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a b s t r a c t
Peroxyacetyl nitrate (PAN), as the second most important photochemical pollutant, could threaten human health
and terrestrial ecosystem. Observed high PAN concentrations in wintertime in Beijing are comparable to those in
summertime when photochemistry is strong. In this study, we investigated the variations of concentrations of
PAN and other related chemical species during a haze event on February 13–16, 2017 in Beijing using a combination of in-situ observations and the WRF-Chem model simulation. During this episode, the observed mean
(maximum) PAN concentrations at the urban and rural sites were 1.9 (4.7) ppb and 1.8 (4.3) ppb, respectively.
Model evaluation showed that the simulation with CBM-Z gas-phase scheme performed much better than simulation using the RADM2 scheme, which mainly results from the accurate representation of the reaction rates for
PAN formation through CH3C(O)O2 radicals and NO2 in the CBM-Z scheme. But simulated PAN concentrations in
Beijing were still underpredicted using the CBM-Z scheme, likely due to the underestimation of VOC emissions.
Since the lifetime of PAN becomes as long as several days in wintertime due to lower temperature, it could be
conducive to be accumulated and transported. Sensitivity simulation demonstrated that local sources accounted
for about 15%–30% of mean PAN concentrations over most of Beijing during the event, lower than that of PM2.5
(25%–60%). These suggest that during Beijing wintertime polluted days, increased PAN concentration, which is
dominantly contributed by regional transport from surrounding areas, will cause more health concerns, and its
control strategies need larger regional efforts than those conducted for PM2.5.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Peroxyacetyl nitrate (PAN), formed through the photochemical
reactions between volatile organic compounds (VOCs) and NOx, is
usually considered as the second most important photochemical pollutant (Stephens, 1969; Singh and Salas, 1989; Fischer et al., 2014).
High PAN levels could lead to plant injury (Taylor, 1969; Temple
and Taylor, 1983) and threaten human health (Heuss and Glasson,
1968). The primary removal process for PAN in the lower troposphere is thermal decomposition (Seinfeld and Pandis, 2006),
resulting in longer lifetime with lower temperature. Therefore, PAN
has been identiﬁed as the reservoir for both CH3 C(O)O 2 radicals
and NOx, which can induce long-distance transport (Nielsen et al.,
1981; Singh et al., 1986) and release NO x in those regions with
higher temperature (Singh et al., 1992; Suppana et al., 1998;
Hudman et al., 2004), inﬂuencing the formation of ozone (O3 ) in
those areas. Beijing, as the capital city of China, has undergone
rapid development of economy and urbanization over past three decades, also along with the severe atmospheric environment concerns
(Wang et al., 2014; Ma et al., 2016; Cai et al., 2017; Qiu et al., 2017).
Especially, Ma et al. (2016) reported that measured ozone concentration in rural Beijing has undergone a signiﬁcant increase in the period of 2003–2015, with an average rate of 1.13 ± 0.01 ppb year−1,
implying that the photochemical pollution has become serious in
this region. As the second important photochemical pollutant, it is
of great importance to investigate PAN's features in Beijing and will
also deepen our understanding of the photochemical levels in this
region.
Many observational studies investigated the formation processes
(J.M. Zhang et al., 2009; Zhang et al., 2011; Xue et al., 2014; Xu et al.,
2015) and relationships with other chemical species (Zhang et al.,
2014; Zhang et al., 2017) for PAN in China. For example, J.M. Zhang
et al. (2009) reported that pollution events with high PAN mixing ratios
at the background site of Waliguan (260 km away from Lanzhou) were
substantially inﬂuenced by the air mass from Lanzhou (urban area). By
analyzing observations from a background site in the Pearl River Delta
region during late summer and late autumn of 2011, Xu et al. (2015)
showed that there existed strong positive correlation between simultaneous data of PAN versus O3 with r2 of 0.71–0.99. However, most of the
above-mentioned studies focused on PAN pollution in summer when
photochemical activities are strong, only a few studies paid attention
to wintertime PAN pollution in China. Since the thermal decomposition
of PAN is strongly dependent on temperature, wintertime PAN becomes
more conducive to be accumulated and transported, and thus could survive as long as several days (Beine and Krognes, 2000). Zhang et al.
(2014) pointed out that measured wintertime PAN concentrations in
urban Beijing were negatively correlated with O3; namely, PAN was
conducive to be accumulated in the cold and stable atmosphere in wintertime. Frequent haze pollution events were observed in the North
China Plain (NCP) in winter during recent years (Wang et al., 2014;
Sun et al., 2016), which are mainly caused by the combination of anthropogenic emissions (Liu et al., 2016), terrain effects (Zhang et al.,
2018), the stable atmospheric conditions (Zheng et al., 2015; Cai et al.,
2017; Li et al., 2018), regional transport (Yang et al., 2017a) and
aerosol-meteorology interactions (Yang et al., 2017b). High PAN concentrations are also observed during such haze episodes in this study,
which will cause more health concerns, and it is pressing to understand
the cause.
A few of modeling studies have been conducted worldwide to simulate the evolution processes of PAN (Sudo et al., 2002; Singh et al., 2007;
Fischer et al., 2014). For example, Singh et al. (2007) utilized three
global chemical models (GEOS-Chem, RAQMS, MOZART) and one regional chemistry transport model (STEM) to simulate vertical distribution of PAN and other related species in North America, and found
that only GEOS-Chem and RAQMS showed good performance in PAN
simulation. Fischer et al. (2014) reported that global GEOS-Chem
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model could capture the major features of the existing PAN observations, but underprediction of PAN concentrations was also found in
China and Europe. However, because of the lack of PAN observations,
there were few regional modeling studies evaluating model performance in reproducing the variations of PAN levels during pollution
events in China, to complement the understanding of the high PAN
concentrations in this region. Besides, regional chemical models
(e.g., WRF-Chem, CMAQ) have demonstrated good performance in
simulating the variations of aerosols during the polluted events in the
NCP (Gao et al., 2014; Gao et al., 2015; Ding et al., 2016; Gao et al.,
2016; Li and Han, 2016; Qiu et al., 2017). It is, therefore, imperative to
evaluate the performance of these models in simulating PAN, taking advantage of in-situ observations of PAN and other related chemical
species.
In this study, we present the measured concentrations of PAN and
other chemical species in Beijing during February 13 to 17, 2017 and
conduct simulations of PAN using the WRF-Chem model to evaluate
the model performance and examine the cause of the pollution events
with high PAN levels. The paper is organized as follows: The observational data and WRF-Chem model used in the study are described in
Section 2. Section 3 presents the measured data for PAN and other related species, compares simulated meteorological and chemical variables with observations, and shows the contribution of local sources
and regional transport to PAN concentrations in Beijing. The conclusion
is presented in Section 4.
2. Observation data and model conﬁguration
2.1. Observation data
Meteorological and chemical data are used to determine the pollution event and evaluate the predictions of PAN concentration during
the event. In this study, the surface-layer PAN concentration is measured by on-line gas chromatography equipped with electron capture
detector (GC-ECD), with a time resolution of 5 min. There are two stations for PAN measurement. The Baolian station (BL, 39°56′N, 116°17′
E, 75.0 m a.s.l.) represents the urban region, which is located between
the west 3rd and 4th ring road of downtown Beijing. The Shangdianzi
station (SDZ, 40°39′N, 117°07′E, 293.9 m a.s.l.) is one of the regional
Global Atmosphere Watch (GAW) stations in China, which is located
in the northern part of the NCP, about 100 km northeast of the BL station. The measurement was conducted during the whole year of
2016–2017. The detailed locations of the two sites are presented in
Fig. S1. Hourly concentrations of PM2.5, NO2 and O3 in Beijing are
obtained from the China National Environmental Monitoring
Center (CNEMC). Data from twelve CNEMC stations in Beijing are
used, and the detailed information of these stations have been listed
in Table S1.
Surface meteorological data are obtained from the China Meteorological Administration (CMA), which consist of temperature at 2 m
(T2), relative humidity at 2 m (RH2), sea level pressure (SLP), wind
speed at 10 m (WS10), and wind direction at 10 m (WD10). The data
in Nanjiao Station (39.8°N, 116.47°E, 55.0 m a.s.l.) are utilized here to
represent the surface meteorological features in urban Beijing. The radiosonde data in Beijing (39.93°N, 116.28°E, 55.0 m a.s.l), collected by
the University of Wyoming, Department of Atmospheric Science
(http://weather.uwyo.edu/upperair/sounding.html), are also used to
evaluate the simulated temperature proﬁles.
2.2. WRF-Chem model
The atmospheric chemical transport model used in this study is the
WRF-Chem 3.6.1 version, which simulates the variations of atmospheric
chemical species and meteorological ﬁelds simultaneously (Grell et al.,
2005; Fast et al., 2006; Chapman et al., 2009). Fig. S1 also presents the
setup of the model domain in this study, which covers the whole
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areas of the northern China, with the horizontal resolution of 9 km. The
model is conﬁgured with 30 vertical layers up to 50 hPa.
The chemical parameterization schemes used in this study consist of
the Regional Acid Deposition Model version 2 (RADM2) gas scheme
(Stockwell et al., 1990) coupled with the Modal Aerosol Dynamics
Model for Europe and Secondary Organic Aerosol Model (MADE/
SORGAM) (Ackermann et al., 1998; Schell et al., 2001), and the CBM-Z
gas scheme (Zaveri and Peters, 1999) with the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al., 2008)
with four sizes of bins. Dry depositions of trace gases and aerosol particles are both included in the two sets of the chemical schemes, which
are based on the methods of Wesely (1989) and Binkowski and
Shankar (1995), respectively. The physical schemes include the WSM
6-class microphysics scheme (Hong and Lim, 2006), Goddard shortwave radiation scheme (Chou et al., 1998), RRTM longwave radiation
scheme (Mlawer et al., 1997), and Yonsei University boundary layer
scheme (Hong et al., 2006).
The (Multi-resolution Emission Inventory for China) MEIC emission
inventory for 2012 (http://www.meicmodel.org) developed by
Tsinghua University (Q. Zhang et al., 2009; Li et al., 2014; Zheng et al.,
2014; Liu et al., 2015) is utilized here. This inventory consists of anthropogenic emission rates of SO2, NOx, CO, NH3, NMVOC, black carbon (BC),
primary organic carbon (POC), primary PM2.5 and PM10, which is divided into ﬁve sectors (industry, energy, residential, transportation
and agriculture) for each species. This inventory has been widely applied to simulate the haze event in China (Zhang et al., 2015; Qiu
et al., 2017). The emission rates in February are used and the hourly
scale factors in each sector are shown in Fig. S2. As we utilize emissions
in 2012 to simulate the distribution of pollutants in 2017, there may
exist uncertainties since emissions would change during 2012–2017.
Biogenic emissions are calculated from the Model of Emissions of
Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006).

and to investigate the contribution of local sources and regional transport to the PAN levels in Beijing during wintertime pollution events,
we conducted the following simulations:
1) CTRL_CBMZ case: The control simulation with the standard emissions using the CBM-Z gas scheme.
2) CTRL_RADM2 case: The simulation with the standard emissions but
using the RADM2 gas scheme.
3) NOBJ_CBMZ case: The same as the CTRL_CBMZ case, except that all
the emissions in Beijing were turned off.
4) CTRL_1.2VOC case: The same as the CTRL_CBMZ case, except that
VOC emissions were increased by 20%.
The ﬁrst two simulations are used to assess the model performance
using two different gas schemes. The CBM-Z and RADM2 schemes are
two widely-used schemes in WRF-Chem. The comparison with observation results could help us choose the chemical schemes which are suitable for the simulation of PAN in the study area. The difference between
the CTRL_CBMZ and NOBJ_CBMZ cases represents the contribution of
local sources to PAN concentrations in Beijing. In addition, we also conducted the CTRL_1.2VOC case to ﬁgure out possible reason of the
underestimated PAN concentration in the model. The simulation period
was from February 12, 2017 to February 17, 2017, when the NCP was
suffering a severe haze event. All of the simulations use the same initial
and boundary meteorological conditions provided by the National Centers for Environmental Prediction (NCEP) 1° × 1° reanalysis data. The
corresponding conditions for chemical species are from the results of
the Model for Ozone and Related chemical Tracers, version 4 (MOZART-4) (Emmons et al., 2010).
3. Results and discussion
3.1. Observed PAN and PM2.5 pollution event

2.3. Experimental design
To examine the performance of the gas schemes in the WRF-Chem
model in simulating the variations of PAN and other chemical species,

The time series of observed concentrations of PAN and PM2.5 at the
rural (SDZ) and urban sites (BL) in Beijing during the wintertime of
2016–2017 are displayed in Fig. 1. The measured daily maximum

Fig. 1. Observed daily concentrations of PAN (ppb) and PM2.5 (μg/m3) at the rural (a) and urban sites (b) during winter of 2016–2017. The standard deviation is calculated by the hourly
data and displayed by shades. Blue rectangular shades denotes the simulation periods in this study.
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Fig. 3. Hourly time series of observed and simulated (CTRL_CMBZ and CTRL_RADM2) PAN
concentrations (ppb) at the urban and rural sites in Beijing during February 13–17, 2017.

Fig. 2. Time series of simulated (CTRL_CBMZ, red) and observed (black) concentrations of
PM2.5 (μg/m3), NO2 (ppb) and O3 (ppb) averaged over 12 stations from CNEMC in Beijing
during February 13–17, 2017. The standard deviation is calculated by the observed and
simulated results in 12 CNMEC stations and displayed by shades.

concentrations for PAN at the urban and rural sites reached 3.3 ppb and
3.2 ppb, respectively; the hourly maximum values for the two sites were
4.7 ppb and 4.3 ppb, respectively. The observed high PAN levels in wintertime of Beijing were even comparable to those in summertime of
China (Wang et al., 2010; Xu et al., 2015), when solar radiation was relatively strong and intensive. Moreover, there was good positive correlation between concentrations of PAN and PM2.5 in winter at both of the
two sites; namely, the high PAN levels usually coincided with the haze
events in winter. To better understand the evolution process of high
PAN during haze events, atmospheric chemistry transport model is utilized in this study. We choose the widely used WRF-Chem model to
simulate the high PAN levels in Beijing. The event was during February
13 to 16 (blue shades in Fig. 1), when the PAN concentrations at the two
sites were both the highest during winter of 2016–2017.

pollution event started from the nighttime of February 13 with rapid increase in PM2.5 and NO2 concentrations, and ended in the morning of
February 16. The observed peak values of PM2.5 and NO2 concentrations
during the pollution event were 271 μg/m3 and 71 ppb, respectively. For
O3, it showed decrease in concentrations during the pollution event,
which could be attributed to decreased solar radiation with high aerosol
loadings, leading to reduced photolysis rate of O3 formation and enhanced loss of HOx (Gao et al., 2016; Qiu et al., 2017). In general, the
model well captured observed pollution episode, although the magnitudes of the pollution might be underestimated to some extent.
Table 1 summarizes the statistical results of the observed and simulated
chemical concentrations in Beijing during the event. The statistical factors used in this study consist of mean bias (MB), normalized mean
bias (NMB), and correlation coefﬁcient (R). The model can reproduce
the temporal variation of the event with R values of 0.90 for PM2.5,
0.84 for NO2 and 0.82 for O3, respectively, but underestimate the concentrations with the MB values of −21.9%, −16.8%, and −23.5%, respectively. Previous studies revealed that the aerosol direct radiative effects
during haze events in China could reduce the shortwave radiation near
the surface, resulting in more stable boundary layer and increased

3.2. Simulated concentrations of PAN and other chemical species
Fig. 2 shows the simulated (CTRL_CMBZ) and observed time series of
concentrations for PM2.5, NO2 and O3 in Beijing during February 13–17,
2017. The observed surface-layer concentrations of PM2.5, NO2 and O3
from CNEMC averaged over 12 stations in Beijing were used. The
Table 1
Statistical performance of the simulated concentrations in the chemical species. Simulated
concentrations are from the CTRL_CBMZ simulation, and PAN concentrations from the
CTRL_RADM2 simulation are also given in brackets.

PM2.5 (μg/m3)
NO2 (ppb)
O3 (ppb)
PAN (urban,
ppb)
PAN (rural, ppb)

OBS

SIM

MB

NMB

R

148.1
39.9
14.9
1.9

115.7
33.2
11.4
1.1
(0.4)
1.0
(0.4)

−32.4
−6.7
−3.5
−0.8
(−1.3)
−0.7
(−1.3)

−21.9%
−16.8%
−23.5%
−42.1%
(−68.4%)
−41.2%
(−76.5%)

0.90
0.84
0.82
0.93
(0.89)
0.91
(0.81)

1.7

Fig. 4. Simulated reaction rate coefﬁcients for the PAN formation through CH3C(O)O2
radicals and NO2 in the function of temperature using the RADM2 and CBM-Z schemes.
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Table 2
Statistical performance of the simulated meteorological variables from the CTRL_CBMZ
simulation.

T2 (°C)
RH2 (%)
SLP (hPa)
WS (m/s)

OBS

SIM

MB

NMB

R

3.0
49.9
1026.2
2.1

3.9
58.4
1026.3
2.5

0.9
8.5
0.1
0.4

30.0%
17.0%
~0
19.0%

0.90
0.75
0.99
0.81

surface pollutant concentrations (Wang et al., 2014; Gao et al., 2015;
Ding et al., 2016; Qiu et al., 2017). This underestimation in this study
might be the result of the exclusion of the aerosol radiative effects in
the simulation.
Fig. 3 displays the temporal variations of observed and simulated
surface-layer PAN concentrations at the urban and rural sites in Beijing
during February 13–17. Measured PAN concentrations at the two sites
began to rise in the nighttime of February 13 and showed a sharp decrease in the morning of February 16, coincided with that of PM2.5.
The maximum concentrations at the urban and rural sites reached
4.7 ppb and 4.3 ppb, respectively. We also calculated the lifetime of
PAN against thermal decomposition by the method described in the
CBM-Z scheme and Sander et al. (2006). Statistical results indicated
that during February 13–17, the simulated lifetime of PAN against thermal decomposition was in the range of 6–102 h, with the mean value of

34.9 h. Therefore, under the low temperature, PAN can be more stable
due to the low activity of thermal decomposition, which agrees well
with the results in Beine and Krognes (2000). Besides, the positive correlation between PAN and PM2.5 in winter (Fig. 1) also conﬁrms the long
lifetime of PAN, which is much different from other photochemical species, like O3.
The comparisons between simulations using two chemical schemes
and observations for PAN (Fig. 3) demonstrated that the two simulated
results for PAN exhibited large differences in magnitude. The mean concentrations of PAN averaged during the event at the urban and rural
sites using CBM-Z scheme were 1.1 ppb and 1.0 ppb, while the corresponding values for RADM2 scheme were decreased to 0.4 ppb and
0.4 ppb. Besides, CTRL_CBMZ simulation showed a higher positive correlation with observations than CTRL_RADM2 simulation. As described
above, CH3C(O)O2 (PA) radicals react with NO2 to form PAN (Eq. (1)),
and PAN thermally decomposes back to precursors in turn (Eq. (2)):
1

CH3 CðOÞO2 þ NO2 þ M → CH3 CðOÞO2 NO2 þ M
2

CH3 CðOÞO2 NO2 þ M → CH3 CðOÞO2 þ NO2 þ M

ð1Þ
ð2Þ

PAN levels are highly determined by reaction rates of Eqs. (1) and
(2), which are calculated through k1[PA][NO2] and k2[PAN], respectively. Here, k1 and k2 are the reaction rate coefﬁcients. In the CBM-Z

Fig. 5. Simulated N-S vertical cross sections of 12-hourly v-w wind components (vectors, m/s) and temperature (contours, °C) in the NCP along 116.4°E during February 14–16, 2017. The w
wind component is multiplied by 100.
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and RADM2 scheme, reaction rate coefﬁcients for the PAN formation are
calculated following Sander et al. (2006) and Stockwell et al. (1990), respectively. Considering that the two schemes utilize different methods
in calculating k, there exist large discrepancies in the reaction rates
and simulated PAN concentrations. Fig. 4 shows the variations of k1 in
the function of temperature using the two schemes, suggesting that
the rates in the CTRL_CBMZ simulation are 70%–93% higher than those
in the CTRL_RADM2 simulation. This could explain the discrepancy between the two schemes to some extent.
Although the CBM-Z scheme performs better than the RADM2 scheme,
it still has low bias in simulated PAN concentrations compared with observations, with NMB values of −42.1% and −41.2% at the two sites. This underestimation was also reported in Fischer et al. (2014), which implied
that low bias for PAN in China was largely attributed to the uncertainties
in NMVOC emissions. Further sensitivity simulations (Fig. S3) show that
a 20% increase in VOC emissions (CTRL_1.2VOC/CTRL_CBMZ) could lead
to 45% increase in PAN concentrations, suggesting that the simulated variations of PAN are very sensitive to the VOC emissions in Beijing and its
surrounding area. Therefore, accurate representation of VOC emissions is
of great importance for the simulation of PAN. More importantly, such
comparisons between in-situ measurement and model simulation of
PAN may offer another approach to provide quantitative constraints on
anthropogenic VOC emissions. Except for the underestimation of VOC
emissions, it should be noted that the uncertainties in simulated meteorology, representations of the physical and chemical processes in the model,
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and interannual variations in emission rates could also lead to the bias between observation and simulation.
3.3. Simulated meteorological ﬁelds
The temporal variations of simulated and observed surface meteorological parameters in Beijing during this event are presented in Fig. S4.
As discussed in Section 3.2, the CTRL_CBMZ simulation performs better,
thus we utilize this simulation hereafter. The observed RH started to rise
in the nighttime of February 13, promoting the formation of the pollution event. The increased RH could accelerate the hygroscopic growth
of aerosols, leading to the increases in PM2.5 concentrations (Fig. 2);
meanwhile, the decreased wind speed was conducive to the accumulation of the pollutants. In the daytime of February 14, the SLP began to
decrease, which was unfavorable for the diffusion of pollutants, contributing to the continuous increase in concentrations of PAN and PM2.5.
After that, the high RH, low wind speed, and decreased SLP conspired
to sustain the pollution persistently, until the morning of February 16.
In the morning of February 16, the northeasterly wind started to prevail
with increased wind speed and SLP, and decreased RH. At that time, the
concentrations in PM2.5 and PAN reduced sharply, and the event ended.
Table 2 presents the statistical results for meteorological variables in
the observed and simulated results. Generally, the features of SLP,
T2, RH and wind were captured well by the model, although overestimations of T2, RH and wind speed occurred. The MB value for T2 was

Fig. 6. Simulated spatial distributions of surface PAN concentrations (contour, ppb) and average transport ﬂux (μg m−2 s−1) within the 1.2 km layer above the ground in the NCP during
February 14–16, 2017.

1950

Y. Qiu et al. / Science of the Total Environment 650 (2019) 1944–1953

0.9 °C, which might be attributed to the lack of aerosol radiative effects.
The NMB value for wind speed was 19.0%, which have been reported in
previous studies using the WRF-Chem model over China and other
countries (Zhang et al., 2010; Jiang et al., 2012; Situ et al., 2013). This
could be caused by the default surface land cover type in WRF-Chem
(Wang et al., 2012). In general, the model shows a good performance
in simulating surface meteorological parameters in Beijing during this
pollution event.
Except for surface meteorology, vertical distribution of temperature
also has great impacts on the evolution of the pollution event (Ding
et al., 2013; Wang et al., 2015). The simulated and observed 12-hourly
variations of temperature proﬁles in Beijing during February 13–16
are displayed in Fig. S5. Results showed that the temperature inversion
started to build up in the nighttime of February 13, and deepened during February 14–15, which was favorable for PAN and other pollutants
to be accumulated in the boundary layer. In the morning of February
16, the inversion layer broke up and the pollution event was terminated.
The simulated south-to-north cross sections of the v-w wind and
temperature in the NCP are illustrated in Fig. 5. It should be noted that
Beijing (about 40°N) is located in the south edge of the Yanshan Mountain. During February 14 to 15, the NCP was dominated by the southerly
wind in the boundary layer, and the wind speed decreased with latitude. This could result in the accumulation of PAN and other pollutants
in Beijing and its surrounding area. Besides, the temperature inversion
existed, especially during the nighttime, which also induced difﬁculties
in vertical diffusion of pollutants. In the morning of February 16, the cold
air with strong northerly wind began to dominate in Beijing, leading to
the collapse of the temperature inversion.
3.4. Relative contribution of local sources and regional transport to PAN
levels in Beijing
3.4.1. Horizontal and vertical distributions of PAN ﬂux
To investigate the impact of transport on local PAN levels in Beijing
below the boundary layer, we calculated the transport ﬂux of PAN averaged within the 1.2 km above ground level during the pollution event.
The choice of 1.2 km is basically consistent with previous studies
about wintertime haze events of Beijing (Zhao et al., 2013; Zhang

et al., 2015). The spatial distributions of simulated PAN ﬂux and PAN
concentrations in the NCP during February 14–16 are illustrated in
Fig. 6. As seen from Fig. 6, the high concentration of PAN occurred in
the south of the NCP region on February 14 due to the stable atmosphere in that region. Because of the prevailed southerly wind over
the whole region during February 14–15, PAN with high concentrations
was transported northward, coincided with the high PAN ﬂux. On February 15, the high transport ﬂux for PAN existed in the southeastern
NCP region, which moved northward and largely inﬂuenced PAN concentrations in Beijing, especially for those in the eastern Beijing. During
the daytime on February 16, the strong north wind prevailed in the NCP,
and the transport ﬂux for PAN decreased obviously.
In addition, the temporal variations of horizontal and vertical transport ﬂux for PAN averaged within the 1.2 km above the ground in urban
Beijing are shown in Fig. 7. It was illustrated that the input of the vertical
transport ﬂux for PAN in the lower troposphere existed during the polluted days (February 13–15), and showed the increasing trend with
time. Besides, the horizontal ﬂux also showed increasing trend with
time during the polluted days. These could verify the great impacts of
regional transport on the PAN levels in Beijing.
3.4.2. Impacts of local sources on PAN concentrations in Beijing
As shown above, the transport from the surrounding area plays an
important role in the accumulation of PAN and aerosols in Beijing during the pollution event. To ﬁgure out relative contributions of local
sources and transport from other regions to PAN concentrations in Beijing, sensitivity simulations were conducted. Fig. 8 displays the differences in PAN and PM2.5 concentrations between the CTRL_CBMZ and
NOBJ_CBMZ case in Beijing and the surrounding area, which represents
the local source contribution. It was seen that local sources accounted
for about 15%–30% of mean PAN concentrations over most of Beijing averaged over the event. However, the local contribution to PM2.5 was
much higher than that of PAN, with corresponding values of about
25%–60%, comparable with that in Li and Han (2016).
The temporal variations of local contributions to PAN and PM2.5 concentrations in Beijing are also shown in Fig. 9. From the afternoon to the
nighttime on February 13, local contributions to PAN concentrations in
Beijing were decreased from 45% to below 10%, and the corresponding

Fig. 7. Simulated time series of the vertical and horizontal transport ﬂux (μg m−2 s−1) averaged within the 1.2 km layer above the ground in urban Beijing during February 13–16, 2017.
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Fig. 8. Simulated spatial distributions of local source contributions to surface-layer concentrations of PAN and PM2.5 (%) in Beijing averaged during February 13–16, 2017.

contributions to PM2.5 concentrations were decreased from 82% to
below 20%. During the polluted days, ratios of local contributions to
PAN and PM2.5 in Beijing were even below 20% and below 30%, respectively. These all conﬁrm that during the pollution days in winter, PAN
accumulation in Beijing is primarily caused by the regional transport
from the surrounding areas.
As shown in Section 3.2, there is an obvious underestimation in simulated PAN concentration in the CTRL_CBMZ simulation, while such low
bias can be signiﬁcantly reduced by increasing VOC emissions by 20%.
We further show that the simulated bias in CTRL_CBMZ marginally affects the estimated contribution of local sources and regional transport

to PAN levels in Beijing. The contribution from local sources to mean
PAN concentrations in Beijing is only enhanced by b5% under the condition that anthropogenic VOC emissions are increased by 20%.
4. Conclusions
In this study, variations of concentrations of PAN and other related
species during a polluted event in winter of Beijing were examined
using in-situ observations and the WRF-Chem model. The model performed well in reproducing the characteristics of PAN and other chemical species in winter of Beijing. Sensitivity simulation quantiﬁed the

Fig. 9. Simulated time series of local source contributions to the surface-layer concentrations for PAN and PM2.5 in Beijing during February 13–16, 2017.
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relative contributions of local emission sources and regional transport
to PAN levels in Beijing during the event.
During the episode on February 13–16, 2017, the observed PAN concentrations at the urban and rural sites in Beijing were 1.9 ppb and
1.7 ppb, respectively. Model evaluation showed that the WRF-Chem
model reproduced the temporal features of concentrations in PM2.5,
O3 and NO2 well in Beijing, with R values of 0.90, 0.82, and 0.84, respectively. For PAN, the simulation with the CBM-Z gas scheme performed
much better than simulation using the RADM2 scheme, which mainly
resulted from the better representation in the reaction rates of PAN formation through CH3C(O)O2 radicals and NO2. But the PAN concentrations in Beijing still had low bias using the CBM-Z scheme, and a
sensitivity simulation with VOC emissions increased by 20% could signiﬁcantly reduce the simulated low bias of PAN concentrations in
Beijing.
As PAN is strongly temperature-dependent, its lifetime becomes as
long as several days in winter with low temperature. Thus, it could be
conducive to be accumulated and transported, like PM2.5. Simulated results showed that the input of the vertical transport ﬂux for PAN in the
lower troposphere existed during the polluted days (February 13–15).
In addition, the horizontal ﬂux also increased with time during the polluted days. These could conﬁrm the great impacts of regional transport
on the PAN levels in Beijing. Model results also demonstrated that local
sources accounted for about 15%–30% of mean PAN concentrations over
most of Beijing during the event, lower than that of PM2.5 (25%–60%).
These imply that during the pollution days in winter, PAN accumulation
in Beijing is primarily resulted from the regional transport from the surrounding areas. These will cause more health concerns, and its control
strategies need larger regional efforts than those conducted for PM2.5.
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