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Abstract. Co-occurrences of high concentrations of PM5 5 and ozone (O3) have been frequently observed in
haze-aggravating processes in the North China Plain (NCP) over the past few years. Higher O3 concentrations
on hazy days were hypothesized to be related to nitrous acid (HONO), but the key sources of HONO enhancing
O3 during haze-aggravating processes remain unclear. We added six potential HONO sources, i.e., four ground-
based (traffic, soil, and indoor emissions, and the NO, heterogeneous reaction on ground surface (Hetground))
sources, and two aerosol-related (the NO; heterogeneous reaction on aerosol surfaces (Hetyeroso1) and nitrate
photolysis (Photy;irate)) sources into the WRF-Chem model and designed 23 simulation scenarios to explore the
unclear key sources. The results indicate that ground-based HONO sources producing HONO enhancements
showed a rapid decrease with height, while the NO 4 OH reaction and aerosol-related HONO sources decreased
slowly with height. Photp;iaee contributions to HONO concentrations were enhanced with aggravated pollution
levels. The enhancement of HONO due to Photpjirare On hazy days was about 10 times greater than on clean days
and Photp;irae dominated daytime HONO sources (~ 30 %—70 % when the ratio of the photolysis frequency of
nitrate (Jpiwrate) to gas nitric acid (Juno,) equals 30) at higher layers (>800m). Compared with that on clean
days, the Photpjirate contribution to the enhanced daily maximum 8 h averaged (DMAS) O3 was increased by
over 1 magnitude during the haze-aggravating process. Photyiaee contributed only ~ 5 % of the surface HONO
in the daytime with a Jyjgrate / JHNO, ratio of 30 but contributed ~ 30 %—50 % of the enhanced O3 near the surface
in NCP on hazy days. Surface O3 was dominated by volatile organic compound-sensitive chemistry, while O3 at
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higher altitudes (>800 m) was dominated by NO-sensitive chemistry. Photy;iate had a limited impact on nitrate
concentrations (<15 %) even with a Jyitrate / JHNO, ratio of 120. These results suggest the potential but significant
impact of Photyjiraie On O3 formation, and that more comprehensive studies on Photpjyraee in the atmosphere are

still needed.

1 Introduction

Nitrous acid (HONO) is an important source of the hydroxyl
radical (OH) through its photolysis (Reaction R1), and con-
tributes ~ 20 %—80 % of primary OH production (Alicke et
al., 2002; Hendrick et al., 2014; Kim et al., 2014).

HONO + hv — NO + OH. (R1)

Although 40 years have passed since the first detection
of HONO in the atmosphere (Perner and Platt, 1979), the
sources of HONO (especially daytime) and the dynamic pa-
rameters of HONO formation mechanisms are still not well
understood (Ge et al., 2021). Current air quality models with
the default gas-phase reaction (the reverse reaction of Reac-
tion R1) always significantly underestimate HONO observa-
tions, resulting in low atmospheric oxidation capacity and in
underestimation of secondary pollutants such as ozone (O3)
(Lietal., 2010, 2011; Sarwar et al., 2008; Zhang et al., 2016,
2019a).

HONO sources can be generally classified into three cate-
gories, i.e., direct emissions and homogeneous and heteroge-
neous reactions. Direction emissions are mainly from traffic
(Kramer et al., 2020; Kurtenbach et al., 2001; Liao et al.,
2021), soil (Kubota and Asami, 1985; Oswald et al., 2013;
Wau et al., 2019; Xue et al., 2021), biomass burning (Cui et
al., 2021; Rondon and Sanhueza, 1989; Theys et al., 2020),
and indoor combustion processes (Klosterkother et al., 2021;
Liuetal., 2019; Pitts et al., 1985). The reaction of nitric oxide
(NO) with OH (Pagsberg et al., 1997; Stuhl and Niki, 1972)
is usually thought to be the dominant homogeneous reaction
and is significant during daytime, but may be neglected at
night due to low OH concentrations, other minor homoge-
neous HONO sources including nucleation of NO;,, H,O,
and NH3 (Zhang and Tao, 2010), via the photolysis of ortho-
nitrophenols (Bejan et al., 2006; Chen et al., 2021; Lee et al.,
2016), via the electronically excited NO, and H>O (Crowley
and Carl, 1997; Dillon and Crowley, 2018; Li et al., 2008)
and via HO, *H,O + NO; reaction (Li et al., 2015, 2014; Ye
et al., 2015). The heterogeneous reactions mainly include ni-
trogen dioxide (NO;) hydrolysis and reduction reactions on
various humid surfaces (Finlayson-Pitts et al., 2003; Ge et al.,
2019; Gémez Alvarez et al., 2014; Ma et al., 2013; Marion et
al., 2021; Sakamaki et al., 1983; Tang et al., 2017; W. Yang
et al., 2021) and nitrate photolysis (Photygjiraee) (Romer et al.,
2018; Ye et al., 2016a, b; Zhou et al., 2003), and are usually
considered the main contributors to HONO concentrations in
the atmosphere.
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Among these potential HONO sources, the photolysis of
nitrate to produce HONO in the atmosphere has received ex-
tensive attention over the past few years, and the Photy;irate
frequency (Jnitrate) 18 still debated (Gen et al.., 2022). In lab-
oratory studies, some researchers (Bao et al., 2018; Ye et
al., 2016a, 2017) showed that Photyjyae Was an important
HONO source, the measured Jpigae Was 1-3 orders larger
than the gas nitric acid (HNO3) photolysis frequency (Juno;)
and could reach up to 10~*s~!. Furthermore, a number of
substances including humic acid (Yang et al., 2018), sul-
fate (Bao et al., 2020), and TiO, (Xu et al., 2021) might
enhance the reaction significantly; while Shi et al. (2021)
found that the Jpjtrate/ JHNO, ratio was <10 when using sus-
pended submicron particulate sodium and ammonium nitrate
rather than PM; 5 samples. In field studies combined with
model simulations, Kasibhatla et al. (2018) compared NO,
observations from the Cape Verde Atmospheric Observa-
tory with GEOS-Chem (Goddard Earth Observing System-
Chemistry) model simulations and reported a Jyitrate/ JHNO,
ratio of 25-50; Romer et al. (2018) reported a Jyjrate/ JHNO,
ratio of <30 based on observations of NO, (=NO + NO3)
and HNO3 over the Yellow Sea and a box model simula-
tion, while larger Jyitrate/ JHNO, Tatios (e.g., 300) were in-
consistent with the observed NO, to HNOj3 ratios. Adopting
a Jhitrate/ JHNO, Tatio of ~ 120 could greatly improve day-
time surface HONO simulations (contributed ~ 30 %—40 %
of noontime HONO) by using the Community Multiscale Air
Quality model (CMAQ) in the Pearl River Delta (Fu et al.,
2019) or a box model in the Yangtze River Delta (Shi et al.,
2020), whereas a Jyitrate/ JHNO; ratio of 30 produced neg-
ligible HONO in clean periods (~ 2 %) and slightly higher
HONO in heavy haze periods (~ 8 %) in the North China
Plain (NCP) by using a box model (Xue et al., 2020) and
~ 1 % by using CMAQ in urban Beijing (Zhang et al., 2021).
Recently, Zheng et al. (2020) evaluated the effect of three
Jnitrate / JHNO, ratios (1, 10, and 100) on heterogeneous sul-
fate formation by using CMAQ and large uncertainties of
simulated sulfate concentrations were reported. The most
widely adopted Jyitrate/ JHNO; Tatios were 1-30 or 100-120
with large uncertainties, and thus more efforts are needed to
better understand the Photpjirae impact on atmospheric oxi-
dation capacity and on concentrations of HONO and other
secondary pollutants.

A number of potential HONO sources (e.g., direct emis-
sions, NO; heterogeneous reactions, and Photyjgaee) have
been coupled into several air quality models (An et al., 2013;
Fu et al., 2019; Guo et al., 2020; Li et al., 2010, 2011; Sar-

https://doi.org/10.5194/acp-22-3275-2022



J. Zhang et al.: Amplified role of potential HONO sources in Oz formation in North China Plain

war et al., 2008; Tang et al., 2015; Xu et al., 2006; Zhang et
al., 2019a, b, 2021, 2022; J. Zhang et al. 2020) to improve
HONO simulations. The improved HONO sources can pro-
duce more OH, which is favorable for the formation of O3
(Fu et al., 2019; Guo et al., 2020; Li et al., 2010; Xing et al.,
2019; Zhang et al., 2016, 2019a, 2022). O3 can directly dam-
age plants and threaten human health (Avnery et al., 2011a,
b; Feng et al., 2015, 2019, 2022; Mills et al., 2007, 2018;
Richards et al., 1958; Selin et al., 2009; Wilkinson et al.,
2012; Zhao et al., 2021), and an increasing trend of O3 con-
centrations in China has been widely reported in recent years
(S. Chenetal., 2020; Li et al., 2020; Lu et al., 2020; Ma et al.,
2016; Maji and Namdeo, 2021), making O3 pollution a se-
vere concern. A co-occurrence of high PMj 5 and O3 concen-
trations has been frequently reported in China over the past
few years, with researchers speculating a significant role of
HONO in producing O3 enhancements (Feng et al., 2021; Fu
etal., 2019; Tie et al., 2019; K. Yang et al., 2021). Neverthe-
less, current knowledge on the HONO difference in O3 for-
mation during clean and hazy days is still unclear, especially
the relative contribution of each potential HONO source to
O3 enhancements during haze-aggravating processes with a
co-occurrence of high PM» 5 and O3 concentrations.

In this study, time series of pollutants including HONO,
O3, and nitrate were collected in NCP during 11-31 Octo-
ber 2018, in which high concentrations of PM; 5 accompa-
nied by high O3z concentrations were found at least twice
during haze events. The specific role of each potential HONO
source in O3 formation is explored during these haze events
by coupling the potential HONO sources into the Weather
Research and Forecasting model with Chemistry (WRF-
Chem, Grell et al., 2005). The relative contribution of each
potential HONO source to surface-averaged and vertically
averaged concentrations of HONO and O3 are quantified and
the uncertainty in key potential HONO sources (e.g., Jhitrate)
is discussed, in order to find the key HONO sources result-
ing in O3 enhancements in NCP at different pollution levels
(especially during haze-aggravating processes).

2 Data and methods

2.1 Observation data

The field observation was carried out during 11-31 Oc-
tober 2018, and the observation site was located on the
west campus of Beijing University of Chemical Technol-
ogy (BUCT, 116°18'37"” E, 39°56'56" N) in Beijing. BUCT
is an urban site close to the third ring road of Beijing,
with extensive human activities, including vehicle emis-
sions. Instruments were set up on the fifth floor of the main
teaching building. HONO was measured with a home-made
water-based long-path absorption photometer (Y. Chen et al.,
2020). A dual-channel absorption system was deployed to
subtract the potential interferences, e.g., NO; hydrolysis. A
set of on-line commercial analyzers (Thermo 48i, 42i, 49i,
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43i) was used for measurements of CO, NO,, O3, and SO,.
Specifically, the 42i used a molybdenum NO;-to-NO con-
verter, and there would be an NO, overestimation for the
conversion of HONO, HNO3, or other NO,.. Considering the
relatively lower concentration compared with NO», the im-
pact would be minor. The chemical composition of PMj 5
was analyzed with a Time-of-Flight Aerosol Chemical Speci-
ation Monitor (ToF-ACSM, Aerodyne). ToF-ACSM was de-
veloped by Frohlich et al. (2013) for non-refractory PM3 5
measurement. Details on its usage can be found in Liu et
al. (2020), where ionization efficiency calibration of nitrate
was performed using 300 nm dry NH4NO3 every month dur-
ing the observation period. An online single-photon ioniza-
tion time-of-flight mass spectrometer (SPI-ToF-MS, Hexin)
was used for the detection of a large variety of volatile or-
ganic compounds (VOCs) (Gao et al., 2013). Surface ob-
servations of O3z, NO,, PMj3 5, and PMjp at 95 sites in
NCP were obtained from https://quotsoft.net/air/ (last access:
3 March 2022), issued by the China Ministry of Ecology
and Environment; surface meteorological observations at 284
sites in NCP were taken from the National Climatic Data
Center, China Meteorological Administration (Fig. 1).

Vertical HONO observations were not available during the
period 11-31 October 2018 at the BUCT site, and we there-
fore used the observed vertical HONO concentrations from
Meng et al. (2020) in urban Beijing in December 2016 to
evaluate our simulation of vertical HONO concentrations,
which were also used by Zhang et al. (2021) in their CMAQ
evaluation.

2.2 Model description

The improved WRF-Chem model (version 3.7.1), which in-
cluded six potential HONO sources, i.e., traffic (Eyaffic),
soil (Esil), and indoor (Ejpdoor) €missions, Photyjirate in the
atmosphere, and NO, heterogeneous reactions on aerosol
(Hetaeroso)) and ground (Hetground) surfaces (Zhang et al.,
2019a), was used in this study. Photpjiae Was newly added
in WRF-Chem (Reaction R2) following the work of Fu et
al. (2019), Ye et al. (2017), and Zhou et al. (2003):

pNO3 + hv — 0.67THONO + 0.33NOx. R2)

For Hetaerosol and Hetground, laboratory studies suggest that
these heterogeneous reactions of NO; to HONO are of first
order in NO, (Aumont et al., 2003; Finlayson-Pitts et al.,
2003; Saliba et al., 2000):

NO, — HONO k,, (R3)
NO; — HONO k,. (R4)

The first-order rate constants for aerosol (k,) and ground (kg)
surface reactions are calculated as:

1 S
kaZZXUNozx v (D
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Figure 1. Domains of WRF-Chem used in this study (a), and the locations of one HONO observation site (orange dot in urban Beijing), 95
environmental monitoring (PM» 5, NO; and O3) sites (dark pink dots), and 284 meteorological observation sites (black dots) in domain 2

(b).

kg = ’ (2)

where vno, is the mean molecular speed of NO;, % is the
surface-to-volume ratio for aerosols, y is the reactive uptake
coefficient of aerosols, f is the proportion of deposited NO,
reaching the surface in participating HONO formation, vq is
the dry deposition velocity of NO,, and H is the first model
layer height above the ground (~ 35m). It should be noted
that not 100 % (50 % is commonly accepted) of the partici-
pating NO; could be converted to HONO in Reactions (R3)
and (R4), and thus k, and k; were multiplied by 0.5 in the fi-
nal calculation of HONO heterogeneous formation via NO,.

The two factors y and f were improved from previous
studies (Li et al., 2010; Liu et al., 2014; Zhang et al., 2019a)
and calculated by:

y=5x10—6x<1+%R), )
£ =0.08 x <1+%R>, @)

where SR denotes solar radiation (W m~2), « is an adjusted
parameter and set as 100 (Wm~2), and thus y and f be-
come continuous functions during the whole day (y and f
enhanced by 10 times and reached 5 x 107> and 0.8 when
SR reached 900 W m~2 at noontime, respectively).

The physical and chemical schemes used in this study are
given in Table 1. Two domains were adopted, domain one
contains 82 x 64 grid cells with a horizontal resolution of
81km, and domain two contains 51 x 51 grid cells with a
horizontal resolution of 27 km (Fig. 1), both with 17 verti-
cal layers encompassing from the surface to 100 hPa. The
observational sites are shown in the right panel of Fig. 1, in-
cluding one HONO observation site (the orange dot in urban
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Beijing), 95 observation sites of PM5 5, NO», and O3 (pink
dots), and 284 meteorological monitoring sites (black dots).

The anthropogenic emissions in East Asia in 2010 were
taken from the MIX emission inventory (Li et al., 2017)
(http://www.meicmodel.org/, last access: 3 March 2022), in-
cluding both gaseous and aerosol species, i.e., SOy, NO,,
CO, VOCs, NH3, PM;g9, PM, s, BC, OC, and CO,, and
were provided monthly by five sectors (power, industry, res-
idential, transportation, and agriculture) at a resolution of
0.25° x 0.25°. VOC emissions were speciated into model-
ready inputs according to the MOZART chemical mecha-
nism to build the WRF-Chem emission files. The anthro-
pogenic emissions in China were replaced by employing
the MEIC 2016 (the Multi-resolution Emission Inventory for
China) developed by Tsinghua University. The NH3 emis-
sions in China were from Dong et al. (2010), biomass burn-
ing emissions were from Huang et al. (2012), and biogenic
emissions were calculated using the Model of Emissions of
Gases and Aerosols from Nature (MEGAN) (Guenther et al.,
2012). Due to the sharp reduction in anthropogenic emis-
sions in recent years, the default emission inventory was sys-
tematically overestimated in autumn of 2018, especially for
SO, and PM, 5 concentrations. Based on the comparison of
simulations and observations (the urban Beijing site plus the
other 95 pollutant-monitoring sites in NCP), we cut off 80 %
of SO, emissions, 50 % of NH3 emissions, 30 % of toluene
emissions, and 50 % of PM; 5 and PM ¢ emissions. The cut-
off emissions are largely close to the emission reductions in
east China during the period 2013-2017 (Zhang and Geng,
2019). The revised emissions significantly improved regional
PM; 5 simulations in NCP (Fig. S1), and the simulations of
gases and PM» 5 in urban Beijing (Fig. S2).

The National Centers for Environmental Prediction
(NCEP) 1° x 1° final reanalysis data (FNL) (https://rda.ucar.
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Table 1. Physical and chemical options in WRF-Chem used in this study.

Options

WRF-Chem

Advection scheme
Boundary layer scheme YSU
Cloud microphysics
Cumulus parameterization
Land-surface model Noah
Long-wave radiation RRTM
Short-wave radiation Goddard
Surface layer
Aerosol option
Chemistry option

Photolysis scheme F-TUV

Runge—Kutta 3rd order

Lin et al. (1983)
New Grell scheme

Revised MMS5 Monin—-Obukhov scheme
MOSAIC (Zaveri et al., 2008)
Updated MOZART mechanism (Emmons et al., 2010)

edu/datasets/ds083.2/, last access: 3 March 2022, National
Centers for Environmental Prediction et al., 2000) were used
in this study to obtain the meteorological initial and boundary
conditions every 6 h. The global simulations of MOZART-
4 (https://www.acom.ucar.edu/wrf-chem/mozart.shtml, last
access: 3 March 2022) were used as the chemical initial and
boundary conditions (every 6 h).

In total, 23 simulation scenarios were performed in this
study (Table 2), in which the base case only considered the
default homogeneous reaction (OH 4+ NO — HONO), case
6S contained six potential HONO sources while cases A,
B, C, D, E, and F contained each of the six potential
HONO sources, respectively. The other 15 cases (A_double,
A_half, ... , Nit_120, D_NO,, and D_HONO) were used to
evaluate the uncertainties of the six potential HONO sources
(Table 2). All of the cases were simulated with a spin-up of
7d. Jnitrate and Juno,; denote the photolysis frequency of
nitrate and gas nitric acid in the atmosphere, respectively.
The enhancement factor for F_double was 1.25 instead of
2.0 to avoid the production rate of HONO from NO; reach-
ing the surface exceeding 100 %. The 0.33NO, in D_NO; or
0.67HONO in D_HONO referred to the assumed Photpyjrate
products in Reaction (R2).

3 Results

3.1 Comparison of simulations and observations
3.1.1 Meteorological factors

The statistical metrics of simulated meteorological parame-
ters at 284 sites in NCP including air temperature (7'), rela-
tive humidity (RH), and wind speed (WS) were comparable
with the modeling results reported by other researchers (Ta-
ble 3). The simulated wind direction (WD) bias within 45°
accounted for ~ 56 %, and the bias within 90° accounted for
~ 80 %, suggesting that the simulated WD captured the main
observed WD.

https://doi.org/10.5194/acp-22-3275-2022

3.1.2 Pollutant concentrations at the BUCT site

Time series of the observational data at the BUCT site are
shown in Fig. 2, the gray-shaded periods stand for three haze-
aggravating processes, while the cyan-shaded period denotes
typical clean days. The largest hourly observations of O3
(~50-75 ppb) and PM3 5 (~ 100-200 pg m’3) were both rel-
atively higher on hazy days than on clean days, especially for
the first two haze events (the O3 concentrations in the third
haze event were relatively lower due to the higher NO, con-
centrations in the urban area).

The observed PM5 5 and nitrate trends at the BUCT site
were well simulated (Fig. 2a and b), and NO; simulations
generally agreed with the observations (Fig. 2c). The promo-
tion effect of the six potential HONO sources on the forma-
tion of secondary aerosols leads to an increase in concentra-
tions of PM; 5 and nitrate for case 6S, despite nitrate con-
sumption through Photpiyraee (Li et al., 2010; Qu et al., 2019;
Fu et al., 2019; Zhang et al., 2019a, 2021); detailed nitrate
variation caused by each of the six potential HONO sources
in case 6S is presented in Fig. S3. The overestimation of ni-
trate could be partially caused by the uncertainties in the an-
thropogenic emission inventory, e.g., the overestimation of
NO, emissions (Fig. 2c). The inadequate understanding of
the nitrate formation mechanism could also be related to ni-
trate simulation bias, which was also found in some related
studies using CMAQ (Fu et al., 2019; Zhang et al., 2021).

Hourly and diurnal HONO simulations at the BUCT site
(Figs. 2d and 3a) were significantly improved in the 6S case
(mean of 1.47 ppb) compared with the base case (mean of
0.05 ppb). The normalized mean bias (NMB) was remark-
ably reduced to —14.22 % (6S) from —97.11 % (Base), and
the index of agreement (I0A) was improved significantly to
0.80 (6S) from 0.45 (Base) (Fig. 2d). The underestimation of
the simulated HONO (6S) on 15 and 22 October was mainly
caused by the earlier scavenging of pollutants at the BUCT
site in the model used (Fig. 2a and d).

As for O3, noticeable improvements were found at the
BUCT site after considering the six potential HONO sources,

Atmos. Chem. Phys., 22, 3275-3302, 2022
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Table 2. Simulation scenarios designed in this study.

Case HONO sources

Base Default (OH 4+ NO — HONO)

6S Default + Eyraffic+ Esoilt Eindoor+Photnitrate (Jnitrate/ JHNO; = 30) + Hetaeroso1+ Hetground
A Default + Eypaffic

B Default 4 Eo;

C Default + Ejpdoor
D
E
F

Default + Photyjtrate (Jnitrate/ /] HNO3; = 30)
Default 4 Hetyerosol
Default + Hetground

A_double  Default+ 2 X Eiaffc
A_half Default 4 0.5 X Eaffic
B_double  Default+ 2 x E;

B_half Default + 0.5 x E;1
C_double  Default+2 X Ejndoor
C_half Default + 0.5 x Ejndoor
E_double  Default + Hetyerog01 (2 X )

E_half Default 4+ Hetyeroso1 (0.5 X )

F_double  Default+ Hetgroung (1.25 x f)

F_half Default + Hetgroung (0.5 % f)

Nit_1 Default + Photy¢rate (Jnitrate/ ] HNOj3 = D
Nit_7 Default + Photpigrate (Jnitrate/ 1 HNO3 = 7

Nit_120 Default + Photyrate (Jnitrate/ JHNO; = 120)
D_NO, Only 0.33NO, produced in Photyjyqte for case D
D_HONO  Only 0.67HONO produced in Photy;iate for case D

Table 3. Performance metrics (index of agreement (I0A), RMSE, and MB (mean bias)) of WRF-Chem simulated air temperature, relative
humidity, wind speed, and direction at 284 meteorological sites in the North China Plain during 11-31 October 2018. The definitions of the
metrics used in this study are given in Sect. S1.

10A RMSE MB  Reference
T (°C) 0.97 1.4 —1.1  This work
0.90 2.5 0.2  Wangetal. (2014)
0.90 - —0.9 Wang et al. (2010)
0.88 - 0.5 Lietal. (2012)
- 3.1 0.8  Zhang et al. (2012)
RH (%) 0.90 9.0 —7.1  This work
0.78 16.3 —5.5 Wangetal. (2014)
0.78 - —1.3  Wangetal. (2010)
0.86 - —1.1 Lietal. (2012)
- 174 —5.7 Zhang et al. (2012)
WS (ms~1) 0.48 1.4 1.3 This work
0.56 2.5 1.6 Wang et al. (2014)
0.65 2.1 0.9 Wangetal. (2010)
0.62 1.5 0.6 Lietal. (2012)
- 2.2 1.1  Zhang et al. (2012)
WD Bias 0-45°  45-90° >90°
Count 75701 21500 28075 135276 (Total)

Percentage 5596% 2329% 20.75%
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Figure 2. Comparison of simulated (Base and 6S cases) and observed hourly concentrations of PMj s, nitrate, NO», HONO, and O3 (a—e),
and the hourly enhanced concentrations of O3 (AO3) (f) caused by the six potential HONO sources (6S minus Base) at the BUCT site during
11-31 October 2018.
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especially on hazy days (Fig. 2e and f). The mean bias (MB)
was improved to —3.61ppb (6S) from —7.09 ppb (Base),
and the IOA was improved to 0.86 (6S) from 0.78 (Base)
(Fig. 2e). In particular, the 6S case significantly enhanced
daytime hourly O3 by 15-35ppb compared with the base
case, and the simulated O3 was very close to the observa-
tions on hazy days (Fig. 2e). Larger daytime O3 enhance-
ments were accompanied by higher PM; 5 concentrations
during haze-aggravating processes, while on clean days the
daytime-enhanced O3 due to the potential HONO sources
was mostly <5 ppb (Fig. 2e and f). The diurnal O3 pattern
during the first two haze-aggravating processes is presented
in Fig. 3b. Significant improvements in daily maximum 8h
(10:00-17:59) averaged (DMAS8) O3 (18.8 ppb) occurred at
the BUCT site after considering the six potential HONO
sources, and the NMB of DMAS O3z was remarkably im-
proved to —2.38 % (6S) from —47.14 % (Base).

The relative contribution of each HONO source near the
surface at the BUCT site for the 6S case is shown in Fig. 3d.
Briefly, Hetgroung was the largest source during daytime
and nighttime (~ 50 %-70 %), consistent with the results of
Zhang et al. (2021). Photyigrate (Jnitrate/ JHNO; = 30) and the
NO + OH reaction contributed similarly ~ 1 %—12 % during
daytime. The contribution of Eyqffc Was significant during
nighttime (~ 10 %—20 %) but small during daytime (<5 %).
The contribution of Hetyeros01 to HONO concentrations was
minor (~ 2 %-3 %) during daytime and ~ 6 %—-10 % at night-
time. Eg could be neglected while the contribution of
Eindoor Was close to that of E,ffc in urban Beijing. The rela-
tive contribution of the potential HONO sources in this study
was comparable to the results reported by Fu et al. (2019)
when using CMAQ, except for the contribution of Photpjace
due to the different Jyitrate / JHNO; Tatios (30 in our study and
~ 120 in Fu et al., 2019).

3.1.3 Pollutant concentrations in NCP

The 95-site-averaged hourly simulations and observations
of O3, NO», and PM; 5 during the study period are shown
in Fig. 4. The six potential HONO sources significantly
improved hourly O3 simulations, remarkably enhanced the
daily maximum O3 by ~5-10ppb during 11-25 October,
and by ~ 2—4 ppb during 26-31 October (Fig. 4a and b). The
simulations of NO; agreed well with the observations, and
the mean concentrations were 22.55 (Base), 21.62 (6S), and
20.74 (Obs) ppb (Fig. 4c). The PM, 5 simulations generally
followed the observed PM; 5 trend but were overestimated by
~8ugm™3, with averaged concentrations of 49.94 (Base),
53.30 (6S), and 45.31 (Obs) ugm~— (Fig. 4d), respectively.
The 95-site-averaged diurnal simulations and observations
of O3 are presented in Fig. 3c. Oz simulations showed
a remarkable improvement when the six potential HONO
sources were considered. The six potential HONO sources
produced a mean enhancement of 5.7 ppb in DMAS O3 and
improved the NMB to —7.16 % from —20.32 % at the 95
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sites in NCP. The 95-site-averaged diurnal simulations and
observations of NO, and PM» 5 during the study period are
demonstrated in Fig. S4. NO, simulations generally followed
the observed trend but were underestimated from 04:00 to
16:00 and overestimated after 18:00 (Fig. S4a), PM; 5 sim-
ulations agreed with the observed diurnal pattern but were
overestimated for both cases during the whole day (Fig. S4b).
The relative contribution of each HONO source near the
surface at the 95 NCP sites for the 6S case is shown in Fig. 3e.
Hetgound Was the dominant source during daytime and night-
time (~ 70 %—80 %). Photyitrate (ritrate/ JHNO; = 30) and the
NO + OH reaction nearly equaled and contributed ~ 2 %—
8 % during daytime (~ 5 % on average). The contribution of
Eaffic Was significant during nighttime (~ 10 %—-15 %) but
small during daytime (<3 %). The contribution of Hetaerosol
to HONO concentrations was <3 % during daytime and
<10 % at nighttime. E contributed ~ 3 % at nighttime but
could be neglected at daytime. The contribution of Ejndoor
was too small to be noticed at the 95 NCP sites, implying
that this source was noticeable only in megacities. The rel-
ative contribution of each HONO source in the whole NCP
region (all grid cells in domain two except for the seas) is
presented in Fig. 3f. The results were quite similar to those
of the 95 sites (Fig. 3e), which were representative for the
whole NCP region. To further understand the role of potential
HONO sources in haze-aggravating processes in regional O3
concentrations, the 95-site-averaged surface/vertical HONO
concentrations and their impacts during a typical haze event
(19-21 October) and a clean period (27-29 October) were
analyzed and are presented in the following sections.

3.2 Spatial distribution of enhanced DMA8 O3 by
potential HONO sources

3.2.1 General patterns of enhanced DMA8 O3

Figure S5 shows surface-averaged and zonal-averaged
DMAS8 O3 enhancements due to the six potential HONO
sources in NCP during the study period (11-31 October)
and three haze events (12—-14, 18-21, and 24-25 October).
The overall surface DMAS8 O3z enhancement decreased grad-
ually from south (6-10ppb) to north (2-6 ppb) (Fig. S5a)
and could reach 10-20 ppb under unfavorable meteorological
conditions during haze events (Fig. S5b—d). For the first two
haze events, the anti-cyclone in the Shandong peninsula car-
ried pollutants being transported from the southeastern NCP
to the western (108—112° E) and northern (39—41° N) NCP,
and the six potential HONO sources led to a DMAS8 O3 en-
hancement of 10-20 (Fig. S5b) and 10-15ppb (Fig. S5c)
in Beijing, respectively. For the third haze event, two air
masses converged to form a transport channel from south
to north. The O3 enhancement caused by the six potential
HONO sources reached 10-18 ppb in the southern NCP and
decreased to 6—10 ppb in the northern NCP along the trans-
port channel. Vertically, the DMAS8 O3z enhancements were

https://doi.org/10.5194/acp-22-3275-2022
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Figure 4. Comparison of 95-site-averaged hourly simulations (Base and 6S cases) and observations of O3 (a), NO, (c), PMj 5 (d), and O3
enhancements due to the six potential HONO sources (6S minus Base case) (b) in the North China Plain during 11-31 October 2018.

2-8 ppb during the whole period (Fig. S5e) and increased to
6—12 ppb in these haze events (Fig. S5f-h). The enhanced
O3 near the surface (0—100 m) was slightly smaller than that
at higher altitude (Fig. S5f~h), due mainly to the stronger
titration of O3 by NO near the surface. These results demon-
strate that the six potential HONO sources significantly en-
hanced surface and vertical O3 concentrations in NCP, espe-
cially during haze events.

3.2.2 Enhanced DMAS8 O3 during a typical
haze-aggravating process and a clean period

Figure 5 demonstrates surface-averaged and zonally av-
eraged DMAS8 O3 enhancements due to the six potential
HONO sources in NCP during a typical haze-aggravating
process (19-21 October 2018) and a clean period (27—
29 October 2018). The increasing trend of DMAS8 O3 en-
hancements can be clearly seen from 19 to 21 October
near the surface and in the vertical direction. During the
haze-aggravating process, the surface DMA8 O3 enhance-
ments were ~ 2—10ppb (19 October), ~6—-12 ppb (20 Oc-
tober), and ~ 8-15ppb (21 October), respectively; the ver-
tical DMA8 O3 enhancements were ~4-7ppb (19 Octo-
ber), ~ 6—10 ppb (20 October), and ~ 815 ppb (21 October),
respectively. While during clean days, the surface/vertical
DMAS O3 enhancements were usually <4 ppb. The six po-
tential HONO sources significantly enhanced surface and
vertical O3 concentrations in NCP during haze-aggravating
processes. The detailed role of the potential HONO sources
in vertical HONO concentrations and their impacts are pre-
sented in the next section.

https://doi.org/10.5194/acp-22-3275-2022

3.3 Vertical variations of the six potential HONO
sources and their impacts

3.3.1 Six potential HONO sources and their impacts on
HONO concentrations

A number of studies have conducted vertical HONO obser-
vations abroad (Kleffmann et al., 2003; Ryan et al., 2018;
Sorgel et al., 2011; VandenBoer et al., 2013; Villena et al.,
2011; Wang et al., 2020; Wong et al., 2011, 2012; Zhang
et al., 2009) and in China (Meng et al., 2020; Wang et al.,
2019; Xing et al., 2021; Zhu et al., 2011). A decreasing trend
of HONO with height was mostly observed in these studies,
and our simulations also reproduced this vertical variation
and were comparable to another model simulation by Zhang
etal. (2021), who used CMAQ (Fig. S6). For an in-depth un-
derstanding of the role of each HONO source considered in
HONO concentrations at different heights, we assessed the
contributions of each potential HONO source to HONO con-
centrations at different heights (Fig. 6) during 11-31 Octo-
ber 2018.

Generally, the impacts of ground-based potential HONO
sources (Eiaffic, Esoils Eindoor, and Hetground) on HONO
concentrations decreased rapidly with height, while the
NO+ OH reaction and aerosol-related HONO sources
(Photpigrate and Hetgeroso1) decreased slowly with height
(Fig. 6). During daytime the NO + OH reaction, Photy;rate,
and Hetground Were the three main HONO sources, while
during nighttime E'traffic, Hetaerosol, and Hetgroung were the
three main contributors to HONO concentrations (Fig. 6).
The HONO concentrations via the NO + OH reaction and
Photpitraie Were higher during daytime. The impact of Egqj
in the NCP was small; nevertheless, Xue et al. (2021) found
strong soil HONO emissions in NCP agricultural fields after
fertilization, suggesting that this source may have a signifi-

Atmos. Chem. Phys., 22, 3275-3302, 2022



3284 J. Zhang et al.: Amplified role of potential HONO sources in O3 formation in North China Plain

DMA8 O, enhancements (ppb)

DMAB8 O, enhancements (ppb)
44°N H

42N ot
40°N
38°N

36°N

110°E 112°E 114°E 116°E 118°E 120°E 122°E 110°E||2°E 114°E 116°E 118°E 120°E 122°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E

[EE—— e
0 2 4 6 8 10121518 20 0 2 4 6 8 10121518 20 0 2 4 6 8 10121518 20

DMAB8 O,z enhancements (ppb) Oct 19 DMAB8 Oq4 enhancemems (ppb) Oct 20
0 =1 4000 —

2000
1000
E E E
g 500 3 8
< < =
250
100
50 I n / A 1
34°N 36N 38°N 40N 42°N 34°N 36°N 38°N 40N 42°N 34N 36°N 38N 40°N 42N
123456789101112 1234567 89101112 1234567 89101112

DMAB8 O, enhancements (ppb) DMAB8 O, enhancements (ppb)
44N | \ IR

DMAB8 O, enhancements (ppb)

44°N
42oN [ 42°N
40°N 40°N

h
38°N 38°N

36°N 36°N

34°N

110°E 112°E 114°E 116°E 118°E 120°E 122°E 110°E 112°E 114°E 116°E 118°E 120°E |22°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E

[EmE—— e [EEE—— EeE——
0 2 46 81012151820 02 4 6 81012151820 0 2 4 6 8 10 12 1518 20
DMA8 O, enhancements (ppb) Oct 27 DMA8 O, enhancements (ppb) Oct 28 DMAS8 O, enhancements (ppb) Oct 29
4000
1
1
2000 ; | 2000 F
1
1000 \‘/\) i 1000
1
€ W, | 3 €
g 500 \}j 3 500 3
2 { 2 2
< - < <
250 : 250
1
100 i 100 f |
50 I 50 F A
L . L W L A | -
34°N 36°N 38°N 40°N 42°N 34°N 36°N 38°N 40°N 42°N 34°N 36°N 38°N 40°N 42°N
C T [ T | [ L T o [
1234567 89101112 1234567 89101112 1234567 89101112

Figure 5. Surface-averaged (al-a3, c1-¢3) and zonal-averaged (b1-b3, d1-d3) DMAS8 O3 enhancements due to the six potential HONO
sources in the North China Plain during a typical haze-aggravating process (19-21 October 2018) and a clean period (27-29 October 2018).
The dashed line denotes the latitude of the BUCT site.

cant enhancement on regional HONO and secondary pollu- centrations increased during haze-aggravating processes and
tants in crop-growing seasons. were higher than concentrations on clean days. Hetground Was

The comparison of HONO concentrations/enhancements the dominant source of the surface HONO on both hazy
during a haze-aggravating process and a clean period is and clean days and contributed 80 %—90 % of daytime av-

shown in Figs. 7 and 8. Generally, daytime HONO con- eraged HONO concentrations (Fig. 8); however, this reac-
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above the ground.

tion occurred only on the ground surface, thus its relative
contribution decreased with height, especially during haze-
aggravating processes (Fig. 8). Although the contribution of
the NO + OH reaction to daytime HONO was small near
the surface, its relative contribution to HONO increased with
height, especially on clean days (Fig. 8). As for Photyjirate, @
much larger enhancement was found on hazy days compared
with clean days. On clean days the daytime enhanced HONO
by Photpjiraie Was only 1-3 ppt in general, and its contribu-
tion to daytime HONO was usually <10 %. During the haze-
aggravating process, however, the enhanced HONO concen-
tration by Photpiiaee Was about 10 times higher than that
on clean days and Photy;iae became the dominant HONO
source (~30%-70%) at higher altitude, and both HONO
concentrations and contributions by Photpjate increased with
the air pollution aggravation (Figs. 7a—c, 8a—c). The contri-
butions of direct emission sources were small and decreased
when PM; 5 increased, compared with the heterogeneous re-
actions. Higher concentrations of NOy, nitrate, and PM; 5 fa-
vored heterogeneous formation of HONO, while direct emis-
sion sources were relatively invariable under different pollu-
tion levels.

Our results show that nitrate concentrations increased with
the haze-aggravating processes (Fig. 2b), and as a positive
feedback effect, the elevated nitrate could in turn enhance
HONO formation and further enhance the atmospheric ox-
idation capacity during daytime. Considering Jpjrate 18 still
unclear, sensitivity tests were conducted and are presented in
the discussion section.

https://doi.org/10.5194/acp-22-3275-2022

3.3.2 Enhanced OH and its production rate

Figure 9 demonstrates daytime variations in OH production
(P(OH)) and loss (L(OH)) rates near the surface and in
the vertically averaged layer (from the ground to a height
of 2.5km) at the 95 NCP sites for the Base and 6S cases
during 11-31 October 2018. A significant enhancement of
P/L(OH) can be found near the surface and vertically; the
six potential HONO sources accelerated OH production and
loss rates remarkably near the surface and noticeably in the
vertical layers considered.

Near the surface, daytime P(OH) and L(OH) were sig-
nificantly enhanced by ~320% for the 6S case (mean
was 5.27 ppbh~!) compared with the base case (mean was
1.26 ppb h~1). For the base case, the daytime P(OH) via the
photolysis of HONO and O3 was 0.09 and 0.09 ppbh™!, re-
spectively, while the daytime L(OH) via the NO 4 OH re-
action was 0.11 ppbh~!, and the net contribution of HONO
photolysis to P(OH) was —0.02ppbh~!. After adding
the six potential HONO sources in case 6S, the daytime
P(OH) via the photolysis of HONO and Oz was 1.81
and 0.10 ppbh~!, respectively, the daytime L(OH) via the
NO + OH reaction was 0.48 ppbh~!, and the net contribu-
tion of HONO photolysis to P(OH) reached 1.33 ppbh~!.
HONO photolysis was the main source of the primary forma-
tion of OH, while the secondary formed OH via the reaction
of HO»+NO (3.14 ppbh~!) was the dominant source of the
total OH formation.

Vertically, daytime P(OH) or L(OH) was enhanced by
~ 105 % for the 6S case (mean was 2.21 ppbh™!) compared

Atmos. Chem. Phys., 22, 3275-3302, 2022
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with the base case (mean was 1.08 ppbh~!). For the base sources in case 6S, the daytime P(OH) via the photolysis
case, the daytime P(OH) via the photolysis of HONO and of HONO and O3 and via the HO» + NO reaction was 0.48,
03 was 0.06 and 0.10 ppbh~!, respectively, while the day- 0.12 and 1.52ppbh~!, respectively, the daytime L(OH) via
time L(OH) via the NO+ OH reaction was 0.07 ppbh~!, the NO + OH reaction was 0.15ppbh~!, and the net contri-
and the net contribution of HONO photolysis to P(OH) bution of HONO photolysis to P(OH) was 0.33 ppbh~".
was —0.01 ppbh~!. After coupling the six potential HONO

Atmos. Chem. Phys., 22, 3275-3302, 2022 https://doi.org/10.5194/acp-22-3275-2022
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Figure 9. Diurnal mean variations in OH production (P(OH)) and loss (L(OH)) rates including major production and loss reactions near
the surface and in the vertically averaged layer (from the ground to a height of 2.5 km) at the 95 NCP sites for the Base and 6S cases during

11-31 October 2018.

Figure 10 shows the linear relationships between daytime-
averaged P(OH) and PM»s concentrations and between
daytime-averaged OH and PM; 5 concentrations from the
ground to a height of 2.5km at the 95 NCP sites dur-
ing 11-31 October 2018. Both P(OH) for the two cases
(Base and 6S) and the enhanced P(OH) due to the six po-
tential HONO sources showed a strong positive correlation
(r>0.8) with PM» 5 concentrations at the 95 NCP sites, be-
cause Hetaerosol, Hetground, and Photpiyae Were significantly
increased with the elevated pollution level. The enhanced
P(OH) for the 6S case reached 0.043 ppbh~! per 1 pgm™3
of a PM» s enhancement. Similarly, a high positive corre-
lation (r>0.6) was found between OH and PM, 5 concen-
trations; the OH concentrations and enhancements due to
the six potential HONO sources were both higher on hazy
days than those on clean days, and the enhancement of OH
reached 3.62 x 10* moleccm™ per 1 ugm™3 of PM, 5 for
case 6S. These results are consistent with a recent field study
reported by Slater et al. (2020), who found that the OH ob-
served in haze events was elevated in central Beijing dur-
ing November—December 2016. Furthermore, two observa-
tions confirmed the key role of HONO in producing primary
OH despite the relatively lower photolysis frequency in haze-
aggravating processes (Slater et al., 2020; Tan et al., 2018),
consistent with our simulations (Fig. S7 shows the relation-
ship between surface PM> 5 and photolysis frequencies of
NO,, HONO, and HNO3 in this study).

Figures 11 and 12 show detailed comparisons of P(OH)
and OH enhancements during a haze-aggravating process
and a clean period. It can be seen that both P(OH) and OH
were enhanced on hazy days compared with clean days, and
P(OH) and OH increased with the aggravated haze pollution.
Among the six potential HONO sources, Hetgroung Was the
largest contributor to the enhanced P(OH) and OH near the
surface, but its contribution was relatively stable under dif-
ferent pollution levels and was rapidly reduced with height
on both hazy and clean days; the contribution induced by
Photy;irae Was remarkably increased in haze-aggravating pro-
cesses and was about 10 times higher than that on clean days;
Het,erosol also increased with the pollution levels but with rel-

https://doi.org/10.5194/acp-22-3275-2022

atively small values, while the impact of other three direct
emission sources of HONO was quite small.

3.4 Enhanced DMAS8 O3

Figure 13 demonstrates the linear relationship between
DMAS8 O3 enhancements and daytime PMj 5 concentrations
in each vertical layer and the averaged vertical layer for the
11 layers considered at the 95 NCP sites during 11-31 Oc-
tober 2018. A good correlation (r>0.8) between DMAS8 O3
enhancements and daytime PMj 5 concentrations in the ver-
tical averaged layer (similar reasons for the strong positive
correlation between the enhanced P(OH) and PM, 5 concen-
trations shown above) suggests that the enhanced O3 due to
the six potential HONO sources was larger on polluted days
and increased during the haze-aggravating processes. The en-
hanced DMAS O3 was <2 ppb when PM; 5 was <20 ugm™>
and was >10ppb when PM,5 was >60ugm™> on aver-
age, with a mean DMAS O3 enhancement of 0.24 ppb per
1ug m~3 of PM 5.

Figure 14 shows the 95-NCP-site-averaged DMAS O3
enhancements due to the six potential HONO sources for
a typical haze-aggravating process during 19-21 October
and a clean period during 27-29 October 2018. A signif-
icant enhancement of DMAS8 O3 can be found during the
haze-aggravating process compared with that during clean
days. The enhanced DMAS8 O3 was ~ 5.5 ppb (19 October),
~ 7 ppb (20 October), and ~ 10 ppb (21 October), during the
haze-aggravating process, while it was usually ~ 2 ppb on
clean days.

On clean days, Hetgroung Was the dominant contributor
(~ 1.5-2ppb) to the enhanced DMA8 O3 among the six po-
tential HONO sources; the contribution of Photpyjtrate to the
enhanced DMAS8 O3 was ~0.1-0.4 ppb, while that of the
other four sources was minor. In the comparison between
the haze-aggravating process (19-21 October) and clean
days, the DMAS8 O3 enhancements induced by Hetground
were doubled and reached ~ 3-4 ppb; the contribution of
Photyigrate to the enhanced DMAS O3 substantially increased
and reached ~2-4.5ppb (19 October), ~3—-6ppb (20 Oc-

Atmos. Chem. Phys., 22, 3275-3302, 2022
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Figure 10. The linear relationships between daytime-averaged P(OH) and PMj 5 concentrations (a) and between daytime-averaged OH and
PM; 5 concentrations (b) from the ground to a height of 2.5 km at the 95 NCP sites during 11-31 October 2018.
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Figure 11. The 95-NCP-site-averaged daytime P(OH) for the base case and the enhancements due to the six potential HONO sources for a
typical haze-aggravating process during 19-21 October (a—c) and a clean period during 27-29 October 2018 (d—f). The numbers in black in
the first column of each graph are for Photpjtrate, and the numbers in gray in the second column are for Hetground-

tober),and ~5-10ppb (21 October). Hetyeroso1 Showed an
increasing contribution to the enhanced DMAS8 O3 dur-
ing the haze-aggravating process (~ 0.3 ppb on 19 October,
~0.4ppb on 20 October, and ~ 0.7 ppb on 21 October),
while the impacts of the other three direct emission sources
(Etraffics Esoil, and Ejndoor) on the enhanced DMAS O3 were
minor.

3.5 Vertical variations of O3-NOx-VOC sensitivity

Based on the results presented in the previous section,
Photyjirate significantly enhanced the DMAS8 O3z 10-fold in
the vertical layers considered (especially at elevated heights)

Atmos. Chem. Phys., 22, 3275-3302, 2022

during polluted events, although previous studies have not
fully discussed this. To better understand its role in ver-
tical Oz formation, the O3-NO,-VOC sensitivity was ana-
lyzed by using the P(HyO;)/ P(HNO3) ratio proposed by
Sillman (1995), which is more suitable than the concentra-
tion ratio of HyO,/HNO3 because of the large dry deposi-
tion velocity of the two gases in the troposphere (Sillman,
1995). A transition point of P(H,0,)/ P(HNO3) = 0.35 was
suggested by Sillman (1995); when P(H,0;)/ P(HNO3) was
<0.35, O3 shows VOC-sensitive chemistry (increasing VOC
concentrations can significantly elevate O3 levels) and when
P(H;0,)/ P(HNO3) was >0.35, O3 tends to NO,-sensitive

https://doi.org/10.5194/acp-22-3275-2022
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Figure 13. The linear relationship between DMAS8 O3 enhance-
ments and daytime PMj 5 concentrations in each vertical layer (a)
and the averaged vertical layer for the 11 layers considered (b) at
the 95 NCP sites during 11-31 October 2018.

chemistry (increasing NO, concentrations can significantly
elevate O3 levels).

Figure 15 demonstrates the 95-NCP-site-averaged
P(H0,)/ P(HNO3) ratio at each vertical layer for the
6S case for a typical haze-aggravating process during 19—
21 October and a clean period during 27-29 October 2018.
A clearly opposite O3 sensitivity appeared between the

https://doi.org/10.5194/acp-22-3275-2022

lower layers (VOC sensitive) and the higher layers (NO,
sensitive) on both clean and hazy days, and the transition
point usually appeared at the eighth layer (~ 600-800 m).

The Photpjirae reaction is assumed to produce HONO
and NO, (Zhou et al., 2003; Romer et al., 2018; Gen et
al., 2022). This reaction not only enhances OH concentra-
tions via HONO photolysis, but also directly releases NO,
back into the troposphere. Considering the NO,-sensitive
O3 chemistry at higher layers (>800m), elevating OH and
NO, concentrations are both favorable for O3 formation,
especially in haze-aggravating processes with abundant ni-
trate (detailed vertically enhanced O3 production/loss rates
induced by Photyjraee are shown in Fig. S8).

The specific role of the HONO or NO, produced via the
Photpiirate reaction (Reaction R2) in DMA8 O3 enhance-
ments was further analyzed and is shown in Fig. 16. The
produced NO, and HONO jointly promoted O3 formation
and increased DMAS8 O3 concentrations. From the surface to
~1200m (Level 9), the DMAS8 O3 enhancements for case
D_HONO was ~ 5 times those for case D_NO,, while at
~2000m (Level 11) the DMAS8 O3 enhancements for case
D_HONO was ~ 2 times those for case D_NO,. A balance
exists between the propagation of the free radical intercon-
version cycle and the rate of termination of the cycle for the
O3 formation chemistry (Gligorovski et al., 2015). Consider-
ing the 0.67 and 0.33 yields (ratio of 2) for the two products,
we could conclude that the impact of produced HONO on
O3 enhancements was larger than that of produced NO; near
the surface, while at higher altitude (>2000m) the impacts
of the two products were similar.

Atmos. Chem. Phys., 22, 3275-3302, 2022
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4 Discussion

4.1 \Vertical variations of potential HONO sources

The relative contribution of potential HONO sources near the
surface, corresponding to the first model layer (0 to ~ 35 m)
in our simulation, was quantified in previous modeling stud-
ies (Fu et al., 2019; Xue et al., 2020; Zhang et al., 2021);
however, for those potential HONO sources, their relative
contributions to HONO concentrations near and above the
surface should be different. Based on our results (Figs. 7

Atmos. Chem. Phys., 22, 3275-3302, 2022

and 8), the effects of aerosol-related HONO sources would
be severely underestimated on hazy days when only focused
on surface HONO, especially for Photyirae. Near the sur-
face in NCP, the daytime contribution of Photyjgrate to HONO
concentrations on hazy days was only ~4 %—6 %, but this
source contributed ~ 35 %-50% of the enhanced DMAS
O3 (Fig. 14a—c); above the eighth layer (~800m), this
source contributed ~ 50 %—70 % of HONO concentrations
and ~ 50 %-95 % of the enhanced DMAS8 O3 (Fig. 14a—c).
A recent observation in urban Beijing reported vertical
HONO concentrations from three heights above the ground

https://doi.org/10.5194/acp-22-3275-2022



J. Zhang et al.: Amplified role of potential HONO sources in Oz formation in North China Plain 3291

Products via nitrate photolysis
[ 10.33NO, [_]0.67HONO [ ]0.33NO, + 0.67HONO

Levit F=—— — ' e ' B ]
Levi0 B = | ]
Levd == 1= = ]

Levs =" 1= = ]

Levi == = = ]

Levé =" = = ]

Levs == = = ]

Levd =" M= M= ]

Lev3 =" 1= M= ]

Lev2 F— (a) Oct19 { —— (b) Oct20 { =———=" (c)Oct21

Levl g \ . . s 1 E ! : s === : . . L]

Levi1 E T T T T — T T T 1 E T T T T ™
Lev10 1t 1E .
Levo ¢ 1t 1F :

Lev8 | 1t 1F ]

Lev7 F HF 1F 1

Lev6 } 1t 1F .

Lev5 | 1 1F ]

Lev4 | 1t 1F .

Lev3 } 1 1F ]

Lev2 } (d)Oct27 11 (e)Oct28 1F (f) Oct29

Lev1} . . s s AE . s s 1] . s . . 1]

0 2 4 6 8 100 2 6 8 100 2 4 6 8 10

DMAS8 O, enhancements (ppb) due to nitrate photolysis
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and found that extremely high HONO concentrations oc-
curred at 120m (~ 5ppb) and 240 m (~ 3 ppb) rather than
near the surface (~ 1.2 ppb) during 12:00 on a typical hazy
day (W. Q. Zhang et al., 2020). The observation was un-
usual at noontime under strong convection conditions, in-
consistent with those during most of the previous observa-
tions indicating a HONO decreasing trend with height, espe-
cially with the observational results of Zhu et al. (2011) and
Meng et al. (2020) as well as the simulated results of Zhang
et al. (2021) and our results in Fig. S6 at the same observa-
tional site. The contributions of different HONO sources at
each layer were analyzed by using a box model, but ~ 80 %—
90 % of the noontime HONO at higher layers could not be
explained by the known HONO formation mechanisms (W.
Q. Zhang et al., 2020). The box model neglected the vertical
convection, and thus the ground-related HONO sources had
no contribution to HONO concentrations at the higher layers;
therefore, their HONO simulations were actually underesti-
mated compared with our results and those from the studies
by Wong et al. (2011) and Zhang et al. (2021).

4.2 Uncertainties of Jnmate/J|.”\|o3 ratios and their
impacts

4.2.1  Uncertainties of Jnitrate /JHNO, ratios in DMA8 O3
enhancements

Based on our results, Hetground and Photyjyrae Were the two
major contributors to the enhanced DMAS O3, especially for
Photyjirate On hazy days with higher PM; 5 concentrations.
The uncertainties of Photyyrae (four Jnirate/ JHNO; ratios) in

https://doi.org/10.5194/acp-22-3275-2022

O3 enhancements were analyzed and are shown in Fig. 17
(The uncertainties of Hetground are presented in Sect. S2).
During the haze-aggravating process, the enhanced DMAS
O3 near the surface increased from ~ 0.3 to ~ 0.5 ppb, from
~0.9 to ~2ppb, from ~2 to ~6ppb, and from ~5 to
~ 12 ppb, with the Jpitrate/ JHNO; ratio being 1, 7, 30, and
120, respectively, and the enhanced O3 increased with alti-
tude. On clean days, the impact of Photyjraee On O3 enhance-
ments was small (<1 ppb) even with a Jyjtrate/ JHNO; Tatio of
120.

4.2.2 Uncertainties of Jnitrate /JHNO, ratios in nitrate
concentrations

We found considerable enhancements in O3z concentra-
tions induced by Photpjgate, yet it is still unclear that to
what extent Photyjae could influence nitrate concentra-
tions. The overall nitrate concentrations for the base case
and the nitrate enhancements induced by the potential
HONO sources decreased with rising altitude except for
Photpirae (Fig. S9a). Hetgroung €nhanced nitrate concentra-
tions by ~ 1.5ugm™3 near the surface and the enhance-
ments decreased to <0.5ugm™> above the eighth model
layer (~ 800 m); the nitrate enhancements due to Hetaerosol
and Effc near the surface were ~ 0.2 and ~ 0.1 pg m~3, re-
spectively, and were <0.1 and <0.04 ug m~3 above the sixth
model layer (~ 500 m). For Photpjyate, the overall impact of
four Jhitrate/ JHNO, ratios on nitrate concentrations is shown
in Fig. S9b; a smaller Jyjtrate/ JHNO; ratio of 1 or 7 had a
limited impact on nitrate concentrations of ~ 0-0.05 ugm~3,
a Jhitrate/ JHNO; ratio of 30 slightly decreased nitrate con-

Atmos. Chem. Phys., 22, 3275-3302, 2022
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120) for a typical haze-aggravating process during 19-21 October (a—c) and a clean period during 27-29 October 2018 (d—f).

centrations by ~ 0.2 ug m~3, while the Jyiirate /JHNoO; ratio
of 120 decreased vertical nitrate concentrations by ~ 0.3—
0.8 ug m~3. The relative nitrate changes caused by Photpitrate
were calculated by the differences between four cases of
added Photpiirate (cases Nit_1, Nit_7, D, and Nit_120) and
the base case (Fig. S9c). The vertical nitrate concentrations
were reduced by ~0 %—0.4 % (Jnitrate/ JHNO; = 1), ~ 0 %—
2% (7), ~2 %5 % (30), and ~ 10 %—14 % (120) at the 95
NCP sites, meaning that the Photy;irae impact on vertical ni-
trate concentrations is limited (<5 %) when adopting a rela-
tively small Jyitrate / JHNO; Tatio (<30) (Fig. S9c).

Romer et al. (2018) found a Jhirate/ JHNO; ratio of 10
or 30 had a much larger effect on HONO than on HNO3,
and Photpjirae accounted for an average of 40 % of the to-
tal production of HONO, and only 10 % of HNOs3 loss with
a Jnitrate/ JHNO, ratio of 10 (Fig. 5 in Romer et al., 2018),
consistent with our study. From the production rate of gas
HNO3 (Punos) in Fig. S10, we find that an increase in the
Jnitrate/ JHNO, ratio for Photyjgrare Simultaneously enhances
the HNOj3 production rate, and is favorable for nitrate forma-
tion via the reaction between HNO3; and NHj. Nitrate con-
sumption is mitigated by the faster nitrate formation, and this
is the main reason for less perturbation of the nitrate budget
influenced by Photyirate-

Figure 18 shows the detailed relative changes of nitrate
caused by Photyirae during a typical haze-aggravating pro-
cess and a clean period (corresponding concentrations are
shown in Fig. S11). The percentage nitrate reduction was
usually smaller on hazy days than on clean days, mainly
due to the slightly weaker photolysis frequency during pol-
lution events (Fig. S7). The nitrate reduction was <5 %
when adopting a Jhiwate/ JHNO, ratio of 30 on both clean

Atmos. Chem. Phys., 22, 3275-3302, 2022

and hazy days and was <15 % in most cases even when the
Jnitrate / JHNO, ratio reached 120.

4.2.3 Possible ranges of the Jpitrate /JHNO, ratio

From the above discussion, we find that the enhanced OH and
O3 due to Photy;iraee are significant during haze-aggravating
processes, and the exact value of the Jyjtrate/ JHNO; Tatio re-
quires more study.

Figure 19 shows the diurnal patterns of surface-averaged
and vertically averaged simulations of the Photyjqaee fre-
quency with four different Jyjgrate/JHNO, Tatios at the 95
NCP sites during the study period. The Photgjraee fre-
quency at 12:00 was 3.7 x 10_7, 2.6 x 10_6, 1.1 x 1073, and
45x 1073 s~ when adopting a Jpjtrate/ JHNO; Tatio of 1, 7,
30, and 120, respectively. The corresponding vertically av-
eraged Photyirae frequency was slightly larger (~ 10 %) and
was4.2x 1077,29 x 1076, 1.3 x 107, and 5.0 x 1079 s~ !,
respectively. Adopting a Jyitrate/ JHNO; Tatio of 30 in the 6S
case, with the corresponding Jpjgraee Of 1.1-1.3 X 107551,
produced ~ 30 %—50 % of the enhanced O3 near the surface
on hazy days (Fig. 14), and ~ 70 %—-90 % of the enhanced O3
at higher layers (>800m).

The reported values of Jyjrae from previous studies are
summarized in Table 4. The experimental Jyjiraee Values have
been controversial over the past two decades and are still be-
ing debated. In our simulations for the 6S case, Photpjyate
contributed from ~ 1 % (clean days) to ~ 5 % (hazy days) to
surface HONO during daytime when using the Jyitrate / JHNO,
ratio of 30 in NCP, consistent with <8 % at a rural site
in NCP reported by Xue et al. (2020) and ~1% in ur-
ban Beijing reported by Zhang et al. (2021) using the same

https://doi.org/10.5194/acp-22-3275-2022
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ratio; however, the increasing contribution of Photyjirate to
HONO concentrations with rising altitude based on our sim-
ulations (Figs. 7 and 8) has not been discussed in previous
research. Furthermore, we found that the overall Photy;irate
impact on OH and O3z would be severely underestimated if
the Photpiiqate contribution to vertical HONO was excluded.
A larger Jyjware/ JHNO, ratio of 120 for Photyigrate (4.5—
5.0x 1073 s~ at 12:00) produced ~ 25 %-30% of noon-
time HONO in NCP in our study (Fig. S12), compara-
ble to 30 %—40 % in previous modeling studies (Fu et al.,
2019; Shi et al., 2020) when using the Jyitrate/ JHNO, Tatio
of 118.57 (8.3 x 1073/7 x 10~7). In haze-aggravating pro-
cesses, the contribution of Photyiirate (Jnitrate/ JHNO; = 120)
to the DMAS8 O3 enhancements reached ~ 5—10 ppb near the

https://doi.org/10.5194/acp-22-3275-2022

surface and ~ 8-20 ppb above the 10th model layer (Fig. 17),
these enhancements were extremely large. In a previous
modeling study by Fu et al. (2020), the daytime surface O3
simulations were systematically overestimated by ~ 5 ppb in
NCP in winter (Fig. S4 in Fu et al., 2020); the inclusion of
Photyitrate (Jnitrate/ JHNO; = 118.57) in their study might have
caused the overestimation. From the above, a Jyjwate/ JHNO,
ratio of 120 or a Jyjtrare value of ~4-5 x 1075 s 1 is possibly
overestimated. When adopting the maximum Jyjiraee Value of
10~%s~! reported by Ye et al. (2016a) and Bao et al. (2018),
we reasonably speculate that O3 simulations will be signifi-
cantly overestimated, especially at higher altitude with NO,.-
sensitive O3 chemistry (Fig. 15).

Atmos. Chem. Phys., 22, 3275-3302, 2022
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Table 4. Summary of studies on the nitrate photolysis frequency (Jpjtrate) (JHNO; denotes the photolysis frequency of gas HNO3).

Experimental conditions

Main conclusion

Reference

HNO3 absorbed on Pyrex surface

Jhitrate (1.2 X 1073 571 is 1-2 orders of magnitude faster than in the gas and aque-
ous phases.

Zhou et al. (2003)

Atmosphere simulation chamber

Jnitrate ON snow, ground, and glass surfaces can be excluded in the chamber.

Rohrer et al. (2005)

HNO3 absorbed on glass surface

Photolysis frequency of surfaces adsorbed HNOj3 is >2 orders of magnitude larger
than JyNo,-

Zhu et al. (2008)

Urban grime-coated surface

Jhitrate (1.2 X 1073571y is 4 orders of magnitude faster than in water 1077571,

Baergen and
Donaldson (2013)

Various natural/artificial surfaces

Jhitrate ranges from 6.0 x 107010 3.7 x 10~*s~ 1, 1-3 orders of magnitude higher
than JyNo,

Ye et al. (2016a)

Adsorbed HNO3 on glass surfaces

Photolysis frequency of surfaces adsorbed HNO3 (2.4 x 1077 s s very low.

Laufs and
Kleffmann (2016)

Aerosol filter samples

Jhitrate ranges from 6.2 x 107010 5.0 x 107%s~! with a mean of 1.3 x 1074 s~ 1.

Ye et al. (2017)

Nitrate aerosol in the MBL

Jnitrate 18 ~ 10 times higher than JyNO;-

Reed et al. (2017)

PMj 5 in Beijing

Jnitrate (1.22 x 1075 t0 4.84 x 10~%s~1) is 1-3 orders of magnitude higher than
JHNO;-

Bao et al. (2018)

Sea-salt particulate nitrate

Jhitrate 18 2550 times higher than JyNo,-

Kasibhatla et al. (2018)

Particles collected on filters

Jnitrate 18 < 30 times JYNO;-

Romer et al. (2018)

CMAQ simulation

Nitrate photolysis contributed ~ 30 % of noontime HONO with a Jyjtrate/ JHNO;
ratio of ~ 120.

Fu et al. (2019)

CMAQ simulation

A Jnitrate/JHNO; ratio of 100 improved sulfate simulations better than a
Jnitrate/]HN03 ratio of 10.

Zheng et al. (2020)

MCM Box model

Nitrate photolysis contribution to HONO was <8 % with a Jyjgrate/ JHNO; 1atio of
30.

Xue et al. (2020)

MCM Box model

Nitrate photolysis contributed ~40 % of noontime HONO with a Jyjtrate/ JHNO;
ratio of ~ 120.

Shi et al. (2020)

Smog chamber

The Jpitrate/ JHNO, ratio was <10 for suspended submicron NaNO3 and NH4NO3.

Shi et al. (2021)

CMAQ simulation

Nitrate photolysis contribution to surface HONO was ~ 1.0 % with a Jyjtrate / JHNO5
ratio of 30.

Zhang et al. (2021)

WREF-Chem simulation

The relative contribution of nitrate photolysis to HONO increased with rising alti-
tude, and nitrate photolysis contributed to the enhanced O3 much more in the ABL
than near the surface. On average, nitrate photolysis contributed ~ 5 % of surface
daytime HONO with a Jyjgrate / JHNO; Tatio of 30 (~ 1 x 1073 s~ 1) but contributed
~ 30 %-50 % of the enhanced O3 near the surface in NCP on hazy days.

This study

MBL: marine boundary layer; ABL: atmospheric boundary layer.

Romer et al. (2018) and Kasibhatla et al. (2018) suggested
that a Jhitrate/ JHNO, ratio of 30 or smaller would be more
suitable, being about the minimum value reported by Ye et
al. (2016a) and Bao et al. (2018). This ratio has shown sig-
nificant influence on the O3 simulations in haze-aggravating
processes in this study. The lack of photo-catalyzer in sus-
pended submicron particulate sodium and ammonium nitrate
may cause a lower Jyitrate/ JHNO, Tatio (<10), as reported by
Shi et al. (2021), and thus more chamber experiments need to
be conducted by using the particles collected in the real atmo-
sphere. Choosing a larger Jyiirare Value might cover up other
ground-based unknown HONO sources, creating an illusion
of good model simulations of daytime HONO, but resulting

Atmos. Chem. Phys., 22, 3275-3302, 2022

in an overestimation of O3 concentrations. Considering the
uncertainties of NO, or VOC emissions, which also signifi-
cantly impact O3 simulations, more studies are needed to find
the exact value of Jyjiraee in the real atmosphere.

4.3 Interactions between heterogeneous HONO
sources

Form the comparison of nitrate budget induced by the six
potential HONO sources in Figs. S3 and S9, we find that
Hetground led to a significant increase in nitrate concentra-
tions. In the real atmosphere, the NO, heterogeneous re-
actions and the Photpjyae reaction occur simultaneously,

https://doi.org/10.5194/acp-22-3275-2022
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Figure 20. Comparison of 95-site-averaged simulations of NOy
concentrations for the base case and four cases with different
Jhitrate/ JHNO; Tatios (1, 7, 30, and 120) (a), and the correspond-
ing NO, variations (b) compared with the base case in the North
China Plain during 11-31 October 2018.

whereas the sensitivity tests considered only one specific
HONO source for each case and neglected their interac-
tions, leading to the underestimation of the Photyjiae im-
pact to some extent. When this is taken into consideration,
the Photy;iraee impact on atmospheric oxidants and secondary
pollutants would be even larger, especially during the haze-
aggravating process.

Photyjgraee Would in turn change NO, concentrations to
some extent. From the 95-site-averaged NO; concentrations
shown in Fig. 20, we find that Photyiyqee slightly increased
NO, concentrations on hazy days. The elevated NO, con-
centration could enhance HONO formation via the NO, het-
erogeneous reactions; nevertheless, due to the high back-
ground NO; concentrations in NCP (up to ~ 40 ppb at night-
time), the increment of NO, and the enhanced HONO forma-
tion from NO» caused by Photyirae Were small (<10 %), but
might have a larger impact on NO, budgets in clean regions.
From the above, a positive feedback relationship between the
NO; heterogeneous reactions and the Photy;irae reaction was
found, and these multi-processes worsen the air quality dur-
ing haze-aggravating processes.

5 Conclusions

In this study, three direct emission sources, the improved
NO; heterogeneous reactions on aerosol and ground sur-
faces, and particulate nitrate photolysis in the atmosphere
were included in the WRF-Chem model to explore the key
HONO sources producing Oz enhancements during typical
autumn haze-aggravating processes with co-occurrence of
high PM> 5 and O3 in NCP. The six potential HONO sources
produced a significant enhancement in surface HONO sim-
ulations and improved the mean HONO concentration at the
BUCT site to 1.47 ppb from 0.05 ppb (improved the NMB

https://doi.org/10.5194/acp-22-3275-2022
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to —14.22% from —97.11 % and the IOA to 0.80 from
0.45). The improved HONO significantly enhanced the at-
mospheric oxidation capacity near the surface and at ele-
vated heights, especially on hazy days, resulting in rapid for-
mation of and significant improvements in O3 during haze-
aggravating processes in NCP. Although the photolysis fre-
quency is usually lower during hazy days, higher concentra-
tions of NO,, PM; 5, and nitrate favored HONO formation
via heterogeneous reactions, leading to stronger atmospheric
oxidation capacity. The major results include:

1. For the surface HONO in NCP, Hetgroung Was the largest
source during daytime and nighttime (~ 50 %-80 %);
the contribution of Photpiyrate (Jnitrate/ JHNO; = 30) to
surface HONO concentrations was close to that of
the NO 4 OH reaction during daytime (~ 1 %-12 %)
and was ~5 % for daytime average; the contribution
of Eyaic Was important during nighttime (~ 10 %-—
20 %) but small during daytime (<5 %); the contribu-
tion of Hetaerosol Was minor (~2 %-3 %) in the day-
time and <10 % at nighttime; the contribution of Eggj
was <3 %, and Ejngoor could be neglected. Vertically,
the HONO enhancements due to ground-based potential
HONO sources (Egaffic, Esoils Eindoor, and Hetground)
decreased rapidly with height, while the NO + OH re-
action and aerosol-related HONO sources (Photpyitrate
and Hetgaerosol) decreased with height much slower. The
enhanced HONO due to Photyiiraee On hazy days was
about 10 times larger than on clean days and be-
came the dominant HONO source (~ 30 %-70 % when
Jnitrate/ JHNO; = 30) at higher layers, and both HONO
concentrations and Photyjirate contributions increased
with the aggravated pollution levels.

2. Near the surface, daytime OH production/loss rates
were significantly enhanced by ~320% for the 6S
case (mean of 5.27 ppbh~!) compared with the base
case (mean of 1.26 ppbh~!); vertically, daytime OH
production/loss rates were enhanced by ~ 105 % for
the 6S case (mean of 2.21ppbh™!) compared with
the base case (mean of 1.08 ppbh~!). The enhanced
OH production rate and OH due to the six potential
HONO sources both showed a strong positive corre-
lation with PMj 5 concentrations at the 95 NCP sites,
with a slope of 0.043 ppbh~! per 1 uygm=3 of PM> 5 and
3.62 x 10* molec cm 3 per 1 uygm—3 of PM 5 from the
surface to the height of 2.5 km for case 6S, respectively.
The atmospheric oxidation capacity (e.g., OH) was en-
hanced in the haze-aggravating process.

3. A strong positive correlation (» >0.8) between enhanced
O3 by the six potential HONO sources and PM» 5 con-
centrations was found in NCP, and nitrate photoly-
sis was the largest contributor to the enhanced DMAS
O3 on hazy days. Vertically, the enhanced DMAS
O3 was <2ppb when PM, s was <20 g m—3, and it
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was >10ppb when PM, s was >60ugm™> on aver-
age, with a slope of 0.24 ppb DMAS8 O3z enhancement
per 1ugm™ of PMys. The surface-enhanced DMAS
O3 was ~5.5ppb (19 October), ~7ppb (20 Octo-
ber), and ~ 10 ppb (21 October) during a typical haze-
aggravating process, while it was usually ~2ppb on
clean days. The contribution of Photpjyae to the en-
hanced DMAS O3 was increased by over 1 magnitude
during the haze-aggravating process (up to 5-10 ppb)
compared with that on clean days (~ 0.1-0.5 ppb), and
reached ~2-4.5ppb (19 October), ~ 3-6 ppb (20 Oc-
tober), and ~5-10ppb (21 October) during a typical
haze-aggravating process vertically.

4. Surface O3 was controlled by VOC-sensitive chemistry,
while O3 at higher altitude (>800 m) was controlled by
NO,-sensitive chemistry in NCP during autumn. The
nitrate photolysis reaction enhanced OH and NO, con-
centrations, and both favored O3 formation at high al-
titude, especially in haze-aggravating processes with
abundant nitrate. The produced HONO rather than the
produced NO; through nitrate photolysis had a stronger
promotion of O3 formation near the surface, but the im-
pacts of the two products on Oz enhancements were
similar at higher altitude (~ 2000 m).

5. Nitrate photolysis only contributed ~ 5 % of the surface
HONO in the daytime with a Jyitrate/ JHNO, Tatio of 30
(~1x 1072 s~ 1) but contributed ~ 30 %—-50% of the
enhanced O3 near the surface in NCP on hazy days. The
photolysis of nitrate had a limited impact on nitrate con-
centrations (reduced by <5 % with Jpitrate/ JHNO; = 30,
and <15% even with a Jyjtrae/ JHNO, ratio of 120),
due mainly to the simultaneously enhanced atmospheric
oxidants favoring the formation of HNO3 and nitrate.
Choosing a larger Jpiirate value might cover up other
ground-based unknown HONO sources, but overesti-
mate vertical sources of HONO as well as NO,, and O3
concentrations; thus, more studies are needed to find the
exact value of Jyjrate in the real atmosphere.
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