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Abstract:

Co-occurrences of high concentrations of PMzs and ozone (Os3) have been
frequently observed in haze aggravating processes in the North China Plain (NCP)

over the past few years, Higher O3 concentrations jn hazy days were supposed 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,

j.e., four ground-based (traffic, soil, and indoor emissions, and the NO> heterogeneous

reaction on ground surface (Hetgound))_sources, and two aerosol-related (the NO»

heterogeneous reaction on aerosol surfaces (Hetacroso) and nitrate photolysis

(Photaitrate)), sources_into the WRF-Chem model and designed 23_simulation scenarios
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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+OH reaction and aerosol-related HONO sources decreased slowly with height.

Photnitaee contributions to HONO concentrations enhanced with aggravated pollution
levels, the enhanced HONO due to Photnitrate in hazy days was about fen times larger
than in clean days and Photyiwae dominated daytime HONO sources (~30-70% when
the ratio of the photolysis frequency of nitrate (Jniwrate) to gas nitric acid (Junos) equals
30) at higher layers (>800 m). Compared with that in clean days, the Photuitate
contribution to the enhanced daily maximum 8-h averaged (DMAS) O3 was increased
by over one magnitude during the haze aggravating process. Photnitae contributed
only ~5% of the surface HONO in daytime with a Jniwae/Juno3 ratio of 30 but
contributed ~30-50% of the enhanced O3 near the surface in NCP in hazy days.
Surface O3 was dominated by volatile organic compounds-sensitive chemistry, while
O3 at higher altitude (>800m) was dominated by NOy-sensitive chemistry. Photuitrate

had a limited impact on nitrate concentrations (<15%) even with a Jnjwaie/JHNo3 ratio of

120. The above results suggest the potential but significant impact of Photpitraee 0n O
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formation, and that more comprehensive studies on Photimaic_in the atmosphere are

still needed.

1. Introduction

Nitrous acid (HONO) is an important source of the hydroxyl radical (OH) through
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its photolysis (R1), and contributes ~20-80% of the primary OH production (Alicke
et al., 2002; Hendrick et al., 2014; Kim et al., 2014).
HONO + hv - NO + OH (R1)
Although it has passed forty years since the first detection of HONO in the
atmosphere (Perner and Platt, 1979), the sources of HONO (especially daytime) and
the dynamic parameters of HONO formation mechanisms are still not well understood

(Ge et al., 2021), The current air quality models with the default gas-phase reaction

(the reverse reaction of R1) always severely underestimate HONO observations,
resulting in low atmospheric oxidation capacity and underestimation of secondary
pollutants like ozone (O3) (Li et al., 2010, 2011; Sarwar et al., 2008; Zhang et al.,
2016, 2019a).

HONO sources can be generally classified into three categories, i.e., direct
emissions, homogeneous and heterogeneous 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; Wu 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; Liu et al., 2019; Pitts et

al., 1985). The reaction of nitric oxide (NO) with OH_(Pagsberg et al., 1997; Stuhl and

Niki, 1972) is usually thought as the dominant homogeneous reaction and is important
during daytime but could be neglected at night due to low OH concentrations, other

minor homogeneous HONO sources including nucleation of NO,, HoO, and NHj3

{ Deleted: ,

{ Deleted: t

- [Formatted: Subscript

(Zhang and Tao, 2010), via the photolysis of ortho-nitrophenols (Bejan et al., 2006;

- [Formatted: Subscript

{ Formatted: Subscript

A




108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Chen et al., 2021; Lee et al., 2016), via the electronically excited NO» and H,O
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HO, HoO+NO, reaction (Li et al., 2015; Li et al., 2014; Ye et al., 2015). The
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heterogeneous reactions mainly include nitrogen dioxide (NO2) hydrolysis and
reduction reactions on various humid surfaces (Finlayson-Pitts et al., 2003; Ge et al.,
2019; Goémez Alvarez et al., 2014; Ma et al., 2013; Marion et al., 2021; Sakamaki et

al., 1983; Tang et al., 2017; Yang et al., 2021b) and nitrate photolysis (Photpiya)
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(Romer et al., 2018; Ye et al., 2016a, b: Zhou et al., 2003), and are usually thought as

the main contributors to HONO concentrations in the atmosphere.
Among those potential HONO sources, the photolysis of nitrate to produce HONO
in the atmosphere has received extensive attention over the past several years, and the

Photiirace frequency (Jnitrate) is still argued (Gen et al.., 2022), In the laboratory studies,

some researchers (Bao et al., 2018; Ye et al., 2016a, 2017) showed that Photitrac Was

an important HONO source, the measured Jninate Was 1-3 orders larger than the gas
nitric acid (HNO3) photolysis frequency (Junos) and could reach up to 10 57!, and a
number of substances including humic acid (Yang et al., 2018), sulfate (Bao et al.,
2020) and TiO> (Xu et al., 2021) might enhance the reaction significantly; while Shi et
al. (2021) found that the Jnitrate/JrNo3 Tatio was <10 when using suspended submicron
particulate sodium and ammonium nitrate rather than PM>s samples. In the field
studies combining with model simulations, Kasibhatla et al. (2018) compared NOx
observations in Cape Verde Atmospheric Observatory with GEOS-Chem (Goddard

Earth Observing System-Chemistry) model simulations and reported a Jitrate/JHNO3
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ratio of 25-50, Romer et al. (2018) reported a Jnirate/JHNO3 Tatio of < 30 based on
observations of NOx (= NO + NO) and HNOs3 over the Yellow Sea and a box model

simulation, while larger Jnitrate/Janos ratios (e.g., 300) were, inconsistent with the

observed NOy to HNO, ratios. Adopting a Jnitrate/Juno3 1atio of ~120 could greatly

improve daytime 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), while a Jnitrate/Juno3 ratio of 30 produced negligible 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 jn
urban Beijing (Zhang et al., 2021). Recently, Zheng et al. (2020) evaluated the effect
of three Jniwate/JuNno3 ratios (1, 10 and 100) on heterogeneous sulfate formation by
using CMAQ and large uncertainties of simulated sulfate concentrations were

reported, The mostly adopted Jnitrate/Jinos_ratios were 1-30 or 100120 with large

uncertainties, so more efforts are needed to better understand the Photpiiaic impact on

atmospheric oxidation capacity and concentrations of HONO and other secondary

pollutants,

A number of potential HONO sources (e.g., direct emissions, NO> heterogeneous

reactions and, Photuitaic) 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; Sarwar et al., 2008; Tang
et al., 2015; Xu et al., 2006; Zhang et al., 2019a, 2019b, 2020a, 2021, 2022) to

improve HONO simulations. The improved HONO sources can produce more OH,
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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 damage
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), an increasing trend of O3 concentrations in China has

been widely reported in recent years (Chen et al., 2020a; Li et al., 2020; Lu et al.,
2020; Ma et al., 2016; Maji and Namdeo, 2021), and made O3 pollution be a severe
concern. A co-occurrence of high PMas and O3 concentrations has been frequently
found in China over the past few years, researchers speculated the significant role of
HONO in producing O3 enhancements (Feng et al., 2021; Fu et al., 2019; Tie et al.,

2019; Yang et al., 2021a). Nevertheless, the current knowledge on the HONO

difference in O3 formation during clean and hazy days is still unclear, gspecially the
relative contribution of each potential HONO source to O3 enhancements during haze
aggravating processes with a co-occurrence of high PM2 s and O3 concentrations,

In this study, time series of pollutants including HONO, O3, and nitrate were
collected in NCP in Oct.11-31 of 2018, in which high concentrations of PMas
accompanying by high O3 concentrations were found at least twice in haze events,

The specific role of each of potential HONO sources jn O3 formation will be explored

during these haze events by coupling these potential HONO sources into the Weather

Research and Forecasting model with Chemistry (WRF-Chem). The relative

contribution of each potential HONO source to surface-averaged and

vertically-averaged concentrations of HONO and O; will be quantified and the
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uncertainty in key potential HONO sources (e.g., Jnitate) Will be discussed, in order to
find the key HONO sources resulting in O3 enhancements in NCP in different

pollution levels (especially during haze aggravating processes).

2. Data and methods

2.1 Observed data

The field observation was carried out during October 11-31, 2018, and the
observation site was located in the west campus of Beijing University of Chemical
Technology (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 large human activities, including vehicle

emissions. Instruments were set on the 5 floor of the main teaching building. HONO
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was measured with a home-made water-based long-path absorption photometer (Chen

et al., 2020b)._A dual-channel absorption system was deployed to subtract the
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performed using 300 nm dry NHsNO3 every month during the observation. An online

Single Photon Ionization Time-of-Flight Mass Spectrometer (SPI-ToF-MS, Hexin)
was used for the detection of a large variety of volatile organic compounds (VOCs)
(Gao et al., 2013). Surface observations of O3, NO2, PM25 and PMjo at 95 sites in

NCP were obtained from https:/quotsoft.net/air/, 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).

The vertical HONO observations were not available during the Oct.11-31 of 2018
at the BUCT site, we used the observed vertical HONO concentrations from Meng et

al. (2020) jn urban Beijing in December of 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 (version 3.7.1), which contained six potential HONO

sources, i.e., traffic (Euafiic), $0il (Esoit), and indoor (Eindoor) emissions, Photpiuace in the

atmosphere, and NO; heterogeneous reactions on aerosol (Hetaerosol) and ground
(Hetground) surfaces (Zhang et al., 2019a), was used in this study. Photniwae Was newly
added in WRF-Chem (R2) following the work of Fu et al. (2019), Ye et al. (2017),
and Zhou et al. (2003):

pNO; + hv > 0.67HONO + 0.33N0,  (R2)
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The physical and chemical schemes used in this study are given in Table 1. Two
domains were adopted, domain one contains 82x64 grid cells with a horizontal
resolution of 81 km, domain two contains 51x51 grid cells with a horizontal
resolution of 27 km (Fig.1), both with 17 vertical layers encompassing from the
surface to 100 hPa. The observational sites are shown in the right panel of Fig.1,
including one HONO observation site (the orange dot in urban Beijing), 95
observation sites of PMz.s, NO2 and O3 (pink dots) and 284 meteorological monitoring

sites (black dots).

i cations Altitude(m
BUE  WUE WU WUE  WOUE WUUE TUUE TOUE  WOTE  TSUUE ) Site locations (m)

P Domains
do1 [ Fomains jo )

o

\

p=rs
L\g\ .

GO

oN
0o

TN
270N

wony

@ 100N

[ EEmE. L
0 50 100 200 500 1000 1500 2000

Figure 1 Domains of WRF-Chem used in this study (left panel), and the locations of one HONO
observation site (the orange dot in urban Beijing), 95 environmental monitoring (PMz s, NO, and
03) sites (deep pink dots), and 284 meteorological observation sites (black dots) in domain 2 (right

panel).

The anthropogenic emissions in East Asia in 2010 were taken from the MIX
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emission inventory (Li et al., 2017) (http://www.meicmodel.org/), including both

gaseous and aerosol species, i.e., SO2, NOy, CO, VOCs, NH3, PM1, PM25, BC, OC
and COgz, and were provided monthly by five sectors (power, industry, residential,
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 mechanism to
build the WRF-Chem emission files. The anthropogenic emissions in China were
replaced by employing the MEIC 2016 (the Multi-resolution Emission Inventory for
China) developed by Tsinghua University. The NH3 emissions in China were from
Dong et al. (2010), biomass burning 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
of anthropogenic emissions in recent years, the default emission inventory was
systematically overestimated in autumn of 2018, especially for SO, and PMa;s
concentrations. Based on the comparison of simulations and observations (the urban
Beijing site plus 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 s and
PMio emissions. The cut-off emissions are largely close to the emission reductions in
east China during 2013 to 2017 (Zhang and Geng, 2019). The revised emissions
significantly improved regional PMys simulations in NCP (Fig.S1), and the
simulations of gases and PMz s in urban Beijing (Fig.S2).

The National Centers for Environmental Prediction (NCEP) 1° x 1° final
reanalysis data (FNL) (https://rda.ucar.edu/datasets/ds083.2/) were used in this study
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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)

were used as the chemical initial and boundary conditions (every 6 h).

Tablel Physical and chemical options in WRF-Chem used in this study
Options WRF-Chem
Advection scheme Runge-Kutta 3/ order

Boundary layer scheme YSU
Cloud microphysics Lin et al. (1983)
Cumulus parameterization New Grell scheme

Land-surface model Noah

Long-wave radiation RRTM

Short-wave radiation Goddard

Surface layer Revised MMS5 Monin-Obukhov scheme

Aerosol option MOSAIC (Zaveri et al., 2008)

Chemistry option Updated MOZART mechanism (Emmons et al., 2010)
Photolysis scheme F-TUV

Totally 23 simulation scenarios were performed in this study (Table 2), in which
the base case only considered the default homogeneous reaction (OH + NO —
HONO), case 6S contained six potential HONO sources while case A, B, C, D, E and
F contained each of the six potential HONO sources, respectively. 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 7 days. Jnirate and Junos denote the photolysis frequency of

nitrate and gas nitric acid in the atmosphere, respectively, The enhancement factor for

F_double was 1.25 rather than 2.0 to avoid the production rate of HONO from NO>

reaching the surface exceeding 100%. .;The 0.33NO; in D NO; or 0.67HONO in

D _HONO referred to the assumed Photiiaee products jn R2,

- [Formatted: Superscript

Deleted: ;

Deleted: the

Deleted: %,

/| Formatted: Subscript

Deleted: of the nitrate photolysis

12

{
{
{
{ Deleted: while
(
{
{

Deleted: The ¢

o A A )



https://www/

347
348

349

350

351

352

353

354

355

356

357

Table 2. Simulation scenarios designed in this study.

Case HONO sources
Base Default (OH + NO — HONO)
6S Default + Etrafﬁc + Esoil + Eind(mr +

Photyitrate (Jnitrate/JHNO} = 30) + Hetaerosol + Hetground

A Default + Egafic
B Default + Esoil
C Default + Eindoor
D Default + PhOtni[mtc (Jnilmtc/JHNO3 = 30)
E Default + Hetacrosol
F Default + Hetground
A double Default + 2XEatic
A half Default + 0.5%Easic
B _double Default + 2xEsoi
B_half Default + 0.5%Esi
C_double Default + 2xEindoor
C_half Default + 0.5%Eindoor
E double Default + Hetacrosol (2X7)
E_half Default + Hetacrosol (0.5%)
F_double Default + Hetgrouna (1.25%f)
F_half Default + Hetgrouna (0.5%f)
Nit71 Default + PhOtnitrale (Jnitrate/JHNO3 = 1)
Nit 7 Default + Photuitrate (Jnitrate/Jenos = 7)
N1t7120 Default + PhOtnitrate (Jnitrale/JHNO3 = 120)

D NO; Only 0.33NO; produced in Photyjae for case D
D HONO Only 0.67HONO produced in Photnirae for case D

3.Results

3.1 Comparison of simulations and observations

3.1.1 Meteorological factors

The statistical metrics of simulated meteorological parameters at 284 sites in NCP
including air temperature (T), relative humidity (RH) and wind speed (WS) were
comparable with the previous modelling results of other researchers (Table 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.
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Table 3. Performance metrics (index of agreement (I0A), RMSE (root-mean-square error)
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 Oct. 11-31 of 2018. The

definitions of the metrics used in this study are given in Text S1.

I0A RMSE MB Reference
T (°C) 0.97 1.4 -1.1 This work
0.90 2.5 0.2 (Wang et al., 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 (Wang et al., 2014)
0.78 / -1.3 (Wang et al., 2010)
0.86 / -1.1 (Lietal., 2012)
/ 174 -5.7 (Zhang et al., 2012)
WS (ms?!) 0.48 14 1.3 This work
0.56 2.5 1.6 (Wang et al., 2014)
0.65 2.1 0.9 (Wang et al., 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 55.96% 23.29% 20.75%

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, respectively. The hourly largest observations of O3
(~50-75 ppb) and PMa s (~100-200 pg/m?®) were both relatively higher in hazy days
than in clean days, especially for the first two haze events (the O3 concentrations in
the third haze event was relatively lower due to the higher NOx concentrations in the
urban area).

The observed PMzs and nitrate trends at the BUCT site were well simulated
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(Fig.2a&b), and NO» simulations generally agreed with the observations (Fig.2c).

The promotion effect of the six potential HONO sources on the formation of

secondary aerosols Jeads to an increase in concentrations of PMp s and nitrate for case

Deleted: The increased PM2s and nitrate concentrations for

6S case was because of the ...

6S, despite pitrate consumption through Photpirae (Li et al., 2010; Qu et al., 2019; Fu

Deleted: additional

Deleted: formation

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. Hourly and diurnal

' Formatted: Subscript

Deleted: the

HONO simulations at the BUCT site (Fig.2d&3a) were significantly improved in the
6S case (mean is 1.47 ppb) compared with the base case (mean is 0.05 ppb). The
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(Base), and the index of agreement (IOA) was improved significantly to 0.80 (6S)

from 0.45 (Base), (Fig.2d). The underestimation of the simulated HONO (6S) on
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As for O3, noticeable improvements could be found at the BUCT site after
considering the six potential HONO sources, especially in hazy days (Fig.2e&f). The
mean bias (MB) was improved to -3.61 ppb (6S) from -7.09 ppb (Base), and the [OA

was improved to 0.86 (6S) from 0.78 (Base), (Fig.2e). Specially, the 6S case

significantly enhanced daytime hourly O3 by 15-35 ppb compared with the base case
and the simulated O3 was very close to the observations in hazy days (Fig.2e). Larger
daytime O3 enhancements were accompanied with higher PM2.5 concentrations during
haze aggravating processes, while in clean days the daytime enhanced O3 due to the

potential HONO sources was mostly < 5 ppb (Fig.2e&f). The diurnal O3 pattern
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during the first two haze aggravating processes is presented in Fig.3b, significant

408
409  improvements in daily maximum 8-h (10:00-17:59) averaged (DMAS) O3 (18.8 ppb)
410  occurred at the BUCT site after considering the six potential HONO sources, and the
411  NMB of DMAS O3 was remarkably improved to -2.38% (6S) from -47.14% (Base).
412
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414  Figure 2 Comparison of simulated (Base and 6S cases) and observed hourly concentrations of
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416  caused by the six potential HONO sources (6S minus Base) at the BUCT site during Oct.11-31 of
417 2018.
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Figure 3 Comparison of diurnal mean simulations (Base and 6S cases) and observations of
HONO during the study period (a) and O3 during the first two haze events at the BUCT site (b),
and Oj averages at the 95 NCP monitoring sites during the study period (c); and the relative
contributions of each of the six potential HONO sources and the reaction of OH with NO to
surface HONO concentrations for the 6S case at the BUCT site (d), at the 95 monitoring sites (¢)
and in the whole NCP region (f), (The calculated 24-h mean HONO concentrations and DMAS O3

concentrations were given in panels (a) — (¢)).

The relative contribution of each HONO source near the surface at the BUCT site

for the 6S case is shown in Fig.3d, Briefly, Hetgrouna Was the largest source during
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daytime and nighttime (~50-70%), consistent with the results of Zhang et al. (2021).
Photnitate (Jnitrate/JHNO3 = 30) and the NO+OH reaction contributed similarly ~1-12%
during daytime. Eafic was important during nighttime (~10-20%) but small during

daytime (<5%). The contribution of Hetacrosol to HONO concentrations was minor
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(~2-3%) in daytime and ~6—10% in nighttime. Esoii could be neglected while the
contribution of Eindoor Was close to that of Euaic in urban Beijing. The relative
contribution of the potential HONO sources in this study was comparable with the
result of Fu et al. (2019) by using CMAQ, except for the contribution of Photyitrae due

to the different Jniwate/Juno3 ratios (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 PM2 5
during the study period are shown in Fig.4. The six potential HONO sources
significantly improved hourly O3z simulations, remarkably enhanced the daily
maximum O3z by ~5-10 ppb during Oct. 11-25, and by ~2—4 ppb during Oct. 26-31
(Fig.4a&b). The simulations of NO; well agreed with the observations, and the mean
concentrations were 22.55 (Base), 21.62 (6S) and 20.74 (Obs) ppb (Fig.4c). The
PM;s simulations generally followed the observed PMas trend but were
overestimated by ~8 pg m™, with averaged concentrations of 49.94 (Base), 53.30 (6S)

and 45.31 (Obs) pg m™ (Fig.4d), respectively.

18



454
455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

} } B R

Enhancement of 03} ! - |— Base

! S 5
45F(c) MB:0.88 (1.81) ppb; RMSE: 5.43

" 1 3 1
(5.40) ppb; I0A:0.89 (0.89) ppb

0 = I} " I 1

L L i 1 1 " =

L L i " il i
m®; RMSE: 11.49 (9.78) yg m™; I0A:0.87 (0.90) pgm=>

. L L
L
90 [ (IR MB:7.99 (4.63) ug

[N 00000202 TTITeITIRSY 00 TR ESARaTRNNs eepeaes

10/12 10/14 10/16 10/18 10/20 10/22 10/24 10/26 10/28 10/30
Date

Figure 4 Comparison of 95-site-averaged hourly simulations (Base and 6S cases) and pbservations of
03(a), NO; (c) and PM3 5 (d), and O3 enhancements due to the six potential HONO sources (6S minus

Base case) (b) in the North China Plain during Oct.11-31 of 2018.

The 95-site-averaged diurnal simulations and observations of O3 are presented in
Fig.3¢c, O3 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 fo -7.16% from -20.32%

at the 95 sites in NCP. The 95-site-averaged diurnal simulations and observations of
NO2 and PM2 s during the study period are demonstrated in Fig,S4. NO; simulations
generally followed the observed trend but were underestimated during 04:00 to 16:00
and overestimated after 18:00 (Fig.S4a), PMa.s simulations 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. Hetgouna Was the dominant source during
19
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reaction nearly equaled and contributed ~2-8% during daytime (~5% on average).
Etafic was important during nighttime (~10-15%) but small during daytime (<3%).
The contribution of Hetacrosot to HONO concentrations was <3% in daytime and <10%
in nighttime. Esoii contributed ~3% in nighttime but could be neglected in daytime.
The contribution of Eindoor Was too small to be noticed at the 95 NCP sites, implying
that this source was noticeable only in megacities. The relative 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 with those at the 95 sites
(Fig.3f), which were representative for the whole NCP region. To further understand
the role of potential HONO sources in haze aggravating processes in regional O;
concentrations, the 95 site-averaged surface/vertical HONO concentrations and their
impacts during a typical haze event (Oct. 19-21) and a clean period (Oct. 27-29) were

analyzed and are shown in the following sections.

3.2 Spatial distribution of enhanced DMAS O3 by potential HONO sources

3.2.1 General patterns of enhanced DMAS O3

Fig.S5 shows surface-averaged and zonal-averaged DMA8 O3 enhancements due

to the six potential HONO sources in NCP during the study period (Oct.11-31) and
three haze events (Oct.12—14, Oct.18-21 and Oct.24-25). The overall surface DMAS

O3 enhancement decreased gradually from south (6-10 ppb) to north (2—-6 ppb)
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(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 carried 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 DMAS O3 enhancement of 10-20 ppb (Fig,S5b) and 10-15
ppb (Fig.S5¢) in Beijing, respectively. For the third haze event, two air masses were
converged to form a transport channel from south to north, the O3 enhancement
caused by the six potential HONO sources can reach 10—18 ppb in the southern NCP
and decreased to 6—10 ppb in the northern NCP along the transport channel. Vertically,
the DMAS8 O3 enhancements were 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. The above results
demonstrated that the six potential HONO sources significantly enhanced surface and

vertical O3 concentrations in NCP, especially during haze events.

3.2.2 During a typical haze aggravating process and a clean period

Fig.5 demonstrates surface-averaged and zonally-averaged DMAS O3
enhancements due to the six potential HONO sources in NCP during a typical haze
aggravating process (Oct.19-21, 2018) and a clean period (Oct.27-29, 2018). The

increasing trend of DMAS8 O3 enhancements can be clearly seen from Oct.19 to
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Oct.21 near the surface and in the vertical direction. During the haze aggravating
process, the surface DMAS8 O3 enhancements were ~2—10 ppb (Oct.19), ~6—12 ppb

(Oct.20) and ~8—15 ppb (Oct.21), respectively: the vertical DMAS8 O3z enhancements

were ~4—7 ppb (Oct.19), ~6—10 ppb (Oct.20), and ~8—15 ppb (Oct.21), respectively,,

While during clean days, the surface/vertical DMAS8 O3z enhancements were usually

<4 ppb. The six potential HONO sources significantly enhanced surface and vertical

O3 concentrations in NCP during haze aggravating processes, the detailed role of the

presented in the next section.
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Figure 5 Surface-averaged (al-a3, cl-c3) and zonal;averaged (bl-b3, d1-d3) DMAS8 O3
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line denotes the latitude of the BUCT site).

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 {Ddeted: Potential

A number of studies have conducted vertical HONO observations 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). {Ddeted: )
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563 A decreasing trend of HONO with height was mostly observed among these studies, {Ddeted: a

564  and our simulations also reproduced this vertical variation and were comparable with

565  another model simulation by Zhang et al. (2021) who used CMAQ, (Fig.S6). For a {Ddeted: whom using the

566  deep understanding of the role of each considered HONO source in HONO {Delemd: model
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567  concentrations at different heights, we assessed the contributions of each potential {
568 HONO source to HONO concentrations at different heights (Fig.6) during Oct.11-31
569  of2018.
570 Generally, the impacts of ground-based potential HONO sources (Euaffic, Esoil,
571  Eindoor and Hetground) on HONO concentrations decreased rapidly with height, while
572  the NO+OH reaction and aerosol related HONO sources (Photiitrate and Hetaerosol)
573  decreased slowly with height (Fig.6). During daytime the NO+OH reaction, Photuitrate
574  and Hetgouma were the three main HONO sources, while during nighttime Egaffic,
575  Hetaerosol and Hetground Were the three main contributors to HONO concentrations
576  (Fig.6). The HONO concentrations via the NO+OH reaction and Photniwae Were
577  higher during daytime. The impact of Esoil in the NCP was small, nevertheless, Xue et Deleted: however

578 al. (2021) found strong soil HONO emissions in NCP agricultural fields after
579  fertilization, suggesting that this source may have a remarkable enhancement on
580  regional HONO and secondary pollutants in crop growing seasons.
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Figure 6 The 95-site-averaged daytime/nighttime HONO concentrations/enhancements at

different heights when the NO+OH reaction (al&a2) and each of the six potential HONO sources

(b1-gl&b2—g2) were considered during Oct.11-31 of 2018 (Ihe error bar denotes the

uncertainties of each potential HONO source in HONO concentrations (Table 2). The right panel

denotes the approximate height of each vertical layer above the ground).

The comparison of HONO concentrations/enhancements during a haze
aggravating process and a clean period is shown in Figs.7&8. Generally, daytime
HONO concentrations increased in haze aggravating processes and were higher than
those in clean days. Hetgrouna Was the dominant source of the surface HONO in both
hazy and clean days and contributed 80-90% of daytime averaged HONO

concentrations (Fig.8), however, this reaction occurred only on the ground surface,

thus its relative contribution decreased with height, especially in 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 in clean days (Fig.8). As for Photnitaee, @ much larger enhancement
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could be found in hazy days compared with clean days. In clean days the daytime
enhanced HONO by Photnizaee Was only 1-3 ppt in general and its contribution to
daytime HONO was usually <10%, while in the haze aggravating process, the
enhanced HONO concentration by Photniwate Was about fen times higher than that in
clean days and Photaiwate became the dominant HONO source (~30-70%) at higher
altitude, and both HONO concentrations and contributions by Photyiuaee increased with
the air pollution aggravation (Fig.7a—c, Fig.8a—c). The contributions of direct
emission sources were small and decreased when PMzs increased, compared with
those heterogeneous reactions. Higher concentrations of NO2, nitrate, and PMas
favored heterogeneous formation of HONO, while direct emission sources were
relatively invariable under different pollution levels.

Based on our results, nitrate concentrations increased with the haze aggravating
processes (Fig.2b), as a positive feedback effect, the elevated nitrate could in turn
enhance HONO formation and further enhance the atmospheric oxidation capacity
during daytime. Considering Jnirate Was still unclear, sensitivity tests were conducted

and are presented in the discussion section.
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627 Stacked HONO concentrations (ppb) during 07:00-17:59

628  Figure 7 The 95-NCP-site-averaged daytime HONO concentrations at different heights when the

629  NO+OH reaction and the six potential HONO sources were included during a typical haze

630 aggravating process of Oct.19-21 (a—c) and a clean period of Oct.27-29 (d—f) of 201§ (The first Deleted: .

631  column numbers in black in each graph are for Photjirate, and the second column numbers in gray

632  are for Hetground).
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haze aggravating process of Oct.19-21 (a—c) and a clean period of Oct.27-29 (d—f) of 201§ (The
first column numbers in blue in each graph are for the NO+OH reaction, the second column
numbers in black are for Photyitrate, the third column numbers in white are for Hetyerosol, and the

fourth column numbers in gray are for Hetgrouna).

3.3.2 Enhanced OH and its production rate

Fig.9 demonstrates daytime variations of OH production (P(OH)) and loss
(L(OH)) rates near the surface and in the vertically-averaged layer (from ground to
the height of 2.5km) at the 95 NCP sites for the Base and 6S cases during Oct.11-31,

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 considered vertical layers.
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Near the surface, daytime P(OH) and L(OH) were significantly enhanced by~320%

for the 6S case (mean was 5.27 ppb h™!) compared with the base case (mean was 1.26

ppb h!). For the base case, the daytime P(OH) via the photolysis of HONO and Os

was 0.09 ppb h'!' and 0.09 ppb h’!, respectively, while the daytime L(OH) via the

NO+OH reaction was 0.11 ppb h'! and the net contribution of HONO photolysis to

P(OH) was -0.02 ppb h™'. After adding the six potential HONO sources in case 6S, the

daytime P(OH) via the photolysis of HONO and O3 was 1.81 ppb h™' and 0.10 ppb h!,

respectively, the daytime L(OH) via the NO+OH reaction was 0.48 ppb h;! and the net

contribution of HONO photolysis to P(OH) reached 1.33 ppb h.'. HONO photolysis
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was the main source of the primary formation of OH, while the secondary formed OH
via the reaction of HO>+NO (3.14 ppb h!) 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 ppb h') compared with the base case (mean was 1.08 ppb h™!). For

the base case, the daytime P(OH) via the photolysis of HONO and Oz was 0.06 ppb

h!' and 0.10 ppb h'!, respectively, while the daytime L(OH) via the NO+OH reaction

was 0.07 ppb h! and the net contribution of HONO photolysis to P(OH) was -0.01

ppb h'!'. After coupling the six potential HONO sources in case 6S, the daytime P(OH)

via the photolysis of HONO and O3 and via the HO,+NO reaction was 0.48 ppb h’!,

0.12 ppb h!' and 1.52 ppb h’!, respectively. the daytime L(OH) via the NO+OH

reaction was 0.15 ppb h! and the net contribution of HONO photolysis to P(OH) was

-1
0.33 ppbh™,,
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Figure 9 Diurnal mean variations of 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

ground to the height of 2.5km) at the 95 NCP sites for the Base and 6S cases during Oct.11-31,

2018.
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Fig.10 shows the linear relationships between daytime-averaged P(OH) and
PM:s5 concentrations and between daytime-averaged OH and PM>s concentrations
from ground to the height of 2.5km at the 95 NCP sites during Oct. 11-31 of 2018.
Both P(OH) for the two cases (Base and 6S) and the enhanced P(OH) due to the six
potential HONO sources showed a strong positive correlation (;>0.8) with PMas

concentrations at the 95 NCP sites, because Hetaerosol, Hétground and Photpiiaie Were
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significantly increased with the elevated PM, s, The enhanced P(OH) for the 6S case

reached 0.043 ppb h'! per 1pug m™ of a PMas enhancement. Similarly, high positive
correlation (7>>0.6) could be found between OH and PM, s concentrations, the OH
concentrations and enhancements due to the six potential HONO sources were both
higher in hazy days than those in clean days, and the enhancement of OH reached
3.62x10* molec cm™ per ug m™ of PMa s for case 6S. These results were consistent
with a recent field study reported by Slater et al. (2020), who found that the OH
observed in haze events was elevated in central Beijing in November—December of
2016. Furthermore, two observations 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 relationship between surface PM s and photolysis frequencies of

NO2, HONO and HNOj in this study, ).
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Figure 10 The linear relationships between daytime-averaged P(OH) and PM. s concentrations (a)
and between daytime-averaged OH and PMas concentrations (b) from ground to the height of

2.5km at the 95 NCP sites during Oct. 11-31 of 2018.

Figs.11&12 show the 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 in hazy days compared with clean days, and P(OH) and OH
increased with the aggravated haze pollution. Among the six potential HONO sources,
Hetgrouna Was the largest contributor to the enhanced P(OH) and OH near the surface,
but its contribution was relatively stable under different pollution levels and was
attenuated rapidly with height in both hazy and clean days; the contribution induced
by Photnirate Was remarkably increased in haze aggravating processes and was about
fen times higher than that in clean days; Hetaerosol also increased with the pollution
levels but with relatively small values, while the impact of other three direct emission

sources of HONO was quite small.
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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 during a typical haze aggravating process of Oct.19-21 (a—c)

and a clean period of Oct.27-29 (d—f) of 2018, (The first column number in black in each graph is

for Photyiyrate, and the second column number in gray is for Hetground)-
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Figure 12 The 95-NCP-site-averaged daytime OH concentrations for the base case and the
enhancements due to the six potential HONO sources during a typical haze aggravating process of

Oct.19-21 (a—c) and a clean period of Oct.27-29 (d—f) of 2018 (The first column number in black
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in each graph is for Photyitraic, and the second column number in gray is for Hetground)-

3.3,3 Enhanced DMAS O3

Fig.13 demonstrates the linear relationship between DMAS8 O3 enhancements and
daytime PM 5 concentrations in each vertical layer and the averaged vertical layer for

the considered eleven layers at the 95 NCP sites during Oct. 11-31 of 2018. A good

correlation (;>0.8) between DMA8 O; enhancements and daytime PMoas

concentrations in the vertical averaged layer (similar reasons for the strong positive

correlation between the enhanced P(OH) and PM»s concentrations shown above)

suggests that the enhanced O3 due to the six potential HONO sources was larger in
polluted days and increased during the haze aggravating processes. The enhanced
DMAS O3 was < 2ppb when PMz s was < 20ug m™ and was >10 ppb when PM s was >
60ug m™ on average, with a mean DMAS8 O3 enhancement of 0.24 ppb per ug m™ of

PM;s.

33

{ Deleted: 2

Deleted: (a)

Deleted:

{
{ Deleted: (b)
{
{ Deleted: R

{ Deleted: ,

{ Deleted: u




771
772

773

774

775

776

77

778

779

780

781

782

783

784

785

786

o Levl o Lev2z 4 Levs Levd
+ Levs Levé * Lev? * Lev8| -
o Levd o Levi0 - Levit @ Vertical average

| 20,=0.24 xPMm,, - 368 |

R2=0.71

12 -

DMAS8 O, enhancements (ppb)

ol —eer 4, N R B |

0 20 40 60 0 20 40 60
PM, ; (ug m-3)

Figure 13 The linear relationship between DMAS8 O; enhancements and daytime PMas
concentrations in each vertical layer (a) and the averaged vertical layer for the considered eleven

layers (b) at the 95 NCP sites during Oct. 11-31 of 2018.

Fig.14 shows the 95-NCP-site-averaged DMAS8 O3 enhancements due to the six
potential HONO sources during a typical haze aggravating process of Oct.19-21 and
a clean period of Oct.27-29 of 2018. A significant enhancement of DMAS8 O3 can be
found during the haze aggravating process compared with during clean days. The
enhanced DMAS8 O3z was ~5.5 ppb (Oct.19), ~ 7 ppb (Oct.20) and ~ 10 ppb (Oct.21),
respectively, during the haze aggravating process, while that was usually ~2 ppb in
clean days.

In clean days, Hetgouwd was the dominant contributor (~1.5-2 ppb) to the
enhanced DMAS O3 among the six potential HONO sources, the contribution of
Photaitrate to the enhanced DMAS8 O3 was ~0.1-0.4 ppb, while that of the other four

sources was minor. When it comes to the comparison between the haze aggravating
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process (Oct.19-21) and clean days, the DMAS8 O3 enhancements induced by Hetground
were doubled and reached ~3—4 ppb; the contribution of Photnitrae to the enhanced
DMAR8 O3 substantially increased and reached ~2—4.5 ppb (Oct.19), ~3—6 ppb (Oct.20)
and ~5-10 ppb (Oct.21), respectively; Hetacrosol Showed an increasing contribution to
the enhanced DMAS8 O3 during haze aggravating process (~0.3 ppb on Oct.19, ~0.4

ppb on Oct.20 and ~0.7 ppb on Oct.21), while the impacts of the other three direct

emission sources (Exaffic, Esoil, and Eindoor) on the enhanced DMAS8 O3 were minor.
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Figure 14 The 95-NCP-site-averaged DMA8 O3 enhancements due to the six potential HONO
sources during a typical haze aggravating process of Oct.19-21 (a—) and a clean period of
Oct.27-29 (d—f) of 2018, (The column in black numbers in each graph is for Photsiate, the column

in purple numbers in each graph is for Hetacrosol, and the column in gray numbers is for Hetground)-
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3.4 Vertical variations of O3-NOx-VOC:s sensitivity

Based on the results above, Photyiwae could significantly enhance the DMAS O3
by fen times in the considered vertical layers (especially at elevated heights) in
polluted events, but previous studies have not fully discussed. To better understand its
role in vertical O3 formation, the O3-NOx-VOC:s sensitivity was analyzed by using the
P(H202)/P(HNO3) ratio proposed by Sillman (1995), which is more suitable than the
concentration ratio of H2O2/HNOj3 because of the large dry deposition velocity of the
two gases in the troposphere (Sillman, 1995). A transition point of P(H20,)/P(HNO3)
= 0.35 was suggested by Sillman (1995), when P(H20,)/P(HNO3) was <0.35, O3
shows VOCs-sensitive chemistry (increasing VOC concentrations can significantly
elevate O3 levels) and when P(H202)/P(HNO3) was >0.35, O3 tends to NOx-sensitive
chemistry (increasing NOx concentrations can significantly elevate O3 levels).

Fig.15 demonstrates the 95-NCP-site-averaged P(H20,)/P(HNO3) ratio at each
vertical layer for the 6S case during a typical haze aggravating process of Oct.19-21
and a clean period of Oct.27-29 of 2018. Obviously opposite O3 sensitivity appeared
between the lower layers (VOCs sensitive) and the higher layers (NOx sensitive) in
both clean and hazy days, and the transition point usually appeared at the eighth layer

(~600-800 m).

The Photpiiae reaction is assumed to produce HONO and NOx (Zhou et al., 2003;

Romer et al., 2018: Gen et al., 2022), this reaction not only enhances OH

concentrations via HONO photolysis, but also directly releases NOx back into the

troposphere. Considering the NOx-sensitive O3 chemistry at higher layers (>800m),
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elevating OH and NOx concentrations are both favorable for O3 formation, especially

in haze aggravating processes with abundant nitrate (detailed vertically enhanced O3

production/loss rates induced by Photnitrate are shown in Fig.S8).
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Figure 15 The 95-NCP-site-averaged P(H>0,)/P(HNO3) ratio at each vertical layer for the 6S case

during a typical haze aggravating process of Oct.19-21 (a—c) and a clean period of Oct.27-29 (d—f)

of 2018.

The specific role of the produced HONO or NO; via the Photyiirate reaction (R2) in

DMAS8 O3 enhancements was further analyzed and is shown in Fig. 16, the produced

NO; and HONO jointly promoted O; 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 ~2000 m (Level 11)

the DMAS O3 enhancements for case D HONO was ~2 times those for case D_NOx.

A balance exists between the propagation of the free radical interconversion cycle and

the rate of termination of the cycle for the O3 formation chemistry (Gligorovski et al.,
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850  2015), considering the 0.67 and 0.33 yields (ratio is 2) for the two products, we could
851  conclude that the impact of produced HONO on O3 enhancements was larger than that
852  of produced NO; near the surface, while at higher altitude (>2000 m) the impacts of
853  the two products were similar.

854

Products via nitrate photolysis
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856  Figure 16 The 95-NCP-site-averaged DMAS O3 enhancements due to nitrate photolysis with three
857  product scenarios (cases D_NO,, D_ HONO and D) during a typical haze aggravating process of
858  Oct.19-21 (a—c) and a clean period of Oct.27-29 (d—f) in 2018.

859

860 4. Discussion

861 4.1 Vertical variations of potential HONO sources

862 The relative contribution of potential HONO sources near the surface,

863  corresponding to the first model layer (0 to ~35 m) in our simulation, was quantified
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in previous modelling studies (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&8), the effects of aerosol related HONO sources would be severely
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underestimated in hazy days when only focused surface HONO, especially for,

Photpitate. Near the surface in NCP, the daytime contribution of Photnitrate to HONO
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concentrations in hazy days was only ~4—6%, but this source contributed ~35-50% of
the enhanced DMAS8 O3 (Fig.14a—c); above the eighth layer (~800 m), this source
contributed ~50-70% of HONO concentrations and ~50-95% of the enhanced DMAS8
0Os (Fig.14a—c).

A recent observation in urban Beijing reported vertical HONO concentrations
from three heights above the ground and found that extremely high HONO
concentrations occurred at 120 m (~5 ppb) and 240 m (~3 ppb) rather than near the
surface (~1.2 ppb) during 12:00 in a typical hazy day (Zhang et al., 2020b). The
observation was unusual at noontime under strong convection conditions, inconsistent
with those most previous observations indicating a HONO decrease trend with height,
especially with the observational results of Zhu et al. (2011) and Meng et al. (2020)

and simulated results of Zhang et al. (2021) and ours in Fig.S6 at the same
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observational 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 (Zhang et al.,

2019c). The box model neglected the vertical convection, so the ground related
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HONO sources had no contribution to HONO concentrations at the higher layers, thus
their HONO simulations were actually underestimated compared with our results and

the previous studies of Wong et al. (2011) and Zhang et al. (2021).

4.2 Uncertainties of Jnitrate/Juno3 ratios and their impacts

4.2.1 Uncertainties of Jnitrate/Juno03 ratios in DMAS8 O3 enhancements

Based on our results, Hetground and Photyitraste Were the two major contributors to
the enhanced DMAS O3, especially for Photnitate in hazy days with higher PMas
concentrations. The uncertainties of Photyirate (four Jnirae/Junoz ratios) in O3
are presented in text S2). During the haze aggravating process, the enhanced DMAS8
O3 near the surface increased from ~0.3 to ~0.5 ppb, from ~0.9 to ~2 ppb, from ~2 to
~6 ppb, and from ~5 to ~12 ppb, with the Jniwaee/JHno3 ratio being 1, 7, 30, 120,
respectively, and the enhanced Os increased with altitude. In clean days, the impact of
Photniwaee on O3 enhancements was small (<1 ppb) even with a Jniwae/Juno3 ratio of

120.
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Figure 17 The 95-NCP-site-averaged DMAS O3 enhancement induced by nitrate photolysis with

four Jniwae/Jrnos ratios (1, 7, 30 and 120) during a typical haze aggravating process of Oct.19-21

(a—c) and a clean period of Oct.27-29 (d—f) of 2018.

4.2.2 Uncertainties of Jnitrate/JaNO3 ratios in nitrate concentrations

We found considerable enhancements in O3 concentrations induced by, Photpiirate,

yet it is still unclear that to what extent Phofuimae could influence nitrate

concentrations. The overall nitrate concentrations for the base case and the nitrate
enhancements induced by the potential HONO sources decreased with rising altitude
except for Photnitae (Fig.S9a). Hetground enhanced nitrate concentrations by ~1.5 ng
m™ near the surface and the enhancements decreased to < 0.5ug m™ above the eighth
model layer (~800m); the nitrate enhancements due to Hetacrosol and Egafric near the
surface were ~0.2 and ~0.1 pg m, respectively, and were < 0.1 and < 0.04 ug m?

above the sixth model layer (~500m). For Photpitae, the overall impact of four
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in previous modelling studies (Fu et al., 2019; Shi et al., 2020) when using the
Tnitrate/Jrno3 ratio of 118.57 (8.3x10%/ 7x107). In haze aggravating processes, the
contribution of Photniwrate (Jnitrate/JHn03 = 120) to the DMAS8 O3 enhancements reached
~5-10 ppb near the surface and ~8—20 ppb above the tenth model layer (Fig.17), these
enhancements were extremely large. In a previous modelling study by Fu et al. (2020),
the daytime surface Oz simulations were systematically overestimated by ~ 5 ppb in
NCP in winter (Fig.S4 in Fu et al. (2020)), the inclusion of Photnitate (Jnitrate/JHNO3 =
118.57) in their study might cause the overestimation. From the above, a Jniwate/JHNO3
ratio of 120, or a Jniwae value of ~4-5x107 s is possibly overestimated. When
adopting the maximum Jniwrate value of 10 s! reported by Ye et al. (2016a) and Bao et
al. (2018), we reasonably speculate that Oz simulations will be significantly
overestimated, especially at higher altitude with NOx-sensitive O3 chemistry (Fig,15).
Romer et al. (2018) and Kasibhatla et al. (2018) suggested that a Jnitrae/JunO3 ratio

of 30 or smaller would be more suitable, being about the minimum value reported by

the Oz simulations in haze aggravating processes_in this study. The lack of
photo-catalyzer in suspended submicron particulate sodium and ammonium nitrate
may cause a lower Jniwae/JHNnoO3 ratio (<10) reported by Shi et al. (2021), so more
chamber experiments need to be conducted by using the particles collected in the real
atmosphere. Choosing a larger Jnirate value might cover up other ground-based
unknown HONO sources, creating an illusion of good model simulations of daytime
HONO, but resulting in overestimation of O3 concentrations. Considering the
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Figure 19 Diurnal patterns of surface-averaged (a) and vertically-averaged (b) simulations of the

nitrate photolysis frequency with four different Juiwae/Jrnos ratios (1, 7, 30, 120) at the 95 NCP

sites during the study period (The nitrate photolysis frequencies at 12:00 are shown in each graph).

Table 4. Summary of studies on the nitrate photolysis frequency (Jnitrate) (Junos denotes the photolysis
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Experimental . .

. Main conclusion Reference
conditions
HNO3 absorbed Jnitrate (1.2%107° s71) is 1-2 orders of magnitude faster than in ~ (Zhou et al.,
on Pyrex surface  the gas and aqueous phases. 2003)

Atmosphere
simulation
chamber

HNO3 absorbed
on glass surface
Urban
grime-coated
surface

Various
natural/artificial
surfaces

Adsorbed HNO3
on glass surfaces

Jnitrate ON sNOW, ground, and glass surfaces, can be excluded

in the chamber.

Photolysis frequency of surfaces adsorbed HNOj is > 2
orders of magnitude larger than Junos.

Jnitrate (1.2%1073 s71) is 4 orders of magnitude faster than in
water (107 ).

Jhitrate Tanges from 6.0x1070 57! to 3.7x1074s™!, 1-3 orders of

magnitude higher than Junos

Photolysis frequency of surfaces adsorbed HNO; (2.4x1077
s is very low.
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Aerosol filter
samples

Nitrate aerosol in
the MBL

PM: 5 in Beijing

Sea-salt
particulate nitrate
Particles collected
on filters

CMAQ
simulation
CMAQ

simulation

MCM Box model

MCM Box model

Smog chamber

CMAQ
simulation

WRF-Chem

simulation

Jnitrate Tanges from 6.2x107¢ s7! to 5.0x107* s™! with a mean
of 1.3x107* 571,

Jnitrate 18 ~10 times higher than Junos.

Tnitrate (1.22%107° 57! to 4.84x107* s71) is 1-3 orders of

magnitude higher than Junos.

Jnitrate 18 25—50 times higher than Junos.

Tnitrate 18 < 30 times Junos.

Nitrate photolysis contributed ~30% of noontime HONO
with a Jnitrate/JNo3 ratio of ~120.

A Jhitrate/Juno3 Tatio of 100 better improved sulfate
simulations than a Jnirate/Junos ratio of 10.

Nitrate photolysis contribution to HONO was < 8% with a
Jhitrate/JuNoO3 Tatio of 30.

Nitrate photolysis contributed ~40% of noontime HONO
with a Jnitrate/JNo3 ratio of ~120.

The Jnirae/Juno3 ratio was <10 for suspended submicron
NaNO; and NH4NO:s.

Nitrate photolysis contribution to surface HONO was ~1.0%
with a Jnitrate/JNoO3 Tatio of 30.

The relative contribution of nitrate photolysis to HONO
increased with rising altitude and nitrate photolysis

(Ye etal.,
2017)

(Reed et al.,
2017)

(Bao et al.,
2018)
(Kasibhatla et
al., 2018)
(Romer et al.,
2018)
(Fuetal.,
2019)

(Zheng et al.,
2020)

(Xue et al.,
2020)
(Shi et
2020)
(Shi et
2021)
(Zhang et al.,
2021)

al.,

al.,

contributed much larger in the ABL than near the surfacefo

the enhanced Og. On average, nitrate photolysis contributed

This study

~5% of surface daytime HONO with a Jyjwae/Junos ratio of

30 (~1x107 s) but contributed ~30-50% of the enhanced
O3 near the surface in NCP in hazy days.

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

43 Interactions between heterogeneous HONO sources

«

Form the comparison of nitrate budget induced by the six potential HONO+/ /

sources in Fig.S3&S9. we can find that Hetgroung led to an significant increase in /

nitrate concentrations. In the real atmosphere, the NOp heterogeneous reactions and -
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Figure 20 Comparison of 95-site-averaged simulations of NO, concentrations for the base case and

Jour cases with different Jirae/Jrnos ratios (1, 7, 30 and 120) (a). and the corresponding NO, variations

(b) compared with the base case in the North China Plain during Oct.11-31 of 2018.
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5. Conclusions

In this study, three direct emission sources, the improved NO; heterogeneous
reactions on aerosol and ground surfaces, and particulate nitrate photolysis in the
atmosphere were included into the WRF-Chem model to explore the key HONO
sources producing Oz enhancements during typical autumn haze aggravating
processes with co-occurrence of high PMazs and O3 in NCP. The six potential HONO
sources produced a significant enhancement in surface HONO simulations and
improved the mean HONO concentration at the BUCT site to 1.47 ppb from 0.05 ppb
improved HONO significantly enhanced the atmospheric oxidation capacity near the
surface and at elevated heights, especially in hazy days, resulting in fast formation of
and significant improvements of Oz during haze aggravating processes in NCP.
Although the photolysis frequency is usually lower during hazy days, higher
concentrations of NOz, 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, Hetgoumd was the largest source during
daytime and nighttime (~50-80%); the contribution of Photsitrate (Jnitrate/JHn03 = 30) to
surface HONO concentrations was close to that of the NO+OH reaction during
daytime (~1-12%) and was ~5% for daytime average; Euamic was important during
nighttime (~10-20%) but small during daytime (<5%); the contribution of Hetaerosol

was minor (~2-3%) in daytime and <10% in nighttime; the contribution of Esoii was
50
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<3%, and Eindoor could be neglected. Vertically, the HONO enhancements due to
ground-based potential HONO sources (Etaffic, Esoil, Eindoor and Hetground) decreased
rapidly with height, while the NO+OH reaction and aerosol-related HONO sources
(Photyiwrate and Hetaerosol) decreased with height much slower. The enhanced HONO
due to Photuiwae in hazy days was about fen times larger than in clean days and
became the dominant HONO source (~30-70% when Jiwate/Junos = 30) at higher
layers, and both HONO concentrations and Photpitaee 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 was 5.27 ppb h'') compared with the base
case (mean was 1.26 ppb h''); vertically, daytime OH production/loss rates were
enhanced by ~105% for the 6S case (mean was 2.21 ppb h™!) compared with the base
case (mean was 1.08 ppb h™). The enhanced OH production rate and OH due to the
six potential HONO sources both showed a strong positive correlation with PMas
concentrations at the 95 NCP sites, with a slope of 0.043 ppb h™!/ug m3 of PM, s and
3.62x10* molec cm™/ug m™ of PM; s from the surface to the height of 2.5 km for case
6S, respectively. The atmospheric oxidation capacity (e.g., OH) was enhanced in the
haze aggravating process.

(3) A strong positive correlation (7>0.8) between enhanced Os by the six potential
HONO sources and PM2s5 concentrations was found in NCP, and nitrate photolysis
was the largest contributor to the enhanced DMAS Os in hazy days. Vertically, the

enhanced DMAS O3 was < 2ppb when PM> s was < 20ug m™, and that was >10 ppb
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when PM,s was > 60ug m> on average, with a slope of 0.24 ppb DMAS O3
enhancement /pug m™> of PMys. The surface enhanced DMAS O; was ~5.5 ppb
(Oct.19), ~7 ppb (Oct.20) and ~10 ppb (Oct.21), respectively, during a typical haze
aggravating process, while that was usually ~2 ppb in clean days. The contribution of
Photnitate to the enhanced DMAS O3 was increased by over one magnitude during the
haze aggravating process (up to 5—10 ppb) compared with that in clean days (~0.1-0.5
ppb), reached ~2—4.5 ppb (Oct.19), ~3—-6 ppb (Oct.20) and ~5-10 ppb (Oct.21),
respectively, during a typical haze aggravating process vertically.

(4) Surface O3 was controlled by VOCs-sensitive chemistry, while Os at higher

altitude (>800m) was controlled by NOx-sensitive chemistry in NCP during autumn.

The nitrate photolysis reaction enhanced OH and NOx concentrations, both favored O3
formation at high altitude, especially in haze aggravating processes with abundant
nitrate. The produced HONO rather than the produced NO; through nitrate photolysis
had a stronger promotion for O3 formation near the surface, but the impacts of the two
products on O3 enhancements were similar at higher altitude (~2000 m).

(5) Nitrate photolysis only contributed ~5% of the surface HONO in daytime
with a Jnitraie/Juno3 ratio of 30 (~1x107 s7) but contributed ~30-50% of the enhanced
O3 near the surface in NCP in hazy days. The photolysis of nitrate had a limited
impact on nitrate concentrations (reduced by <5% with Jitrate/JuNn03 =30, and <15%

even with a Jnirae/Jrnos ratio of 120), due mainly to the simultaneously enhanced

atmospheric pxidants favoring the formation of HNOg and pitrate, Choosing a larger

Jnirate  value might cover up other ground-based unknown HONO sources, but
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overestimate vertical sources of HONO, and NOx and O3 concentrations, So more

studies are still needed to find the exact value of Jnitrate in the real atmosphere.
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