBM-Z) for
the chemical reaction processes of pollutants. NAQPMS has
been widely used for investigating regional pollution events
in China (Yang et al., 2019; Z. Wang et al., 2014; Z. F. Wang
et al., 2014; Lin et al., 2007; Wang et al., 2006), since it per-
forms well in operational forecasting. For additional infor-
mation on the regional model, we refer to J. Li et al. (2007,
2011, 2012).

The pollutant concentration in NAQPMS at the next time
step is calculated as follows:

Ct+dt = Ct + dC, (1)
dC = Cemiss+Cadv+Cdiff+Cchem−Cdep, (2)

where dt is the time step, Ct is the concentration in grid cell
at time t , and Ct+dt is the concentration at the next time.
As shown in Eq. (2), the variation in the pollutant concen-
tration dC is influenced by the emissions process (Cemiss),
advection process (Cadv), diffusion process (Cdiff), chemical
process (Cchem), and dry and wet deposition (Cdep).

The MUNICH street network model was developed to
simulate the concentration of pollutants in a street network

by Kim et al. (2018). The emission, dry and wet deposi-
tion, horizontal transport, and vertical transport processes be-
tween the background and urban canopy were included in
the model; it also includes a gaseous chemical mechanism
(CB05), whose species were matched with those of CBM-
Z in the regional model during the coupling process. For a
more detailed description of MUNICH, we refer to Kim et
al. (2018) and Lugon et al. (2020).

In MUNICH, the pollutant concentration in streets are cal-
culated as follows:

Cstreet =
Qemis+Qinflow+ γCbg

γ +Qvert+Fdep
, (3)

where both the chemical process and physical process are
considered in the calculation of pollutant concentration, and
the physical process included the inflow rate of pollutant be-
tween streets (Qinflow), the vertical transfer process between
streets and the urban background atmosphere (Qvert), the
traffic emission rate from on-road vehicles (Qemis), and the
dry and wet deposition (Fdep).Cbg is the background concen-
tration that is simulated by regional model. γ is the transfer
efficiency between the street and background concentration.

Qvert = γ (Cstreet−Cbg). (4)

The introduction of detail parameter settings in MUNICH
can be found in Lugon et al. (2020).

A one-way-integrated air quality modeling system named
IAQMS-street v1.0 has been developed in previous research
(Wang et al., 2022a). In IAQMS-street v1.0, the pollutant
background concentrations in the study period were simu-
lated by NAQPMS, and as the input data of MUNICH, the
background concentrations were provided for the simulation
of pollutants at street scale. MUNICH was used as a stan-
dalone model with a one-way coupling approach. The in-
fluence of mass transfer of pollutants from streets to urban
background was not considered in IAQMS-street v1.0. In
this study, IAQMS-street was further developed by adding
an upscaling module to achieve the feedback of MUNICH to
NAQPMS (named IAQMS-street v2.0), thereby influencing
the variation in background concentrations. The simulation
results from NAQPMS and MUNICH were two-way coupled
to represent the hourly variation and spatial distribution of air
pollutants at the regional scale and local scale.

In IAQMS-street v2.0, the influence of the mass flux from
the street in MUNICH to grid cell in NAQPMS is consid-
ered to update the background concentration. An upscaling
module is added in IAQMS-street v2.0; the pollutants were
transferred from the street to urban background by Qvert in
Eq. (4), and the mass flux of pollutants is set as an added traf-
fic emission Cemiss in Eq. (2) to calculate the concentration
in the grid cell at the next time step. The pollutant concen-
tration in the grid cell at the next time step was calculated by
the pollutant mass in street and background mass in grid cell.

Cgrid =
Mgrid

Vgrid
=
Mbg+Mstreet

Vgrid
, (5)
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where Cgrid is the mean pollutant concentration in the grid
cell, Mstreet is the pollutant mass in streets, Mbg is the back-
ground pollutant mass, and Vgrid is grid volume, which in-
cludes the street volume. In this study, NAQPMS and MU-
NICH were two-way coupled and applied to Beijing. The
coupling schematic diagram of NAQPMS and MUNICH is
shown in Fig. 1. The simulation results of MUNICH at street
scale are related to the simulated concentration in the bot-
tom layer of NAQPMS. In the two-way coupled module, the
background concentration and meteorological data were sim-
ulated by NAQPMS and provided to street scale by down-
scaling module, and the influence of mass flux of the pollu-
tant from street to regional background were calculated by
the upscaling module. MUNICH was located within the low-
est NAQPMS layer. After the calculation of the mass flux
between the urban canopy and urban background, the upscal-
ing module would transfer the pollutants from MUNICH to
NAQPMS to compute the pollutant concentrations in bottom
layer of NAQPMS. The fixed time step for interfacing be-
tween NAQPMS and MUNICH was 20 min; i.e., the same as
that of the regional model.

The simulation space range is a two-level nested domain
in NAQPMS (as shown in Fig. 2a), with the largest domain
(d01) covering the middle and east of China, and the hori-
zontal resolution of d01 in NAQPMS is 9 km. In the inner
domain (d02), which is the simulation space range cover-
ing the whole Beijing area, the horizontal resolution in this
study is 1 km. The domain setting covered the Beijing area
in MUNICH, and the locations of the streets and observa-
tion sites in Beijing are shown in Fig. 2b. The simulation
of the surface O3 and NOx concentrations was conducted
from 1 to 31 August 2021, when the photochemical reac-
tions were strong. In this study, the height of the bottom layer
in the regional model is 48.32 m over the Beijing area, and
the average building height in Beijing used in this study is
10.8 m, which meets the requirement that the height of the
street model needs to be lower than the bottom height of
the regional model in two-way coupled models (Lugon et al.,
2020).

2.2 Traffic emission model

As essential inputs to regional air quality model, emission
inventories are important to the simulation results. The addi-
tional uncertainties in the simulation results arose for gridded
emissions with finer resolutions because of spatial errors, es-
pecially in urban areas (Zheng et al., 2017). In this study,
on-road traffic emissions were calculated based on real-time
traffic speed data and road-vehicle-recognition technology to
reduce additional uncertainties.

To obtain dynamic high-resolution traffic emission inven-
tories, a real-time on-road traffic emission model (ROE) was
developed by Wu et al. (2020); the street network traffic
emissions were calculated by using real-time traffic-speed
data, traffic volume, and vehicle emission factors. Naviga-

tion applications such as Gaode Map and Baidu Maps pro-
vide the original traffic speed data. Based on traffic big data,
the traffic volume was calculated by using the Underwood
speed–volume calculation formula (Underwood, 1961), with
the proportion of different vehicles on the road being set be-
fore using the ROE. For a detailed description of ROE, we
refer to Wu et al. (2020); for the model configuration of traf-
fic emissions in Beijing, we refer to Wang et al. (2022b).

It is worth noting that because of the implementation of
road traffic control measures (e.g., diesel vehicles below the
national grade IV are forbidden from entering the Fifth Ring
Road in Beijing), the proportions of vehicles in urban and
suburban areas were different in Beijing. To obtain informa-
tion on road vehicles on urban and suburban roads in Bei-
jing, the traffic flow and proportion of vehicles on different
roads were counted using a real-time object-detection system
(YOLOv5s; Jocher, 2020). Sampling locations for vehicles at
motorways, trunk roads, and local roads in Beijing during the
study period are shown in Fig. 3a; the road vehicle detection
results are shown in Fig. 3b.

2.3 Simulation scenarios

Model performances were evaluated through five simula-
tion scenarios (Table 1). Three scenarios with different mod-
els, involving a two-way coupled model (S1 is IAQMS-
street v2.0), one-way coupled model (S2 is IAQMS-street
v1.0), and regional model (S3 is NAQPMS), were simu-
lated with hourly dynamic traffic emissions generated by the
ROE model. The simulated O3 and NOx concentrations in
these three models were compared with observational data
to demonstrate the differences between the coupled and re-
gional models. In addition, we established two other scenar-
ios (based on S1, although with different emissions) to in-
vestigate the impact of different traffic control measures. We
assumed that the proportion of vehicles in urban areas within
the Fifth Ring Road was the same as the proportion of vehi-
cles in suburban areas in the scenario without a low-emission
zone (i.e., S1_withoutLEZ). The simulation was compared
with S1 to evaluate the impact of low-emission zones on
air quality. All vehicles on roads in Beijing, including petrol
and diesel vehicles, were assumed to meet the national grade
V emission standards in the scenario with upgraded traffic
emission standards (S1_upgrade), and the impact of the up-
graded emission standard on the pollution concentration was
evaluated by comparison with S1. These models and scenar-
ios were used to simulate the concentration variations of O3
and its precursors in August 2021. The period from 20 to
31 July was the spin-up period in each case.
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Figure 1. The framework of the two-way coupled model IAQMS-street v2.0. An upscaling module is added in the two-way coupled module
to transfer the calculated mass flux between streets and regional background in the street network model to the regional model.

Figure 2. (a) Simulation domains at regional scale. The largest domain 1 (d01) covers the middle and east of China, with a horizontal
grid spacing of 9 km, and an inner domain (d02) covers Beijing and the surrounding areas with a horizontal grid spacing of 1 km. (b) The
modeling area and street network in the street-scale model. Green and brown points indicate the locations of the urban monitoring stations.

3 Results and discussion

3.1 On-road vehicle emissions

We used the ROE model (Wu, 2019) to calculate the hourly
on-road emission variations in the different types of vehicles,
including taxis, buses, heavy-duty trucks (HDTs), middle-
duty trucks (MDTs), light-duty trucks (LDTs), heavy-duty

vehicles (HDVs), middle-duty vehicles (MDVs), and light-
duty vehicles (LDVs). The diurnal variations in the on-road
traffic emissions in Beijing in August 2021 are shown in
Fig. 4. There are generally two high-emission peak times
(i.e., 08:00–10:00 and 18:00–20:00 LT) on the roads in Bei-
jing, which correspond to rush hours. The HDT contribu-
tion to vehicle NOx emissions reached 34.4 %, while vehi-
cle hydrocarbon (HC) emissions mainly originated from the
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Figure 3. (a) Locations of observation sites on different roads for vehicle information (imagery and map data: © Google 2022). (b) Detection
results of vehicles on road from the YOLOv5s system.

Table 1. List of the simulations performed by two-way coupled model (IAQMS-street v2.0), one-way coupled model (IAQMS-street v1.0),
and regional model (NAQPMS) in this study.

Scenarios Model Simulated range (horizontal resolution) Traffic emission

S1 IAQMS-street v2.0 Urban (1 km) or street (100 m) Dynamic emission
S2 IAQMS-street v1.0 Urban (1 km) or street (100 m) Dynamic emission
S3 NAQPMS Urban (1 km) Dynamic emission
S1_withoutLEZ IAQMS-street v2.0 Urban (1 km) or street (100 m) Without low-emission zone
S1_upgrade IAQMS-street v2.0 Urban (1 km) or street (100 m) Upgraded emission standard

LDVs, reaching 56.4 %. The HDT contribution to vehicle
NOx emissions increased to 51.1 % at midnight due to the
reduced number of private petrol vehicles and the increased
nighttime HDT traffic across urban Beijing.

The spatial distributions of the on-road NOx and HC traf-
fic emissions in Beijing are shown in Fig. 5. For a given
area, emissions on ring roads were higher than those on lo-
cal roads within the Fifth Ring Road because the traffic flow
on the ring roads was higher than that on local roads. In ad-
dition, the traffic control measures and low-emission zones
decreased the LDT proportions in urban areas, thereby lead-
ing to lower NOx emissions on roads within the Fifth Ring
Road. NOx emission intensities exceeded 60 kg km−1 d−1 on
the Fifth Ring Road and the highway outside the Fifth Ring
Road. The NOx emissions inside the Fifth Ring Road were
lower than 20 kg km−1 d−1. HC emissions exhibited a simi-
lar spatial distribution; however, the HC emission difference
between urban and suburban areas was decreased compared
with that of NOx because HC was mainly emitted by LDVs.

3.2 Evaluation of the pollutant simulations on the
regional and street scales

The simulated O3 and NOx concentrations by IAQMS-street
v2.0, IAQMS-street v1.0, and NAQPMS were evaluated by
comparing with observations from the pollutant monitoring
stations during the study period. The results showed that the
variation in the O3 and NOx concentrations simulated by
three models were consistent with observations. However,
the concentrations of pollutants simulated by IAQMS-street
v2.0 were closer to the observations compared to those sim-
ulated by IAQMS-street v1.0 and NAQPMS, especially on
the hourly variations in NO and NO2. The nighttime NO
and NO2 concentrations were overestimated in NAQPMS,
whereas the simulation of IAQMS-street v2.0 was closer
to the observations. The NO and NO2 simulation perfor-
mance was improved at different stations, especially at mid-
night in IAQMS-street v2.0, because the street-scale model
was coupled with a regional model in the system, and the
feedback of street-scale model on regional model was con-
sidered, IAQMS-street v2.0 was more suitable for simulat-
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Figure 4. Diurnal variations in the contributions of road vehicles to the NOx emissions and hydrocarbon (HC) emissions in Beijing during
August 2021.

Figure 5. Horizontal distributions of the NOx and HC emissions (units in kg km−1 d−1) at the street network in Beijing urban and suburban
area during August 2021 (imagery and map data: © Google 2022).

ing pollutants in urban areas. The underestimation of O3
during nighttime was improved in IAQMS-street v2.0 com-
pared with that in NAQPMS because of the weakened O3
depletion by the NOx–O3 titration reaction in IAQMS-street
v2.0. Table S1 in the Supplement shows the statistical pa-
rameters for the Dongcheng (DC) and Xicheng (XC) district
stations, the simulated mean NO concentration during Au-
gust 2021 decreased from 3.73 (4.12) µgm−3 in NAQPMS
to 0.80 (0.77) µgm−3 in IAQMS-street v2.0 at the DC (XC)
station, thereby being closer to the observed mean value of
0.57 (0.64) µgm−3. The root mean squared errors (RMSEs)
of the NO, NO2, and O3 concentrations decreased from 5.96–
6.60, 27.00–27.31, and 45.64–54.20 µgm−3 in NAQPMS to
1.53–1.71, 14.21–14.82, and 30.18–33.42 µgm−3 in S1, re-
spectively. Overall, the simulation results of IAQMS-street
v2.0 were closer to the observations; in IAQMS-street v1.0,
the NO and O3 concentrations were underestimated, and the
NO2 concentration was overestimated at the street scale, ow-

ing to the lack of feedback from the street urban canopy to
the regional urban background.

The observed and simulated mean O3, NOx concentra-
tions during August 2021 in IAQMS-street v2.0, IAQMS-
street v1.0, and NAQPMS at all pollutant monitoring sta-
tions (site information is shown in Fig. 2b) in Beijing are
shown in Fig. 7, and the hourly concentrations of pollu-
tants are shown in Fig. S1 in the Supplement. The simula-
tion results of the two-way coupled model (IAQMS-street
v2.0) were improved by comparing with those of the one-
way coupled model (IAQMS-street v1.0) and the regional
model (NAQPMS). The prediction fractions, within a factor
of 2 (FAC2s) between simulations and observations of NO
and NO2, increased from 0.11 and 0.34 in NAQPMS to 0.78
and 1.00 in IAQMS-street v2.0, respectively. The normalized
mean biases (NMBs) of NO and NO2 decreased from 2.67
and 1.33 in NAQPMS to −0.25 and 0.08, respectively.
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Figure 6. Hourly variation in the O3, NO, and NO2 concentrations (units in µgm−3) during August 2021 at the Dongcheng–Tiantan (DC–
TT) station and Xicheng–Wanshouxigong (XC–WSXG) station. Red lines indicate the values simulated by IAQMS-street v2.0, green lines
indicate the values simulated by the IAQMS-street v1.0, blue lines indicate the values simulated by NAQPMS, and black lines indicate the
observations.

Figure 7. Observed and simulated average O3, NO, and NO2 concentrations during August 2021 from different models (IAQMS-street v2.0
has red points; IAQMS-street v1.0 has green points; NAQPMS has blue points) at all pollutant monitoring stations in Beijing.

The spatial distributions of the simulated monthly aver-
aged O3 and NOx concentrations during August 2021 in
three models are shown in Fig. 8. At the urban scale, high
NOx concentrations appeared near road areas, especially on
busy roads. O3 exhibited opposite concentration trends in
IAQMS-street v2.0, meaning that it reacted due to the high

NO concentration near roads. The NOx concentrations near
highways in suburban areas were higher than those within
the Fifth Ring Road because of the implementation of traffic
control measures. The NOx and O3 distributions exhibited
similar trends in IAQMS-street v1.0 when compared with
IAQMS-street v2.0 at the street scale; however, the NOx con-
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centration was lower at the regional scale because local road
emissions were not considered in the regional model, and the
influence of mass transfer from the street-scale model was
not considered in the regional model. Pollutant distributions
in NAQPMS were similar to those in IAQMS-street v2.0;
however, the NOx concentration was higher near the street
area because street-scale processes were not taken into ac-
count by the regional model. The population-weighted aver-
age O3, NO, and NO2 concentrations was calculated based
on the population density distribution in Beijing, and the re-
sults are shown in Table S2. We found that the population-
weighted average NO and NO2 concentrations increased
from 0.12 and 3.75 µgm−3 in IAQMS-street v1.0 to 0.79 and
16.64 µgm−3 in IAQMS-street v2.0, respectively, due to the
influence of the street-scale model on the regional model.
Moreover, the population-weighted average NO and NO2
concentrations reached 1.50 and 20.13 µgm−3 in NAQPMS
because the NOx concentrations were overestimated at near-
road environments.

In this study, O3 and NOx were observed on Beijing
roads to evaluate the performance of IAQMS-street v2.0 at
the street network scale during 12:00–18:00 LT from 20 to
31 August 2021. As shown in Fig. 9, the distributions of the
observed O3 and NOx concentrations were reproduced by
the coupled model, especially the low NOx concentrations on
roads in urban areas (i.e., areas within the Fifth Ring Road).
High NOx emissions, caused by increased traffic flow and
a large proportion of trunk roads, led to high NOx concen-
trations on roads in suburban areas. The O3 concentrations
in suburban areas were lower, owing to the NOx–O3 titra-
tion mechanism. The statistical parameters between the ob-
served and simulated data in three models at the street scale
are shown in Fig. S2; the FAC2 values of O3, NO, and NO2
in IAQMS-street v2.0 reached 0.99, 0.42, and 0.83, respec-
tively. In general, IAQMS-street v2.0 with dynamic traffic
emissions can simulate the O3 and NOx at the street scale
efficiently.

3.3 Contributions of local traffic emissions

We also quantified the contributions of local traffic emissions
to the pollutant concentrations in Beijing. We conducted a
sensitivity analysis by comparing the results from IAQMS-
street v2.0 and IAQMS-street v1.0 at the regional scale. In
IAQMS-street v2.0, the results were simulated using the two-
way coupled model with dynamic emissions, with the mass
transfer of pollutants from the street scale being calculated
in the regional model; conversely, in IAQMS-street v1.0, the
pollutant concentrations were simulated without considering
the local traffic emissions at the regional scale. The equation
for calculating the contributions of local traffic emissions to
the pollutant concentrations in Beijing is as follows:

P(x,y) =
(Conc(x,y,S1)−Conc(x,y,S2))

Conc(x,y,S2)
× 100, (6)

where (Conc(x,y,S1) is the average concentration of pollu-
tants in grid location (x,y) simulated by IAQMS-street v2.0;
(Conc(x,y,S2)) is the mean concentration of pollutants in grid
location (x,y) simulated by IAQMS-street v1.0; and P(x,y)
is the contribution of local traffic emissions to grid location
(x,y) in Beijing.

The distributed results from Sect. 3.1 are shown in Fig. 10.
The contributions of local on-road vehicle emissions to the
NO and NO2 concentrations reached 90.63 % and 82.66 %,
respectively, at the observation sites. The NO and NO2 con-
centrations increased by 14.37 and 37.49 µgm−3, respec-
tively, due to the local traffic emissions, while the O3 con-
centration decreased by 11.3 %, indicating that urban areas in
Beijing were in the VOC-sensitive region (i.e., the decreased
NOx would increase the concentration of O3). As shown in
Fig. 10, local traffic emissions mainly influenced the concen-
trations of pollutants near urban ring roads and highways.
The relative contributions of local traffic emissions to NO2,
NO, and O3 reached 53.41 %, 57.45 %, and 8.49 %, respec-
tively. However, the contributions of local traffic emissions
increased significantly with decreasing distance from main
roads. The contribution of road vehicles to NO2 reached as
high as 93.5 % on busy roads. Overall, local traffic emissions
are important for the distribution of pollutants in Beijing.

3.4 Evaluation of vehicle control measures

To evaluate the influence of vehicle control measures on the
distributions of pollutants in Beijing, we conducted simu-
lations, based on two scenarios (i.e., S1_withoutLEZ and
S1_upgrade, as described in Sect. 2.3) using IAQMS-street
v2.0, and quantified the contributions of different control
measures to the variations in the pollutant concentrations.
The on-road NOx emissions within urban areas in Bei-
jing increased from 53.82 t d−1 in S1 to 100.84 t d−1 in
S1_withoutLEZ, suggesting a decrease of NOx emissions
by 46.6 % due to the implementation of a policy that estab-
lished the low-emission areas, according to which vehicles
below the China stage III emission standards are forbidden
from entering urban areas. The on-road HC emissions were
23.81 t d−1 in S1_withoutLEZ and 22.5 t d−1 in S1. The in-
fluence of the control measures on the HC emissions was
small because on-road HC was mainly emitted by LDVs
(Fig. 4). A comparison of the spatial distributions of pollu-
tants of S1_withoutLEZ and S1 is shown in Fig. 11. The NOx
concentration decreased in urban areas, especially on busy
roads such as the Fourth and Fifth Ring Roads. The NO and
NO2 concentrations decreased by 10 and 40 µgm−3 on busy
roads, respectively. The decreased NO concentration caused
O3 accumulation. The maximum 8 h O3 concentration in the
urban areas in S1 increased by 40 µgm−3, compared to that
in S1_withoutLEZ.

In the S1_upgrade scenario, on-road NOx emissions in ur-
ban areas decreased to 37.62 t d−1; i.e., they were 30.1 %
lower than those in S1. The on-road HC emissions were
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Figure 8. Spatial distribution of the monthly averaged O3, NO, and NO2 concentrations (units in µgm−3) at the urban-street-network scale
during August 2021, as simulated by IAQMS-street v2.0 (a–c), IAQMS-street v1.0 (d–f), and NAQPMS (g–i).

11.46 t d−1; i.e., they were 49 % lower than those in S1. Re-
sults showed that the upgraded vehicle emission standards
in S1_upgrade can significantly reduce traffic NOx emis-
sion and HC emission in street network. The distributions
of O3, NO, and NO2 simulated in S1_upgrade was com-
pared to those in S1. As shown in Fig. 12, the monthly av-
erage NO and NO2 concentrations decreased from 0.52 and
15.45 µgm−3 in S1 to 0.32 and 11.33 µgm−3 in S1_upgrade.
The decreased NO concentrations led to increased O3 con-
centrations near road areas; however, in areas away from
roads (such as the southwest of Beijing; see Fig. 12), O3
concentrations decreased due to the decreased NO2 and HC
emissions. The monthly average maximum 8 h O3 concentra-
tion in urban areas eventually changed from 103.93 µgm−3

in S1 to 103.08 µg m−3 in S1_upgrade.
A comparison of the simulated results showed that both

the established low-emission zone and the upgraded traffic
emission standard could effectively decrease the NOx con-
centrations near roads; however, when the road traffic emis-
sions decreased, the O3 concentration near the road increased
due to the decrease consumption of O3 by NO. To decrease

the O3 concentrations in urban areas, controlling the HC and
NOx emissions from other sources must be considered.

3.5 Sensitivity analysis of time steps in IAQMS-street
v2.0

In the base scenario (S1), the time step was set as 20 min in
IAQMS-street v2.0. An additional simulation scenario was
set with a time step of 5 min in IAQMS-street v2.0 to analyze
the influence of the time step in the coupled model. The com-
parison of simulated pollutants in IAQMS-streetv2.0 with
different time steps is shown in Figs. S3 and S4. The FAC2
between the simulation results of O3, NO, and NO2 for the
time step of 20 and 5 min reached 0.99, 0.97, and 1.0. The
NMB of O3, NO, and NO2 is 0.03, 0.11, and 0.03. Over-
all, the simulation results based on a 20 min time step can
achieve similar simulation accuracy with a smaller time step
of 5 min. The results showed that the simulated pollutants are
numerically stable in the coupled model with nonstationary
approaches, which is consistent with the previous research
findings (Lugon et al., 2020).
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Figure 9. Horizontal distributions of the observed O3 concentration (a), NO concentration (b), and NO2 concentration (c) at the street scale
and simulation results by the two-way coupled model in IAQMS-street v2.0 (d–f), IAQMS-street v1.0 (g–i), and NAQPMS (j–l) (imagery
and map data: © Google 2022).

In terms of computational time, the NAQPMS used four
nodes and 24 ppn (processors per node) while MUNICH used
one node and 28 ppn in this study. During the study period,
the calculation time was 121.6 h in IAQMS-street v2.0 and
96.2 h in IAQMS-street v1.0, and the calculation time in-
creased to 212.8 h in IAQMS-street v2.0, with a smaller time
step of 5 min, which means that the smaller the time step, the
longer the computation time.

4 Conclusions

In this study, a new version of the regional urban–street net-
work air quality modeling system IAQMS-street v2.0 has
been presented to simulate the urban background and street
network pollution. A two-way coupled module was added in
IAQMS-street v2.0 to transfer pollutants between a regional
and local street urban canopy. The influence of pollutants
in street network is considered in the concentration calcu-
lation on regional scale, which is not considered in previ-
ous version (IAQMS-street v1.0). Based on dynamic traffic
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Figure 10. Contribution of local on-road vehicles to the O3, NO, and NO2 distributions in Beijing.

Figure 11. Influence of policies that restrict vehicles in urban areas on the spatial distributions of (a) O3, (b) NO, and (c) NO2 in Beijing.

Figure 12. Influence of policies with upgraded vehicle emission standards on the spatial distribution of (a) O3, (b) NO, and (c) NO2 in urban
areas in Beijing.

emission inventories, we simulated the O3 and NOx distri-
bution characteristics at the regional and street scales. The
simulation concentrations of O3 and NOx in Beijing during
August 2021 by the two-way coupled model (IAQMS-street
v2.0), one-way coupled model (IAQMS-street v1.0), and re-
gional model (NAQPMS) were compared. In addition, we
quantified the contribution of local vehicle emissions to ur-
ban air quality and analyzed the influence of traffic-control

measures on the pollutant distributions. The simulation re-
sults of IAQMS-street v2.0 were improved, particularly at
the street scale. The conclusions of this study are shown be-
low.

Dynamic emissions played an important role in the simu-
lation of the coupled model. The HDT contribution to vehi-
cle NOx emissions reached 34.4 % and increased to 51.1 %
at midnight. NOx emissions were mainly distributed on the
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Fifth Ring Road and the highway outside of it, owing to the
implementation of traffic control measures. By comparing
the simulation results of IAQMS-street v2.0 and NAQPMS
at the monitoring sites, we found the O3 underestimation and
NOx overestimation were improved in IAQMS-street v2.0.
And when compared with IAQMS-street v1.0, due to the
feedback of street model to regional model being considered,
the spatial distribution of O3 and NOx improved at the re-
gional scale.

The comparison between simulations and observations on
roads showed that IAQMS-street v2.0 performed well at the
street scale, and the FAC2 values between observed and sim-
ulated O3, NO, and NO2 reached 0.99, 0.42, and 0.83, re-
spectively. NOx concentrations on roads in urban areas were
lower than those in suburban areas, which was confirmed by
the observations, and the distributions of observed O3 and
NOx were reproduced by IAQMS-street v2.0.

The contribution of local traffic emissions to air qual-
ity is important in Beijing. The relative contributions of lo-
cal traffic emissions to NO2, NO, and O3 reached 53.41 %,
57.45 %, and 8.49 %, respectively; however, contributions
increased significantly with decreasing distance from main
roads, while the contribution of road vehicles to NO2 reached
93.5 % on busy roads. Both the established low-emission
zone and upgraded vehicle emission standards could reduce
the on-road NOx emissions; however, the O3 concentration
increases, owing to the decreased consumption of O3 by NO.
To decrease the O3 concentration in urban areas, controlling
the HC and NOx emissions from other sources needs to be
considered in future research.
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