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HIGHLIGHTS

Modeling nitrate formation including Cl
emissions in CINO, chemistry is crucial
in Northeast Asia due to the growing sig-
nificance of nitrate.

The WRF-CMAQ model employed the
recent Cl emissions and assessed the NO3
formation pathways during the KORUS-
AQ campaign.

Despite limited Cl emissions' impact on
NO3 formation, the simulation showed a
reduced 18.7% bias compared to 21.1%
without Cl emissions.

Cl emissions in CINO, chemistry may im-
prove PM, s and inorganic ion predic-
tions, especially in NOx-rich urban areas
over Northeast Asia.
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ABSTRACT

The Weather Research and Forecasting-Community Multiscale Air Quality (WRF-CMAQ) model, implemented with
anthropogenic chlorine (Cl) emissions, was evaluated against ground and NASA DC-8 aircraft measurements during
the Korea-United States Air Quality (KORUS-AQ) 2016 campaign. The latest anthropogenic Cl emissions, including
gaseous HCI and particulate chloride (pCl ™) emissions from the Anthropogenic Chlorine Emissions Inventory of
China (ACEIC-2014) (over China) and a global emissions inventory (Zhang et al., 2022) (over outer China), were
used to examine the impacts of Cl emissions and the role of nitryl chloride (CINO,) chemistry in N,Os heterogeneous
reactions on secondary nitrate (NO3 ) formation across the Korean Peninsula. The model results against aircraft mea-
surements clearly showed significant Cl- underestimations due mainly to the high gas-particle (G/P) partitioning ratios
at aircraft measurement altitudes such as 700-850 hPa, but the CINO, simulations were reasonable. Several simula-
tions of CMAQ-based sensitivity experiments against ground measurements indicated that although addition of Cl
emission did not significantly alter NO3 formation, the activated CINO, chemistry with Cl emissions showed the
best model performance with the reduced normalized mean bias (NMB) of 18.7 % compared to a value of 21.1 %
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for the Cl emissions-free case. In our model evaluation, CINO, accumulated during the night but quickly produced Cl
radical due to CINO, photolysis at sunrise, which modulated other oxidation radicals (e.g., ozone [O3] and hydrogen
oxide radicals [HOy]) in the early morning. In the morning hours (0800-1000 LST), the HO, were the dominant oxi-
dants, contributing 86.6 % of the total oxidation capacity (sum of major oxidants such as O3 and HO, species), while
oxidability was enhanced by up to ~6.4 % (increase in 1 h HO, average of 2.89 x 10° moleculescm ~?) in the early
morning mainly due to the changes in OH (+ 7.2 %), hydroperoxyl radical (HO,)(+ 10.0 %), and O3 ( + 4.2 %) over the
Seoul Metropolitan Area, during the KORUS-AQ campaign. Our results improve understanding of the atmospheric
changes in the PM, 5 formation pathway caused by CINO, chemistry and Cl emissions over northeast Asia.

1. Introduction

Nitrate (NO3 ), a component of secondary particulate matter, accounts
for a significant proportion of particulate matter <2.5 pm in size (PM; s)
in the atmosphere, and is a source of uncertainty in PM, 5 operational pre-
dictions over northeast Asia (Xiao et al., 2020; Jo et al., 2020; Kim et al.,
2021b). NO3, as a major constituent of PM, s, participates in highly com-
plex reactions as a gaseous precursor to secondary particulate matter and
is relatively easy to volatilize. It is converted into an aerosol through vari-
ous chemical pathways including gaseous photochemical and heteroge-
neous reactions. NO3 is formed by the photochemical reactions
associated with the hydroxyl radical (OH) and NO, in the daytime; how-
ever, the nighttime heterogeneous hydrolysis of dinitrogen pentoxide
(N2Os) plays an important role in nocturnal secondary NO3 formation in
urban areas. Therefore, to improve NO3™ prediction accuracy, both daytime
and nighttime reactions and their mechanisms need to be clarified when
simulating secondary formation of NO3 .

Recent ground measurements over northeast Asia have revealed very
high NO3 concentrations in PM, 5 (Jo et al., 2020). Previous studies have
reported that 75 % of particulate matter <1.0 pm in size (PM o) is com-
posed of fine secondary particles formed from gaseous precursors, high-
lighting the problems presented by fine secondary particles including
NOs in South Korea (Shon et al., 2012). In China, more recent data have
shown that atmospheric sulfate (SO ™) has decreased, while NO3 has in-
creased in recent years, which is consistent with the trends of their respec-
tive gaseous precursor emissions (Tian et al., 2017; Tian et al., 2019; Wang
et al., 2017; Yang et al., 2011). High NO3 concentrations were reported
during several haze episodes in China (Li et al., 2018; Tian et al., 2017;
Yang et al., 2017). Changes in both the amount and chemical properties
of PM 5 can be ascribed to the secondary generation of NO5 ; thus, control-
ling NO3 is important for achieving PM, s reductions over northeast Asia.

Chlorine (Cl) chemistry and its associated species such as the chlorine
radical (Cl+) and nitryl chloride (CINO,) are involved in the secondary
NO5 formation pathways, and also have an impact on air quality and oxi-
dation capacity in the atmosphere (Wang et al., 2019; Wang et al., 2020;
Zhang et al., 2022). Therefore, to establish national policies to reduce
PMS, s, it is important to fully understand the contribution of Cl chemistry
to secondary NO3 formation. In addition, gaseous hydrogen chloride
(HCI) and particulate chloride (pCl™) are also controlling factors in gas—
particle (G/P) partitioning processes and aerosol water uptake, enhancing
particulate formation during both nighttime and daytime. This is particu-
larly important because Cl~ reacts with N>Os during the nighttime and
forms CINO,, which is the most critical factor in the rapid formation of
aerosol NO5  at high levels in NO,-rich environments. During the following
daytime, CINO, releases Cl~ via photolysis and subsequently oxidizes vol-
atile organic compounds (VOCs), further influencing the formation of day-
time ozone (O3) and particulate matter (Sommariva et al., 2021).

Several atmospheric Cl species have been measured in previous studies,
and the importance of CINO, chemistry associated with the N,Os reaction
has been emphasized over the source areas in northeast Asia. Xiao et al.
(2020) reported that 2 min average active Cl, and CINO, concentrations
presented maximum values of 1000 and 1200 pptv, respectively, and the
N,Os (2 min average) and NO3 (5 min average) concentrations were 40
pptv and 5 pg m 3, respectively. Their study addressed the role of CINO,
in N5Os heterogeneous chemistry during periods of severe summer air

pollution in Beijing (e.g., June 2017). Despite these measurements of
CINO; chemistry, numerical model studies have struggled to reproduce
and interpret the Cl-related chemistry, particularly over northeast Asia
and its downwind areas. This has mainly been attributed to the lack of re-
cent Cl emissions that has hindered the quantitative evaluation of the role
of CINO, chemistry in the process of NO3 secondary formation. However,
gridded global anthropogenic Cl emissions inventories have been devel-
oped based on published up-to-date activity data and emissions factors
(Sarwar et al., 2012; Zhang et al., 2022), and chemical transport models
have been increasingly used to interpret the effects of CINO, on N,Os het-
erogeneous chemistry. Sarwar et al. (2012) investigated the effects of
CINO,, production and Cl species activation by implementing the heteroge-
neous synthesis of CINO, based on the parametrization of uptake processes
and additional gaseous Cl, reactions in the Community Multiscale Air Qual-
ity (CMAQ) model that were also previously proposed by Bertram and
Thornton (2009). They showed that CINO, production reduced the total
NOj3 levels in the United States (by up to 0.8-2.0 pg m ™3 or 11-21 %)
and had a minor impact on 8 h O3 levels (by up to 1-2 ppb or 3-4 %).
Later, Sarwar et al. (2014) applied the model to the entire Northern Hemi-
sphere and found that CINO, production had a significant impact on in-
creasing 8 h O3 levels to 7.0 ppb, with a particularly high impact over
China and Western Europe.

Northeast Asia is a well-known transboundary pollution region (Park
et al., 2005; Kim et al., 2012; Kim et al., 2018; Lee et al., 2019; Jo et al.,
2020; Kim et al., 2021a, 2021b; Lee et al., 2021; Lee et al., 2022), in
which anthropogenic aerosols and their precursors emitted from upwind
areas can be subjected to long-range transport (LRT) to downwind areas.
Therefore, studies of CINO, chemistry and its impact on the neighboring
countries in northeast Asia are also becoming important in cases where
NO; is a major factor in high PM, 5 episodes. However, it is difficult to in-
terpret the LRT process in NO3 formation in association with the CINO,-
chemistrty over the downwind areas, mainly due to the lack of measure-
ments of CI species such as Cl, and CINO, over the downwind areas in
northeast Asia. Recently, a ground and aircraft measurement of multiple
chemical components of the atmosphere, including Cl species, was carried
out over the Korean Peninsula through the 2016 Korea-United States Air
Quality Study (KORUS-AQ). The campaign was jointly hosted by the Ko-
rean National Institute of Environmental Research (NIER) and NASA during
May—June 2016 (Lee et al., 2020; Crawford et al., 2021; Kim et al., 2021a,
2021b; Park et al., 2021), and determined the concentrations of Cl species
over the Seoul Metropolitan Area (SMA).

Comprehensive modeling studies of NO3 formation considering Cl
emissions over northeast Asia, including its downstream areas such as Ko-
rean Peninsula, are scarce because of the lack of Cl emissions data covering
the domain and the limited measurements of Cl species such as CINO, and
Cl,. In China, several regional air quality models with updated CINO,
chemistry (i.e., CMAQ) have been developed using the Anthropogenic
Chlorine Emissions Inventory of China (ACEIC) 2014. Studies of CINO,
chemistry are also being conducted to determine its impact on NO3 and
O3 concentrations. In addition, for a Cl emissions assessment over northeast
Asia, KORUS-AQ measurements (Jeong et al., 2019) can be used to evaluate
the role of CINO, chemistry and heterogeneous uptake processes in a more
quantitative manner and to interpret the CINO, chemical reactions in the
process of secondary NO3* formation over the downwind areas in northeast
Asia.
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In this study, we used the most recent anthropogenic Cl emissions in-
ventory over the entire region in northeast Asia, and carried out Weather
Research and Forecasting—-CMAQ (WRF-CMAQ) simulations for the period
covering the KORUS-AQ campaign. The improved CINO, heterogeneous
chemistry implemented in CMAQ (ver. 5.3.2) was employed and several
sensitivity tests were conducted to investigate the effect of nighttime
CINO,, processes on the uptake coefficient of NyOs and NO3  production.
In addition to the integrated effects caused by the CINO, resulting from
Cl emissions on the atmospheric chemical properties of PM, s, the changes
in atmospheric oxidation capacity (i.e., O3 and hydrogen oxide radicals
[HO4]) were also investigated. We considered the full heterogeneous
CINO, chemistry and Cl emissions over the entire northeast Asia. It was an-
ticipated that the results would enable rational PM, s reduction strategies to
be established in a more scientific way, particularly in the NO,-rich urban
areas over northeast Asia.

2. Methods and data
2.1. Role of CINO, in N,O5 heterogeneous chemistry

Particulate NO3 can be formed via multiple pathways, including day-
time photochemical processes and nighttime NO3 formation. NOy is pri-
marily removed from the atmosphere during the daytime through the
formation of HNO3, which is created by the reaction of NO5 and OH. During
the nighttime, however, N,Os is an important reactive species in the pol-
luted atmosphere, and its uptake process is the dominant pathway in the
formation of particulate NO3 . During the formation of particulate NO3 ,
an important aspect of the N,Os heterogeneous chemistry is its reaction
with Cl™ to produce CINO,. CINO, is stable at night but is completely pho-
tolyzed approximately 1 h after sunrise the next morning. In the presence of
chloride particles, the heterogeneous hydrolysis of N,Os can produce either
CINO or nitric acid (HNO3), whereas the heterogeneous hydrolysis of
N,Os5 produces only HNOs in the absence of chloride particles. The main
Cl chemical reactions associated with the formation of particulate NO3,
can be summarized as the following ten reactions.

NOs(g) + O3(5) — NO3(g) + Oag) (R1)

NOjg) + NOs(g) — N2Os(g) (R2)
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N2Os(g) — NOj3(g) + NOx(q) (R3)
N, Os(g) + HoO(nety — 2HNOj () (R4)
N>Osg) + (1 — Y) HyOpne) + Y - HCliag)

— Y- CINO, ) + (2 — Y) - HNOj3 5 (R5)
CINO,(g) + hv — Clig) + NOyq (R6)
Clig) + O3() — ClO(g) + Oyq) (R7)
ClO(g) + NO,(g) — CIONO ) (R8)
CIONO ) + H,0/g) — HOCl(g) + HNOs (o) (R9)
CIONO,g) + H,0/q) — Clyg) + HNOs (4, (R10)

The reactions (R1)-(R5) summarize the NO3 formation mechanism via
N,Os uptake processes and CINO, production. The heterogeneous absorp-
tion of N,Os produces HNO3 on the surface of an aerosol containing
water through reaction (R4), and also produces HNO3 and gaseous CINO,
on the surface of an aerosol containing chloride through reaction (R5)
(Finlayson-Pitts et al., 1989; Osthoff et al., 2008). In (R5), parameter Y de-
noted the CINO, yield, representing the fraction of N,Os that reacts via
reaction (R5) instead of reaction (R4), and is calculated by the following
equation (Bertram and Thornton, 2009).

[H,0]

—1
Y= <1+483 x [CL~ ]) n

It should be noted that the reactions (R1) and (R5) has an impact on the
nitrate radical (NO3), which in turn reacts with a number of volatile organic
compounds (VOCs) such as isoprene, monoterpenes, and phenols and con-
tributes to formation of peroxy (or hydroxyl) radicals, organic nitrates, and
HNOs. The CINO, generated can be photolyzed into Cl- and nitrogen diox-
ide (NO,) through reaction (R6). A series of reactions (R7)—(R10) also leads
to total nitrate reactions (Platt et al., 1990; Atkinson, 2000; Monks, 2005).
A schematic illustration of heterogeneous CINO, chemistry in association
with HNOj3 generation is shown in Fig. 1.
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Fig. 1. Schematic illustration of CINO, chemistry during the secondary NO3 formation process.
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2.2. Numerical modeling system and domain

The CMAQ model (ver. 5.3.2) (https://www.epa.gov/cmaq) was used
for the regional air quality simulations. It contains a carbon bond chemistry
mechanism with halogen chemistry (Appel et al., 2017). For the meteoro-
logical input field for the CMAQ simulation, the WRF model (ver. 4.1.1)
was used. The meteorological/chemical/physical parameters used in previ-
ous modeling studies are listed in Table S1. The major uncertainties in these
modeling studies were the nighttime N,Os uptake coefficients and CINO,
production process; we adopted the parametrization of a heterogeneous
N,Os uptake process (Jo et al., 2019, 2022), and CINO, production as pro-
posed by Bertram and Thornton (2009), which have been used in previous
studies.

The horizontal domain for the WRF-CMAQ simulations included two
nested domains with horizontal resolutions of 27 and 9 km over the SMA,
as shown in Fig. 2. Domain 1 (D1) included East Asia, with a 27 km grid
resolution (178 X 142), and Domain 2 (D2) included eastern China, the
Yellow Sea, and South Korea (Fig. 1), with a 9 km grid resolution
(166 x 199). For the vertical resolution, 35 layers were considered with
the top layer set to 100 hPa. For the meteorological simulation by WRF,
the initial and boundary data were 0.25° X 0.25° Final Operation Global
Analysis (FNL) data (ds083.3) from the National Centers for Environmental
Prediction (NCEP), and the numerical simulation covered the period be-
tween 0900 LST, April 30, 2016, and 0900 LST, June 14, 2016, which
was the KORUS-AQ campaign period. The detailed settings applied in the
meteorology and air quality modeling are presented in Table S1.

2.3. Emissions data

Most modeling studies have used gaseous HCI and particulate Cl~
(pCl™) emissions as the anthropogenic Cl emissions, and then attempted
to interpret the role of CINO, and N,Os in global- or regional chemical
transport models. However, Cl emissions are a fundamental input in air
quality models to simulate NO5 formation, but they are subject to uncer-
tainty and errors. The Reactive Chlorine Emissions Inventory (RCEI)
(Keene et al., 1999), which represents global anthropogenic Cl emissions,
has been used in previous studies of the Cl emissions used in models. It
was compiled in 1990, but it has a poor spatial resolution and a higher
bias compared to current observations and/or recent local Cl emissions es-
timates. Consequently, it was expected that there may be substantial
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uncertainties in the retransmission of emissions. Anthropogenic Cl emis-
sions over northeast Asia have not been included in most previous simula-
tions although they are crucial for simulating N,Os uptake and the
activation of Cl chemistry.

Recently, the ACEIC 2014 anthropogenic Cl emissions (HCI and pCl ™)
inventory (Liu et al., 2018; Hong et al., 2020a, 2020b; Zhang et al.,
2022), and a global emissions inventory (Zhang et al., 2022) have been de-
veloped. We used the combined Cl emissions from ACEIC 2014 for inland
China, and the global emissions for the region outside of China including
the Korean Peninsula. The ACEIC (2014) was developed for China with a
horizontal resolution of 0.1° X 0.1° and has been used in previous modeling
studies. The sectoral Cl emissions in ACEIC were reported to be 254, 253,
251, 109, and 65 Gg Cl from agricultural fuels, residential biofuels, waste
incineration, coal combustion, and industrial processes, respectively. The
details were reported in previous studies (Liu et al., 2018; Hong et al.,
2020a, 2020b; Zhang et al., 2022). Emissions over the outside domain of
China were extracted from a global emissions inventory, which was devel-
oped using published up-to-date activity data and emissions factors based
on 35 sources categorized into six source sectors (Zhang et al., 2022). The
ACEIC emissions sources we used for inland China were anthropogenic,
whereas the global emissions that applied to the region outside of China
consisted of anthropogenic sources. The spatial distributions of the merged
ACEIC emissions with global Cl emissions (HCl and pCl ™) with a resolution
of 0.1° x 0.1° for 2014 are shown in Fig. S1.

For the emissions of other inorganic and organic species needed in the
CMAQ model in the current study, we used the Mosaic Asian Anthropo-
genic Emissions Inventory (MIX) 2010 (Li et al., 2017; Souri et al., 2017)
for the entire domain of the Asia region, and the Clean Air Policy Support
System (CAPSS) 2016 for South Korea. The Model of Emissions of Gases
and Aerosols from Nature (MEGAN) version 2.04 was used for biogenic
emissions.

2.4. KORUS-AQ field campaign and DC-8 aircraft measurements

The KORUS-AQ campaign was jointly conducted by NIER and NASA
during the period of May 1-June 12, 2016. Details of the KORUS-AQ cam-
paign are provided by Crawford et al. (2021). During the campaign, com-
prehensive measurements of trace gases and aerosol particle properties
were collected from DC-8 aircraft, ground sites, and ships with a broad spa-
tial and verification coverage. The Cl species were measured from both
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Fig. 2. Modeling domains (27 and 9 km grid resolution) and terrain features over the Seoul Metropolitan Area (SMA). The red dot represents the ground measurement

(Olympic Park; OP) site in the SMA.


https://www.epa.gov/cmaq

H.-Y. Joetal

Stagnant period Long-range transport period
4 30
§ 25 | Seoul (Olympic Park) o 50,7 NO; s N
‘5’20
g 15
£ 10
g s i
S o
21 22 28 24 25 26 27 28 29 30 31

May 2016

Fig. 3. Temporal variation in NO5 , SOF ~, and NH, concentrations measured at the
OP site for May 2016, including the stagnant (STG) and long-range transport (LRT)
periods. The STG and LRT cases were classified by Peterson et al. (2019).

aircraft and ground site measurements. The pathways and flight altitudes of
the DC-8 air flights have previously been reported (Crawford et al., 2021;
Kim et al., 2021a, 2021b), and the location of the ground measurement
site (Olympic Park: OP) in southeast Seoul is indicated in Fig. 2.

Measurements of Cl species such as CINO, and Cl, were compared to
the results from the WRF-CMAQ modeling. During the KORUS-AQ cam-
paign, the CINO, and Cl, were simultaneously measured via chemical ion-
ization mass spectrometry (THS Instruments Inc., Atlanta, GA, USA), and
the molecules of interest were ionized into ion clusters prior to their detec-
tion with a quadrupole mass spectrometer. Together with the Cl species, the
relevant trace gas and aerosol components were also measured during the
KORUS-AQ campaign. The settings, precision, and accuracy of all instru-
ments used during the campaign were previously described (Jeong et al.,
2019).

The weather conditions during the KORUS-AQ campaign exhibited var-
ious air pollution characteristics. In Peterson et al. (2019), the weather con-
ditions during a full month of the campaign were classified into four
periods: dynamic meteorology (May 4-16), stagnant (May 7—22), transport
(May 25-31), and blocking pattern (June 1-7) periods. We focused on the
second half of the KORUS-AQ campaign, because PM, 5 concentrations
were generally low in the first half, whereas there were two peak periods:
stagnant (STG; May 17-22) and long-range transport (LRT; May 25-31).
Both cases had high pollutant concentrations under the contrasting meteo-
rological conditions, and the potential contribution of transboundary
CINO, to NO3 production could be better diagnosed by contrasting the
two periods.

Fig. 3 shows the hourly variation in PM, s, S0%, NO3 , and ammonium
(NHJ ) concentrations measured at the OP site (Fig. 2) for the period of
May 16-31, 2016. The overall measurements indicated that NO3 concen-
trations rapidly increased during the STG period (May 17-22), and it was
believed that heterogeneous N,Os uptake and CINO, production reactions
would also be associated. In comparison, higher NO3™ and SO2~ concentra-
tions were also measured during the LRT period (May 25-31).

3. Design of sensitivity simulations for interpreting Cl emissions and
CINO, chemistry

In this study, several numerical WRF-CMAQ sensitivity simulations
were designed to investigate the relationship between N,Os uptake and
CINO,, production during the study period. The framework of the sensitivity

Table 1
Simulation scenarios for the WRF-CMAQ model used in this study.
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experiments included the “base case” that was commonly employed in pre-
vious studies. Further simulations were tested by activating the CINO,
chemistry and/or loading (or unloading) the Cl (pCl~ and HCI) emissions,
and then examining the differences between the simulations.

Table 1 summarizes the four sensitivity experiments designed in this
study. We first conducted Exp1 as the base case. Where only a heteroge-
neous N,Os uptake process (without CINO, chemistry) was employed, as
previously adopted by Jo et al. (2019, 2022). Therefore, Exp1 (base case)
only accounted for nighttime HNO5 generation by considering the hetero-
geneous absorption of N,Os on the aerosol surface, where HNO3; was pro-
duced by the heterogeneous hydrolysis of N,Os. Exp2 (denoted as
HET n + Cl_n) was designed to examine the effect of disregarding both
N,Os uptake and CINO, chemistry; thus, all of the chemical processes rele-
vant to both N,Os and CINO, heterogeneous chemistry were disregarded.
The other experiments (Exp3 and Exp4) sequentially evaluated the effects
of heterogeneous CINO, chemistry on NO3; formation by comparing
against the base case. Exp3 (denoted as HET + Clm_n) was the base case
plus CINO, chemistry, but without loading the Cl emissions (thus HCI and
pCl™ were off) to evaluate the sole contribution of CINO, chemistry to
the NO3 formation without Cl emissions. Exp4 (denoted as HET + Cl)
was designed to consider the possible N,Os heterogeneous chemistry plus
the effects of CINO, with anthropogenic Cl emissions loaded. Exp4 was
therefore the most detailed experiment in this study and implemented
CINO, chemistry, while allowing the heterogeneous absorption processes
of N,Os on the aerosol surface to produce CINO, and HNO3 with both
HCl and pCl~ emissions fully loaded,

4. Results and discussion
4.1. Model evaluation against ground and aircraft measurements

To statistically evaluate the WRF-CMAQ model simulations against
ground measurements, we first employed evaluation indices: the normal-
ized mean bias (NMB), index of agreement (I0A), and correlation coeffi-
cient (R). Table S2 provides a statistical summary of the four experiments
(Exp1 to Exp4) against ground measurements (OP site) for several species,
including Cl species such as CINO, and Cl~ for the period of May
16-31, 2016.

Although the model performance was not statistically significant
(Table S2), Exp4 yielded the best model performance for both PM, s and in-
organic ion components. The evaluation statistics for Exp4 had average
values of NMB + 30 %, IOA 0.62-0.91, and R 0.53-0.85, which were all
within the tolerance intervals (NMB + 30 %, IOA 0.5, and R 0.4 or higher)
suggested in previous studies (Emery et al., 2016, Willmott et al., 1985;
Hurley et al., 2001). It was also encouraging that the Cl~ in Exp4 correlated
well with the measurements, with a reduced NMB (43.15 %) and NME
(133.05 %), and better results compared to the average values of NMB
(34 = 95 %) and NME (144 = 54 %) from the other three experiments.

The simulation results were also compared to the NASA DC-8 aircraft
measurements. All flight observation data, such as flight pathways, flight
dates, and measurement instruments during the KORUS-AQ campaign
have previously been reported (Lee et al., 2020; Crawford et al., 2021;

Experiment Name Chemistry of N,Os and CINO, production Cl emissions

Expl Base Case N,Os heterogeneous uptake process (on) Not considered
CINO, production chemistry (off)

Exp2 HET n + Cln N,Os heterogeneous uptake process (off) Not considered
CINO, production chemistry (off)

Exp3 HET + Clm.n N,Os heterogeneous uptake process (on) CINO, production chemistry (on) Not considered
Gas-phase HCI emissions loaded (off)
Particulate Cl1~ emissions loaded (off)

Exp4 HET + Cl N,Os heterogeneous uptake process (on) CINO, production chemistry (on) Considered

Gas-phase HCl emissions loaded (on)
Particulate Cl1~ emissions loaded (on)
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Kim et al., 2021a, 2021b; Kim et al., 2018). For comparisons of aircraft
measurements against WRF-CMAQ model results, we used quantile-
quantile (g-q) plots, which are a type of scatterplot wherein the DC-8 flight
measurements and WRF-CMAQ simulations were independently sorted.
The q-q plots could be used to determine whether the distributions of mea-
sured and simulated values were comparable in an aggregated manner, par-
ticularly in cases where the WRF-CMAQ model captured extreme flight
measurements.

Fig. 4 shows g-q plots for the selected inorganic species (NO3; , NH.,
Cl™, and CINO») for the period of May 16-31, 2016. As shown in Fig. 4,
all of the NO; and NH; simulations were approximately two-fold
underestimated, whereas CINO, simulations were within a reasonable
range, except for the higher observations (i.e., >400 pptv) in which the
model tended to underestimate CINO,. It should be noted that there was
a very poor performance (extreme underestimation) for C1~ but CINO, sim-
ulations were acceptable in the non-surface atmosphere over northeast Asia
when Cl chemistry was employed (Bertram and Thornton, 2009), which
was the approach used in previous studies. In our model analysis, we con-
firmed that this underestimation arose from the results of the aerosol ther-
modynamics module ISORROPIA II used in the CMAQ model, in which
there was a high gas to particle (G/P) partitioning ratio in simulating aero-
sol C1™. There was a G/P of 0.9 or more at high altitudes such as at DC-8
aircraft measurement altitudes of up to 700-850 hPa, where dry conditions
with a relative humidity lower than 40 % imposed considerable limitations
on G/P partitioning, as reported in previous thermodynamic studies (Chang
et al., 2016; Guo et al., 2016). This suggests that a better understanding of
CINO, chemistry with a more detailed thermodynamic module would be
required for consistent Cl-species simulations in the dry and non-surface at-
mosphere. It was also noticeable that the higher levels of NO3 (and PM, 5)
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resulted in larger biases in Exp2 than in the other three experiments. In
Exp4, which was designed to examine the role of Cl emissions against
Exp3, a quantifiable difference was found in the amount of simulated
CINO,, indicating that the results of both Exp3 and Exp4 were closer to
the aircraft measurements, but Exp4 outperformed Exp3 with a small im-
provement observed in our study.

4.2. Evaluation of simulated temporal variation in CINO; chemistry

Fig. 5 shows the temporal variation in the PM, 5 and its inorganic com-
ponents (NO3 , SOF~, NHJ, and Cl~) simulated by the four experiments
(Expl to Exp4) against the ground measurements at the OP site during
the campaign (Fig. 2). Daily variation in PM, 5 and inorganic ions were
well captured during both the STG and LRT periods, with higher PM, s con-
centrations measured (and simulated) during the LRT than STG. This was
associated with the high fraction of SO~ in PM, 5 (Fig. 5), which was
also discussed by Jo et al. (2020). Of the four experiments, Exp2 had
much lower concentrations of all species than the other three experiments,
particularly on days with high PM, 5 concentrations such as May 17 and
May 26, 2016 (Fig. 2). This was undoubtedly because Exp2 did not account
for both the heterogeneous uptake of N,Os and CINO, chemistry.

In Exp3 (HET + CLm_n) and Exp4 (HET + Cl), which only differed in
their Cl emissions loading, the differences in PM, 5, NO3 , and NHZ concen-
trations were considerable against Expl (base case) particularly for the
highest PM, 5 episodes. The simulated concentrations in Exp4 were slightly
lower than those in Exp3 but were closer to the measurements. This implied
that the cases with all Cl emissions (HCL and pCl ™) loaded had a better (but
not good) simulation capability for the formation of both NO3™ and other in-
organic species. By contrast, there were substantial differences in Cl~ and
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and long-range transport (LRT) periods during KORUS-AQ.

CINO, between Exp3 and Exp4, yielding results that were significantly was the best approach to understand the temporal variation in Cl~ and
closer to the measurements for Exp4 than those of Exp3. This suggests CINO, species in CINO, chemistry and the subsequent effects on secondary
that the joint consideration of both CINO, chemistry and ClI emissions NOj formation processes.
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The other inorganic gas-phase species that were simulated, such as O3
and NO,, were also compared to ground measurements (Fig. S2). Although
there were large differences in the CI~ concentration between experiments
(Figs. 4 and 5), mainly because Expl and Exp2 did not account for Cl chem-
istry, there were only small (almost undetectable) differences in gas species
(e.g., O3 and NO, in Fig. S2) between all four experiments. This was even
the case in Exp2 where all reactions involved in the N>Os and CINO, chem-
istry were neglected. Only nighttime NO, and daytime O3 showed detect-
able inter-experimental differences, which was consistent with previous
studies of the effects of nighttime CINO,, and Cl- produced in photochemi-
cal reactions (Wang et al., 2020; Zhang et al., 2022). It was therefore
interpreted that CINO,-NO, interactions mainly involved nighttime NO3
formation but did not significantly alter the gas phase chemicals. However,
the CINO, was photo-dissociated in the early morning and subsequently
produced Cl,, which may have influenced the photochemical reactions lead-
ing to O3 formation. This is discussed in more detail in the next section.

4.3. Integrated Reaction Rates (IRRs) analysis of Cl-chemistry
The formation of HNOj is affected by Cl-chemistry through various

pathways. Firstly, Cl-chemistry diverts N>Os from forming HNO; in ther-
modynamic equilibrium with NO3 to producing CINO,, and reduces
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NOs, as seen in reactions (R4)—(R6). Modeling studies have reported sev-
eral results on N,Os uptake coefficient parameterizations in relation to
this process. Bertram and Thornton (2009) reported that considering Cl-
chemistry increases the N,Os uptake coefficient, which enhances the for-
mation of nitrate aerosol. However, the increased N»Os uptake coefficient
also reduces the abundance of NO; radical through reactions (R4)-(R5)
during nighttime. Additionally, a series of reactions (R6)-(R10) leads to
an increase in HNO;3 production reactions. In this study, we utilized the in-
tegrated reaction rates (IRRs) to evaluate the simulated chemical sources
and losses of HNOj for the Exp4 (HET + Cl). The IRR analysis is a method
in the CMAQ model that tracks the chemical reactions' contributions to spe-
cific pollutant concentrations.

Fig. 6 displays the results of the IRR analysis from Exp4 for HNO3 during
both daytime and nighttime. As shown in the figure, the dominant source of
HNOj3; during the daytime is the reaction of NO, + OH, accounting for
98.8 % of all nitrate production with an hourly maximum production rate
of 1.69 ppb per hour. During the nighttime, N,Os heterogeneous reactions
are the main drivers of HNO; production, accounting for approximately
0.2 = 0.13 ppb per hour (85.4 + 3.0 %) for the entire study period, with
0.08 * 0.04 ppb per hour (68.7 + 29.6 %) for the STG period and
0.31 = 0.02 ppb per hour (76.1 = 28.3 %) for the LRT period in this
study (Fig. 6). Furthermore, the sequential reactions of (R6)—(R10) have a
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Fig. 6. Diurnal variations of HNO3 production rates (ppbv per hour) in various different chemical pathways (a—c), and fractional contributions (%) of chemical processes to
HNOj; chemical productions (d-f) at the OP site for Exp4. Also shown are averages of contributions during daytime and nighttime periods (g-i). The top panel presents the
results for the entire Korus-AQ campaign period, and the middle and bottom panels show for the STG and LRT cases, respectively.
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small but detectable effect of approximately 0.001 ppb per hour (0.1 +
0.1 %) on the formation of nighttime HNOj3 for the entire study period
(Fig. 6). This can be indicating again that HNO3 was produced by NO, + OH

Science of the Total Environment 894 (2023) 164920

through the photochemical oxidation of NOy during the day, and by the
N,Os + H,O process at night, as estimated by the IRR analysis of the gas-
phase chemistry module. The homogeneous formation of HNO3 from
N,Os(5 + HoOgg is a part of the nitrate formation reaction at night, but
this homogeneous gas phase reaction proceeds more slowly than the het-
erogeneous formation of HNOj; via the heterogeneous hydrolysis of N,Os
on or within aqueous aerosol particles.

Considering that the production of HNO; (Fig. 6) does not exclusively
lead to the formation of particulate nitrate, we conducted further analysis
on the partitioning ratios of HNO3 between the gas and particulate phases.
Fig. 7 illustrates the temporal variation of total-NO3z (TNO3 = gaseous
HNO;3 + particulate NO3) for Exp4 (HET + Cl). From Fig. 7, it is apparent
that the daytime OH + NO, reaction generates HNO3, which then un-
dergoes gas-particulate partitioning, resulting in the formation of particu-
late NO3 with G/P partitioning ratios (PR =%g-—) below 0.5, ranging
from 0.01 to 0.5 (Fig. 7). This indicates a tendency for TNOj3 to predomi-
nantly exist in the gaseous state. However, during nighttime, direct N,Os hy-
drolysis produces particulate NO; with a maximum G/P partitioning ratio of
0.9 around 0600LST. This suggests that it is more likely to be present in the
form of particulate NO5 . These findings highlight the primary contribution
of the OH + NO, pathway to TNO5 production in the gaseous state during
the day, while the heterogeneous N,Os pathway dominates the production
of particulate NO3 ', making it more prevalent in the particulate state at night.

We also conducted the same Exp4 experiment with halved N,Os uptake
coefficient proposed by Bertram and Thornton (2009) to examine the

Fig. 8. Comparisons of time series measurements (at the OP site) for NO3 , C1~, and CINO, against simulations from Exp3 and Exp4 for the stagnant (STG) and long-range
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sensitivity of formation of nitrate aerosol to the consideration of Cl-
chemistry. The study found that the STG case had the highest NO; HNO3
concentration with a maximum hourly average of 23.6 pg m > (i.e., on
May 17th), but the CMAQ sensitivity modeling by halving the N,O5 uptake
coefficient showed the nitrate concentration decreased by around 27.1 %
74.5 % to 17.2 pg m™3(see Fig. S3). The LRT case, on the other hand,
showed a decrease of <10 %, indicating a small effect (Fig. S3). However,
itis important to note that the study period was limited, and more extensive
research would be needed.

4.4. Impact of anthropogenic Cl emissions over northeast Asia

To evaluate the contributions of Cl emissions (Fig. S1) to NO5 forma-
tion, Exp3 and Exp4 were compared in detail. The changes in hourly varia-
tion in their simulated NO3', Cl1~, and CINO, results against ground
observations at the OP site are investigated. Fig. 8 shows that Exp4 also
had some ability to simulate the higher NO3 concentrations and tended
to be closer to the measurements than the other experiments. The daytime
and night-time averages of NO3 , Cl ", and CINO, results against ground ob-
servations were also shown in Fig. S4. As with the Cl species in Fig. 8 and
Fig. S4, however, it was confirmed that there was a clear difference in
CINO, and Cl~ between the two experiments, whereas there were no no-
ticeable differences between inorganic species such as NO5 and NH;
(<0.1 pg/m>) as shown earlier in this study (Fig. $2) and in previous studies
(Hong et al., 2020a, 2020b). One important observation related to the sim-
ulated Cl concentration is the noticeable inconsistency in Cl levels between
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the ground level and the non-surface atmosphere. Fig. 5 shows that C1~
concentrations at ground level were generally consistent with observations,
but model evaluations revealed a significant underestimation of Cl™
against non-surface aircraft measurements (Fig. 4). This implies that in
urban areas with considerable surface anthropogenic Cl emissions, there
would be significant fluctuations in the emissions of Cl species, and the un-
certainties in Cl emissions need to be reduced. A more detailed model eval-
uation is needed over urban areas, particularly with regard to ground
emissions sources.

In our analysis of the ground concentrations of Cl species, CINO, began
to accumulate at sunset and was rapidly photolyzed at sunrise, with a
maximum measured concentration of approximately 800-1000 pptv
(5 min average) during the nighttime (Fig. 8). The disregarding of both
CINO,-chemistry and Cl emissions led to underestimations of the order of
1 ppb (or less) for CINO, at the ground or near-surface level where many
Cl emissions sources are located. In addition, by comparing CINO, between
Expl and Exp4, it was interpreted that the implementation of gas-phase
CINO, chemistry alone did not improve the prediction of CINO,. Further
clarification of the role of Cl emissions in the CINO, chemistry in the
model is needed; for example, it increased the level of CINO, significantly
by a factor of more than two (i.e., May 28 in the LRT case) compared to
Exp3 (Fig. 5). In addition, as indicated in previous studies, G/P partitioning
is also an important process because it affects the NO3 production ratios in
heterogeneous chemical reactions in many megacities over northeast Asia
(e.g., Beijing, Shanghai, and Chongqing). In our study, it remained almost
completely in the gas phase in the upper layer (i.e., at DC-8 aircraft
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Fig. 9. Effect of anthropogenic chlorine emissions on several oxidants (OH, HO,, O3 and NO3) in the surface air around South Korea over the entire KORUS-AQ campaign. All
of the results were derived from Exp3 and Exp4, and the differences between the two experiments (Exp4 — Exp3).
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measurement altitudes of 700-850 hPa) after G/P partitioning, resulting in
decreased Cl~ concentrations (Fig. 4), which was not directly affected by
emissions. Conversely, it was confirmed that the implementation of Cl
emissions considerably decreased G/P partitioning, particularly in Exp4,
contributing to the increase in Cl~ levels on the ground. This indicated
that Cl emissions gave rise to more Cl ™~ that participated in the heteroge-
neous reaction and impacted the nighttime levels of nitrogen oxides
(NO,, NO3, and N,Os). In Exp4, the results showed that the activation of
both HCl and pCl~ emissions modulated the associated G/P partitioning
through the CINO, chemistry, resulting in increased Cl~ concentrations.

Previous studies have also shown that incorporating the CINO,
chemistry and Cl emissions has the potential to change the tropospheric
oxidation capacity; Cle can be produced through CINO, photolysis, and
can affect the surface O; levels in the morning (Li et al., 2016; Sarwar
et al., 2012; Sarwar et al., 2014). In this study, we examined the spatio-
temporal changes in major oxidants such as O3 and HO, species to interpret
the changes in oxidation capacity through CINO, chemistry and Cl emis-
sions. This interpretation was also possible by comparing Exp4 with other
experiments.

Fig. 9 shows the horizontal distributions of the differences in the major
oxidants, i.e., O3, OH, hydroperoxyl radical (HO,), and NO; radicals be-
tween two experiments (Exp4 and Expl). Differences were apparent for
most species in high Cl emissions areas (Fig. S1), such as the areas in east
China that were similarly described previously by Wang et al. (2022). In ad-
dition, changes were also observed over the downstream areas, particularly
the marine areas around the Korean Peninsula (Fig. 9). Our numerical study
indicated that OH and HO, concentrations increased on early morning, re-
ducing the HNO; yield via (R6), and influencing the levels of both O3 and
daytime oxidants such as OH and HO,, which were also impacted by the
Cl- formed by the CINO,, photochemistry over northeast Asia. The oxidation
capacity estimated from Exp4-Expl would drive changes in 1 h spatial
averages of O3 (+4.2 %: increase of 4.1 x 10'° molecules:em ~ %), OH
(47.2 %: increase of 1.27 x 10° molecules), and HO, (+10.0 %: increase
of 2.2 x 10° moleculesem ™) concentrations over SMA in the early

EXP4-EXP3 (ANO4 (%))
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morning hours (0800-1000LST). However, Cl emissions (estimated from
Exp4-Exp3) yielded small changes in O3 (+0.5 %), OH (+1.1 %), and
HO, (+1.8 %), respectively. The horizontal distributions of the changes
in HO, concentrations in Fig. 9 indicated small enhancements for all species
(study domain average of <5 %). The increase in OH driven by Cl emissions
and CINO, chemistry led to a decrease in NOy (see Fig. S5) because the prin-
cipal sink of NO, is through its oxidation by OH as mentioned in previous
studies (Wang et al., 2020; Wang et al., 2022). Our simulations also
indicated an increase in the NH; and Cl~ concentrations in and around
the Korean Peninsula by up to 0.1 and 0.2 pg/m?> (see Fig. $6), respectively,
mainly because the emitted HCl under excess NH3 caused NHj to transfer
to NHj, increasing the NH; and Cl~ concentrations via the reaction
of HCI(g) + NH; (g) <= NHS + Cl™. By contrast, NO3 concentrations
were slightly decreased by up to 0.08 ug/m> due to the competition
of N;Os + Cl~ reactions with N,Os hydrolysis, which is a major source
of NOs3 .

Fig. 10 shows spatiotemporal variation in changes in the NO3™ and O3
concentrations over the study area, arising from the effects of adding Cl
emissions with CINO, chemistry (Exp4-Exp1). The O3 concentration in-
creased during most hours (by a factor of ~5 %). Although it was not sig-
nificant the largest changes occurred in the early hours of the morning
(i.e., 0800-1000 LST) (Fig. 9), while NO3 decreased (~10 %) through
both the day and night. From the temporal variation in O3, NO,, OH, and
HO, (Figs. 4, 5, and S4), it could be interpreted that when the sun rises
the following day and CINO, is photo decomposed, NO, is regenerated in-
stead of HNO3 being formed, which occurs during the nighttime. In the
early daytime (i.e., 0800-1000 LST), Cl- preferentially increased the HO,.
This can be interpreted as an indication of the enhanced oxidative capacity
activated by the CINO, chemistry and Cl emissions during the early morn-
ing hours when HO, generation is not completely activated.

In summary, adding CINO, chemistry to the nighttime NO3 formation
mechanism did not significantly alter the conclusions (particularly the
levels of the inorganic species) of the base case where CINO, chemistry
and Cl emissions were not loaded. However, adding Cl emissions (such as
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pCl™ and HCI) produced the potential for better nighttime NO3 formation
pathways. Subsequently, early morning O3 and the oxidation capacity in
the atmosphere over northeast Asia increased slightly (up to ~5 % of the
domain average in this study) by activating Cle, which also had a role in
the intervention of other oxidation radicals such as HO,. However, the un-
certainties can still be further reduced, and the models should be evaluated
in detail based on multiple measurements of Cl species.

In addition, more accurate emissions data are needed, including natural
Cl emissions sources from other major source areas over northeast Asia.
Natural Cl emissions can be estimated in the on-line model as a function
of sea surface temperature and wind speed (Gong, 2015). Nevertheless, pre-
vious studies have indicated substantial uncertainties related to natural CI
emissions (Wang et al., 2020; Yang et al., 2022). Specifically, in the surf
zone, where natural Cl emissions are highly influenced by zone width and
whitecap coverage (Gantt et al., 2015), conducting emission verification
studies is of utmost importance. Given this situation, it becomes crucial to
achieve accurate estimation of natural Cl emissions as a prerequisite for
their reliable application in regional modeling studies.

5. Summary and conclusions

We conducted a series of numerical sensitivity experiments to identify
the role of CINO, chemistry and Cl emissions on NO3 formation pathways
by employing the WRF-CMAQ model and the latest HCl and pCl~ emissions
over northeast Asia. The CMAQ with improved Cl heterogeneous chemistry
and the latest HCl and Cl~ emissions were applied to northeast Asia during
the 2016 KORUS-AQ campaign, and compared to extensive DC-aircraft and
ground network observations for species related to heterogeneous Cl chem-
istry. Our WRF-CMAQ evaluation results showed that simulated CI species
against NASA DC-8 aircraft measurements indicated a significant underes-
timation in C1~ simulations at higher altitudes (i.e., 700-850 hPa) but
the CINO, simulations were reasonable, suggesting that the thermody-
namic module with the Cl-chemistry of Bertram and Thornton (2009)
used in this study still requires improvement to achieve consistent Cl
species simulations, particularly in the dry upper atmosphere . How-
ever, compared to surface (ground level) Cl species, the CINO, and Cl-
concentrations in urban areas showed a reasonable degree of consistency,
but there were large fluctuations due to the uncertainties in ground-level
Cl emissions.

The comparison of the results of the model sensitivity tests against mea-
surements demonstrated that the N,Os heterogeneous chemistry played an
important role in the nighttime NO3 formation process. When the CINO,
chemical process was included in the N,Os5 heterogeneous chemistry, the
differences in the simulation results were minor, but the ability to simulate
the PM, 5 concentrations was slightly improved. For example, the NO3™ and
Cl™ results implied that a consideration of the CINO, chemistry when con-
sidering the formation of N,Os could improve the simulated concentrations
of PM, 5 and inorganic ions over the NOx-rich urban area.

When we considered anthropogenic Cl emissions, although the differ-
ences in NO3 and NH; were not significant (<0.1 mg/rnS), there was a
clear difference in nighttime CINO, and Cl~. At sunrise on the following
day, the generated nighttime CINO, was photo decomposed, producing
Cl- that affected the early morning O3, OH, and HO, levels. We concluded
that the effect of anthropogenic Cl emissions over the leeward marine
area and Korean Peninsula decreased NO3; but increased the O3, OH, and
HO, levels, eventually leading to an increase in oxidation capacity over
northeast Asia. Moreover, it is also important to consider the impacts of nat-
ural Cl emissions in association with nitrate. Thus, incorporating natural
emissions into regional model studies is further necessary for a comprehen-
sive understanding of the chlorine chemistry in Northeast Asia.

We also attempted to diagnose the oxidation capacities by considering
Cl emissions, and the dominant contribution due to the increase in oxida-
tion capacity was from OH at 66.6 % (max. increase of 1.21 x 10°
moleculesem ~*s™1), while 05 and HO, accounted for 10.3 % and 0.3 %,
respectively. The increase in total oxidation capacity was ~ 6.4 % in the
early morning (0800-1000 LST) mainly due to the changes in OH
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(+7.2%),HO, (+10.0 %), and O3 (+4.2 %) across the Korean Peninsula,
including the SMA in the early morning hours (0800-1000 LST) through-
out the entire KORUS-AQ campaign period.

In conclusion, our findings improve understanding of NO3 formation
and provide scientific information for the establishment of NO3  pollution
control strategies over northeast Asia. More adequate quantitative mea-
surements of Cl species are needed to diagnose the oxidation capacity ex-
cept for the KORUS-AQ campaign period. Future studies need to include
the development of an up-to-date anthropogenic (plus natural) Cl emissions
inventory over northeast Asia to improve the quantification of N,Os and
CINO,, chemistry, the accuracy of NO3 simulations, and eventually deter-
mine their impact on air quality over northeast Asia.
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