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Abstract Secondary air pollution, especially ozone (O3) and secondary aerosols, are emerging air quality
challenges confronting China. Nitrous acid (HONO), as the predominant source of hydroxyl radicals (OH),
are acknowledged to be essential for secondary pollution. However, HONO concentrations are usually
underestimated by current air quality models due to the inadequate representations of its sources. In the
present study, we revised the Weather Research and Forecasting & Chemistry (WRF-Chem) model by
incorporating additional HONO sources, including primary emissions, photo-/dark oxidation of NO,,
heterogeneous uptake of NO, on surfaces, and nitrate photolysis. By combining in-situ measurements in the
Yangtze River Delta (YRD) region, we found the improved model show much better performance on HONO
simulation and is capable of reproducing observed high concentrations. The source-oriented method is
employed to quantitatively understand the relative importance of various processes, which showed that
heterogeneous NO, uptake on the ground surface was the major contributor to HONO formation in urban
areas. Comparatively, photo-oxidation of NO, is a main contributor in rural areas. The introduction of
multiple sources of HONO led to an apparent increase in OH and hydroperoxyl (HO,) radicals. The promoted
HO, levels further increased diurnal O; concentration by 4.5-12.9 ppb, while secondary inorganic and
organic concentrations were also increased by 14%-32% during a typical secondary pollution event. The
improved description of HONO emission and formation in the model substantially narrowed the gaps between
simulations and observations, highlighting the great importance in understanding and numerical
representations of HONO in secondary pollution study.

Plain Language Summary Nitrous acid (HONO) has a vigorous potential to produce hydroxyl
radicals, contributing to tropospheric oxidation reactions. However, current air quality models lack detailed
representation of HONO-related processes. We revised a widely-used air quality model based on recently
reported mechanisms. The improved model can reasonably simulate actual HONO concentrations measured in
the Yangtze River Delta region, one of the most urbanized city clusters in China. It is identified that the
heterogeneous conversion of nitrogen dioxide on the ground surface and photo-oxidation of nitrogen oxide may
play an important role in HONO formation. The modeling result is indicative of the pronounced enhancement of
HONO on secondary air pollutants, including ozone and secondary aerosols. This study highlights the critical
impact of HONO on deteriorating secondary air pollution in city clusters.

1. Introduction

With the tremendous reduction in primary emissions over the past decade, secondary pollution from ozone (O5)
and secondary PM, 5 has become an emerging threat to air quality in China (Fu et al., 2020; Huang et al., 2020; Lu
et al., 2020; Wang, Wang, et al., 2023). Atmospheric oxidizing capacity (AOC) is dominant in modulating
secondary pollution. It largely depends on the abundance of hydroxyl (OH) radicals (Wang, Li, et al., 2023).
Nitrous acid (HONO) is one of the major precursors of tropospheric OH radicals. It is estimated that HONO
accounts for approximately 20%-80% of OH production by self-photolysis, showing a vigorous potential in
initiating atmospheric oxidation and the subsequent secondary pollution (Gu et al., 2022; Kim et al., 2014;
Kleffmann et al., 2005; Slater et al., 2020; Su et al., 2008).
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HONO can be directly emitted into the atmosphere from primary sources, including vehicle exhausts (Kurtenbach
et al., 2001; Liao et al., 2021), agricultural soils (Oswald et al., 2013; Su et al., 2011; Xue et al., 2021; Zhang
et al., 2023a), and wildfire plumes (Fredrickson et al., 2023; Nie et al., 2015; Theys et al., 2020). In addition, a
most recent field study identified that livestock farming is an important but previously overlooked direct source of
HONO in rural regions (Zhang et al., 2023a). Multiphase chemical reactions also significantly contribute to
HONO formation. The most widely recognized pathway is the gas-phase reaction between NO and OH. Secondly,
the illumination-enhanced heterogeneous uptake of NO, on solid surfaces serves as an important source as well
(Chen et al., 2023; Finlayson-Pitts et al., 2003; Monge et al., 2010; Yu et al., 2022). Previous field measurements
have reported that the heterogeneous uptake of NO, approximately accounts for 50% or more of HONO con-
centrations in China (Song et al., 2022; Ye et al., 2023; Zhang et al., 2022c, 2023b). Additionally, laboratory
experiments suggest that particulate nitrate photolysis can produce HONO (Andersen et al., 2023; Ye et al., 2016,
2017). Apart from these formation pathways, a recent study proposed a novel mechanism unveiling HONO
formation due to the photo-/dark-oxidation of nitrogen oxides (NO, = NO + NO,) (Song et al., 2023).

The representations of HONO sources in three-dimensional (3-D) chemical transport models (CTMs) are
generally outdated. Most models only consider the homogeneous reaction pathway (NO + OH) to characterize
HONO's formation, which fails to explain the high observed concentrations in the atmosphere (Sarwar
etal., 2008). In order to bridge the gap between simulations and measurements, previous studies have attempted to
incorporate additional HONO sources into CTMs. For instance, Li et al. (2010) implemented heterogeneous
uptake of NO, on different surfaces in the Weather Research and Forecasting coupled with Chemistry (WRF-
Chem) model. The revised model successfully reproduced the hourly variations of HONO and the relevant
species O3, OH, and hydroperoxyl (HO,) radicals during the MCMA-2006/MILAGO observation campaign in
Mexico City. Subsequently, this model was used to assess the impact of HONO on wintertime particulate
pollution in the Beijing-Tianjin-Hebei (BTH) region and Guanzhong Plain of China (Li et al., 2022; Xing
et al., 2019). Similar modeling studies were intensively conducted to improve HONO prediction and to quantify
the associated environmental impacts on deteriorating O5 and secondary aerosols in other Chinese regions, such
as the North China Plain and Pearl River Delta (PRD) region (Fu et al., 2019; Tan et al., 2023; Zhang et al., 2016,
2019b, 2021, 2022a).

The Yangtze River Delta region (YRD) is one of the most highly urbanized and developed agglomerations in
China, frequently suffering from secondary pollution (Li et al., 2023; Tang et al., 2022; Zhou et al., 2023).
Previous studies on HONO sources in the YRD region are generally based on field measurements as well as
laboratory experiments (Feng et al., 2023; Liu, Nie, et al., 2019; Ma et al., 2022; Zheng et al., 2020), while there is
inadequate understanding in characterizing sources and sinks of HONO with 3-D CTMs. In this study, we
incorporated primary emissions of HONO, heterogeneous uptake of NO, on solid surfaces, nitrate photolysis, and
the newly presented photo-/dark-oxidation of NO, into the WRF-Chem model. By integrating in-situ measure-
ments in March 2019 with the revised numerical simulations, we quantified the improvement in model perfor-
mance and analyzed the chemical budget of HONO. The improved model was further used to shed light on
HONO's impacts on enhancing the formation of O; and secondary aerosols during a typical secondary pollution
episode in the YRD region.

2. Data and Methods
2.1. Observational Site and Instrumentation

Continuous measurements were conducted from 20 to 29 March 2019 at the Station for Observing Regional
Processes of the Earth System (SORPES, 32°07’ N, 118°57" E; 62 m a.s.l.) located at the Xianlin Campus of
Nanjing University in Nanjing, Jiangsu Province (Figure 1). SORPES station is situated in the central area of the
YRD region and serves as a regional background station (Ding et al., 2016, 2019). Our study obtained hourly
observations of gases (HONO, NO,, O, carbon monoxide (CO)), aerosols (PM, s, SO,>~, NO,~, NH,™), and
meteorological parameters during the study period. HONO concentrations were measured using a commercial
long-path absorption photometer instrument (LOPAP) (Liu, Nie, et al., 2019). Trace gases, including NO,, O3,
and CO, were measured with a chemiluminescence instrument (Thermo Fisher Scientific TEI 42i, TEI 491, and
TEI 48i). The PM, 5 concentration was detected using a combined technique of light scattering photometry and 8
radiation attenuation (Thermo Fisher Scientific, Model 5030 SHARP, USA). Water-soluble aerosol ions,
including SO,>~, NO;~, and NH," (SNA), were measured using the Monitor for Aerosols and Gases in ambient
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Figure 1. Illustration of the study regions in this study. Panel (a) shows the two modeling domains and the spatial distribution
of terrain elevation. Panel (b) indicates the land use information over the nested domain 02 (d02), which covers the Yangtze
River Delta region (black boundary). The pentagram in panel (b) stands for the SORPES station.

Air (MARGA,; Metrohm, Switzerland) (Sun et al., 2018). Furthermore, an automatic weather station (CAMPEEL
co., AG1000) simultaneously monitored meteorological parameters involving air temperature, relative humidity
(RH), wind speed, and wind direction.

2.2. Chemical Transport Model

We utilized the WRF-Chem (v4.1.5) numerical modeling system to simulate the evolution of regional air
pollution (Grell et al., 2005). The WRF-Chem model used the 1° X 1° FNL reanalysis data set (ds83.2) from the U.
S. National Centers for Environmental Prediction (NCEP) as meteorological initial and boundary conditions.
Additionally, four-dimensional data assimilation nudging technique was employed to improve meteorological
simulation with upper and surface weather observations (ds351 and ds461). Various physical parameterizations
were configured to model sub-grid processes, such as radiation transfer, boundary layer development, and
microphysics (see Table S1 in Supporting Information S1). For chemistry, the Statewide Air Pollution Research
Center (SAPRC99) mechanism (Carter, 2000) and the Model for Simulating Aerosol Interactions and Chemistry
(MOSAIC) module (Zaveri et al., 2008) were applied to simulate trace gases and aerosols, respectively. Detailed
information about the SAPRC99-MOSAIC mechanism in this study is provided in Text S1 in Supporting
Information S1.

Our study configured two modeling domains. Figure 1 shows that the parent domain (d01) covers China with a
horizontal resolution of 36 km X 36 km. The nested domain (d02) focuses on the YRD region with a grid spacing
of 12 km. The vertical grids include 29 layers extending from the ground surface to the altitude of 50 hPa. To
accurately capture diurnal variations in the atmospheric boundary layer, we designed 15 model layers below the
altitude of 1 km. The anthropogenic emissions used in this study were obtained from the gridded Multi-resolution
Emission Inventory for China (MEIC, v1.4) developed by Tsinghua University (Li et al., 2017). For d02, we
merged the local emission inventory within the YRD region with a higher grid resolution of 4 km X 4 km (An
et al., 2021). Biogenic emissions were calculated online using the Model of Emissions of Gases and Aerosols
from Nature (MEGAN, v2.0.6) developed by Guenther et al. (2006).

2.3. Implementation of Multiple HONO Sources
2.3.1. Primary Emissions

The empirical ratio of HONO to NO, (HONO/NO,) is typically employed to estimate HONO emissions from
combustion-related processes such as vehicular exhausts and industrial activities. The determination of HONO/
NOj relies on field measurements of freshly emitted plumes by applying the following criteria (Xu et al., 2015):

ZHANG ET AL.

30f 17

B5UBD| 7 SUOWIWIOD dAIERID 3|qedl|dde au A peuAoh 818 SoPIE VO ‘SN JO S3IN U0} AReIq1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SWLBILOD A8 | 1M A .G 1/BU1|UO//SANL) SUOHIPUOD PUe SWwie L U1 88S *[7202/60/TT] uo Arigiauliuo Ao ‘Aiseniun BuilueN Ag ZG0Tr0Ary20e/620T OT/10p/wod Ae|1m Areiq putjuo sandnBey/sdny woy papeojumod ‘9T ‘¥20¢ ‘96686912



M\I Journal of Geophysical Research: Atmospheres 10.1029/2024JD041052

. NO, concentrations >40 ppb

. NO/NO, > 0.85 (ensuring predominant contribution from strong emissions)

. A good correlation between HONO and NO, with a correlation coefficient (r > 0.9)
. Limited plume duration (<2 hr, minimizing aging effects on HONO)

. UVB <0.01 Wm™2 (avoiding photochemistry reactions)

AN AW =

. Lower wind speed and no precipitation (reducing meteorological influences)

Based on one-year continuous measurements at the SORPES station in Nanjing, Liu, Nie, et al. (2019) selected 55
freshly emitted plumes satisfying the criteria. The derived HONO/NOj ratios vary from 0.26% to 1.91%, with a
mean value of 0.79% + 0.36%. This ratio is generally consistent with previous results ranging from 0.78% to
0.85% (Kurtenbach et al., 2001; Liu et al., 2021; Xuan et al., 2023). Consequently, our model used an average
ratio of 0.79% to approximate HONO primary emissions from combustion sources.

2.3.2. Heterogeneous Conversion of NO, on Surfaces

HONO produced via the heterogeneous reactive pathway includes the conversion on the ground surface
(HET_LAND) and the aerosol surface (HET_AERO). As demonstrated in R1, the HONO yield was set to 0.5.
The computation of the reactive kinetic rate for this heterogeneous reaction (k;,,) can be simplified as a pseudo-
first-order reaction. The calculation of k;,, .., and k., ;,,,; follows Equations 1 and 2, respectively, where Cy,
represents the mean molecular velocity of NO, (m s™"), further determined by Equation 3. R, T, and M, in
Equation 3 denote the ideal gas constant (8.314 J mol~' K™"), kelvin temperature (K), and the molar weight of
NO, (46 g mol™"). The parameter y represents the dimensionless heterogeneous uptake coefficient. At night, y for
aerosol and ground surfaces are 8 X 107 and 4 x 10™° (Zhang et al., 2021). Considering that illumination can
efficiently promote the heterogeneous uptake of NO,, the diurnal maxima of y are expected to be 1 X 1073 (y,) and
6x1073 (7,) at noon (Liu, Lu, et al., 2019). The value y,, is an upper limit compared to other similar studies (Fu
et al., 2019; Li et al., 2010; Zhang et al., 2022a). To quantify the impact of this high uptake coefficient, we also
conducted two additional sensitivity experiments using a 7, of 1 X 107 and 1 x 107> (refer to Text S3 in
Supporting Information S1). Results show that the uptake coefficient of 1 x 107 is acceptable. For other daytime
hours, a dynamic linear scaling method presented by Song et al. (2023) was utilized in Equation 4 and Equation 5,
where SR indicates solar radiation intensity (W m™?).

S,/V and S/V represent aerosol and ground surface area densities (m* m™). S/V was calculated using the
MOSAIC aerosol model, which divided aerosols into four size bins ranging from 3.9 nm to 10 pm (Text S1 in
Supporting Information S1). S,/V was determined based on the underlying surface category. In regions with
vegetation cover, S,/V was estimated as the ratio of the double leaf area index (LAL m* m™2) to the height of the
first layer in the WRF-Chem model (H, m). In our study, the first layer height was 41 m, close to the value
(~35 m) reported in previous CTM modeling studies (Xue, 2022; Zhang et al., 2016, 2022a). For urban regions,
the S,/V ratio is empirically assumed to vary from 0.1 to 0.3 (Zhang et al., 2016). We constrained this parameter
dynamically using a linear formula (Equation 6) based on the fraction of urban area so that highly urbanized
regions can have more reactive surfaces. The original land use information in the WRF-Chem model is outdated.
It cannot reflect the decadal urbanization changes in China. In order to tackle this issue, our study updated the land
use information up to the level of 2019 (refer to Figure S1 in Supporting Information S1). The results showed a
significant increase of 33% and 104% in the urban fraction and S,/V within the SORPES station grid. It is
important to note that the WRF-Chem model only accounts for NO, heterogeneous uptake by the ground surface
within the first layer, while that on the aerosol surface is considered in all model layers (Zhang et al., 2016).

NO, + H,0 = 0.5 HNO; + 0.5 HONO (R1)

S,
khetAaeru =0.25 X Cypo X Yq X Va (1)

Sg
khet_land =0.125%x CN02 X ]/g X V (2)

3)
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2.3.3. Particulate Nitrate Photolysis

During the daytime, particulate nitrate undergoes photolysis to produce HONO and NO,. The molecular yields of
these two products are 0.67 and 0.33 (R2), respectively. It was experimentally determined that the photolysis
frequency of NO;™ (Jyp3.) was 120 times higher than that of HNO; (Ji;503) (Ye et al., 2017). However, it was
argued that this rate had a high level of uncertainty and may lead to an overestimation in HONO concentrations. In
this study, we adopted a moderate rate of Jy3. (Equation 7) recommended by Zhang et al. (2022a).

NO3 + hv — 0.67 HONO + 0.33 NO, (R2)

Ino; =30 X Junos @)

2.3.4. Photo-/Dark- Oxidation of NO,

Recent smog chamber experiments have shown that NO, oxidation may be a significant source of HONO for-
mation (Song et al., 2023). After implementing this pathway into the CTM model, it was concluded that NO,
oxidation contributed to approximately over 40% of HONO production in Beijing, China. This formation pathway
involves two reactions. During the daytime, HONO is generated due to the reaction between HNO; and NO (R3).
Owing to the lack of the reaction order and rate constant, Song et al. (2023) represented the formation rate of R3
by multiplying the HNO; formation rate by 0.53 based on experimental data fitting (Equation 8). At night, HONO
is produced by the dark-oxidation of NO,, which involves the reaction between NO; radicals and NO. The dark-
oxidation reaction is expressed through R4 with a 0.02 molecular yield of HONO.

HNO; + NO — NO, + HONO (R3)

d[HONO]
dt

d[HNOs]

=0.53 +0.00012 (ppb s7") (8)

NO; + NO — 1.98 NO, + 0.02 HONO (R4)

2.4. Source-Oriented Method

We used a source-oriented method (SOM) to reveal the contribution of each source and sink pathway to HONO
concentrations. The SOM analysis in the WRF-Chem model is realized by configuring diagnostic variables to
represent the contributions of different physical or chemical processes to species concentrations (Chen
et al., 2019; Gao et al., 2020; Zhao et al., 2023). In our study, we defined seven source-tracking variables to track
chemical sources from primary emissions (HONO_EMISS), homogeneous reaction between NO and OH
(HONO_HOMO), photo-/dark-oxidation of NO, (HONO_PHOTO and HONO_DARK), heterogeneous uptake
on the ground and aerosol surfaces (HONO_HETE_LAND and HONO_HETE_AERO), and photolysis of nitrate
(HONO_PNO3_HV). Simultaneously, two sink-tracking variables were applied to reveal the removal intensity of
HONO photodissociation (HONO_HV) and OH oxidation (HONO_OH). Specifically, the contribution of one
HONO source or sink can be calculated by the difference between the concentration after the process calculation
(C,ew) and the concentration before the process calculation (C,,4). Previous modeling studies often used brute-
force methods (BFM) to identify source contributions (Song et al., 2023; Zhang et al., 2016, 2019a). Howev-
er, BFM requires several sensitivity experiments, which can lead to extra computational burdens and potential
biases (Liu et al., 2020). The SOM used in our study can track the individual contribution of each source to HONO
formation within the same simulation.
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Figure 2. Time series of measurements of meteorological parameters (air temperature, relative humidity, wind speed, wind
direction), trace gases (HONO, NO,, O5), and aerosols (SO,>~, NH,*, NO, ™, total PM, s) at the SORPES station from 20 to
29 March 2019. The period showing the enhanced secondary pollution (24-27 March) is colored with gray shadows.

3. Results and Discussions
3.1. Observation on Elevated HONO and Secondary Pollution

Figure 2 shows the hourly variations of air pollutants and meteorological parameters measured at the SOPRES
station during the study period. In general, an apparent increase in the concentrations of particulate aerosols
(SO,>~, NH,*, NO;™, PM, 5) and gaseous air pollutants (HONO and O;) was observed from 24 to 27 March
2019. Among these species, PM, s and HONO exhibited the most significant increase. According to the statistics
in Table S2 in Supporting Information S1, the mean concentrations of PM, 5 and HONO were 63.3 pg m™> and
1.18 ppb, respectively, from 24 to 27 March. Compared with the previous period from 20 to 23 March, their
relative elevation reached 89% and 100%, respectively.

By analyzing the synoptic weather, we found that the higher concentrations of air pollutants during March 24-27
can be attributed to unfavorable meteorological conditions. Figure 3a illustrates that the YRD region was under
the control of the anticyclone system at 00:00 on 24 March. The high-pressure system near the ground surface led
to stagnant atmospheric conditions that inhibited the diffusion of air pollutants (Cai et al., 2024; Zhou et al., 2023).
At the same time, the weakened diffusion was also confirmed by the low wind speed at the SORPES station
(Figure 2). Such a stable high-pressure pattern contributed to the dramatic increase in PM, 5 concentration from
52.0 pg m™ to 119.7 ug m~> within the first 7 hr of 24 March. Daily PM, 5 measurements from the national
network showed severe haze pollution in the YRD region. Spatially, the high PM, 5 levels were concentrated in
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Figure 3. Spatial distributions of the background atmospheric circulation and air pollution from 24 to 28 March 2019. Panel (a) shows the surface sea level pressure (hPa)
and 925 hPa wind field at 00:00 daily. The meteorological variables were obtained from ERAS reanalysis data from the European Center for Medium-Range Weather
Forecasts (ECMWF). The white dash rectangles stand for the Yangtze River Delta region. Panels (b, c) show the simultaneous spatial patterns of daily PM, 5 (ug m™)
and 8h-O; (ppb) concentrations from the Chinese National Environmental Monitoring Center (CNEMC).

the central and northern YRD region (Figure 3b). Subsequently, the anticyclone system gradually weakened and
moved to the eastern oceanic areas of the YRD region. For the next 3 days (25-27 March), the YRD region was
still influenced by the outer areas of this anticyclone system. PM, s concentrations decreased slightly but
remained at high levels. As a consequence of the effect of the anticyclone system, the average wind speed at the
SORPES station from 24 to 27 March was 15% lower than that from 20 to 23 March, indicating reduced horizontal
advection. In addition, the southerly wind persisted because the SOPRES station and the surrounding YRD region
were west of the anticyclone system (Figures 2 and 3a). Previous studies often attributed the abrupt increase in
PM, 5 concentrations in the YRD region to the transport of pollutants from the upstream regions under the in-
fluence of a synoptic system such as a cold front (Kang et al., 2021; Liu et al., 2022). However, the PM, 5
concentrations over the upstream regions were significantly lower than those in the YRD region (Figure 3b).
Therefore, the inflow of cleaner air masses did not increase PM, 5 concentrations and may help to dilute local
pollution. The surface anticyclone system around the YRD region gradually dissipated after 27 March, changing
the atmospheric circulation and the subsequent meteorological conditions (Figures 2 and 3a). On 28 March,
northeasterly winds were observed at the SORPES station, demonstrating the return of airflows to local regions.
Therefore, the observed PM, 5 concentration at the SORPES station significantly increased.
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Overall, the background atmospheric circulation demonstrated the weak contribution of transport from the up-
stream regions during March 24-27. In contrast, the observational evidence revealed a remarkable secondary
production of PM, 5 in the YRD region. Table S2 in Supporting Information S1 suggests that 56% of the con-
current increase in PM, 5 can be attributed to the increase in SNA concentrations compared to 20-23 March.
Figure S2 in Supporting Information S1 shows that water-soluble SNA ions accounted for 68% of the total PM, 5
mass concentration during March 24-27. Among the inorganic ions, the concentration of NO5;~ was higher than
the sum of SO,>~ and NH,*, and its average increased from 13.6 pg m ™ to 24.8 pg m™. The rapid increase in
NO;™ concentration was partly due to the associated increase in precursor (NO,) concentration. However, high
nitrate yields were still observed on March 24-25, even under the lower NO, condition (Figure S3 in Supporting
Information S1). The enhanced AOC was probably a driving factor. This assumption can be further elucidated by
the increase of the observed indicator (PM, s/CO), which reflects the secondary conversion efficiency (Huang
etal., 2021). As summarized in Table S2 of the Supporting Information S1, the average PM, s/CO ratio from 24 to
27 March increased by 26% compared to the previous period (20-23 March). Simultaneously, the increase in O
also indicated an elevation in ambient AOC. The average 8h-O; concentration at the SORPES station increased by
29%. These high O concentrations were also observed at numerous national monitoring sites throughout the
YRD region (Figure 3c).

The significant increase in HONO concentration may explain the elevation in AOC levels. Due to the stagnation
of the anticyclone system, HONO can easily accumulate under the circumstances of the lower wind speed.
Moreover, the higher air temperature from 24 to 27 March (Figure 2 and Table S2 in Supporting Information S1)
implies abundant solar radiation. Thus, the illumination-dependent heterogeneous uptake pathway can greatly
enhance the HONO formation. Once formed, HONO subsequently contributed to the massive production of OH
radicals via self-photolysis. The elevated OH concentrations can directly speed up the formation of gaseous
precursors of secondary aerosols, including H,SO, and HNO;. Thus, concentrations of SNA aerosols signifi-
cantly increased (Zhang et al., 2021). Additionally, the enhanced HO, chemical cycle can further facilitate the
generation of O5 (Li et al., 2010). Consequently, O; can promote the oxidation processes of directly emitted air
pollutants, leading to a rapid growth in SNA concentrations. This synergistic enhancement in O; and SNA
initiated by HONO was previously confirmed in the PRD region by Fu et al. (2019). Given the dominant role of
OH in governing AOC, we would like to quantify further the chemical role of HONO in amplifying secondary
pollution during the observed typical secondary pollution event in the YRD region.

3.2. HONO Simulation Improvements and Process Diagnosis

In order to quantitively assess the contribution of HONO to the worsening of secondary pollution, it is essential to
reproduce reasonable HONO concentrations with models in advance. In this section, we used the revised WRF-
Chem model with complete representations of multiple HONO sources to simulate the observed high HONO
concentrations at the SORPES station during March 24-27. The BASE scenario was the numerical experiment
considering only the homogeneous reaction between NO and OH for HONO production. The other experimental
simulation with four additional HONO sources was named the REVISED scenario.

3.2.1. Improvement in Modeling HONO Concentrations

First, we validated the HONO simulation with the in-situ measurements from the SORPES station. The measured
HONO concentrations ranged from 0.04 to 2.90 ppb from 24 to 27 March, with a mean of 1.17 ppb. Consistent
with previous field measurements, the peak HONO concentrations typically occurred at night (Feng et al., 2023;
Zheng et al., 2020). The daytime HONO concentrations were lower due to its active photodissociation, with a
minimum of 0.5 ppb. Figure 4a shows that the BASE simulation did not capture the magnitude of the observed
HONO concentrations, particularly for the high nighttime values. By incorporating four additional sources into
the model, the REVISED simulation showed a notable increase in the magnitude of the HONO concentration that
closely matched the measurements (Figure 4b). The average HONO simulation increased from 0.07 ppb (BASE)
to 1.24 ppb (REVISED). Simultaneously, the updated model also successfully reproduced the nocturnal HONO
peaks. To quantify this improvement, we utilized three statistical metrics (Text S2 in Supporting Information S1),
including the index of agreement (IOA), the normalized mean bias (NMB), and the root-mean-square error
(RMSE). As summarized in Table 1, the IOA increased from 0.55 in the BASE simulation to 0.74 in the
REVISED simulation, showing a significant improvement in agreement between simulation and observation. The
NMB index changed from an underestimation of 94% to a slight overestimation of +6%. The RMSE in the
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Table 1

Metrics of Model Evaluation in Simulating HONO Concentrations
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Figure 4. Model evaluation of HONO concentrations (ppb) in BASE scenario (NO + OH) and REVISED scenario (BASE
plus four additional sources). Panels (a, b) show hourly and diurnal comparisons between model simulation and
measurements. Panels (c—e) represent the spatial distribution of HONO concentrations in BASE, REVISED, and their
differences (REVISED minus BASE). The regional mean value is marked in bold in each panel as well.

REVISED scenario was also reduced by 46% compared to the BASE scenario. These reductions in NMB and
RMSE further confirm the improved biases in the HONO simulation. However, we still find a significant
overestimation of 0.59 ~ 1.03 ppb from 20:00 to 0:00. An underestimation of —0.84 ppb ~ —0.47 ppb was also
witnessed from 2:00 to 7:00. These biases may result from the parametrization uncertainties of HONO chemical
sources working during the nighttime. Given that OH-consuming gaseous reactions and nitrate photolysis are
inactive, the nighttime biases can be attributed to the uncertainties of the heterogeneous uptake on solid surfaces.
The following section will give a detailed analysis of diurnal variations of the HONO chemical budget.

Furthermore, the HONO simulation also improved in the YRD region. As shown in Figure 4c, the average
regional concentration of HONO in the BASE scenario was 0.02 ppb. Including complete representations of
HONO sources led to an increase of 0.48 ppb (Figures 4d and 4e). Higher HONO concentrations were primarily
found in the urban areas along the Yangtze River and Hangzhou Bay, where NO, emissions are more prevalent
due to the developed transportation (An et al., 2021). In contrast, the vegetation-covered southwest region of the
YRD (as shown in Figure 1b) has significantly lower HONO concentrations due to its sparse NO, emissions.

3.2.2. Analyses of HONO Chemical Budget

To better understand the formation process of HONO, we analyzed the contribution of each reactive pathway
using SOM approach. Figure 5a illustrates that high HONO production rates occurred during the daytime, with a
maximum of 12.7 ppb hr™" at 11:00. This peak can be attributed to the substantial enhancement of light-related
formation pathways, including the homogeneous reaction between NO and OH, photo-oxidation of NO,, het-
erogeneous uptake of NO,, and nitrate photolysis. The mean production rate
during the daytime (from 7:00 to 18:00) was 7.70 ppb hr™'. The dominant
contributor to daytime HONO formation was the heterogeneous uptake of

NO,, which accounted for approximately 53% of the overall production rate.

LelislE REVISED  pjg finding is consistent with previous studies that have attributed hetero-

Observation (ppb) 1.17 1.17 geneous NO, uptake to 43%—66% of daytime HONO production (Table S3 in
Simulation (ppb) 0.07 124 Supporting Information S1). HETE_LAND was more significant, contrib-
I0A 055 0.74 uting 47% to the daytime production rate of HONO, while HETE_AERO only
N 049 6% accounted for 6%. The discrepancy in two heterogeneous reactions results
from the large difference in the surface area density. At the SORPES station,

et L2 0.74 our simulation estimated the average density of aerosol surface area to be
ZHANG ET AL. 9 of 17

B5UBD| 7 SUOWIWIOD dAIERID 3|qedl|dde au A peuAoh 818 SoPIE VO ‘SN JO S3IN U0} AReIq1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SWLBILOD A8 | 1M A .G 1/BU1|UO//SANL) SUOHIPUOD PUe SWwie L U1 88S *[7202/60/TT] uo Arigiauliuo Ao ‘Aiseniun BuilueN Ag ZG0Tr0Ary20e/620T OT/10p/wod Ae|1m Areiq putjuo sandnBey/sdny woy papeojumod ‘9T ‘¥20¢ ‘96686912



I ¥edl

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20241D041052

N S

o

Chemical budget of HONO at SORPES
T I I T T T

I T T I T T
I NO+OH Photo-oxidation [l Dark-oxidation Emission [ HET_LAND
PNO3+hv M HET AERO M HONO+hv HONO+OH —@—P minusL |

-
(o)}
T

-y
N
T

~

o

Production / Loss rate (ppb h'1) o
A e

'
o]

0 2 4 6 8 10 12 14 16 18 20 22 24
(b) Hour

Nighttime p<rqguction rate Nighttime loss rate Daytime production rate Daytime loss rate

2%

Figure 5. Chemical sources and sinks of HONO at the SORPES station (ppb h™Y). Panel (a) shows the diurnal variations of
the production (P) and loss (L) rates of seven formation pathways (NO + OH, Photo-oxidation, Dark-oxidation, Emission,
HET_LAND, PNO3 + hv, and HET_AERO) and two loss pathways (HONO + hv and HONO + OH). The net chemical
formation rate is derived by deducting the loss rate from the formation rate (P-L). Panel (b) shows the relative contribution of
each pathway during the daytime (7:00 to 18:00) and nighttime (19:00 to 6:00).

6.7 x 107* m? m ™, which was notably lower (by 2-3 orders of magnitude) than the assumed area density on the
ground surface (1.6 X 10~" m? m™). In addition, we found that during the daytime, photo-oxidation of NO,, the
homogeneous reaction, primary emissions, and nitrate photolysis contributed 23%, 11%, 9%, and 3%, respec-
tively, to the HONO formation. These results are comparable to previously reported ranges, as shown in Table S3
of Supporting Information S1. During the nighttime (19:00 to 6:00), the mean production rate of HONO was 2.78
ppb hr™!, which is 64% lower than during the daytime. The dominant source in nocturnal HONO formation was
HETE_LAND, which contributed 52%. HETE_AERO had a lower contribution (<1%) to HONO due to the
decreased reactive uptake coefficient at night. The overall contribution of the two types of heterogeneous re-
actions remained nearly the same during both daytime and nighttime. Compared to the daytime, the contributions
of photo-/dark-oxidation of NO, and primary emissions to HONO formation present a significant increase at
night, with their percentages being 30% and 14%, respectively. Meanwhile, the relative contributions of the
homogeneous reaction and nitrate photolysis show a notable decrease due to the lower photochemical reactivity.

The considerable contribution of the heterogeneous uptake of NO, on the ground surface to HONO formation at
the SORPES station resulted from the following three aspects. The first cause is the property of the urban un-
derlying surface (Figure 1b), which provides a more available reaction area for the heterogeneous uptake. The
other is the effect of the meteorological condition. As illustrated in Section 3.1, the temperature was higher during
March 24-27 under the control of the ground high-pressure system. The solar radiation was abundant, with its
maximum intensity up to 900 Wm™ at 11:00 (see Figure S4 in Supporting Information S1). Therefore, the
heterogeneous process was significantly enhanced by increasing the light-dependent uptake coefficient. More-
over, the southwesterly wind driven by the anticyclone system transported NO, from the downtown area of
Nanjing to the SORPES station, which supplied enough precursors for further conversion to HONO (Xia
et al., 2020).

HONO can be lost through self-photolysis and OH-oxidation depletion. We show the diurnal variation of the
associated chemical losses at the SORPES station in Figure 5. The two removal reactions were generally regu-
lated by radiation intensity and only active during the daytime. These loss reactions were regulated by radiation
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Table 2

intensity and only active during the daytime (Figure 5). The average loss rate

. . —1 . .
HONO Production Rates (ppb h™') and Relative Contributions (%) of during the daytime was 2.85 ppb hr™", with 95% attributed to HONO
Different Pathways in Urban and Rural Areas of the YRD Region photolysis. The net chemical formation rate peaked at 7.6 ppb hr~' at 11:00.

YRD region

Urban Rural Then, production and loss rates decreased due to the weakened radiation

Total production rate 1.275

intensity.
3.732 1.063

NO + OH 0.137
Photo-oxidation 0.358
Dark-oxidation 0.012
Emissions 0.092
HET_LAND 0.431
PNO3 + hv 0.124
HET_AERO 0.121

(11%)
(28%)
(<1%)
(7%)

(34%)
(10%)
(9%)

Figure S5 in Supporting Information S1 exhibits the HONO production rate

0270 (7% 0128 (12%) : . .
of each source on a larger spatial scale. Except for nitrate photolysis, the

0.694 (19%) 0.331 (31%)
0.022 (<1%) 0.012 (1%)

spatial distribution pattern of production rates for all pathways is generally
consistent with that of NO, (Figure S6a in Supporting Information S1). The
0279 (7%  0.076 (7%) production rate resulting from nitrate photolysis follows the concentration
2.148  (58%) 0277 (26%) levels of nitrate (Figure S6b in Supporting Information S1). Simultaneously,
0.129 (3%) 0.122 (11%) the chemical sources of HONO propose distinct composition characteristics

0190 (5% 0117 (11%) between urban and rural areas in the YRD region. As listed in Table 2, the

overall production rate of HONO formation was 3.732 ppb hr™' in urban
areas, which is three times higher than in rural areas. However, the lack of
primary emissions from agricultural sectors such as soil and livestock may lead to underestimating the HONO
formation rate in rural areas over the YRD region. Therefore, the difference between urban and rural could be
smaller than expected. The higher formation potential of HONO in the urban areas highlights the more important
enhancement in the subsequent secondary pollution compared to the rural areas. This difference in HONO for-
mation rate between urban and rural areas is mainly due to NO, abundance. Additionally, the higher density of
ground surface area in urban areas facilitates the heterogeneous uptake of NO,. The HET_LAND pathway was
the dominant chemical source for urban HONO, contributing to 58% of the total production rate. However, this
pathway's contribution was lower in rural regions (26%). On the contrary, the photo-oxidation of NO, was the
predominant source of rural HONO formation, with a relative contribution of 31%. Furthermore, in comparison to
urban areas, the production rate of HONO was influenced more significantly by the homogeneous reaction be-
tween NO and OH, nitrate photolysis, and HETE_AERO. The overall average production rate in the YRD region
was 1.275 ppb hr™'. The contribution of each source, in descending order, is as follows: 34% for NO, hetero-
geneous uptake on the ground surface, 28% for photo-oxidation of NO,, 11% for the homogeneous reaction, 10%
for nitrate photolysis, 9% for NO, heterogeneous uptake on the aerosol surface, 7% for primary emissions.

3.3. Impacts of HONO on Secondary Pollution

As a consequence of the increase in HONO concentrations, the ambient AOC was also enhanced. Figure 6b shows
that the average concentration of OH radical increased significantly from 1.4 x 10 molecule cm™ in the BASE
scenario to 2.8 x 10° molecule cm™ in the REVISED scenario. This increase was particularly noticeable in the
morning, with the maximum relative rise of 204% at 8:00. This phenomenon aligns with the modeling results
previously presented by Fu et al. (2019). It is attributed to the dominant role of HONO in producing OH radicals in
the early morning when O;-related OH production has not yet efficiently worked. Due to the rapid interconversion
of HO,, concentrations of HO, radicals were also elevated, resulting in a 58% increase compared to the BASE
scenario (Figure 6¢). According to the O; photochemical regime, HO, can replace O; to react with NO (Li
et al.,, 2019; Wang et al., 2017). Therefore, the substantial increase of HO, radicals further facilitated the
accumulation of Oj. Figure 6a shows that the daily maxima of O; went through an evident increase. Excluding the
simulated results on 27 March, when the model significantly overestimated, the average 8h-O; concentration on
other days increased from 51.5 ppb (BASE) to 63.8 ppb (REVISED). The increased O; concentration was closer
to the observation (62.0 ppb), further indicating an improvement in O5 simulation. The diurnal increase in O
concentration caused by HONO varied from 4.5 ppb (7:00) to 12.9 ppb (12:00). As depicted in Figure S7 of the
Supporting Information S1, this range is consistent with the findings of previous studies (3.8—-14.8 ppb) (Zhang
et al., 2022b). In conclusion, the increase of both O; and HO, radicals exhibited a remarkable enhancement of the
ambient AOC condition.

The enhanced AOC subsequently influenced the formation of secondary aerosols. We used the sulfur oxidation
ratio (SOR) and nitrogen oxidation ratio (NOR) to reflect the enhancement of SO42_ and NO;™, respectively.
These indicators have been widely used in previous studies (Chang et al., 2020; Ji et al., 2018) and were calculated
using Equations 9 and 10, where n denotes the molar fraction. Figure S8 in Supporting Information S1 shows that
both SOR and NOR exhibit higher varying ranges in the REVISED scenario compared to the BASE scenario.

ZHANG ET AL.

11 of 17

35UB01T SUOWILLIOD dAIIE81D) 3|ceot|dde sy Ag peusenoh are sapie YO ‘3sn JO S3|NJ J0j Arlg 1T auluQ A8|IAA UO (SUOHIPUOD-PUR-SWBIWLO0Y" A3 1M Aelq 1)Ul uo//:Sdny) SUOIIPUOD pue SWid | 8Y) 88S *[1Z202/60/TT] U0 ARiqiTauliuo A81IMm ‘Aisiealun Builuen AQ ZGOTYOAryZ0z/620T 0T/I0pwo" Aa 1M AReiq puluo'sgndnBe//sdny woJj papeojumod ‘9T ‘Y202 ‘966869T2



| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20241D041052

T T T 70
——BASE ——REVISED OBS

60

50

40

O, (ppb)

30

20

ol L f I oL
2019/3/24 2019/3/25 2019/3/26 2019/3/27 0 2 4 6 8 10 12 14 16 18 20 22

Date Hour

(b)15 F T T =
~ ——BASE ——REVISED

N
=

o)

D

IS

N

OH (x10°® molec. cm™®)

0 osete, 0 L Ot I T
2019/3/24 2019/3/25 2019/3/26 2019/3/27 0 2 4 6 8 10 12 14 16 18 20 22
Date Hour

(C) ——BASE ——REVISED

HO, (ppt)
o

0 . 0L Wi e -
2019/3/24 2019/3/25 2019/3/26 2019/3/27 0 2 4 6 8 10 12 14 16 18 20 22
Date Hour

Figure 6. Comparisons between BASE and REVISED in simulating (a) O (ppb), (b) OH radicals (x10° molecule cm ™), and
(c) HO, radicals (ppt) at the SORPES station. The left panels show the hourly variations, where O; measurements are
exhibited with gray shadows. The right panels illustrate the diurnal variations.

Notably, there was a more significant relative increase in average NOR (34%), while SOR showed a rise of 19%.
For NOR, apart from the enhanced secondary conversion, the depletion of NO, during HONO generation also led
to the increase of NOR.

503

SOR=——"—*1——
n[SO;™| + n[SO,]

©

n[NO5 |

NOR = [NOY [+ nNOs]

(10)

Simultaneously, SNA concentrations showed an associated enhancement. Figure 7a illustrates that in the
REVISED scenario, the average concentrations of SO42_, NO;™, and NH4+ increased by 24%, 32%, and 30%,
respectively. In the BASE scenario, WRF-Chem simulations failed to capture the magnitude of SNA concen-
tration accurately. Incorporating the enhanced secondary production contributed by HONO can reduce the un-
derestimation of simulating SNA species. The improvement in model performance was particularly significant for
NH,NO,, as its average concentration increased from 21.4 pg m™—> (BASE) to 28.0 pg m~> (REVISED), pre-
senting a reduced bias against the measurement (34.5 pg m™>). The concentrations of secondary organic aerosols
(SOA) also increased. Our model simulated the evolution of SOA from semi-/intermediate volatile organic
compounds (SI-VOCs) and anthropogenic and biogenic VOCs (AB-VOCs), with their corresponding products
named SI-SOA and AB-SOA, respectively. Consistent with previous findings (Feng et al., 2016; Miao
et al., 2021), SI-SOA contributed more (~80%) to the total SOA concentration in both scenarios. Implementing
multiple sources of HONO resulted in an average rise of 2.5 pg m™> in total SOA concentration (Figure 7b).
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Figure 7. Enhancement of secondary aerosol concentrations in the BASE and REVISED scenarios. Panel (a) shows the box-
whisker plots of SNA aerosol concentrations (jig m™). The white circles stand for the average concentration. Panel

(b) exhibits the comparison between BASE versus REVISED in the PM, 5 chemical composition. SI-SOA and AB-SOA
denote SOA contributed by the oxidation of S/IVOCs and anthropogenic/biogenic VOC precursors, respectively. The pink
circles represent relative aerosol concentration changes (%).

Approximately 88% of the SOA increase was attributed to the oxidation of semi-/intermediate VOCs. The
relatively larger increase in SI-SOA (26%) compared to AB-SOA (14%) indicates a more positive response of SI-
VOCs to AOC enhancement. On the other hand, primary PM, 5 components (sum of elemental carbon, primary
organic aerosols, and mineral dust) did not change. The shifts in secondary aerosols led to a net increase of 22% in
PM, 5 concentration. Overall, the proportion of secondary PM, 5 increased from 80% to 84%, posing a further
extent of secondary aerosol pollution.

4. Conclusions

To improve the severe underestimation of HONO in the standard WRF-Chem model, we incorporated four
additional important sources, including observation-based primary emissions, newly presented photo-/dark-
oxidation of NO,, heterogeneous uptake of NO, on surfaces, and nitrate photolysis. The revised model suc-
cessfully captured the magnitude and temporal variations of the observed HONO. Using the improved WREF-
Chem model and comprehensive measurements at the SORPES station, our work investigated the HONO for-
mation and its role in the deterioration of O and secondary aerosols during a typical secondary pollution episode
in the YRD region.

Observational evidence indicated that the stagnant meteorological conditions facilitated the accumulation of
polluted air masses. HONO concentrations were notably elevated due to the lower wind speed. Moreover, the
source analysis further revealed that the heterogeneous uptake of NO, on the ground surface (47%—-52%) was the
major contributor to HONO at the SORPES station due to the higher surface area density in the urban underlying
surface. The adequate solar radiation and potential transport of NO, from downtown Nanjing also contributed to
the significant production of the heterogeneous reaction. By contrast, the contribution of photo-oxidation of NO,
was more significant to HONO in rural areas of the YRD region (31%). The three times higher HONO production
rate in urban areas than in rural areas implies a higher potential for secondary pollution in densely populated
regions.

The elevated HONO levels led to the rise of concentrations of OH and HO, radicals. As a result, the diurnal O3
concentration significantly increased by 4.5-12.9 ppb. The HONO enhancement also increased secondary
inorganic and organic aerosol concentrations by 14%-32%. In contrast, primary PM, s concentrations did not
change. The increase in secondary aerosols led to a net rise in total PM, s by 22%. Simultaneously, the
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improvement in the description of HONO sources also effectively reduced the model underestimation of sec-
ondary air pollutants, including O; and SNA. Overall, our work highlights the critical effect of HONO in driving
regional secondary pollution. Further understanding of their parameterizations should be continuously developed
and incorporated into the CTM:s in the future.
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