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• HONO photolysis produced much more
OH on the heavy haze day than on the
nonhaze day.

• The six HONO sources accelerated dom-
inant production and loss rates of HOx.

• The six HONO sources produced
75–200% enhancements in the ground
SOA.

• ASOA dominated the BTH region and
mainly derived from xylenes, BIGENE
and toluene.
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TheWeather Research and Forecasting/Chemistry (WRF-Chem)model updatedwith six potential HONO sources
(i.e., traffic, soil, biomass burning and indoor emissions, and heterogeneous reactions on aerosol and ground sur-
faces) was used to quantify the impact of the six potential HONO sources on the production and loss rates of OH
and HO2 radicals and the concentrations of secondary organic aerosol (SOA) in the Beijing-Tianjin-Heibei (BTH)
region of China during a winter heavy haze period of Nov. 29–Dec. 3, 2017. The updatedWRF-Chemmodel well
simulated the observed HONO concentrations at theWangdu site, especially in the daytime, andwell reproduced
the observed diurnal variations of regional-mean O3 in the BTH region. The traffic emission sourcewas an impor-
tant HONO source during nighttime but not significant during daytime, heterogeneous reactions on ground/
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aerosol surfaces were important during nighttime and daytime. We found that the six potential HONO sources
led to a significant enhancement in the dominant production and loss rates of HOx on the wintertime heavy
haze and nonhaze days (particularly on the heavy haze day), an enhancement of 5–25 μg m−3 (75–200%) in
the ground SOA in the studied heavy haze event, and an enhancement of 2–15 μg m−3 in the meridional-mean
SOA on the heavy haze day, demonstrating that the six potential HONO sources accelerate theHOx cycles and ag-
gravate haze events. HONOwas the key precursor of primary OH in the BTH region in the studiedwintertime pe-
riod, and the photolysis of HONO produced a daytime mean OH production rate of 2.59 ppb h−1 on the heavy
haze day, much higher than that of 0.58 ppb h−1 on the nonhaze day. Anthropogenic SOA dominated in the
BTH region in the studiedwintertime period, and its main precursors were xylenes (42%), BIGENE (31%) and tol-
uene (21%).

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The Beijing-Tianjin-Hebei (BTH) region, which is one of the most
populated and polluted areas in China, has suffered heavy haze events
in recent years, especially during wintertime (Cheng et al., 2016;
Huang et al., 2014; Kong et al., 2015; Zhu et al., 2011). To explore key
factors leading to wintertime heavy haze events, many observations
have been conducted, and the results show that organic aerosol (OA)
is one of the dominant components of the total PM2.5, accounting for
30–50% (Huang et al., 2014; G. Li et al., 2017; Sun et al., 2013). OA com-
prises primary OA (POA) and secondary OA (SOA), and SOAaccounts for
30–70% of the total OA (Huang et al., 2014; G. Li et al., 2017; Sun et al.,
2013). SOA is formed from condensation of low-volatility products
from atmospheric oxidation of volatile organic compounds (VOCs)
(Boge et al., 2013; Kaminski et al., 2017; Lambe et al., 2012; Liu and
Hopke, 2014; Mutzel et al., 2016; Park et al., 2017; Rudziński et al.,
2016; Xu and Jia, 2018) or via liquid-phase/heterogeneous reactions
(Ervens et al., 2011; Mahmud and Barsanti, 2013; Tan et al., 2012).
SOA could not only damage human health by inhalation and degrade at-
mospheric visibility by its scattering and absorption but could also influ-
ence climate via its direct and indirect effects (Chen et al., 2013; Huang
et al., 2014; Kanakidou et al., 2005; Langmann et al., 2014). High con-
centrations of SOA during a severe haze period indicate a strong atmo-
spheric oxidation capacity, which is mainly determined by the
concentrations of the hydroxyl radical (OH) and O3 (Deng et al., 2017;
George and Abbatt, 2010a; George and Abbatt, 2010b; Kaminski et al.,
2017; Lambe et al., 2012; Lee et al., 2011; Mallik et al., 2018; Park
et al., 2017; Pommer et al., 2004; Riva et al., 2017; Tan et al., 2012;
Tang et al., 2017; Ye et al., 2018). However, O3 concentrations and pho-
tolysis rates are usually low during a wintertime haze period due to
weak radiation (Hendrick et al., 2014; Kim et al., 2014; Liu et al., 2018;
Qiu et al., 2019; B. Zhang et al., 2019), suggesting that other sources of
OH enhance atmospheric oxidation capacity to sustain such a high con-
centration of SOA (Elshorbany et al., 2012b). Recent observations during
haze periods have shown a good relationship between nitrous acid
(HONO) and PM2.5 (Colussi et al., 2013; Cui et al., 2018; Hou et al.,
2016; Liu et al., 2014b), implying that HONO could be enhanced by ele-
vated PM2.5 concentrations. During the daytime, the photolysis of HONO
(HONO + hv → OH + NO) is likely to be one of the dominant OH
sources for facilitating SOA formation and aggravating haze events.

HONO has been studied over four decades due to its large contribu-
tion to OH and its complex formation pathways. In the early years, re-
searchers believed that HONO only accumulated during nighttime and
was photolyzed soon after sunrise (Perner and Platt, 1979); thus, its
contribution to OH was small. Recent studies found that strong HONO
sources existed during daytime in addition to the gas-phase formation
of HONO (OH + NO → HONO), with their contribution to daytime OH
reaching 20–80% (Alicke et al., 2002; Gligorovski et al., 2015; Hendrick
et al., 2014; Kim et al., 2014; D. Li et al., 2018; Tan et al., 2017). The
sources of HONO are generally classified into three types: direct emis-
sions, gas-phase formation and heterogeneous reactions; however,
current knowledge on HONO sources is still incomplete, especially dur-
ing the daytime.

HONO emissions include traffic, soil/biocrust, biomass burning, and
indoor emissions. Traffic emissions are usually estimated from the
ratio of HONO/NOx, ranging from 0.3% to 2.1% (Czader et al., 2015;
Kurtenbach et al., 2001; D. Li et al., 2018; Liang et al., 2017;
Nakashima and Kajii, 2017; Rappengluck et al., 2013; Trinh et al.,
2017; Wormhoudt et al., 2015; Xu et al., 2015; Yang et al., 2014), and
are important during nighttime but minor in urban areas during day-
time (Czader et al., 2015; Fu et al., 2019; J. Zhang et al., 2019; Zhang
et al., 2016). Soil/biocrust emissions of HONO have been studied over
four decades. Nagai et al. (1968) first speculated that HONOmight vol-
atilize from soil, and follow-up studies by Kubota and Asami (1985a,
1985b) confirmed that HONO was volatilized from soil rather than
NO2 and found that the volatilized HONOmainly originated from nitri-
fication of NH4

+. Subsequently, several vertical flux observations of
HONO were conducted above the soil (Harrison and Kitto, 1994;
Neftel et al., 1996; Sorgel et al., 2011; Spindler et al., 1998; Stutz,
2002; Trebs et al., 2006), but no strong upward HONO was observed.
Su et al. (2011) proposed that soil nitrites and pH controlled HONO
emissions and that low-pH soils could be a strong HONO emission
source; later, Oswald et al. (2013) found that ammonia-oxidizing bacte-
ria in soil could directly release HONO and that acidic soil would inhibit
bacterial activity and HONO emissions. Wu et al. (2014) confirmed soil
biogenic HONO emissions fromNH3 using the 15N approach, andWeber
et al. (2015) and Meusel et al. (2016) showed that soil biocrusts had
strong HONO emissions. Recently, Ermel et al. (2018) found that
NH2OH released by microorganisms in soil could yield HONO, and Wu
et al. (2019) found that microbial nitrate reduction to nitrite was crucial
to soil HONO emissions at high moisture content. The biogenic HONO
emissions from soil have been closely linked to NO emissions
(Bhattarai et al., 2018; Maljanen et al., 2016; Maljanen et al., 2013;
Mamtimin et al., 2016; Oswald et al., 2013), N2O emissions (Bhattarai
et al., 2018; Maljanen et al., 2016; Maljanen et al., 2013), water content
(Ermel et al., 2018; Oswald et al., 2013; Weber et al., 2015; Wu et al.,
2019) and fertilization (Bhattarai et al., 2018; Meusel et al., 2016;
Minejima et al., 2015; Oswald et al., 2013; Tang et al., 2019), and
HONO fluxes could reach hundreds of ngNm−2 s−1 under proper condi-
tions. In addition to biogenic HONO emission, the soil surface could also
act as a reservoir by acid displacement (VandenBoer et al., 2013, 2014,
2015) or soil Al3+/Fe3+ (hydr)oxides (Donaldson et al., 2014a;
Donaldson et al., 2014b). The heavy use of fertilizer in China might
cause strong cropland HONO emissions and further aggravate air pollu-
tion (Liu et al., 2014a; Song et al., 2018; Tang et al., 2019). J. Zhang et al.
(2019) inserted soil emissions of HONO into theWeather Research and
Forecasting/Chemistry (WRF-Chem) model, as performed by Zhang
et al. (2016). J. Zhang et al. (2019) found that the simulated HONO
was sensitive to soil optimum HONO fluxes, and only low flux values
of each soil type were used to avoid the overestimation of HONO obser-
vations; thus, more observations of soil HONO emissions are urgently
needed.
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For HONO emissions from biomass burning, Rondon and
Sanhueza (1989) observed high HONO concentrations in the atmo-
sphere during a vegetation burning event for the first time. Many ob-
servations and experiments were conducted around the world over
the next three decades, and the reported emission factor is based
on a HONO/CO ratio ranging from 0.95 to 11.9 mmol mol−1 (Akagi
et al., 2012; Keene et al., 2006; Koss et al., 2018; Stockwell et al.,
2015; Veres et al., 2010) or a mass ratio of HONO/(dry fuel) ranging
from 0.13 to 0.60 g kg−1 dry fuel (Burling et al., 2010; Keene et al.,
2006; Koss et al., 2018; Yokelson et al., 2007). Yokelson et al.
(2009) observed high levels of OH radicals (N1 × 107 molecules
cm−3) from biomass burning in the Yucatan and believed that they
were caused by high initial HONO (~10% of NOy). In China, Nie et al.
(2015) conducted the first HONO observation during a biomass
burning event in Nanjing (Eastern China). The authors found that
both the HONO concentration and HONO/NO2 ratio were enhanced
significantly during biomass burning periods, and the correlation
analysis showed that HONO was less correlated with potassium (a
tracer of biomass burning) but more correlated with NO2; moreover,
the direct emissions were only ~20%, while most of the HONO was
secondarily formed by NO2 heterogeneous reactions. However,
Burling et al. (2010) found that heterogeneous reactions were unim-
portant compared to direct emissions in their measurements. Based
on the estimation of 22.59 Tg a−1 CO emissions in China from bio-
mass burning by Zhang et al. (2008), the total HONO emission
amount was 0.77–9.60 × 106 mol a−1. Biomass burning events
often occur during wheat/maize harvesting in China and other coun-
tries in summer and autumn (He et al., 2007; Huang et al., 2012; Kim
Oanh et al., 2018; Li et al., 2008; Shen et al., 2013; Sommer et al.,
2004; Sun et al., 2017; Sun et al., 2018; Tian et al., 2017; Zhu et al.,
2015). J. Zhang et al. (2019) inserted a biomass burning source of
HONO into theWRF-Chemmodel for the first time based on themea-
surement of Veres et al. (2010), but this source did not show impor-
tance due to the lack of burning events in the studied period and
might be important in other periods.

Indoor HONO emissions are essentially an air exchange process
between higher HONO concentrations in indoor rooms and lower
HONO concentrations in the atmosphere. Indoor HONO was mea-
sured by Pitts et al. (1985) for the first time; since then, many exper-
iments have been conducted to measure its concentration and study
its formation pathways and its influence on human health
(Bartolomei et al., 2015; Brauer et al., 1991; Collins et al., 2018;
Gandolfo et al., 2018; Gligorovski and Abbatt, 2018; Gligorovski
et al., 2018; Gomez Alvarez et al., 2013; Gómez Alvarez et al., 2014;
Jarvis et al., 2005; Kruza et al., 2017; Leaderer et al., 1999; Lee
et al., 2002; Mendez et al., 2017a; Mendez et al., 2017b; Park et al.,
2008; Pitts et al., 1985; Santis et al., 1996; Santis et al., 1992;
Sleiman et al., 2010; Spengler et al., 1993; van Strien et al., 2004;
Vichi et al., 2016; Yoo et al., 2015; Zhou et al., 2018). All of the mea-
surements show that the concentration of indoor HONO (~5 ppb)
was higher than that of outdoor HONO, and the indoor/outdoor
HONO ratio was often N5. Indoor HONO is derived from combustion
processes, NO2 hydrolysis and light-induced NO2 heterogeneous re-
actions on indoor surfaces (large surface area to volume ratio (S/
V)). J. Zhang et al. (2019) first proposed the concept that indoor
HONO could be a significant outside HONO source, incorporated
the source into the WRF-Chem model and found that this source
could enhance up to 0.6–0.8 ppb of HONO in urban centers during
nighttime.

The gas-phase reaction is the default HONO source in many air
quality models (e.g., WEF-Chem, the Community Multiscale Air
Quality model (CMAQ) and the Comprehensive Air quality Model
with extensions (CAMx)) and is actually a sink of OH. Heterogeneous
reactions are usually thought to be the main source of HONO, mainly
including the hydrolysis reactions of and the light-enhanced reac-
tions of NO2 on aerosol surfaces (e.g., mineral dust, soot, and
secondary aerosols) and ground surfaces (e.g., humic acid, protein,
and soil) (Arens et al., 2001; Couzo et al., 2015; Finlayson-Pitts
et al., 2003; Han et al., 2016; Khalizov et al., 2010; Liu et al., 2014b;
Lu et al., 2018; Ma et al., 2013; Ramazan et al., 2004; Sakamaki
et al., 1983; Tang et al., 2017; Xing et al., 2019; Yang et al., 2018;
Zhu et al., 2011). In clean areas, the heterogeneous formation of
HONO on ground surfaces is more important than that on aerosol
surfaces, while that on aerosol surfaces in heavy polluted areas is sig-
nificant due to a large S/V ratio (An et al., 2013; Barsotti et al., 2017;
Colussi et al., 2013; Cui et al., 2018; George et al., 2005; Liu et al.,
2014b; Lu et al., 2018; Ma et al., 2013; J. Zhang et al., 2019). The con-
tribution of heterogeneous reactions was likely the main source of
daytime HONO (An et al., 2013; Burling et al., 2010; Ding et al.,
2016; Hou et al., 2016; Karamchandani et al., 2015; Li et al., 2010;
Lu et al., 2017; Lu et al., 2018; Tsai et al., 2018; R. Zhang et al., 2012).

The photolysis of nitric acid or nitrate has been considered to be an
important source of HONO (Bao et al., 2018; Fu et al., 2019; Li et al.,
2012; Romer et al., 2018; Yang et al., 2018; Ye et al., 2016; Ye et al.,
2017; Zhou et al., 2003; Zhou et al., 2002a; Zhou et al., 2002b; Ziemba
et al., 2010); however, other observations and chamber experiments
do not favor this source (Gall et al., 2016; Kleffmann and Wiesen,
2005; Laufs and Kleffmann, 2016; Sorgel et al., 2015; Spataro et al.,
2013; Tsai et al., 2018). Ye et al. (2017) and Bao et al. (2018) noted
that the photolysis rate of HONO (JHNO3→HONO) reached 10−4 s−1, 1–3
orders larger than the previousmeasurements, yet the field observation
by Tsai et al. (2018) showed that the photolysis of HNO3/nitrate would
only be important under moderate to low NO2 conditions. Thus, more
field observations are needed to evaluate the importance of this source
in the real atmosphere.

Numerous studies have proven that OH could promote SOA for-
mation (Barsanti et al., 2013; Chen et al., 2016; Ervens et al., 2011;
Knote et al., 2014; Lambe et al., 2012; Mutzel et al., 2016; Saukko
et al., 2012; Shrivastava et al., 2015; Tan et al., 2012; Zhang et al.,
2011; H. Zhang et al., 2012), and high concentrations of HONO
would facilitate SOA formation during a severe haze period. The
SOA underestimation was greatly improved with the volatility
basis-set (VBS) approach compared with a traditional two-product
approach (Barsanti et al., 2013; Donahue et al., 2006; Ervens et al.,
2011; Lin et al., 2016; Mahmud and Barsanti, 2013; Odum et al.,
1996), although there is still a large gap between simulated and ob-
served SOA. In addition, very few current SOA simulations consider
the impact of HONO sources other than the gas-phase production
of HONO on SOA in the real atmosphere. Vivanco et al. (2011) con-
ducted a chamber experiment and discussed SOA formation pro-
cesses with an initial HONO concentration of 100 ppb. With respect
to air quality model simulations, Li et al. (2010) first discussed the
impact of additional HONO sources on SOA formation by incorporat-
ing four heterogeneous reactions into theWRF-Chemmodel with the
two-product approach and found that the simulated SOA concentra-
tion increased by ~100% in Mexico City during the morning in spring.
Recently, Xing et al. (2019) used the VBS approach instead of the
two-product approach to simulate SOA with the HONO sources pre-
viously considered by Li et al. (2010) and found that the additional
HONO sources could produce ~46% enhancements in the BTH ground
SOA over the period January 9–26, 2014, highlighting the importance
of primary residential emissions of glyoxal andmethylglyoxal in SOA
formation. In our previous study (J. Zhang et al., 2019), we calculated
the contribution of each potential HONO source to the SOA enhance-
ments and assessed the effects of six potential HONO sources
(i.e., traffic, soil, biomass burning and indoor emissions, and hetero-
geneous reactions on aerosol and ground surfaces) on the concentra-
tions of oxidants (O3, OH and HO2) and SOA in the BTH in August
2006. Based on that work, we assess the impact of the six potential
HONO sources on HOx budgets and SOA (including SOA formation
from glyoxal) concentrations in the BTH region during a winter
heavy haze period (Nov. 29–Dec. 3, 2017), and a summer haze
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event is added for comparison with the winter heavy haze event in
this research.
2. Data and methods

2.1. Observed data

The measurement data were derived from the Campaign of Oxida-
tion Potential research for air Pollution in winter (COPPER), conducted
at the Wangdu site (38.67°N, 115.25°E), located in the central BTH re-
gion. The data used in this study, including those pertaining to HONO,
NOx, O3, PM2.5 and OOA, and detailed measurements of HONOwere ob-
tained from the study conducted by Xue et al. (2019). NOx was mea-
sured by a chemiluminescence NOx analyzer (Model 42i), O3 was
measured by a UV absorption O3 analyzer (Model 49i), and PM2.5 was
measured by a standard Tapered Element OscillatingMicrobalance sys-
tem (TEOM 1400A, Thermo Scientific). These instruments were regu-
larly calibrated every week. Observed OOA was an approximate of
SOA and was achieved using positive matrix factor analysis (PMF)
methods. To better evaluate model performance, six representative
sites, i.e., Changping, Tianjin, Tangshan, Baoding, Hengshui and Handan,
were chosen, and the observations of NO2, PM2.5 and O3 at the six sites
were obtained from the China National Environmental Monitoring Cen-
tre (http://beijingair.sinaapp.com/).
2.2. WRF-Chem model setup

The WRF-Chem model version 3.7.1 was updated by J. Zhang et al.,
2019 and used in this study. One nested domain was used in our simu-
lation with domain one (83 × 65, 81 km) and domain two (91 × 109,
27 km). Domain two contains eastern China. In our study, anthropo-
genic SOA (ASOA) was produced via the reactions of BIGALK (lumped
alkanes C N 3), BIGENE (lumped alkenes C N 3), toluene, xylenes
(lumped isomers of xylene), and benzene with OH, whereas biogenic
SOA (BSOA) was formed via the reactions of isoprene, APIN, BPIN, and
LIMON with OH or O3 (Knote et al., 2014). Chemical aging of ASOA
and BSOA was considered to occur at an oxidation rate of 1
× 10−11 cm3 molec−1 s−1 (Ahmadov et al., 2012). Glyoxal in the gas
phase is produced via oxidation of isoprene, aromatic compounds,
MBO (2-methyl-3-buten-2-ol) and ethyne and is assumed to partition
into GSOA via surface uptake irreversibly (J. Li et al., 2018; Liu et al.,
2012; Stavrakou et al., 2009; Tan et al., 2012; Volkamer et al., 2007;
Washenfelder et al., 2011; Wittrock et al., 2006). The anthropogenic
emission inventory including CO, NOx, VOCs, SO2, NH3, PM2.5, PM10,
glyoxal and methylglyoxal with a resolution of 0.25° was adopted
from Zhang et al. (2009) and updated to 2016 in this study. Two case
(base and 6S cases) simulations were performed for the period span-
ning from Nov. 29 to Dec. 3, 2017, with a spin-up period of 3 days. For
the base case, the updated mechanism of the Model for Ozone and Re-
lated chemical Tracers version 4 (MOZART-4) was used, only with the
gas-phase production of HONO with the Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) (J. Zhang et al., 2019). For case
6S, the six potential HONO sources were contained in the updated
WRF-Chemmodel (J. Zhang et al. 2019). To better understand the rela-
tive contribution of each HONO sources, six additional simulationswere
conducted simultaneously, including cases het-a (NO2 heterogeneous
reactions on aerosol surface), het-g (NO2 heterogeneous reactions on
ground surface), traffic (traffic emissions), biomass (biomass burning
emissions), indoor (indoor emissions) and soil (soil emissions). For
the influence of the uptake coefficient of glyoxal on SOA formation,
two additional cases were added and can be found in Section 3.4. We
also added another simulation for the period from Jun. 14 to 18 of
2017 with a spin-up period of 3 days to compare with the wintertime
heavy haze event.
3. Results and discussion

3.1. Comparison of simulations and observations

At the Wangdu site, the heavy haze event started on the night of
Nov. 29, continued on Nov. 30 and Dec. 1 and reached a maximum
PM2.5 of over 700 μg m−3 on the night of Dec. 2, after which the PM2.5

concentration soon decreased (Fig. 1). During this rapid increase in
PM2.5, the daily maximum shortwave radiation decreased gradually
from 492.90 Wm−2 on Nov. 30 to 420.05 Wm−2 on Dec. 2 due mainly
to the high PM2.5 concentrations (Fig. S1); the daily maximum air tem-
perature increased gradually from −0.12 °C on Nov. 29 to 6.05 °C on
Dec. 2 (Fig. S1); the daily maximum relative humidity increased from
50.21% on Nov. 29 to 81.33% on Dec. 2 (Fig. S1), and a noticeable rise
in the minimum relative humidity occurred in the afternoon of Dec. 2
compared with the levels observed on other days (Fig. S1), accompany-
ing a high PM2.5 concentration of ~300 μgm−3 (Fig. 1); the air pressure
decreased continuously, the wind speed was low and rarely exceeded
2 m s−1, and the wind direction was approximately 180° where the
emissionswere high; these factors are favorable for PM2.5 accumulation.
In the early morning of Dec. 3, a strong northern wind began and
lowered high concentrations of PM2.5 (Figs. 1 and S1). Simulated short-
wave radiation, air temperature, air pressure, wind direction and speed
well followed the observations at the Wangdu site during the heavy
haze period (Fig. S1), except for the daytime shortwave radiation on
Dec. 29 due likely to inaccurate cloud simulations (Fig. S1). The diurnal
pattern of relative humidity was well captured, although the maximum
andminimumvalueswere underestimated (Fig. S1). The HONO simula-
tion at the Wangdu site was greatly improved after adding the six po-
tential HONO sources (case 6S) (Fig. 1), especially during the daytime,
comparedwith the base-case simulation. The observed average concen-
tration ofHONOwas 1.87 ppb, and the simulated averagewas improved
to 1.48 ppb (case 6S) from 0.05 ppb (base case), with the normalized
mean bias (NMB) improved to −20.86% (case 6S) from −97.32%. The
observed (simulated for case 6S) concentrations of HONO and PM2.5

had a good correlation (Fig. 2), implying the key contribution of the het-
erogeneous reaction of NO2 on aerosol surfaces to HONO, consistent
with the conclusions of D. Li et al. (2018) and Cui et al. (2018). The up-
dated WRF-Chem model well simulated the diurnal pattern and day-
time HONO at the Wangdu site, especially at approximately
11:00–17:00, but underestimated morning and nighttime HONO to
some extent (Fig. 2). Diurnal patterns of O3 were well captured, al-
though the maxima on Dec. 1 and 2 were substantially underestimated
(Fig. 1). The observed variations of NO and NO2 were reproduced over-
all, but nighttime simulations were overestimated (Fig. 1); the simu-
lated averages of NO and NO2 were 97.84 and 45.56 ppb (case 6S),
whereas the corresponding observed averages were 48.80 and
31.57 ppb (case 6S). PM2.5 concentrations were well reproduced
(Fig. 1) and were enhanced by up to 40 μg m−3 due to the six potential
HONOsources (case 6S). Fig. 3 shows a comparison of simulated and ob-
served SOA (Fig. 3a), SOA and PM2.5 enhancements due to the six poten-
tial HONO sources and the corresponding observed PM2.5 (Fig. 3b), and
major components of the enhanced SOA at the Wangdu site (Fig. 3c).
The simulated SOA reproduced the observed increasing trend reason-
ably well. During this period, the observed average of SOA was 13.25
μg m−3, while the simulated average was 6.38 μg m−3 (3.50 μg m−3

for base case) and was increased by 82.29%, with NMB improved to
−51.85% from −73.60%. ASOA contributed ~88% of the enhanced SOA,
whereas GSOA contributed ~12%. BSOA had a minor contribution due
to the weak BVOC emissions during wintertime. The enhancements of
SOA and PM2.5 showed good consistency, and the enhanced SOA
accounted for ~24% of the enhanced PM2.5 at the Wangdu site. The ob-
served PM2.5 was usually lower during daytime than during nighttime,
and the lowest concentration occurred around noontime due to the el-
evated height of the atmospheric boundary layer (Fig. S2). Overall, the
updated WRF-Chem model performed well at the Wangdu site, and

http://beijingair.sinaapp.com/


Fig. 1. Comparison of simulated (base case and case 6S) and observed hourly mean concentrations of HONO, O3, NO2, NO and PM2.5 at the Wangdu site over the period Nov. 29–Dec. 3,
2017.
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the six potential HONO sources significantly improved simulations of
HONO and SOA.

The heavy haze occurred throughout the entire BTH region rather
than only at theWangdu site; therefore, simulated and observed mete-
orological factors and PM2.5 were compared at six other representative
sites (i.e., Changping, Tianjin, Tangshan, Baoding, Hengshui, and
Handan) from north to south of the region. A comparison of simulated
and observed meteorological factors is shown in Fig. S3. The diurnal
trends of air temperature, relative humidity and wind direction were
reproduced overall, although relative humidity was underestimated
during haze periods; the simulated wind speed reproduced the ob-
served trend overall but was overestimated, which was mainly caused
by the exclusion of urban surface parameters and anthropogenic heat
(Chen et al., 2018; Liu et al., 2017). The statistical parameters used in
this study are comparable with those reported in previous studies, as
shown in Table S1, and the statistics of wind direction bias are shown
in Table S2. The simulations of PM2.5 at the six sites are shown in
Fig. 4 (including the simulated SOA for both base and 6S cases), and
the six sites captured the observed increasing trend of PM2.5. Strong
northernwind led to a decrease in PM2.5first at theChangping and Tian-
jin sites, which are located in the northern BTH region. Under the influ-
ence of the northernwind, the southern sites of the BTH region showed
an even higher concentration of PM2.5. Fig. 5 displays the averaged
Fig. 2. Comparison of observedHONOand PM2.5 (a), simulatedHONOandPM2.5 for case 6S (b) a
Wangdu site over the period Nov. 29–Dec. 3, 2017.
simulations and observations of PM2.5, O3 and NO2 for the seven sites
(Wangdu and the other six sites) (including the simulations of OH and
HO2 for both the base and 6S cases). The updated WRF-Chem model
reproduced the observed regional increasing trend of PM2.5. The ob-
served 5-day average of PM2.5 was 135.27 μg m−3, whereas the corre-
sponding simulated average was 131.11 μg m−3 (116.48 μg m−3 for
base case). O3 concentrations were simulated quite well for case 6S, es-
pecially on Dec. 1 and 2, when the haze event was aggravated, and the
six potential HONO sources enhanced O3 by 5–6 ppb in the afternoon
on each day. NO2 concentrationswere well simulated, especially during
daytime, and the averaged concentration of the simulation was 57.89
μg m−3 (56.94 μg m−3 for base case), very close to observed value
(57.64 μg m−3). The 5-day averaged concentration of OH was remark-
ably increased to 1.15 × 106 cm−3 from 3.95 × 105 cm−3 at 12:00 due
to the six potential HONO sources, with the corresponding percentage
enhancement reaching 191.14%. During the nonhaze day (Dec. 3), the
percentage enhancement of OH (case 6S) at 12:00 was 129.58%, while
during the heavy haze period (Dec. 2) the enhancement reached
285.34%, indicating that HONO plays a key role in wintertime atmo-
spheric oxidation capacity, especially during severe haze periods. The
5-day averaged concentration of HO2 was improved to 7.64
× 106 cm−3 from 3.48 × 106 cm−3 at 12:00 and was increased by
114.37% due to the six potential HONO sources. The percentage
nd base case (c), and between simulated and observeddiurnal HONO concentrations at the



Fig. 3.Comparisonof simulated (base case and case 6S) and observedhourly concentrations of SOA (approximate OOA) (a), enhanced SOAand PM2.5 due to the six potential HONO sources
and the corresponding observed PM2.5 (b), and the main components of the enhanced SOA (c) over the period Nov. 29–Dec. 3, 2017.
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enhancement of HO2 reached its maximum of 275.67% on Dec. 2,
whereas the enhancement reached its minimum of 77.46% on Dec. 3
due to the strong northern winds. HO2 and O3 decreased as PM2.5 in-
creased because O3 is formed via the photolysis of NO2, which is pro-
duced through the reaction of HO2 and NO. OH showed small
variations with PM2.5 because OH concentrations are mainly deter-
mined by solar ultraviolet radiation (Rohrer and Berresheim, 2006).

3.2. Relative contribution of the six potential HONO sources

The overall improvements of the six additional HONO sources on
HONO concentrations have been examined, and the impact of each
source on HONO concentrations was also explored. Fig. 6 shows the
simulated and observed hourly HONO concentrations at the Wangdu
site (performance metrics of simulations of HONO are given in
Table S3). Traffic emissions (case traffic) and NO2 heterogeneous reac-
tions on ground (case het-g) and aerosol surfaces (case het-a) were
the three dominant sources, while other emission sources
(i.e., biomass, soil and indoor) contributed quite small (Fig. 6) due to
the unfavorable conditions (e.g., lacking biomass burning events during
the studied period and lower soil temperature). Traffic emissions were
important only during nighttime. The NO2 heterogeneous reaction on
aerosol surfaces was significantly enhanced as PM2.5 concentrations el-
evated and its contribution to HONO concentrations could be larger
Fig. 4. Comparison of simulated (base case and case 6S) and observed hourly concentrations of P
sites (Changping: CP, Tianjin: TJ, Tangshan: TS, Baoding: BD, Hengshui: HS, Handan: HD) of th
than the NO2 heterogeneous reaction on ground surfaces during a
heavy haze period.

The diurnal observed and eight simulated HONO concentrations
within five days are shown in Fig. 7a (performance metrics of simula-
tions of HONO are given in Table S4), and the relative contribution of
the six potential HONO sources are displayed in Fig. 7b. Traffic emissions
could explain the observed peaks at 8:00 and 19:00 but failed to repro-
duce daytime HONO (Fig. 7a), the relative contribution of traffic emis-
sions around noontime was below 10% and lower than the OH + NO
reaction (Fig. 7b). For the two heterogeneous reactions, their relative
contributions were similar during daytime and both reached ~40%
around noontime (Fig. 7b), and were the two main sources during
daytime.

The simulated and observed HONO concentrations discussed above
were near the ground, i.e., the first model layer. The influence of
HONO formed from the ground surface decreased with the elevated al-
titude, but HONO formed from the aerosol surfaces can sustain in the at-
mospheric boundary layer, andwas probably themost important HONO
source during the wintertime heavy haze period.

3.3. Impacts of the six potential HONO sources on HOx budgets

Daytime (08:00–17:00) HOx budgets at the Wangdu site are shown
in Fig. 8 for four selected days, i.e., a wintertime heavy haze day (Dec. 2,
M2.5 and the simulated concentrations of SOA (base case and case 6S) at six representative
e BTH region over the period Nov. 29–Dec. 3, 2017.



Fig. 5.Comparison of averaged simulations (base case and case 6S) and observations of PM2.5, O3 andNO2 for the seven sites (Wangdu and the other six sites) and simulated concentrations
of OH and HO2 (base case and case 6S) in the BTH region over the period Nov. 29–Dec. 3, 2017.
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2017), a wintertime nonhaze day (Dec. 3, 2017), a summertime haze
day (Jun. 17, 2017) and a summertime nonhaze day (Jun. 18, 2017).
HOx budgets are closely related to solar radiation. The noontime solar
radiation was reduced by ~47 W m−2 (from 482.77 W m−2 on Dec. 3
to 435.77 W m−2 on Dec. 2) in the wintertime heavy haze period
(Fig. S1), while the radiation was reduced by ~16 W m−2 (from
820.63Wm−2 on Jun. 18 to 804.76Wm−2 on Jun. 17) in the summer-
time haze period (Fig. S4).

During wintertime, HONO photolysis was the most important pri-
mary source of OH (case 6S). High PM2.5 concentrations on the heavy
haze day (Dec. 2) were favorable for heterogeneous HONO formation
on aerosol surfaces and caused a daytime averaged OH production
rate of 2.59 ppb h−1, much higher than that of 0.58 ppb h−1 on the
nonhaze day (Dec. 3). The OH formation pathways through O3 photoly-
sis or the reactions between O3 and alkenes were 2–3 orders of magni-
tude smaller than those through HONO photolysis, although the OH
production rate via O3 photolysis on the nonhaze day (Dec. 3) was ~4
times that on the heavy haze day (Dec. 2). For the base case simulations,
the contribution of HONO photolysis to OH was 0.29 ppb h−1 on Dec. 2
and 0.04 ppb h−1 on Dec. 3, but the net contribution was negative
(−0.15 ppb h−1 on Dec. 2 and − 0.09 ppb h−1 on Dec. 3), suggesting
that HONO is a sink rather than a source of OH for the base case.
When considering the interconversion between OH and HO2, the reac-
tion of NO and HO2 was the largest source of OH on the two days,
reaching 59.45% (Dec. 2) and 63.88% (Dec. 3) of the total OH production
rate for case 6S and 79.00% (Dec. 2) and 89.04% (Dec. 3) for the base
case. For OH sinks, the reactions with NO, NO2, SO2 and VOCs were the
four main pathways. For HO2, the dominant sources were the reaction
of RO2 and NO and the decomposition of HO2NO2 and were remarkably
enhanced due to the six potential HONO sources (case 6S). The largest
contributor to HO2 was the reaction of RO2 and NO (1.54 ppb h−1) on
Fig. 6. Comparison of hourly HONO concentrations between observed and eight simulated
cases (cases base, 6S, het-a, het-g, traffic, biomass, indoor and soil) at the Wangdu site.
the wintertime heavy haze day, whereas the photolysis of HCHO was
minor. The main HO2 sinks were the reactions of HO2 with NO and
HO2 with NO2; the former produced OH and NO2, and the latter formed
HO2NO2, which in turn decomposes to produce HO2. The six potential
HONO sources led to a significant enhancement in themajor production
(loss) rates of HOx on thewintertime heavy haze and nonhaze days, es-
pecially on the heavy haze day, e.g., the production rate of OH was in-
creased by a factor of nearly nine via the photolysis of HONO and by a
factor of three via the reaction of HO2 and NO for case 6S compared
with that for the base case, whereas the loss rate of OH was enhanced
by a factor of approximately four via the reactions of VOCs with OH
and NO with OH and by a factor of approximately five via the reactions
of NO2 with OH and CO with OH. Compared with those on the heavy
haze day, the major production (loss) rates of HOx on the nonhaze day
were substantially reduced for both the base and 6S cases, e.g., the pro-
duction rate of OHwas decreased by a factor of four via the photolysis of
HONOandby a factor of three via the reaction ofHO2 andNO for case 6S,
whereas the loss rate of OHwas reduced by a factor of three via the re-
actions of VOCs with OH, by a factor of eight via the reaction of NOwith
OH, by a factor of two via the reaction of NO2 with OH, and by a factor of
four via the reaction of CO with OH.
Fig. 7. Comparison of diurnal HONO concentrations between observed and eight
simulated cases (base, 6S, het-a, het-g, traffic, biomass, indoor and soil) (a) and the
relative contribution of the six HONO sources (het-a, het-g, traffic, biomass, indoor and
soil) and the model default simulation (the reaction of NO with OH) (b) at the Wangdu
site.



Fig. 8.Daytime HOx budgets at theWangdu site for four selected days, i.e., a wintertime heavy haze day (Dec. 2, a), a wintertime nonhaze day (Dec. 3, b), a summertime haze day (Jun. 17,
c) and a summertime nonhaze day (Jun. 18, d) (Blue boxes and arrows represent primary sources of OH and HO2, while red boxes and arrows denote sinks of the two radicals. Two black
dashed lines denote the internal conversion of the two radicals. Each reaction has two values,with the bold one representing the simulation of case 6S and the normal one denoting that of
the base case. The unit of production (loss) rate is ppb h−1. GLY denotes glyoxal, whereas MGLY does methylglyoxal.)
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For the chosen summertime simulations on Jun. 17 and 18, the
photolysis of HONO and O3 were the two dominant primary sources
of OH, and the contribution of HONO photolysis to OH was approxi-
mately 2–3 times that of O3 photolysis for case 6S (Fig. 8). O3 photol-
ysis for both the base and 6S cases was enhanced by 2 orders of
magnitude on the summertime haze and nonhaze days compared
with that on the wintertime heavy haze and nonhaze days due to
the strong radiation in summer (Fig. 8). The reaction of NO and
HO2 was the largest source of OH and reached 8.11 ppb h−1 on Jun.
17 and 8.95 ppb h−1 on Jun. 18, and other OH sources, including
the reactions of O3 with alkenes and H2O2 photolysis, were small.
For OH sinks, the reactions of CO with OH, VOCs with OH, NO2 with
OH and SO2 with OH were the main pathways. The net contribution
of HONO to OH was negative on the summertime haze and nonhaze
days for the base case, similarly to that on the wintertime heavy haze
and nonhaze days (Fig. 8). The conversion from OH to HO2 was
Fig. 9. Three-day (Nov. 30–Dec. 2) averaged concentrations of SOA for the base case (a) and cas
sources (c) near the ground in the BTH.
mainly driven by CO (3.51 ppb h−1 on Jun. 17 and 3.89 ppb h−1 on
Jun. 18), followed by HCHO (0.58 ppb h−1 on Jun. 17 and
0.76 ppb h−1 on Jun. 18) and O3 (0.12 ppb h−1 on Jun. 17 and
0.15 ppb h−1 on Jun. 18). All the sources and sinks of OH and HO2

on the summertime nonhaze day were substantially enhanced com-
pared with those on the wintertime nonhaze day for both the base
and 6S cases (Fig. 8), and most sources and sinks of OH and HO2, ex-
cept for the photolysis of HONO, the reaction between OH and NO,
and the photolysis of glyoxal and methylglyoxal on the summertime
haze day (Jun. 17), were enhanced compared with those on the win-
tertime heavy haze day (Dec. 2) for both the base and 6S cases
(Fig. 8).

Overall, the six potential HONO sources significantly enhanced the
dominant sources and sinks of HOx in the studied wintertime haze
event, particularly on the heavy haze day. HONO was the predominant
precursor of primary OH in the BTH region, especially during
e 6S (b), and the corresponding percentage enhancements due to the six potential HONO



Fig. 10. Meridional-mean concentrations of SOA in the BTH for case 6S on Nov. 29 (a), Dec. 2 (b), and Dec. 3 (c).
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wintertime, consistent with previous observations (Elshorbany et al.,
2012a; Fuchs et al., 2017; Hendrick et al., 2014; Kim et al., 2014; Tan
et al., 2018).

3.4. Impacts of the six potential HONO sources on SOA

Fig. 9 displays the 3-day averaged ground SOA concentration in the
BTH region for the base and 6S cases and the percentage enhancement
of SOA due to the six potential HONO sources during the haze period of
Nov. 30 to Dec. 2. For both cases, the largest SOA occurred in Tianjin, and
the lowest SOA (b1 μg m−3) occurred in the northwestern BTH region.
The SOA concentrations for the base case were usually lower than 10
μg m−3 (e.g., Handan, Baoding, Wangdu and Changping). After adding
the six potential HONO sources (case 6S), SOA was enhanced to 10–40
μgm−3 from5 to 15 μgm−3 in the southern BTH region,with the largest
enhancement being ~25 μgm−3. Our SOA simulation results are compa-
rable with the results of Xing et al. (2019). The six potential HONO
sources led to an SOA percentage enhancement of ~100% in most of
the BTH region, with the largest percentage enhancement of
150–200% in the coastal area and southern Beijing. Xing et al. (2019)
showed a percentage enhancement of 45–55% over a long period due
to additional HONO sources. Fig. 10 presentsmeridional-mean SOA con-
centrations on Nov. 29 and Dec. 2 and 3 for case 6S. Before the heavy
haze occurred on Nov. 29, the vertical concentrations of SOA were low
and rarely exceeded 0.8 μg m−3, and the largest value occurred at ap-
proximately 39.5°N. When heavy haze occurred on Dec. 2, SOA concen-
trations were substantially enhanced to 2–16 μg m−3, and two peaks
were situated at approximately 38.5°N and 39.5°N, respectively. On
Dec. 3, the strong northern wind lowered SOA concentrations, and
high SOA was transported to the southern BTH region (approximately
36–37°N).

The hourly concentration of SOA and the three corresponding com-
ponents at the Wangdu site are shown in Fig. S5. The concentrations of
Fig. 11. Hourly mean production rate of ASOA at the Wangdu site during the winter heavy haz
relative contribution of each VOC precursor; each colored background of “(b)”, “(c)”, “(d)”, and
ASOA, BSOA and GSOA were 4.58, 0.01 and 1.79 μg m−3, with corre-
sponding relative contributions of ~72%, 0% and ~28%, respectively. Dur-
ing wintertime, biogenic VOCs were very low, and BSOA was therefore
minor in the BTH region. Glyoxal is thought to have an important contri-
bution to SOA and contributed ~25% of the total SOA on average in the
study of Xing et al. (2019), who adopted an uptake coefficient (γ) of
3.7 × 10−3 for glyoxal based on the results of Volkamer et al. (2007).
The WRF-Chem model provided two schemes for calculating SOA for-
mation, i.e., a complex scheme developed by Knote et al. (2014) and a
simple scheme using a constant γ for aerosols (Ervens and Volkamer,
2010; Volkamer et al., 2007; Washenfelder et al., 2011). We adopted
the complex scheme at first, but the high salt concentration in the aero-
sol water during the heavy haze period likely prevented partitioning of
glyoxal into the liquid phase (Knote et al., 2014), resulting in the largest
GSOA concentration of 0.02 μg m−3. Ultimately, we adopted the simple
scheme, as performed by Xing et al. (2019), and adjusted the value of γ
to 4.0 × 10−4 as recommended by Washenfelder et al. (2011), and the
calculated GSOA contributed ~28.06% of the SOA at the Wangdu site
over the studied period.

To better understand the influence of γ on GSOA concentrations,
simulations with the corresponding values of 2.0 × 10−4, 4.0 × 10−4

and 8.0 × 10−4 were compared, as shown in Fig. S6. The reported
GSOA contribution to SOA was 15–25% (Volkamer et al., 2007; Xing
et al., 2019); thus, the value of 4.0 × 10−4 was adopted in our study.

Fig. 11 displays the production rate of ASOA and the relative contri-
butions of each major ASOA production rate over the two periods of
Nov. 29 to Dec. 3 and Jun. 14 to 18. Summer daytime ASOA production
rates usually reached 4–6 × 107 molec cm−3 s−1 for case 6S and ~1.5
× 107 molec cm−3 s−1 for the base case, while winter daytime ASOA
production rates varied from ~1 × 107 molec cm−3 s−1 on the nonhaze
days (Nov. 29 and Dec. 3) to ~4.5 × 107 molec cm−3 s−1 on the heavy
haze days (Dec. 1 and 2) and could exceed the maximum production
rate on a summer nonhaze day. Although the production rate varied
e event and the summer haze event for the base case and case 6S, and the corresponding
“(e)” in the right panel denotes the corresponding colored lines in the left panel.



Fig. 12. Relative contribution of each volatility set of SOA in the winter heavy haze event (a) and the summer haze event (b) for the base case and case 6S.
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with pollution levels, the relative contribution of each major precursor
showed small variations. During the daytime, xylenes, BIGENE and tol-
uene were the three main precursors of SOA, contributing 41.55%,
32.39% and 20.31% to the SOA production rate for the base case and
42.08%, 30.83% and 21.09% for case 6S, respectively, suggesting that
the six potential HONO sources substantially enhanced the total SOA
production rate; however, the relative contribution of each major pro-
duction rate remained roughly invariable compared with the base
case. The main precursors were similar in the wintertime and summer-
time haze events, although the contributions of BIGALK and benzene
were slightly larger in the summertime haze event than those in the
wintertime heavy haze event.

In addition to concentration, the corresponding volatility of SOAwas
crucial to better understand its formation (Donahue et al., 2006; Karnezi
et al., 2014; Saha et al., 2017; Stark et al., 2017); thus, the relative con-
tribution of each volatility set was calculated in the selected wintertime
and summertime periods for the base and 6S cases, as shown in Fig. 12.
Clearly, wintertime SOA had higher volatility (1 ≤ saturation concentra-
tion (C ∗) ≤ 1000 μg m−3, accounting for ~99%), and the six potential
HONO sources further produced high-volatility SOA for case 6S; while
summertime SOA had lower volatility (C ∗ ≤ 1 μg m−3, accounting for
~75%), the six potential HONO sources facilitated low-volatility SOA for-
mation. Based on the studies of Strader et al. (1999), the fraction of SOA
components in aerosol phase decreased with elevated temperature.
When the temperature is 0–10 °C(wintertime), the SOA fraction is
near 100%, i.e., almost all the oxidized VOCs are directly converted
from gas-phase into the particle-phase and formed SOA, corresponding
to the higher SOA volatility in winter. When the temperature is 35–40
°C(summertime), the SOA fraction is just 25–30% and a large fraction
of the oxidized VOCs are still in gas-phase. Aging processes reduce the
volatility of oxidized VOCs and are favorable for SOA formation, corre-
sponding to the lower SOA volatility in summer.

In our previous study (J. Zhang et al., 2019), the heterogeneous for-
mation of HONO on aerosol surfaces was the largest contributor to the
enhanced SOA among the six potential HONO sources. In this study,
HONO was well correlated with PM2.5 concentrations (Fig. 2) in both
simulations and observations. During the winter heavy haze period, el-
evated PM2.5 effectively enhanced HONO formation, and high concen-
trations of HONO in turn enhanced atmospheric oxidation capacity
and acceleratedHOx cycles by photolysis during the daytime, effectively
promoting SOA formation and further aggravating haze events. Re-
cently, Li et al. (2019) reported that PM2.5 on haze days produced
more OH (1.6–2 times) than on nonhaze days in the BTH region and
found a good correlation between OH and organic carbon; thus, the en-
hanced SOA due to the six potential HONO sources could in turn in-
crease the oxidative potential of PM2.5 and further damage human
health (Dellinger et al., 2001; Kelly, 2003; Li et al., 1996). Although the
SOA concentration was increased by ~100% in the BTH region, a large
discrepancy between the simulated and observed SOA still existed due
mainly to the uncertainty in the emission inventory (J. Li et al., 2018;
J.L. Li et al., 2017; Liu et al., 2012) and the current incomplete formation
mechanisms of SOA.

4. Conclusions

In this study, we focused on assessing the impact of six potential
HONO sources on HOx budgets and SOA concentrations in the BTH re-
gion of China during a winter heavy haze period in 2017. The updated
WRF-Chem model, which coupled the six potential HONO sources,
reproduced the observed HONO concentrations quite well at the
Wangdu site, especially during the daytime, and well simulated the ob-
served regional-meanO3 concentrations in the BTH region. Traffic emis-
sions and NO2 heterogeneous reactions on ground and aerosol surfaces
were the three main HONO sources during the study period, and two
heterogeneous reactions were major daytime HONO sources. The net
HONO contribution to OH was negative when only gas-phase produc-
tion of HONO was considered in the WRF-Chem model (base case).
HONO was the dominant precursor of primary OH in the BTH region
in the studied winter period, and HONO photolysis produced a daytime
averaged OH production rate of 2.59 ppb h−1 on the heavy haze day,
much higher than that of 0.58 ppb h−1 on the nonhaze day. O3 photol-
ysis had a minor contribution to OH. The six potential HONO sources
produced a remarkable enhancement in the major production rates of
HOx (e.g., via HONO photolysis and the reaction of NO with HO2) as
well as the dominant loss rates of HOx (e.g., via the reactions of VOCs
with OH, NO with OH, NO2 with OH and CO with OH) on the winter
heavy haze and nonhaze days, especially on the heavy haze day, but
the relative contribution of each major production and loss rates
remained roughly constant compared with that in the base case. SOA
concentrations were enhanced by 82.29% (from 3.50 to 6.38 μg m−3)
at the Wangdu site due to the six potential HONO sources, and ASOA
(~88%) and GSOA (~12%) were the two main contributors to the SOA
enhancements. Ground SOA in the BTH region was 2–15 μg m−3 when
the WRF-Chem model only contained the gas-phase production of
HONO, whereas ground SOA was enhanced to 5–40 μg m−3

(75–200%) when the WRF-Chem model coupled the six potential
HONO sources. Vertically, the meridional-mean SOA concentration
rarely exceeded 1 μgm−3 before the heavy haze event, and a significant
increase of 2–16 μg m−3 occurred on the heavy haze day due mainly to
the six potential HONO sources. BSOAwas not important in the BTH re-
gion duringwinter due to the limited emissions of BVOCs. ASOAwas the
dominant component of SOA, and the main precursors were xylenes
(42%), BIGENE (31%) and toluene (21%). SOA showed higher volatility
in the winter heavy haze period than in the summer haze period, and
was mainly driven by temperature.
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