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Abstract: The heterogeneous reaction of N>Os on Cl-containing aerosols (heterogeneous N>Os + Cl

chemistryN.Os —CINO,—chemistry) plays a key role in chlorine activation, NOx recycling and

consequently O3 and PMp s formation. In this study, we use the GEOS-Chem model with additional

anthropogenic and biomass burning chlorine emissions combined with updated parameterizations for the
heterogencous NoOs += CINO. chemistry (i.e. the uptake coefficient of N>Os (yn20s) and the CINO,
yield (pcino2)) to investigate the impacts of chlorine chemistry on air quality in China, the role of the

heterogeneous N>Os + Cl chemistryNoOs —CINO,-chemistry, as well as the sensitivity of air pollution

(R

ThR

(#H:

TG AsRE

>=H

formation Aties to chlorine emissions and parameterizations for yn20s and @cinoz. The model

simulations are evaluated against multiple observational datasets across China and show significant

improvement in reproducing observations of particulate chloride, NpOs, and CINO, when including

anthropogenic chlorine emissions and updates to the parameterization of the heterogeneous N,Os + Cl

chemistry relative to the default model-

b5 NoOs-and-CINO»-with

N2Os—CINO,-chemistry. MedelThe simulations show that Ftotal

tropospheric chlorine chemistry could increase annual mean maximum daily 8-hour average

(MDA8)MBAS O3 by up to 4.5 ppbv but decrease PMz.s by up to 7.9 ug m™ in China, 83% and 90% of
which could be attributed to the effect of the heterogencous N>Os + CINoOs—CINO, chemistry. The
heterogeneous uptake of N>Os on chloride-containing aerosol surfaces is an important loss pathway of
N»Os as well as an important source of O3, and hence is particularly useful in elucidating the commonly
seen ozone underestimations_relative to observations. The importance of chlorine chemistry largely

depends on both chlorine emissions and the parameterizations for the heterogeneous NoOs + CINOs—

CINO: chemistry. With the additional chlorine emissions, the medel-simulations show that annual mean

maximum-datly-$-hour—average {MDAS8) Os in China could be increased by up to 3.5 ppbv-. The
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corresponding effect on PM, s concentrations varies largely with regions, with an increase of up to 4.5
pg m in the North China Plain but a decrease of up to 3.7 pg m* in the Sichuan Basin. On the other
hand, even with the same chlorine emissions, the effects on MDAS Oz and PM, s in China could differ

by 48% and 27%, respectively between different parameterizations.

1 Introduction

Chlorine (Cl) plays an important role in atmospheric chemistry in both the stratosphere and the
troposphere, primarily via the reactions of Cl atom with various atmospheric trace gases including
dimethyl sulfide, methane, and other volatile organic compounds (VOCs). The chemistry of Cl is quite
similar with that of hydroxyl radicals (OH) while CI atom reacts up to 2 orders of magnitude faster with
some VOCs than OH (Atkinson et al., 2006). Studies have shown that Cl accounts for around 2.5% —
2.7% of the global CH,4 oxidation in the troposphere, and the contribution varies across regions, reaching
up to 10% — 15% in Cape Verde and ~20% in east China (Lawler et al., 2011; Hossaini et al., 2016). Cl

atom, therefore, is regarded as a potentially important tropospheric oxidant.

In general, Cl atom can be produced from the photo-dissociation and the oxidation of chlorinated
organic species (e.g. CH3Cl, CH,Cl, and CHCl3) and inorganic chlorine species (i.e. HCI and Cl»)
(Saiz-Lopez and Von Glasow, 2012; Simpson et al., 2015). ReeenthyzaNitryl chloride (CINO,), formed
through the heterogeneous reaction between dinitrogen pentoxide (N2Os) and chloride-containing
aerosols_(hereinafter referred to as the heterogeneous N,Os + CI chemistry), is found to be another
important source of tropospheric CI atoms in polluted regions (Liu et al., 2018; Haskins et al., 2019;
Choi et al., 2020; Simpson et al., 2015). The heterogeneous formation of CINO; and the eensequent
subsequent photolysis can be described by reactions R1 — R4 shown below (Finlayson-Pitts et al.,
1989; Osthoff et al., 2008). The net reactions of R1 (N2Os hydrolysis on none-chloride-containing
aerosols) and R2 (uptake of N2Os on chloride-containing aerosols) could be expressed as R3, in which
the CINO: yield (i.e. pcinoz, defined as the molar ratio of produced CINO, to total reacted N,Os)

represents the fraction of N2Os reacting via R2.

N20s (g) + H20 (ag) — 2 HNO; (aq) _ _ (RD

N>Os (g) + HCl (ag) — HNO; (aq) + CINO; (g) _ _ (R2)
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N20s (g) + (1—¢) H20 (ag) + ¢ HCI (ag) — (2—¢) HNOs (ag) + ¢ CINO> () (R3)

_ 10, ¥ (o) (R3)
(—Z—fﬂ)—H—b«(—)){'ﬁéf‘)—“‘—&‘% 287 =T

CINO; (g) + hv — Cl (g) + NO; (g) . _(R4)

Estimates based on model simulations have suggested that CINO; provides a source of Cl atoms totaling
0.66 Tg Cl a! with the vast majority (95%) being in the Northern Hemisphere (Sherwen et al., 2016).
The relative contribution of CINO; to global tropospheric Cl atoms is 14% on average and exhibits clear
regional variations (Sherwen et al., 2016). For example, the study by Riedel et al. (2012) reported that
the relative contribution is approximately 45% in Los Angeles based on a simple box model combined

with local observations.

The heterogeneous formation of CINO, also serves as a reservoir for reactive nitrogen at night. The rapid
photolysis of CINO; at daytime (R4) not only releases highly reactive Cl atom but also recycles NO; back
to the atmosphere, which as well significantly affect the daytime photochemistry (Riedel et al., 2014).

was-suggestedPrevious studiesglobal and hemispheric models found that the heterogeneous reaction

between-N2Os + Cl chemistry and-chloride-containing-aerosel-could increase monthly mean values of
the maximum daily 8h average (MDAS8) O; concentrations by 1.0 — 8.0 ppbv in most Northern
Hemisphere regions (Sarwar et al., 2014; Wang et al., 2019). The reaction also impacts secondary aerosol
formation, mainly through the recycling of NOx (Staudt et al., 2019; Mitroo et al., 2019). For example,
Sarwar et al. (2014) estimated that CINO, production decreases nitrate by 3.3% in winter and 0.3% in
summer averaged over the entire Northern Hemisphere. The influence of the heterogeneous formation of
CINO; in China is even larger due to the polluted environment, leading to an increase in ozone

concentrations by up to 7 ppbv, and a decrease in total nitrate by up to 2.35 pg m on monthly mean

basis (Li et al., 2016; Sarwar et al., 2014)

e

coefficient-of NoOs—{n20s)-and-the-CINO -yield{pcno2)—There are two key parameters that determine

the uptake efficiency of N»,Os and production of CINO;, the aerosol uptake coefficient of N2Os (yn20s)

and the CINO2 yield (¢civo2). The most widely used parameterization for yn20s and ¢cinoz2 was proposed
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by Bertram and Thornton (2009)_(hereinafter referred to ashereafter BT09), which is based on the

laboratory studies with considerations of-temperature;+elative humidity(RH); aerosol water content,

concentrations of nitrate and chloride, and specific surface area (i.e. the ratio of surface area

concentrations to tetal-particle volume concentrations-te-surface-area-coneentration). However, recent

field and model studies have shown that this parameterization would overestimate both yn20s and gciNoz,
especially in regions with high Cl levels (Mcduffie et al., 2018b; Mcduffie et al., 2018a; Xia et al., 2019;
Chang et al., 2016; Hong et al., 2020; Yu et al., 2020). The discrepancies could be partly attributed to the
complexity of atmospheric aerosols (e.g. mixing state and complex coating materials) in contrast to the

simple proxies used in laboratory studies (Yu et al., 2020).- Ferexamplethe everestimationSpecifically.

the suppressive effect of organic coatings is not considered in-efsnos from— BT09—ecould-bepartly

explained-that-they-did-not-considerthest ion-of organicaerosol. Specificallythe-presence-of
ider-the suppression-of o .

Fheraten{2009)-Several parameterizations updated from the-one-by Bertram-and Thornton20BT 0969}

have been proposed by more recent studies based on field measurements and box model studies (Yu et
al., 2020; Mcduffie et al., 2018a; Mcduffie et al., 2018b; Xia et al., 2019). Howevera-full evaluation-of

;@;L@l—N—Ql cHE

—However, thesesome of these previous field-based

parameterizations were derived from differentobservations under different ambient conditions which

may not be applicable to the highly polluted regions in China. A full evaluation of the representativeness

of different parameterizations for the heterogeneous NoOs + Cl chemistry under-differentconditions-in

China-and the associated impacts on ambient air quality in China is not available yet.

In addition to the parameterization, the influence of the heterogeneous N,Os + Cl chemistryN.Os =

CINO, ehemistry is also sensitive to chlorine emissions. In early modelling studies, global tropospheric
chlorine is mainly from sea salt acrosols (SSA), and most of the chlorine over continental regions in
North America and Europe is dominated by the long-range transport of SSA (Wang et al., 2019; Sherwen

et al., 2017). The study by Wang et al. (2019) found an addition of anthropogenic chlorine emissions in

influence of anthropogenic Cl in the U.S. However, there are also studies pointing out the

importance of anthropogenic chlorine emissions in China (Le Breton et al., 2018; Yang et al., 2018;
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~The study by Wang et al.

(20200b) suggested that anthropogenic chlorine frem-anthrepegenie-cmissions in China isare more than

8 times higher than thatthose in the U.S.—en—annual-average.suggested and—that—anthropogenie

emtisstonsand could dominate reactive chlorine in China, resulting in an increase in PM» s and Ozone by
up to 3.2 pg m3 and 1.9 ppbv on annual mean basis, respectively. The comprehensive effects of
anthropogenic chlorine on air quality as well as their sensitivities to different parameterizations for the

heterogeneous N»Os -+ = CINO, chemistry, however, has not been investigated in previous studies.

In this work, we use the GEOS-Chem model to investigate the impacts of chlorine chemistry including
the heterogeneous N»Os += CINO: chemistry on air quality in China. Multiple observational data sets,
including N>Os, CINO,, O3, PMzs and its chemical speeiescompositions from different representative
sites across China, are used to assess the model performance. With comprehensive chlorine emissions as
well as appropriate parameterizations for the heterogeneous NoOs += CING: chemistry, our objectives
are: 1) to improve the model’s performance regarding the simulation of particulate chloride, CINO,,
N»0s, PM» s and O; concentrations; and 2) to extend the investigation on the effects of chlorine chemistry
on both PMz 5 and ozone pollution in China as well as their sensitivities to anthropogenic chlorine

emissions and the parameterizations for the heterogencous NoOs 4= CING. chemistry.

2 Methodology

2.1 GEOS-Chem Model

The GEOS-Chem model (version 12.9.3, http://www.geos-chem.org, DOI: 10.5281/zen0d0.3974569) is

driven by assimilated meteorological fields GEOS-FP from the NASA Global Modeling and Assimilation
Office (GMAO) at NASA Goddard Space Flight Center. The simulation in this study was conducted in
a nested-grid model with a native horizontal resolution of 0.25" x 0.3125° (latitude x longitude) and 47
vertical levels over East Asia (70° — 140" E, 15° S — 55° N). The dynamical boundary conditions were

from a global simulation with a horizontal resolution of 2° x 2.5°. We initialized the model with a 1-month
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spin up followed by a 1-year simulation for 2018. The simulation included a detailed representation of
coupled NOyx — ozone — VOCs — aerosol — halogen chemistry (Sherwen et al., 2016; Wang et al., 2019).
Previous studies have demonstrated the ability of GEOS-Chem to reasonably reproduce the magnitude
and seasonal variation of surface ozone and particulate matter over East Asia and China (Wang et al.,

2013; Geng et al., 2015; Li et al., 2019).

2.1.1 Chlorine Chemistry

The GEOS-Chem model includes a comprehensive chlorine chemistry mechanism coupled with bromine
and iodine chemistry. Full details could be found in the study of {Wang et al.; (2019)-Wang-et-al(2019b).
Briefly, the model includes 12 gas-phase inorganic chlorine species (Cl, Cl, C1,0,, CINO,, CINO;, C10,
CIO0, OCIO, BrCl, ICI, HOCI, HCI), 3 gas-phase organic chlorine (CH3Cl, CH,Cl,, CHCl3), and aerosol
CI” in two size bins (fine mode with radius < 0.5 pm and coarse mode with radius > 0.5 pm). The gas-
aerosol equilibrium between HCl and C1 is calculated with ISORROPIA II (Fountoukis and Nenes, 2007)
as part of the H,SO4— HCI — HNO3; — NH;— non-volatile cations (NVCs) thermodynamic system, where

Na* is used as a proxy for NVCs.

The heterogeneous uptake of N>Os on aerosol surfaces leading to the production of CINO; and HNO3
has also been included in GEOS-Chem with_the parameterizations for yn20s and @cinoz2 proposed by

McDuffie et al. (2018b; 2018a) by default (hereinafter referred to as McDuffie pParameterization).

McDuffie parameterization is the first field-based empirical parameterization derived from the

framework proposed jn multiple laboratory studies including BT09 (Anttila et al., 2006; Bertram and [“ﬁ?%ﬁﬁg: S22 7 N (Y

Thornton, 2009; Riemer et al., 2009) to account for the uptake dependence on aerosol water and nitrate [%%iﬁ&g: Ak ARETR
concentrations as well as the resistance from an organic coating. The coefficients for McDuffie [%#}5&.99: A AR

parameterization were derived from applying a box model to observations of N>Os, CINO,, O3, and NO

mixing ratios during the winter in the eastern U.S-. The parameterization for yno0s accounts for the NoO, [ WA ik iR

"""" " HRRE: T

uptake-on-the-inorsanicaerosol-corecoating-with-an-erganie-sheltboth the inorganic and organic aerosol [‘%1‘5?&9@' T

components and;Fhesa0s—whieh can be described by Eq. 1 —3:

LIS E— Eq. 1
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Where yeore represents the reactive uptake of inorganic aerosol core; and yco represents the retardation of

the organic coating;: ¢ is the average gas-phase thermal velocity of NpoO; (m s;'), V is the total particle

volume concentration (m® m), S, is the total particle surface area concentration (m> m=), Ky is the

[H2O] and [NOs7] are the

unitless Henry’s law coefficient for N>Os with a constant value of 51

concentrations of aerosol liquid water content and aerosol nitrate (mol L"), respectively.s#ps-is-a-linear

function-of water (=214 X 10° X [H-O1-M™s™)). and +pstkars is-representsis the rate constant ratio

therelative rates-ofrepresenting the eompetingcompetition between aerosol-phase H,O and NOs for the
H>ONO,'(aq) reactions-of-intermediate and is fixed H.ONO: (ag)-with H.O-over NO;and-at 0.04 in
mpetingreactions-ol-mtermediate- H-ONO> ~tagr-with-H-O-over

L. 2represent-therelative rates-off

NO;(=0.04);; R is the ideal gas constant, 7'is the temperature (K), Haq and D,q are the aqueous Henry’s

law constant and aqueous-phase diffusion coefficient of NoOg, respectively. ¢ is a-sealing-—ceefficient;

which-inereases-tinearlya linear combination with-the-inerease-of relative humidity (RH) and O:C ratio

(=0.15 x O:C + 0.0016 x RH), and R.—and-R,, R, and [ arere the total particle radius, inorganic core
radius and organic coating thickness, respectively (m).+adi-of the-inercaniecore-and the-whele partiele “‘
B i tzath
can-bereferred-to-MeDuffic ctal (2018b )

@ciNoz is calculated following the-study-of Bertram-and Theraten{206099BT09, but is reduced by 75%+

based on the observations conducted in eastern U.S. and offshore in spring 2015 (i.e. the WINTER

N
L
&
i
%‘

aircraft campaign) (McDuffie et al., 2018b)4€]=eeet—31720-1-89b. It could be described by Eq. 24: -

_ Eq.24

. -1
Pamo, = 0.25 x (1, 2% 4 1)
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Where H,O0}and{C}are-th

L), respeetivelys-and Jako/ko-kes is the rate constant ratio representing the competition between aerosol-

phase H,O and CI for the H,ONO>'(aq) intermediate and is fixed at represents—the—relativerates—of

competingreactions-of intermediate HoONO: (ag)-with H.O-ever € (=1/450_here, and): [CI] is the

concentration of aerosol chloride (mol L"). For more detailed description of McDuffie parameterization

readers are referred to McDuffie et al. (2018b; 2018a). Keep it in mind that the coefficients for the

parameterizations in Eq. 1 — 4, were derived to better reproduce wintertime, observations in the eastern

U.S. However, there are large uncertainties in both the values of the coefficients and functional form of

the parameterizations, specifically related to their applicability to other regions. Fhe—MeDuffie

0 account

Recently, Yu et al. (2020) proposed new parameterizations of yn20s and ¢cinoz based on BT09

for the dependence on aerosol water, nitrate, and chloride concentrations but with coefficients derived

from uptake coefficients directly measured on ambient aerosol in two rural sites in Chinathe-direet

The parameterizations ¢hereinafter referred-to-as—YupParameterization)-of yxoo0s and @civoy, (hereinafter

referred to as Yu parameterization) are described by Eq. 3—=45 — 6, respectively:

_ 104 0 1
Ynp0s = oo Kir X 3.0 X 10* x [H;0]6-12-x 108 % =2 (1 ~ ——— o, +1> Eq.35
‘ ) T Nog T Nog
<
k>[H,0]\ "1
vano, = (1+ k() Eq. 46

Where-e-is-the-averagegas-phase-thermal-veloeity of NoOs—{m-s ) is-the total particle volume
concentration{m’-m~)-S,-is-the total particle surface-area—concentration{m’-m~) Ky-is-the unitless

Henry'sJaw—coctficientfor NoO. with—a—constantvalue—of 31 fHLOLANO and {CHarethe
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karepresentstherelative rates-of competingreactionsolintermediate HoONO agrwith HO-0ver NOy

=0-033)/,, is the rate constant ratio representing the competition between aerosol-phase CI- and NOs=

for the H,ONO,"(aq) intermediate and is fixed at represents-the relative rates-of competing reactions—of

intermediate HoONO, ' (aq)-with-Ch-ever NO; (=3 4. In contrast to McDuffie parameterization, k, }-and

| represents—therelative rates-of competing reactions-ofintermediate Ho-ONO,"in Yu parameterization

fae-with H.O-everClare fixed at 0.033 and =1/150, respectively).

Although both the twothe parameterizations are-based-onreferredare developed based on BT09, +te-the

stady-of Bertram-and Theraton-(2009)-t

here exit significant differences of yno0s and pemos between the-McDuffie and Yu pPRarameterizations.J#

sed—in—multin

in-China: For ynos. theMcDuffie pParameterization generally follows the-study-of Bertram-and Theraton

2009BTO09 for the calculation of the uptake on inorganic aerosols (i.e. yeore). but excludes while-exelude

anythe dependence on aerosol chloride beeause-it-eouldso as to better reproduce observed wintertime

reactive nitrogen in the-eastern U.S. On-the-other-handMoreover, the parameterization ineluadesaccounts

for the suppressive effects of the organics (i.e. Ycoat)-2erosol-as-aresistiv ating, which is not directly

included in BT09 (Anttila et al., 2006; Riemer et al., 2009; Morgan et al., 201 5ref);-as-suggested-by

the-estimation-of N>Os-uptake. Unlikeln contrast to -McDuffie pParameterization, Yu parameterization

Yua-et-al(2020)-suggested-that-cxcludesing the organic suppression andbut includesing the chloride

enhancement eeuldso as to better bestreproduce the-ebserved-yn,os observed in China (refYu et al., 2020).
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It is worth mentioning that the coefficients applied in the parameterization of ynoos also differ between

McDuffie and Yu parameterizations as both are fixed to reproduce the ambient observation representing

different pollution conditions. For example, k, is equal to 0.04 in Eq. 2 but 0.033 in Eq. 5. The yn0s in

McDuffie parameterization is thus expected to be lower compared with the Yu parameterization due to

the resistance from organic coating and the lack of the chloride enhancement. For pcinoo. both efthe

McDuffie and Yu pParameterizations are based on BT09the-study-of Bertram-and Thernten(2009), but;

while with different coefficients (i.e. keatks = 1/450 in Eq. 44 and 1/150 in Eq. Eg-66). -Although k. in Eq.

QciNo2_in McDuffie parameterization compared with Yu

parameterization under the same condition. Again, keep it in mind that McDuffie parameterization is

derived from fits to fromfitsto-observations over the eastern U.S. (McDuffie et al., 2018a) while Yu

parameterization is fitted to observations at and-rural locations in China (Yu et al., 2020);+espeetively.

In this study, we updated the parameterizations for ynoos and @cinoo in the heterogeneous NyOs + Cl

heterogeneous—chemistry (hereinafter referred to as parameterizations for heterogeneous NyOs + CI

chemistry)updated—the NoOs—CINO,—<hemistry in the GEOS-Chem with the-Yu parameterization.
Additional simulation cases were also performed to evaluate the representativeness of both the-Yu and
McDuffie pParameterizations regarding the simulation of N>Os, CINO,, O3, PM,s and its chemical
compositionsspeeiation in China. Detailed description of the model setup for related cases is provided

below in Section 2.1.3.

2.1.2 Emissions

The study uses the Hemispheric Transport of Air Pollution (HTAPv2, http://www.htap.org/) based on the
emission of 2010 as a global anthropogenic inventory. This inventory is overwritten by a regional
emission inventory MIX (with a horizontal resolution of 0.25° x 0.25°) over East Asia based on the
emission in 2017, which is developed for the Model Inter-Comparison Study for Asia (MICS-Asia) and
covers all major anthropogenic sources in 30 Asian countries and regions (Li et al., 2017). In addition,
anthropogenic emissions of black carbon (BC) and organic carbon (OC) in Guangdong province, China
(109" — 117" E, 20" — 26° N) are overwritten by a more recent high-resolution inventory (9 km X 9 km)

described by Huang et al. (2021). Biomass burning emissions are from the Global Fire Emissions
10
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Database (GFED4) (Van et al., 2010) with a 3-hour time resolution. And the biogenic emissions of VOCs
are calculated based on the Model of Emissions of Gases and Aerosols from Nature (MEGAN2.1)

(Guenther et al., 2006).

Table 1 lists Cl emissions from all sources in the model. The global tropospheric chlorine by default in
the model is mainly from the mobilization of CI" from SSA distributed over two size bins (fine and coarse
modes) (Wang et al., 2019), which is computed online as the integrals of the size-dependent source
function depending on wind speeds and sea surface temperatures (Jaeglé et al., 2011). During the
simulation year of 2018, SSA contributes 6.5 x 10* Gg CI-, most of which however are distributed over
the ocean due to its relatively short lifetime (~1.5 days) (Choi et al., 2020). The release of atomic Cl
from organic chlorine (CH3Cl, CH2Cl, and CHC]l3) via the oxidation by OH and Cl is also included in
the model by default. These organic chlorine gases are mainly of biogenic marine origin (Simmonds et
al., 2006), with a mean tropospheric lifetime longer than 250 days (Wang et al., 2020b), and are simulated
in the model by imposing fixed surface concentrations as described by Schmidt et al. (2016). Total
emissions of CI atom from CH3Cl, CH,Cl,, and CHCl; are estimated-calculated to be 3.8, 2.4, and 0.70

Gg Cl a’!, respectively.

Considering the importance of anthropogenic chlorine in China, we have further updated chlorine
inventories in the model to account for anthropogenic HCI, Cl, and fine particulate CI-, as well as biomass

burning HCI and CI" emissions (also shown in Table 1_and S1). For fine particulate Cl" from both

anthropogenic and biomass burning, the emissions are estimated based on PM s emissions from MIX
and GFED4 inventories combined with the emission ratios of fine particulate Cl- versus PM»s for
different emission sectors adopted from the study of Fu et al. (2018). Estimated Cl" emissions from
anthropogenic and biomass burning are 379 and 120 Gg, respectively, comparable to the results of 486
Gg in total for the year of 2014 by Fu et al. (2018). The anthropogenic emissions of HCI and Cl are from
ACEIC (Anthropogenic Chlorine Emissions Inventory for China) (Liu et al., 2018) and are estimated to
be 218 and 8.9 Gg Cl in China, respectively. For HCI from biomass burning, the emission factors from
Lobert et al. (1999) are used for different types of biomass provided in GFED4, and a total emission of

30 Gg Cl is obtained in China in 2018. Total implemented chlorine emission for the simulation year of

2018 is 756 Gg Clfantheopouericcmissions— o HE—Ch—and - Lrom-diterenseetorsareshawn—at

(BRI T 10 B, JEhik

(BRRM: T 10 B, AR, B

R A 10 B, Jep




310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

Fable-SH.

Figure 1 shows the distribution of Cl emissions from the sources mentioned above. Anthropogenic and
biomass burning emissions of HCI are concentrated in the Northeast PlainNP), North China Plain{NEP),

Yangtze River Delta-(¥RD), and Sichuan Basin{SCB), and eould-beare up to 320 kg Cl km? a™! in the

SEBSichuan Basin. Emissions of HCI are low in South China, mainly due to the low chlorine content of
coal in these regions (Hong et al., 2020). The relative contribution of biomass burning to total HCl
emissions in China is 14% on average ;-but could become dominant in the Northeast PlainNP due to the
discrepancies in the spatial distributions of anthropogenic and biomass burning emissions. The
anthropogenic Cl, emissions have a similar spatial distribution to that of HCI, but are one order of
magnitude lower than HCI emissions. The distribution of non-sea salt Cl" emissions is also similar to that
of HCI and Cl,, except that non-sea salt Cl- emissions are also high in Central China. In contrast,
emissions of sea salt Cl" (Fig. S1) are mainly distributed over the ocean, implying limited influences over
inland due to rapid deposition during transport. The spatial distributions of different organic chlorine

sources are similar, with maximums (~ 0.5 kg Cl km™ a!) in coastal regions (Fig. S1).

2.1.3 Model setup for different simulation cases

In this study, we conducted a series of simulation cases to investigate the effects of chlorine chemistry
on air quality in China, the role of N2Os — CINO, chemistry, and the associated sensitivities to chlorine
emissions as well as the parameterizations for N2Os — CINO; chemistry. Detailed model setup for those
cases is listed in Table 2. The Base case is the one with all updates in this study, including additional
chlorine sources from anthropogenic and biomass burning emissions as well as N,Os uptake and CINO,
productionimpreved NoOs—CINO,-chemistry represented by the-Yu parameterization. The NoEm case
is conducted with a similar setup as the Base case but only includes chlorine emissions from SSA and
organic chlorine sources so as to evaluate the model improvement originated from the updated chlorine
emissions through the comparison with the Base case. The McDuffie case is also performed using the
McDuffie instead of Yu parameterization for yn20s and gcino2 while keeping others the same as the Base
case so as to evaluate the discrepancies originated from different parameterizations for the heterogeneous

N>Os + CIN.Os—CINO, chemistry.
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In addition, while keeping others the same as the Base case, the NoHet case sets gcino» to zero (Eq.6)

and yemoves the enhancement of N,Os uptake from aerosol chloride (i.e. [CI'] = 0 in Eq. 5). The

comparison between the Base and NoHet cases could thus but-keeps-othersthe same-as-the Basethe

NoHet casesets Penoa-to-Zero 6'5' E@]»

(BRI Tk iR

(B vk 10 B, JEMHL vHPE: a6

(i vk A

sensitivities to a smaller gamma N>Os and zero CINO» production)-threugh-the-comparison-with-the Base

ease. Similarly, combined with three more sensitivity cases (NoChem, NoEmHet and NoAll, see details
in Table 2), the study provides an overall evaluation of the importance of tropospheric chlorine chemistry

as well as its sensitivities to chlorine emissions and the parameterizations for the heterogeneous N>Os +

Cl chemistry NoOs—CINO,-chemistry-in the model.

2.2 Observations

Multiple observed data sets were applied in this study to evaluate the performance of GEOS-Chem
simulation, including the concentrations of chemical compositionsspeeies of PMys from three
representative sites, located in south (Guangzhou, 23.14°N, 113.36° E), east (Dongying, 37.82°N, 119.05°
E) and north (Gucheng, 37.36° N, 115.96° E) China, respectively (Fig. S2). Concentrations of SO4>, NOs’,
NH,', CI" and organic matter (OM) in PM, s were measured by High Resolution Time-of-Flight Aerosol
Mass Spectrometer (HR-ToF-AMS; Aerodyne Research Inc., USA, Decarlo et al. (2006)) from October
2 to November 18, 2018 (with a time resolution of 1 minute) at Guangzhou site (Chen et al., 2021b), and
from March 18 to April 21, 2018 (with a 1-minute time resolution) at Dongying site. Concentrations of
these species were measured by an Aerodyne Quadruple Aerosol Chemical Speciation Monitor (ACSM;
Aerodyne Research Inc., USA, Ng et al. (2011)) from November 11 to December 18 in 2018, with a time

resolution of 2 minutes at Gucheng site (Li et al., 2021).

Concentrations of N2Os and CINO; (with a time resolution of 1 minute) were also measured at
Guangzhou site by a Chemical Ionization Mass Spectrometer (CIMS, THS Instruments Inc., Atlanta,
(Kercher et al., 2009)) from September 25 to November 12 in 2018 (Ye et al., 2021). To have a thorough
evaluation of the representativeness of different parameterizations for yn20s and ¢cino2, observations of

CINO; and N,Os at six more sites across China from previous studies (see Table S1-S2 and Fig. S2) are
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also used in this study. It should be noted that model results sampled at those sites for comparison were
simulated in the same months but different years while ignoring the uncertainties associated with the

interannual variability.

In addition, we also use observed hourly data of O; and PM»s published by the China National
Environmental Monitoring Center (CNEMC, http://www.cnemc.cn/sssj/, last access on June 20, 2021)
to evaluate the model’s overall performance in China. The network was launched in 2013 as part of the

Clean Air Action Plan; and includes ~1500 stations located in 370 cities by 2018 (Fig. S2).

3 Results and discussion

3.1 Improved model performance with updated chlorine emissions and parameterizations for the

heterogeneous NpOs + Cl chemistryN,Os—CINO,-chemtistry

Figure 2 shows time series of observed and simulated Cl- concentrations at the Guangzhou, Dongying,
and Gucheng sites. The observations show the lowest Cl" concentrations at the Guangzhou site (0.55 +
0.52 pg m), although the site is the closest to the ocean among all three sites, while the highest
concentrations (4.7 + 3.3 ug m?) are observed at the Gucheng site, away from the sea. Moderate
concentrations of Cl is observed at the Dongying site, around 1.1 + 0.82 ug m™. The relatively higher
concentrations observed inland again suggest the dominance of non-sea salt CI" in China, as mentioned

before in the Introduction.

The comparison between observations and simulated results from the NoEm case shows a serious
underestimate of Cl concentrations, with normalized mean bias (NMB) ranging from -96% to -79%,
suggesting the missing of significant chlorine sources in addition to sea salt chlorine. In contrast, the
Base case with updated chlorine emissions exhibits much higher CI concentrations and can successfully

reproduce observations, with average concentrations (NMBY-of 0.77 + 0.54439%, 0.71 + 0.524(36%),

and 4.5+ 2.4 pg m> (NMB = 39%. -36% and -4.7%)4-7% at the Guangzhou, Dongying, and Gucheng

sites, respectively. The increase in CI" concentrations in the Base case compared with the NoEm case is

the most significant at the Gucheng site, by a factor of 24 (from 0.19 to 4.5 pg m™ on average). The NMB

14

AR i

(WA ThE



http://www.cnemc.cn/sssj/

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

in-the Base-case-therefore-has-deereased-to—36%—39%-The slight underestimates at the Dongying site
in the Base case could be to some extent explained by the bias in GFED4, which underestimates
emissions from agricultural fires due to their small size and short duration as suggested by the study of
Zhang et al. (2020). In spite of that, the model with the Base case well reproduces the overall distribution
of the observed particulate chloride concentrations in China. The correlation coefficients (r) between
observed and model results at the three sites also increase from -0.05 — 0.61 in the NoEm case to 0.40 —
0.71 in the Base case. The significant improvement in the model performance again suggests sources

other than SSA play a key role in CI" concentrations in China.

The comparison between observed and simulated N,Os (Fig. 3a) shows that NMB for the NoEm case are
-58%, 150%, 108% and 25% at the Guangzhou, Wangdu, Taizhou and Mount Tai sites, respectively. In
contrast, the corresponding NMB for the Base case are much smaller, -57%, 48%, 91% and 18%,

respectively. The improvement in the Base case is apparent at most sites, implying that additional

chlorine emissions could effectively increase the uptake coefficient of N>Os in: Yu parameterization. As

shown in Figure S3, although the values of yn20s between the Base and NoEm cases are similar over the

ocean. the Base case has rfrom-the Base-cases-showed-the-hishestvalue (0:.016-averaged-in-Chinaand

up to 0.053 over the ocean on annual mean basis) in all simulation cases, while »agsclatively higher

yn20s_ over China compared with the-from-the NoEm case istittle-smaller-(0.016 vs. 0.014 averaged-in

China—and-up-te-0-053-over-the-oeean—on annual mean basis)-due-to-the-smaller {ClF}-inEe¢-—5. The

:Qs;GLN—Qz%hemi{tﬂ'—y

,Os-Little improvement
is found at the Guangzhou site (-58% in the NoEm case vs. -57% in the Base case). Previous studies also
found an underestimation of N,Os in the Pearl River Delta-(PRB), which could be partly explained by
the underestimation of the sources (e.g NO) and/or the overestimation of the sink of N2Os there (Dai et

al., 2020; Li et al., 2016).

The N>Os results from the McDuffie case, which uses the-McDuffie parameterization (a default setting

in GEOS-Chem, see Section 2.1.1 and 2.1.3) instead of Yu parameterization are also shown in Fig. 3a.
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417 The NMB for the McDuffie case are -53%, 154%, 143% and 37% at the Guangzhou, Wangdu, Taizhou

418  and Mount Tai sites, respectively. The comparison between the McDuffie and Base cases indicatesThe

419 comparison-indicates that Yu parameterization can reproduce observed N»Os better in China in general,

420 while McDuffie parameterization tends to overestimate N>Os concentrations. The overestimate of N2Os 5

421 in McDuffie parameterization which-eould-be-mainly-attributed-tosuggests the potential underestimate

422 in the corresponding ynops. As shown Figure: S34, the value of ynoos from the McDuffie case is much [‘%#&ﬁ&g: Nhr

(#R0: Fhs

423 smaller than that from the Base case (0.0071 vs. 0.016 averaged over China).

424 The underestimate in yn20s_from the McDuffie case could to large extent be explained by the suppressive

425 effect of organic coatings (ycoat) as discussed above in Section 2.1.10u+medelsimulationshows-the-value

426

427

428

429

430

431

432

433 diseussed-in-Seetion2-+-H-Hewever,Tthe magnitude of the organic suppression is highly dependent on

434 many factors (e.g. organic composition, particle phase state, etc.:) and thus remains poorly quantified

435 (Griffiths et al., 2009; Gross et al., 2009: Thornton et al., 2003). Although many studies have shown that

436 organic aerosol can suppress the N>Os uptake (Anttila et al., 2006; Riemer et al., 2009¢ef), the level of

437 organic suppressions; may be overpredicted-white-eurrently in currently implemented parameterization

438 n—dueattributed to the poorly

439 quantified and/or unknown-te-these factors remain-poorty-quantified-(c.g. Morgan et al. (2015)). On-the

440 other-handFor example,; some studies found that ignoring the difference-the-model-does-notdifferentiate

441 preeisely between water-soluble and water-insoluble organics fractions-whieh-may alse-lead to an upper

442 limit for estimatine-the suppressive effect of an-organic coatings and consequently an underestimate in

443  the solubility and diffusivity of NpOs in organic matter (e-e—Chang et al., £2016); Yu et al., 2020). [‘%1‘3;‘&&9: R
(w0 Fhs

444 Although the yco in McDuffie parameterization is calculated as a function of organic aerosol O:C ratio [ BERN: Tk EHR

445 and RH (see Eq. 2), which could increase with higher RH and higher O:C ratio, it may still overpredict [ﬁ??&:‘&ﬁﬁ: T AR
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the suppressive role of organic coatings in China, On the other hand, the study by Yu et al. (2020) found

that excluding the organic coating best reproduced uptake coefficients observed in China. InJa addition,

the biasunderestimate in yno0s in McDuffie parameterization in China alse-could also be to some extent

explained by the-faet-that-the-parameterizationthe lack of the-dees—not-consider chloride enhancement

(asalso discussed in Section 2.1.1). It is worth noting that the evaluation here is specific to China and the

differences between Yu and McDuffie parameterizations have not been evaluated elsewhere.

For the comparison of CINO: (Fig. 3b), we use the mean nighttime (excluding the data at local time of

10:00 — 16:00) maximum mixing ratio, as suggested by Wang et al. (2019b-and-2026b). Observed CINO,
is high in Guangzhou (1121 pptv) and Wangdu (~ 990 pptv), followed by Changping (~ 500 pptv) and
Beijing (~ 430 pptv). The lowest concentrations are obtained at Mount Tai and Mount TaiMoShan (~ 150
and 120 pptv, respectively) due to relatively clean condition at high altitude. The comparison between
observed and simulated CINO; at different sites also suggests a better model performance for the Base
case with NMB in the range of -28% — 22%, compared with the NMB of -77% — -31% and -59% — -36%

for the NoEm and McDuffie cases, respectively. The difference in CINO, concentrations is mainly

associated with distinct ¢pcino2 values among different cases. -As shown in Figure: S442, the value of

@cinoz 1s significantly higher in the Base case (0.36 averaged over China) than in the NoEm (0.14) and

McDuffie (0.11) casesEigure-S12 presents-the-spatial-distribution-of annual-meanpcnor--the-medel
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China,respeetively. The large difference between the NoEm and Base cases in-the-infand-China-again

emphasizes the important role of non-sea salt chlorine in the formation of CINO,. The overall

underestimates in McDuffie parameterization on the other hand may suggest that the scaling factor of

O O U A )

0.25 and-the-coefficientof fola-(H450)applied to pcivoz in Eq. 2-4 is too much is-netapprepriate-for the [ WA Fik: Bk
t heri dition in China. More field Sur ts and model evaluati required t [%*&iﬁﬁﬁ: I

atmospheric condition in China. More field measurements and model evaluations are required to come [%%ﬁm: ik R

up with a more precise parameterization better representing gcoo in China. [‘%%iﬁﬁ‘]: TR

(#mRn: 76 iRt

representing-gonor--China—Overall, with updated chlorine emissions and Yu parameterization for yn2os

and gcinoz, the Base case agrees better with both the magnitude and the spatial variation of observed

N:0Os and CINO; in China.

The differences in yn20s and gcnvoz could also lead-te-variations-efaffect the ratios of CINO, to HNO3

production-through the NO, eirewlation. As shown in Figure-ure S5, shews-the ratiovalue -of CINO,/-te [‘%1@3&&9: Fhr

HNO; from-the Base-ease-isis the highest from the Base case (9.8% averaged in China and up to 47% in

the Sichuan Basin on annual mean basis). whilefollowed by that-frem-thethe McDuffie (4.7% averaged

in China and up to 18% in the Sichuan Basin) and NoEm (3.1% averaged in China and up to 12% in

coastal regions) cases-as
annual mean basis) cases are signifi

To further elucidate how the model behaves in reproducing the spatial distribution of ozone and PM 5

through the incorporation of the additional chlorine emissions and updated-Yu parameterization for s-ef

the heterogeneous NoOs += CINO, chemistry-with-Yu-parameterization, simulated MDA8 Oz and PM> 5
from different cases were compared with observations across China. Figure 4 shows ebserved-simulated

annual mean MDAS O3 and PM, s in 2018 in China from the Base case compared with the observations

from CNEMC (China National Environmental Monitoring Center,—as —introduced at-in Section 2.2)

compared-with-the-modelresults-from-the Base-ease. The observed annual mean MDA8 Oz and PMx s
are 49 ppbv and 39 ug m™ respectively in 2018 in China. Model results from the Base case could

generally reproduce observed spatial and seasonal variations of annual mean MDA8 O3z and PMa s
18
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concentrations, with NMB of -26% and 3.6% and r of 0.83 and 0.81 respectively (eprrelationeoefficients

maps-of MADS Os-and PM. s-are shownat-| 10 530,

Table 3 also summarized the model performance on both annual and seasonal scales regarding the
simulation of O3 and PM s from different cases. For the comparison with observed MDAS8 O3, although
different simulation cases show a similar range of r, the Base case tends to have a slightly smaller bias
in general, with NMB of -26% on annual average (-49% — -5.5% on seasonal mean) vs. -28% (-54% — -
5.9%) in the NoEm and -27% (-53% — -5.2%) in the McDuffie case. For the comparison with observed
PMa 5, the NMB bias from the Base case is 3.6% on annual average (-6.3% — 28% on seasonal mean).
Compared with the NoEm case, there is some improvement in summer (5.0% vs. 3.9%) and winter (-
7.9% vs. -4.3%) but slightly larger bias in autumn (26% vs. 28%). The McDuftfie case on the other hand
produces slightly higher PM,s concentrations, with NMB of 5.6%. Regarding the simulation—of

partienlate-chemical compositionsspeeies of PMy s (Table S2S3), although the model performance varies

with sites and species, the Base case demonstrates better agreement with observations compared with the

NoEm and McDuffie cases in general.

On the whole, the model performance is better with the additional anthropogenic and biomass burning

chlorine emissions combined with Yu updated-parameterization for thes-ef -heterogeneous N.Os + Cl

chemistryN.Os——CINO,—¢ . Therefore, the following

investigation of the impacts of chlorine chemistry on air quality in China as well as their sensitivities to

chlorine emissions and parameterizations for _the heterogeneous NoOs + CI chemistry NoOQs —CINOG2

chemistry-is mainly based on the Base case.

3.2 Impacts of tropospheric chlorine chemistry on air quality and the role of the heterogeneous

N,0s—+ CINO; chemistry

To comprehensively quantify the importance of chlorine chemistry, we conducted a sensitivity case in
which all related tropospheric chlorine chemistry was turned off (NoChem, also listed in Table 2). The
differences between the Base and NoChem cases (Fig. 5 and Fig. $2574) could thus represent the impact
of the chlorine chemistry. The comparison shows that chlorine chemistry could increase annual mean

nighttime max CINO, surface concentrations by 243 pptv averaged in China (up to 1548 pptv in the
19
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SCBSichuan Basin). The increase in annual mean Cl atoms is 1.7 x 10° molec ¢cm™ averaged in

ChianChina (up to 7 x 10°> molec cm™ in coastal regions).; The reactionincreased-of Cl atoms andcould

react with VOCs (especially alkanes) producingpreduces-additional more erganie-peroxyperoxy radicals,

including organic peroxy radicals (RO») and ;-which-are-thenrapidly-reeyeled-to-hydroperoxyl radicals

(HO»). —As shown in Figure: S74 (a), Resultsshow-that-the chlorine chemistry could increase annual

mean HO» concentrations by 1.6 X 10° molec cm™ averaged in China (up to 8.6 X 10° molec cm™ in

the coastal regions). In the presence of NO, the peroxy radicals recycle OH while oxidize NO to NOp.

The subsequent photolysis of NO,, could further lead to more Og production and consequently also more

OH (Osthoff et al., 2008; Riedel et al., 2014: Simpson et al., 2015¢ef). On the other hand, the recycling

of NO, back into the atmosphere associated with the photolysis of CINO, could also lead to more O3

production. The-inereased HO,-subsequently-oxidized NO-to NO,-whiThe results here show a significant

eh-increase in surface annual meand OH (Fig. S74 (b)) and MDAS O;-signifieantly (Fig. 5¢) by 3.8 X

10* molec cm™ and 1.1 ppbv respectively averaged in China (up to 1.2 X 10° molec cm™ andwith-annual

mean-concentrations-of H-1-ppbv-in-China-and by-as-mueh-as 4.5 ppbv respectively in the Sichuan Basin)

OH by 11 ppbv-and 3-8-x10"melec-em™ averaged-in-China(up-to-4-5-ppbv-and 1210 melecem™in
the-SCByrespeetively-through-VOCs-exidation- In contrast, annual mean PM, s surface concentrations
are decreased by 0.91 pg m averaged in China (up to 7.9 pg m™ in the SEBSichuan Basin), mainly due

to the decrease of NO;~ and NH4" (up to 6.4 pg m™ and 1.9 pug m™ respectively), although SO4*

concentrations are increased slightly by up to 1.2 pg m™ in the SCBSichuan Basin (Fig. S3574).
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—Both global and regional studies suggested thatthat the

heterogencous NoOs =+ CINO. chemistry can enhance Os production through the production of Cl
atoms and the recycling of NOx_(Li et al., 2016; Sarwar et al., 2014; Wang et al., 2019). Therefore, we
further investigate the role that the heterogeneous N,Os +— CING. chemistry plays in tropospheric
chlorine chemistry through the comparison between the Base and NoHet (Fig. 6 and Fig. S4586) cases.

Keep it in mind that the comparison is mainly assessing the impact of CINO, production, namely the

uptake of N>Os on chloride aerosol, not the general role of N>Os heterogeneous chemistry, The : [‘%#&;‘&B@:

A AR

2 A EbR/ TR

comparison illustrates that the heterogencous N>Os + CINoOs—CINO, chemistry could result in a

significant production of CINO,, reaching 600 — 1400 pptv for annual mean nighttime max surface

concentrations in the North China PlainNER, and up to 1546 pptv in the SEBSichuan Basin. The change [‘ﬁ?ﬁ:‘&ﬁﬁ: Eﬁ?@lﬂﬁﬁﬁﬁfﬁ: 12 &
(#BRM: T 10 5, s
in the surface concentrations of Cl atoms (an annual mean increase of 1 —4 x 10° molec cm™ in central [‘ﬁ?ﬁ:‘lﬁﬁg: T 10 B, AEBIRL R
(AmRm0: T4 10 By, ekt
and eastern China) is mainly due to the photolysis of CINO and accounts for 74% of total change in / [‘%#&iﬁﬁ‘]: S 10 B
annual mean Cl atoms due to all tropospheric chlorine chemistry in China, which are consistent with the [ WA T 10 B, Ths
(##RB: T 10 B
results from the previous study by Liu et al. (2017). [%igﬁﬁg; AR 10 BEOFER
(B TR 10 B
N , ] o (#HR00: 74 10 B, Fig
In addition to the production of Cl atoms, the CINO» formation also affects the partitioning of NO, from+ \: { BRRE: 76 10 5
HNOg, into more reactive forms (e.g., NOg and CINOp) through the recycling of NO,, and thercfore&;/‘f'/ [EREBE&
(#0746 10 6
compesition-and partitioningof total reactive nitrogen-INO,)-affectthe spatial range that nitrogenous (BRBEER
speeies-ean-reach-after emissionand they-are therefore-o of great importance in atmospheric chemistry [%#&iﬁﬁ@: T 10 E%E
(ki 7o 10 B
(Bertram et al., 2013; Li et al., 2016; Wang et al., 2020a)—Chlerinchemistry—affects—the fate-and | [%ﬁﬁﬁg: TR
N _ (#msRe: Fh
composition-of NO,-through-the reeyeling-of NO.-an (#HRE: The
ak—+2020a)).)- To analyze the impact of the heterogeneous N,Os + CI chemistry on NOy partitioning, [‘%1@3&&9: Ths
(##Ri: EEbs/ Fhs
Figure: S95 shows the change in the ratios of NO, to NO, and NOs™ to NO, as the difference between the [ R T
: : o 4 (R Fis
Base and NoHet cases. Since CINO, could be treated as a reservoir for reactive nitrogen at night, we [ BRRM: T
include CINO> as part of NO in the calculation (NO, = NO + NO, + CINO and NO, = NO + NO, + / (mme0: T
(R Fh
CINO; + HNO; +2 X NoOs + NO3 + HONO + HNO,4 + NOj: + various organic nitrates). OurThe results / [%%ﬁm: i
(#ml0: Lhx

O 0 0 0 A A A 0 A A 0 A U A A
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show that due to the CINO, production. ehlerine-chemistry-in-China-could-inerease-the ratios of NOy 4=

NO-+NO,+CINO,)-to NOy increase by¢ 2-4+1.8% averaged in China and- up to 5.74% in the Sichuan

Basin, Northeast Plain and North China Plain on annual mean basis. Meanwhile, }-due-to-more NOs-and

CEINO -produetionbut-deereasethe- ratios of NO3™ to NOy decrease by 1.31% averaged in China and up

to 5.21% in the Sichuan Basin on annual mean basis)-(Fig-S5).

Consequently, the annual mean MDAS O3 surface concentrations are increased by 1.5 — 3 ppbv in central
and eastern China and by-up to 3.8 ppbv in the SEBSichuan Basin, accounting for 83% of total change
in annual mean MDAS& O3 due to all tropospheric chlorine chemistry in China. It is interesting to note
that while MDAS O3 surface concentrations show maxima in summer and minima in winter in general,

the influence of the heterogencous N>Os 4 CIN.Os—EINO, chemistry on O3 concentrations exhibits a

different seasonality. The increase in seasonal mean MDAS O; concentrations is the largest in winter (by
up to 6.5 ppbv in the SEBSichuan Basin); but is less than 1.5 ppbv in summer. This is because of more

accumulation of N>Os and CINOs in dark conditions in long winter nights (Sarwar et al., 2014).

There also exhibits an obvious decrease in the annual mean surface concentrations of PM s attributed to
the heterogencous N>Os + CIN.Os—CINO- chemistry, ranging from 1.5 to 4.5 ug m* in central and
eastern China (accounting for 90% of total change in annual mean PM> s due to all tropospheric chlorine
chemistry in China). The decrease is more significant in autumn and winter in China, with a range of 3.5
—5.5 pg min central and eastern China; and being up to 11 pg min the SCBSichuan Basin. In contrast,
the decrease in PM, s is less than 2 pig m™ in summer in China. The change in PM, s is mainly due to the
decrease in NO3™ (up to 6.2 ug m in the SCBSichuan Basin on annual average). In addition, NH4" is
also decreased by up to 1.8 ug m™ in the SCBSichuan Basin on annual average, following the pattern of
ANOs5". This is because NHj is in excess in most regions in China (Xu et al., 2019) and the formation of

CINO; via R2 could hinder the formation of HNOs and shift the partitioning between NH; and NH4*

towards NH;. Unlike the change in NOs and NH4", the heterogeneous N>Os + CIN.Os —CING,
chemistry increases surface SO4* concentration slightly, which could be explained by the enhancements
of atmospheric oxidation associated with the increase in Cl atoms, OH and O3, facilitating the formation

of secondary aerosols (Sarwar et al., 2014).
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On the other hand, thecomparison—between—the NoHet—and NoChem—cases—indicate-the effect of

tropospheric chlorine chemistry without the heterogeneous N>Os + CIN.Os—EINO, chemistry is much

smaller (Fig. S5S107. the comparison between the NoHet and NoChem cases), leading to an increase of

up to 0.7 ppbv in inland China and a decrease of 0.3 — 0.5 ppbv in coastal regions for annual mean MDAS
O3 concentrations. The increase is probably associated with Cl atoms from photolysis of gas-phase
chlorine, especially non-sea salt Cl; in inland China, while the decrease at coastal regions is mainly due
to catalytic production of bromine and iodine radicals originated from sea-salt aerosols. The comparison

demonstrates the dominance of the heterogencous NoOs + CINOs——CINO, chemistry in total

tropospheric chlorine chemistry in China.

3.3 The effect of heterogeneous N>Os + Cl N>2Os—CINO;-chemistry in response to chlorine emissions

Since both yn20s and @cinoz in the-Yu parameterization are highly dependent on [Cl], the effect of the
heterogeneous NoOs + CIN.Os—CINO, chemistry on air quality is thus sensitive to chlorine emissions.
Figure 7 shows the effects of the additional chlorine emissions from anthropogenic and biomass burring
sources on annual mean surface concentrations of different species (Cl-, Cl atom, OH, MDAS O3, PM, s
and NO3") in China, calculated as the differences between the Base and the NoEm case. With the
implementation of the additional chlorine emissions, the particulate Cl™ concentration increased
significantly in inland China, with the largest increase in the SCBSichuan Basin (4.5 pg m*) and little
change in west China. The increase is in the range of 1.5 — 3.5 ug m™ in the North China PlainNCP and
< 0.5 ug m* in South China. The spatial distribution of ACI atoms is also consistent with that of the
additional chlorine emissions and ACI", showing the largest increment in the SEBSichuan Basin (about
4.5 — 5 x 10° molec cm™). There is also a moderate increase in Cl atoms in the Northeast PlainNP and
North China PlainNEP, with a range of 1.5 — 4 x 10° molec cm™. Only a minor increase of Cl atoms is

found in South China (< 1 x 10°> molec cm™).

As discussed earlier in Section 3.2, increased Cl atoms could lead to more HOp and OH via VOCs

oxidation. Combined with increased NO, associated with the release of NO, upon the photolysis of

CINO,, further increases in both Oz and OH could also be expected. The reaetionsof VOCswith-Cl

atoms lead to a further inerease in 1HOL which inerease Oz production and ultimately lead to-an 10000

in OH is around (anannual-mean-inereaseof2 — 9 X 10* molec cm™ in central and eastern China on
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annual mean basis}-threugh-NO-exidation-and-Op:

2R4). The increase in MDAS O3 surface
concentrations ranges from 0.5 to 3 ppbv in central and eastern China; and reaches up to 3.5 ppbv in the
SEBSichuan Basin on annual average. The impacts of chlorine sources on O3 formation also vary with
seasons. Although Os pollution is generally severe in summer, the change in MDAS8 O; due to the
additional chlorine sources is relatively minor, with maxima of 0.7 ppbv in the SEBSichuan Basin and <
0.5 ppbv in most other regions averaged in summer. In contrast, the increase is most obvious in winter,

with maxima of 5.2 ppbv in the SEBSichuan Basin on seasonal average.

The effects of the additional chlorine emissions on surface PM3 s concentrations isare complicated. The
North China Plain NCP-shows the largest increase (3 —4.5 pg m™ on annual average), mainly due to the

increase in CI', which could also promote the heterogeneous NoOs + CIN.Os—EINO, chemistry and lead

to more NOs™ production (Chen et al., 2021a). In contrast, the SE€BSichuan Basin exhibits both an
increase (by up to 4.2 ug m?) and a decease (by up to 3.7 ug m?). The decrease of PMys in the
SEBSichuan Basin is mainly due to the large decrease of NO;™ there. In the SEBSichuan Basin, nitrate
formation is dominated by the heterogeneous hydrolysis of N,Os (Tian et al., 2019) while the additional
CI' could hinder the path of N2Os hydrolysis due to the competition with the path of CINO; formation.
Consequently, the additional chlorine emissions result in a decrease of NOs™ up to 5.6 pg m? in the

SEBSichuan Basin on annual average.

In addition, NH4" concentrations could also be affected through the reaction of R5:

HCI (g) + NH3(g) —~ NH4" + CI (R5)

In the Northeast PlainNP and North China Plain NEP-where anthropogenic and biomass burning
emissions of HCI are high, the annual mean NH4" surface concentrations are increased by 0.5 — 1.5 pg
m? (Fig. $6S11 (a)8). NH4" concentrations are also affected by the gas-particle partitioning equilibrium,
and decease as the pH value gets higher (or increase with H' concentrations). Therefore, the competition
between the heterogeneous NoOs + CIN2Os—CEINO, chemistry and N»Os hydrolysis could also affect the

formation of NH4". In other words, increased CI~ concentrations could results in less H" and thus less
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NH4*. Consequently, there also exits some decrease in NH4" concentrations in the SEBSichuan Basin
associated with the large decrease in NOs3™ concentrations. In contrast, little change is found for surface

SO4* concentrations, less than 0.5 pg m™ in most regions of China (Fig. S6S11 (b)8).

It is worth mentioning that the effects of the additional chlorine emissions work mainly through the
heterogeneous N>Os + CIN.Os—CINO, chemistry. Without this heterogeneous chemistry, the increase
of chlorine emissions shows only a minor change in Cl atoms (< 10> molec ¢cm™ in China, estimated as
the difference between the NoHet and NoEmHet cases in Fig. S75129). The impact of chlorine emissions
on O3 concentrations also weakens when the heterogencous N>Os + CIN.Os—CINO, chemistry is turned

off, with an increase of 0.5 — 1 ppbv in MDAS O; on annual average (vs. 0.5 — 3 ppbv mentioned above).

On the other hand, the impacts of heterogeneous NoOs + CINoOs—CHNO, chemistry on air quality in
inland China would be seriously underestimated if the additional anthropogenic and biomass burning
chlorine sources are ignored. If only seas salt chlorine emission is included in the simulation, the increase
of CINO; surface concentrations resulted from heterogencous NoOs + CIN.Os—CINO, chemistry only
occurs in coastal regions due to the heterogeneous uptake of N2Os on sea salt chloride aerosols (by up to
260 pptv on annual average, indicated by the difference between the NoEm and NoEmHet cases, Fig.
S8S130). Consequently, the increase in Cl atoms and MDAS Oj; surface concentrations is found mainly
in coastal regions. For instance, annual mean MDAS O3 concentrations are increased by up to 2 ppbv in
coastal regions, but by less than 0.5 ppbv in inland China. In other words, the dominance of the
heterogeneous N>Os + CIN2Os—CINO, chemistry in the impact of chlorine chemistry on air quality in

China is to large extent driven by the additional chlorine emissions.

3.4 The effect of heterogeneous N,Os + CIN,Os—CINO; chemistry in response to parameterizations

for yn205 and pcivoz
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ease(0-016-averagedin-China-andup-te-0-053 overthe ocean-on-annualmeanbasis)which-suggeststh
- aged-inChina : is)-which-suggests-th

B e et e

an-tmportant-oss-pathway-of NoOsand should not be-ienored.On-the other hand. 1

#t should be noted that the impact of the heterogeneous N>Os + CIN.Os—EINO, chemistry on air quality

not only depends on the amount of chlorine emissions, but is also sensitive to the parameterizations for

yn205 and gcinoz-Compared-with-the Base-eases:ynos-and-ocinor-from-the NoEm-cases-are-much smaller

NoFEm-cases-isstontieanthvsmatler S averaged-in- China-and-up-to 2% in-coastab reeions - As

discussed earlier (Fig. 3a), there exists a large difference in simulated N,Os between the Base and NoEm
cases at the Wangdu site, implying the sensitivity of yn20s to chlorine emissions in the—Yu

parameterization and thus the importance of non-sea salt chlorine emissions in China. This is consistent

with the dependence on chloride in Yu parameterization, which is included to better reproduce yn20s

0.016 and 0.014, respectivelynot-shownhere) also suggests that the heterogeneous uptake of N,Os on

chloride-containing aerosol surfaces in the-Yu pParameterization is an important loss pathway of NoOs;

andN,Os and should not be ignored.

In—eentrastUn—like Yu parameterization, N>Os concentrations have little dependence on chlorine
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emissions in the-McDuffie parameterization (Fig. 3a). This insensitivity to chlorine emissions could be

expected from Eq. 2 where the thatyeo - MeDuffie parameterization-does-notinelude-any-dependence

—The smaller-little dependence of yn20s on concentrations of CI°
together with the lower value of pcinvo2 make the results from the McDuffie case less sensitive to chlorine
emissions, producing less CINO, and Cl atoms compared with the Base case (with Yu parameterization)
although with the same emission. CensequentlyConsequently, the McDuffie case produces less O3, with
annual mean surface concentrations of MDA8 O3 lower by 0.47 ppbv averaged in China (by up to 2 ppbv
in the SEBSichuan Basin), but results in more PMz5 (0.63 pg m™ averaged in China and up to 4.7 pg m°
3 in the SE€BSichuan Basin on annual mean basis) mainly due to changes in NOs-) (Fig. 8). In other
words, compared to the Base case with the-Yu parameterization, the impacts of chlorine emissions on
annual MDAS8 Os and PM;;s in the McDuffie case has been decreased by 48% and 27% respectively
averaged in China;respeetively. Therefore, even with the same amounts of chlorine emissions, the
impacts of the heterogeneous N>Os + CIN2Os—CINO, chemistry on air quality varyies significantly with

different parameterizations.

4 Conclusions

Considering the importance of chlorine chemistry in modulating the O; and PM,s as well as the
previously ignored chlorine emission from anthropogenic and biomass burning, we updated the GOES-
Chem model in this study with comprehensive chlorine emissions and a new parameterization based on
the study of Yu et al. (2020) for the heterogencous N>Os + CIN.Os—CINO; chemistry, followed by the
extensive evaluation of model performance. Through the utilization of a large number of observational
datasets, we found a substantial improvement has been achieved by the additional chlorine emissions,
with NMB decreasing from -96% — -79% to -36% — 39% for Cl" simulation. The comparison with
observed N>Os and CINO; also indicates better model performance with Yu parameterization while yn20s
and gciNoz are underestimated in McDuffie parameterization (a default setting in GEOS-Chem), resulting

in larger model bias. The simulation of O3 and PM, s also agrees better with observations in general in
27
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753 the Base case (with the additional chlorine emissions and Yu parameterization) than the others.

754 Total tropospheric chlorine chemistry could increase Cl atoms by up to 7 x 10° molec cm, and leads to
755 an increase of up to 4.5 ppbv in MDAS O; but a decrease of up to 7.9 pg m™ in PM, s concentrations on
756 an annual mean basis in China. The decrease in PM> s is mainly associated with the decrease in NOs™ and
757  NH4", by up to 6.4 and 1.9 ug m, respectively. The results also indicate that the heterogeneous N>Os +
758 CIN2Os—EINO; chemistry dominate the impact of chlorine chemistry, accounting for 83% and 90% of
759 total change in O3 and PMas concentrations. In other words, the chlorine chemistry without the
760  heterogeneous NoOs + CINoOs—CINO, chemistry has a minor effect on annual mean MDAS O3 (less

761 than 0.7 ppbv) and PM s (less than 1.5 pg m) concentrations in China. This mechanism is particularly

762 useful in elucidating the commonly seen Oz underestimations_relative to observations (e.g. (Ma et al.

763 (2019))).

764 The effect of the heterogeneous N>Os + CIN.Os—CINO, chemistry is sensitive to chlorine emissions.« [ iR BRI G 1 AT

765 With the additional anthropogenic and biomass burning sources, simulated PM» s concentrations are

766 increased by up to 4.5 pg m in the North China PlainNCP but decreased by up to 3.7 ug m™ in the

767 SEBSichuan Basin on an annual basis. The latter is mainly driven by the decrease of NOs™ due to the
768 competition between the formation of CINO, and HNOj3; upon the uptake of N»Os on aerosol surfaces.
769 The additional emissions also increase Cl atoms and OH in China associated with the photolysis of
770 CINO,, consequently leading to an increase of annual mean MDAS8 O; concentrations by up to 3.5 ppbv.
771 In contrast, the significance of the heterogencous NoOs + CIN.Os—CHINO, chemistry especially over
772 inland China would be severely underestimated if only sea salt chlorine is considered, with only a slight

773 increase in MDAS Os (< 0.5 ppbv) and a minor decrease in PMas (< 1.5 pg m?) in inland China.

774 Moreover, we found the importance of chlorine chemistry not only depends on the amount of emissions,

775  but is also sensitive to the parameterizations for the heterogencous NoOs + CIN.Os—CINO, chemistry.

776  Although with the same emission, the effects on MDAS8 O3 and PM; s in China from the McDuffie case

777 are lower compared to the results with the-Yu parameterization: differing by 48% and 27% in the annual

778 average, respectively.
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Table 1. Chlorine emissions in China in the model.

Sources By default Updated in this study
(GgCla?h) (GgCla?)
Sea salt CI 6.5>10* 6.5x10*
Anthropogenic HCI 0 218
Biomass burning HCI 0 30
Anthropogenic Cl2 0 8.9
Anthropogenic CI 0 379
Biomass burning CI- 0 120
CHsCI? 3.8 3.8
CH2Cl2? 2.4 2.4
CHCIz? 0.70 0.70
1080 a: Sources are shown in terms of the chemical release (e.g. +Cl, +OH, +hv)
1081
1082 Table 2. Model setup of all simulation cases
Cases N2Os uptake prg(;’:cotizon trop?)tsr;?reric Anthropogbel?rlﬁiﬁgd plomeey
(yN20s) (pcino2) chlor_me inorganic chlorine emissions
chemistry
Base Yu et al. (2020) Yu et al. (2020) Full Yes
McDuffie McDuffie et al. McDuffie et al. Full Ves
(20184, 2018h) (2018a, 2018b)
NoEm Yu et al. (2020) Yu et al. (2020) Full None
NoHet Yu et al. (2020) but with [CI']=0 None Full Yes
NoChem  Yuetal. (2020) but with [CI']=0 None None Yes
NoEmHet  Yuetal. (2020) but with [CI']=0 None Full None
NoAll Yu et al. (2020) but with [CI] =0 None None None
1083
1084 Table 3. Normalized mean bias (NMB) and correlation coefficients (r) between observed and simulated
1085 MDAS O3 and PM2s concentrations during 2018 in China
Base McDuffie NoEm
Species Time
NMB r NMB r NMB r
Annual -26% 0.83 -27% 0.83 -28% 0.82
MAM? -35% 0.87 -36% 0.87 -36% 0.87
MDAB8 O3 JIAP -5.5% 0.50 -5.2% 0.48 -5.9% 0.48
SON¢ -24% 0.79 -26% 0.78 -28% 0.76
DJF -49% 0.81 -53% 0.80 -54% 0.80
Annual 3.6% 0.81 5.6% 0.81 2.3% 0.80
MAM -6.3% 0.52 -4.9% 0.53 -6.2% 0.52
PM2s JA 3.9% 0.70 4.6% 0.70 5.0% 0.70
SON 28% 0.79 32% 0.80 26% 0.79
DJF -4.3% 0.82 -2.6% 0.82 -7.9% 0.82

1086 a: March, April, and May (Spring)
1087 ®: June, July, and August (Summer)

1088 ¢: September, October, and November (Autumn)

1089 d: December, January, and February (Winter)

1090
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