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Abstract Air pollution has been a hazard in China over recent decades threatening the health of half a
billion people. Much effort has been devoted to mitigating air pollution in China leading to a significant
reduction in primary pollutants emissions from 2013 to 2017, while a continuously worsening trend of
surface ozone (Os, a secondary pollutant and greenhouse gas) was observed over the same period.
Atmospheric oxidation, dominated by daytime reactions involving hydroxyl radicals (OH), is the critical
process to convert freshly-emitted compounds into secondary pollutants, and is underestimated in current
models of China's air pollution. Halogens (chlorine, bromine, and iodine) are known to profoundly
influence oxidation chemistry in the marine environment; however, their impact on atmospheric oxidation
and air pollution in China is unknown. In the present study, we report for the first time that halogens
substantially enhance the total atmospheric oxidation capacity in polluted areas of China, typically 10% to
20% (up to 87% in winter) and mainly by significantly increasing OH level. The enhanced oxidation along
the coast is driven by oceanic emissions, and that over the inland areas by anthropogenic emission. The
extent and seasonality of halogen impact are largely explained by the dynamics of Asian monsoon, location
and intensity of halogen emissions, and O3 formation regime. The omission of halogen emissions and
chemistry may lead to significant errors in historical re-assessments and future projections of the evolution
of atmospheric oxidation in polluted regions.

1. Introduction

Degraded air quality has become one of the dominant worldwide causes of mortality, with 3.3 million pre-
mature deaths each year in the world and 1.3 million in China (Lelieveld et al., 2015). The level of pollutants
in the atmosphere is determined by primary pollutants emission, meteorological conditions, and the conver-
sion of primary emissions to secondary pollution by atmospheric oxidation (Seinfeld & Pandis, 2006). Much
attention has been paid to the first two factors (Fu et al., 2019). In 2013, China launched an aggressive policy
(Air Pollution Prevention and Control Action Plan) that led to a significant decrease in the primary pollu-
tants emission; for instance, nitrogen oxides (NOy), sulfur dioxide (SO,), and primary fine particulate matter
(PM, 5) decreased by 21%, 59%, and 33%, respectively, from 2013 to 2017 (Zheng et al., 2018). Meteorological
conditions mainly induce diurnal and seasonal variations on air pollution and have less effect on the
year-to-year variability. The level of surface O3, a secondary pollutant, experienced a gradual increase of 1
to 3 ppbv (parts per billion in volume) per year from 2013 to 2017 in the megacity clusters in China and
the sharp decrease (~40%) of ambient level of PM, 5 in these regions was proposed to be the main cause
(Li, Jacob, et al., 2019). The formulation of control policies for secondary pollutants demands a comprehen-
sive understanding of atmospheric oxidation (Monks et al., 2015; Wang, Xue, Brimblecombe et al., 2017).
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However, mechanisms in current models underestimate atmospheric oxidation in polluted environments in
China due to the lack of sufficient knowledge in the production and destruction mechanisms of the main
atmospheric oxidants (Lu et al., 2018; Tan et al., 2019), OH, Os, NOs; (nitrate radical), and Cl.

Halogen chemistry is well known for destroying stratospheric O; (Solomon, 1999). In the troposphere,
Reactive Halogen Species (RHS, halogen species with a lifetime shorter than 180 days), emitted from both
anthropogenic and natural sources, have been reported to oxidize volatile organic compounds (VOC) to
increase the production of OH, the hydroperoxyl radical (HO,), and O3 (R1-R5); to directly destroy O3
(R6); to transform the partitioning between OH and HO, (R7-R8); to change the partitioning of NO and
NO, (R9); and to indirectly destroy Os by providing a sink for NO, (R10-R11) (Saiz-Lopez & von
Glasow, 2012; Simpson et al., 2015).

Cl + VOC—RO, + HCI (R1)
RO, + NO—NO, + HO, (R2)
HO, + NO—NO, + OH (R3)
NO, + hv—NO + O(°P) (R4)
O(°P) + 0,-0; (R5)

X+ 03;-X0 X =Cl,Br,and I (R6)
X0 + HO,—»HOX (R7)

HOX + hv—X + OH (R8)

X0 + NO—X + NO, (R9)

XO + NO,—»XONO, (R10)
XONO, + H,0(1)-HOX + HNOs(1) (R11)

Several large-scale (global and hemispheric) modeling studies have been reported on the effect of halogens
in the troposphere. Sarwar et al. (2014) included the CINO, production from N,0O5 heterogeneous uptake in
the Community Multiscale Air Quality (CMAQ) model and evaluated the effect of this process on O3 in the
northern hemisphere. von Glasow et al. (2004) incorporated relevant reactions of bromine species in a global
model, MATCH-MPIC, and explored the influence of bromine on O; and DMS in the marine boundary
layer. Ordoniez et al. (2012), Fernandez et al. (2014), and Saiz-Lopez et al. (2014) implemented the sources
and chemistry of chlorine, bromine, and iodine, in the CAM-Chem global model, and revealed the impor-
tant role of their combined chemistries in the troposphere. Sarwar et al. (2015) further developed CMAQ
to examine the influence of the bromine and iodine chemistry and sources on surface O3 in the northern
hemisphere. Hossaini et al. (2016) updated a global model, TOMCAT, with comprehensive chemistry and
sources of chlorine species, and reported the burden of chlorine and its influence on methane (CH,) in
the troposphere. Sherwen et al. (2016) added the chemistry of chlorine, bromine, and iodine in the
GEOS-Chem global model, and reported their role in the troposphere. Stone et al. (2018) adopted the
GEOS-Chem model and evaluated the impact of bromine and iodine chemistry on OH and HO, in the tropo-
sphere. Wang et al. (2019) refined the representation of chlorine chemistry in the GEOS-Chem model and
estimated the impact of chlorine on the compositions in troposphere.

Only modeling studies on the effect of chlorine have been conducted in China. Li et al. (2016) implemented
the production of CINO, from the heterogeneous uptake of N,Os on chloride-containing aerosol in the
Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) and evaluated the chlorine
chemistry effect on surface O; and reactive nitrogen in winter in China. Zhang et al. (2017) updated the
chlorine chemistry in WRF-Chem and estimated its impact on surface O; in summer in China. Qiu
et al. (2019a, 2019b) incorporated several heterogeneous reactions of chlorine in the CMAQ model and
reported the effect of these reactions on nitrate, O;, and OH radical. However, no regional modeling studies
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Nighttime of the overall influence of halogens on atmospheric oxidation and air pol-
N,0; —2ol__, NO;- lution has been reported in China, one of the most polluted regions in
CINO, @ W the world.
cr NOs In this study, we present an in-depth analysis employing a widely used
Wi kY 1 regional air quality model, WRF-Chem (Grell et al., 2005), implemented
HC with state-of-the-art halogen chemistry and sources (Badia et al., 2019).
@ RO, We estimate the abundance of RHS and isolate their impact (by conduct-
}—+ vOC }+ NO, S 0, ing sensitivity tests with and without RHS) on O; and atmospheric oxida-
OH> <H0 15NDY tion in four dimensions (temporal and the three spatial dimensions),
HOX aerosol s . . . . .
7 hich h licat for broader t 1 ds and spatial
Br,, HOL I, "o X0 + N0, —> XONO, which has more implications for broader temporal periods and spatia

CHX,, CH,X,, CH,X

extent compared with measurements and observation-constrained box

T\[ modeling. Applying a regional chemical transport model (CTM) also

hel repr finer and more realistic emissions and meteorological
HCL, CI, Br,, HOL I, elps to reproduce finer and more realistic emissions and meteorologica

NO,, VOC, aerosol,

CHX,, CH,X,, CH,X processes compared with a global model. We find that halogens exert a

HCI, CI

Land source

A\

(X=Cl, Br, I)

large control on the regulation of the individual oxidants and the overall
atmospheric oxidation in China.

2. Materials and Methods
2.1. WRF-Chem Model

Ocean source

The WRF-Chem model is a widely used regional CTM; version 3.7.1 was
used in the present study. The halogen chemistry implemented in
WRF-Chem is described in Badia et al. (2019), also sketched in Figure 1.
In particular, Badia et al. (2019) followed the approach used by other mod-

Figure 1. Schematic of the impact of halogen on atmospheric oxidation. C1 ~ €ls, e.g., TOMCAT (Hossaini et al, 2016), CAM-Chem (Ordoiiez
and OH radicals initiate the oxidation of VOCs (emitted from et al., 2012) and GU-WRF/Chem (Karamchandani et al., 2012), to imple-

anthropogenic and biogenic sources), which produces HO, and RO,. HO;  ment heterogeneous reactions of halogens (reactions shown in Table S1).

and RO, then form surface O3 with the presence of NOy (from
anthropogenic sources). O3 reacts with NO, at night to form NOg, the
nighttime radical leading to the formation of CINO,, which photolyses to

In this approach, the heterogeneous chemistry is assumed to take place
between a gas-phase species and an adsorbed species with an uptake coef-

release Cl atoms. Oceanic emission of (both organic and inorganic) halogen ~ ficient used to calculate first-order rate constants for heterogeneous loss of
species with the contribution from anthropogenic pollutants (O3, HNO3, the gas-phase species. Note that the pH value of the aerosol particles is cal-
etc.) releases halogen atoms (X = Cl, Br, I) which destructs O3, forms XO,  cylated in the aerosol module (MOSAIC) for each size bin

recycles X, and transforms HO, to OH.

(Zaveri et al., 2008).

The WRF-Chem model has included the general source and loss of atmo-
spheric oxidants and their precursors, namely (1) the production of OH from heterogeneous formation of
HONO on aerosols and ground surfaces (following Zhang et al., 2017) and the photolysis of O3, H,O,, and
oxygenated VOC; (2) the production of HO, and Oj; after the initial OH reactions with VOC; (3) the forma-
tion of NO5 from NO, and O3; and (4) the activation of Cl atoms from the heterogeneous uptake of N,Os on
chloride-containing aerosol surfaces.

2.2. Data

Surface O; measurement data were obtained from the Ministry of Ecology and Environment in China
(http://www.mee.gov.cn/hjzl/dqhj/qgkqzlssfb/) for the evaluation of WRF-Chem simulation (section 2.3
and 3.2). Meteorological datasets (ds083.2, ds351.0, and ds461.0) were obtained from the NCEP for the simu-
lation of meteorology. Initial and boundary data for all simulations were obtained from a global simulation
without halogens in CAM-Chem (Cuevas et al., 2018), because the focus of the present work is to evaluate
the potential influence of the halogens emitted within the domain on the oxidation capacity. We used the
Multi-resolution Emission Inventory in China (MEIC) (www.meicmodel.org) for the routine species
(NOy, SO,, CO, VOC, NH3, PM, 5, PM, ). The preparation (temporal and vertical allocation) of raw emission
data for the use in WRF-Chem follows Li et al. (2016). A daily fire emission inventory, the Fire Inventory
from NCAR (FINN) (Wiedinmyer et al., 2011), was also used in the present study.

For the sources of halogens (Figure 2), oceanic halogen emissions were calculated online following Badia
et al. (2019). A list of sources of reactive halogens considered in this study are: an oceanic source of

LI ET AL.

3 0f 21

85UB017 SUOWWOD AIERID 3|qedljdde ayp Aq peusenob afe Sso e VO ‘88N JO S3INI 10} A%Iq1T8UIIUO AB]I UO (SUORIPUOD-pUR-SWIBIALIOD"AB| 1M AlRIq 1 BU1|UO//ST1IY) SUOTIPUOD PUB SWLR L 8U) 35S *[£202/80/20] Uo AriqiTauliuo AB|im ‘AiseAiun o1uyasikjod Buoy BuoH Aq 8502£0ar6T02/620T 0T/I0pw0d A8 i Areiqijpul|uo'sgndnBe//sdiy wo.j papeojumoq ‘6 ‘0202 ‘96686912


http://www.mee.gov.cn/hjzl/dqhj/qgkqzlssfb/
http://www.meicmodel.org

AP~ .
N\I Journal of Geophysical Research: Atmospheres 10.1029/2019JD032058

ADVANCING EARTH
AND SPACE SCIENCE

40°N

35°N

30°N

25°N

20°N

40°N

35°N

30°N

25°N

20°N

105°E  110°E 115°E  120°E 125°E 105°E  110°E  115°E 120°E 125°E 105°E  110°E  115°E 120°E 125°E

BEEEN | [T Oﬂ:H

1 20 40 60 80 100 0.002 0.02 0.04 0.06 0.08 0.1
Inorganic chlorine Inorganic bromine Inorganic iodine

105°E 110°E  115°E 120°E 125°E 105°E 110°E  115°E 120°E 125°E 105°E  110°E  115°E 120°E 125°E

0.001 0.01 0.02 0.03 0.04 0.05 0.002 0.02 0.04 0.06 0.08 0.1 0.001 0.02 0.04 0.06 0.08 0.1
Organic chlorine Organic bromine Organic iodine

Figure 2. Annual average emissions (multiplied by 10" of CL, Br, and I species (kg m™> s_l).

organic halogens (CHBrCl,, CH,BrCl, CHBr,Cl, CHBr;, CH,Br,, CH,ICl, CH,IBr, CH,l,, and CH,I),
debromination (Br,, IBr), and inorganic I from the ocean (HOI and I,). A two-layer model (Liss &
Slater, 1974) is used to calculate the organic halogens air-sea fluxes online. An important source of
reactive inorganic bromine in the troposphere is the release of bromine species from sea-salt aerosols into
the gas-phase, also known as debromination. The oceanic emission of inorganic iodine (HOI and I,)
follows the deposition of O3 to the surface ocean and reaction with iodide (I-) (Carpenter et al., 2013).

An up-to-date and high-resolution anthropogenic inventory of hydrogen chloride (HCI) and fine particulate
Cl- emissions (from coal burning, biomass burning, and municipal solid waste burning) for China was used
(Fu et al., 2018), which was developed based on a bottom-up method with detailed local data (e.g. Cl content
in coal, point source information, etc.) and county-level activity data. The role of anthropogenic chlorine
emissions on a global scale is still under debate (Hossaini et al., 2016; Wang et al., 2019), however, the obser-
vations in China have revealed the ubiquitous existence of chlorine species that originated from anthropo-
genic sources (e.g., Tham et al., 2016; Wang, Wang, Tham et al., 2017; Yang et al., 2018). Therefore, it is
necessary to include the anthropogenic chlorine emissions in evaluating the overall impact of halogen spe-
cies on atmospheric oxidation and air quality in China.
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Table 1

Simulation Cases Setup

Cases

Anthropogenic chlorine emission Oceanic halogen emission Chlorine chemistry Bromine chemistry Iodine chemistry

BASE

HAL

OCN

CHL

CHL + BRM

No
Yes
No
Yes
Yes

No No No No
Yes Yes Yes Yes
Yes Yes Yes Yes
Yes Yes No No
Yes Yes Yes No

2.3. Simulation Setup

The domain of WRF-Chem simulation was selected to cover the main city-clusters in China (Figure Sla and
S1b, the red boxes represent regions of northern and southern China). We used a spatial resolution of 27 km
and 30 vertical layers with the surface layer ~20 m above ground level. The simulation period included the
entire year of 2018. We ran the WRF-Chem model for each month of 2018 with an extra spin-up period of
10 days. In the current study, we divided the months into four seasons: spring includes March, April, and
May; summer is June, July, and August; autumn is September, October, and November; and winter is
January, February, and December. RRTMG is used as the shortwave and longwave radiation scheme
(Tacono et al., 2008), the Noah scheme as the Land-surface model (Chen & Dudhia, 2001), the Morrison
double-moment scheme as the Microphysics option (Morrison et al., 2009), the Mellor-Yamada-Janjic
scheme for the planetary boundary layer (PBL) (Janji¢, 1994), MOZART as the gas phase chemistry
(Emmons et al., 2010), MOSAIC for the aerosol chemistry (Zaveri et al., 2008), and FTUYV for the photolysis
(Tie et al., 2003).

Five sets of simulations were conducted in the present study (Table 1), BASE, OCN, CHL, CHL + BRM,
and HAL. Changes in atmospheric compositions between BASE and HAL represent the impact of the
overall halogen sources and chemistry; those between the BASE and OCN scenarios represent the impact
of oceanic emissions of RHS; difference between OCN and HAL shows the impact of anthropogenic
chlorine emissions; CHL minus BASE isolates the impact of chlorine chemistry; changes from CHL to
CHL + BRM are the effect of bromine chemistry; and those from CHL + BRM to HAL are the effect
of iodine chemistry.

The model performance of BASE and HAL cases was evaluated using the ambient measurement of O,
CO, and NO, (Figure S2), and the results suggest that both cases were able to simulate the general dis-
tribution of these routine air pollutants and HAL case appeared to improve the performance in
hundreds sites.

2.4. Atmospheric oxidation capacity calculation

To quantify the effects of halogens on the overall oxidation in the atmosphere, we adopt the concept of atmo-
spheric oxidation capacity (AOC, # cm > s™*) (Xue et al., 2015). AOC is defined in Equation 1. AOC is a uni-
fied metric (combining all oxidants, OH, O3, NO3, and Cl, their reactants, and rates of reactions) that
represents the quantity of carbon oxidized in the atmosphere within a time period. AOC is more universal
compared with the level of oxidants, the production rates of oxidants, the lifetime of VOC species, and the
reactivity of oxidants (multiplying the reaction rates and the reactant level).

Aoc=3 ([OXi] x 3, (@ [c] ka’)> @
i=1 Jj=1

In Equation 1, m and n denote the number of oxidants (4) and the number of reactant (VOC and CO) species
(61), [0X;] is the concentration of oxidant i (# cm ™), a; is the number of carbon atoms in reactant j, [C;] is
the concentration of reactant j (# cm ™), and ki is the reaction rate constant of oxidant i and reactant j
(cm® #7 s71). The reactions of oxidants and reactants are included in the Table S2.

For the reactants, we only included the organic species (all VOC species) and CO, in the calculation of AOC.
We did not include NOy and SO,, because the reactions of NOyx with oxidants are generally reversible, e.g.,
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the balance of NO-NO,-O3, and NO,-0O3-NO3-N,Os. For the oxidants, we included all the main oxidants
(OH, 03, NO3, and Cl) in our model that react with the above-listed reactants, although HO, and Br might
also contribute a small fraction to the AOC in the real atmosphere. The reaction rates, air temperature, and
air density are from the model output.

3. Results and Discussion

3.1. Simulated Levels of Reactive Halogen Species

The simulated spatial distribution of the reactive halogen species in China is shown in Figure 3. The
WRF-Chem model (HAL scenario) simulated a significant amount of inorganic chlorine species excluding
HCI (Cl, = CINO; + CINO, + 2Cl, + HOCI+CIO + CI + BrCl + ICI) loading (> 600 parts per trillion in
volume, pptv) in China especially over the polluted region, which results from the large anthropogenic
chlorine emission (Fu et al., 2018). Cl, loading peaks in winter and has a lowest level in summer, primarily
due to the higher consumption of coal and lower temperature in winter facilitating the activation of chlorine
from chloride aerosol.

This work also estimates a non-negligible level (>0.5 pptv) of inorganic bromine (Br, = HBr + BrNO; +
BrNO, + 2Br, + HOBr + BrO + Br + BrCl + IBr) and iodine (I, = HI + INO; + INO, + INO + 2I, +
HOI + 21,04 + 21,03 + 21,0, + IO+I + ICI + IBr) along the coast and a level of a few pptv over the ocean
outside of the coast. The seasonal variation of Bry and I, appear to be higher in summer and lower in winter,
partly because the levels of oxidants are higher in summer (Section 3.2) leading to more efficient activation
of bromine and iodine from sea-salt aerosol. Also, the meteorology in China is governed by the Asian mon-
soon with southeasterly winds dominating in summer and northerly winds during winter (Figure S1c and
S1d). The summer monsoon moves the oceanic emission of RHS into the land, whereas the winter monsoon
blows the air from the land to the ocean and thus prevents the ocean-emitted RHS from entering
Mainland China.

The simulation of halogen species is evaluated using the available measurements in the region (Table S3).
Tham et al. (2014) reported the first field measurement of CINO, in China and they reported an average
value of 148.0 pptv in Aug, 2012, while WRF-Chem simulated 25 pptv in Aug, 2018 (with the monthly aver-
age of 14 to 131 pptv in the year of 2018). Wang et al. (2016) conducted a field campaign at a mountain site
(Tai Mo Shan in Hong Kong) in winter 2013 and reported an average of 74.6 pptv, and WRF-Chem predicted
an average of 146 pptv in Nov and Dec, 2018 (22-183 pptv, the numbers shown in brackets in this paragraph
are the ranges of monthly average results). Tham et al. (2016), Wang, Wang, Tham, et al. (2017), and Wang
et al. (2017) carried out a series of campaigns in three different sites (suburban, mountain, and urban sites,
respectively) in the northern part of China, and found averages of 159.5, 30.4, and 94.0 pptv, respectively.
WRF-Chem model estimated averages of 271 (206-754), 261 (202-895), and 494 (208-906) pptv, respectively.
Yun et al. (2018) reported the currently highest CINO, level, 8300 pptv (1 min average), measured in Heshan
(a suburban site) during an extremely polluted episode, and the campaign average CINO, is 1100 pptv, while
WRF-Chem predicted an average of 293 (36-293) pptv. Zhou et al. (2018) measured an average of 174.3 pptv
of CINO, in Beijing in Jun, 2017 and WRF-Chem estimated 75 (75-283) pptv. Yang et al. (2018) compiled the
available observation datasets of chloride aerosol in China from the year of 1997 to 2012. They found ubiqui-
tous presence of particulate chloride in PM, s across China and the campaign average concentration of fine
chloride aerosol ranged between 0.11 ug m™ (in a background site, Tung Chung, in Summer) to 8.98 yug m™>
(in an urban site, Ji'nan, in winter). WRF-Chem simulation estimated a similar range of fine chloride aerosol
in China, from lower than 1 ug m™ (seasonal average of daily-maximum) in clean environment to more
than 5 ug m™ in polluted areas. Overall, WRF-Chem model generally reproduced the level of CINO, and
chloride aerosol in China. The causes of the uncertainty include: (1) the uncertainty of parametrization
for N,O5 heterogeneous uptake and the CINO, yield (e.g. McDulffie et al., 2018; Tham et al., 2018); (2) the
limitation of grid size might also affect the ability to reproduce the measured level of CINO,, for instance,
artificially diluting the emission of NO and promoting the formation of NO3 and N,0O5 while leads to
CINO, production; (3) the limitation of grid size to fully reproduce the complex terrain characterization;
(4) the lack of ability of WRF-Chem model to reproduce the extreme meteorological and chemical condition;
(5) the uncertainty in the emissions, including the routine air pollutants, anthropogenic chlorine, and ocea-
nic halogens; (6) the uncertainty in the aerosol treatment (e.g., number of the bins) which influences the
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Figure 3. Seasonal averages of daily-maximum of Cly, Bry, and Iy (pptv) at the surface in the HAL scenario.
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calculation of surface area and therefore the rate of heterogeneous reactions; and (7) other heterogeneous
reactions of chlorine species that are not included in the current study (e.g., Qiu et al., 2019a, 2019b).

To our knowledge, there is no direct measurement of reactive gaseous bromine and iodine species over
China. Here we compare the measurement in the west Pacific (not within the domain of current study)
and other similar environments with our simulation over the ocean outside of mainland China. Koenig
et al. (2017) reported the observed levels of BrO and Bry during a flight campaign in Jan to Feb, 2014. The
mixing ratios of BrO at surface (<500 m) were between 0.15 to 1.7 pptv (daytime flight average) and those
of Bry were among 1.0 to 14.0 pptv. WRF-Chem model simulated a range of 0.01 to 1.5 pptv of BrO (daytime
average) and 0.5 to 8 pptv of Bry (daytime average) in west Pacific in lower boundary layer. Saiz-Lopez and
von Glasow (2012) compiled the available measurements of BrO around the world and reported the maxi-
mum values of 0.5 to 2.0 pptv for land-based sites and 3.0 to 3.6 pptv for cruises. WRF-Chem modeled sea-
sonal average of daily-maximum BrO (Figure S3) typically between 0.5 to 2 pptv and Br, (Figure 3)
between 1 to 10 pptv, which is inline with the observations.

Grofimann et al. (2013) carried out a cruise campaign in the western Pacific observing 10 and they reported
an average of 0.7 to 1.4 pptv (daytime flight average) of IO in the marine boundary layer in Oct, 2009.
Prados-Roman, Cuevas, Fernandez, et al. (2015) reported an average of 0.4 to 1.4 pptv of 10 from a global
cruise campaign. WRF-Chem modeled a range of 0.75 to 2.5 pptv of IO (daytime average) in west Pacific.
Saiz-Lopez and von Glasow (2012) summarized the previously reported IO observations to be 0.2 to 2.4 pptv
from ground-based campaigns and about 3.5 pptv from ship measurements. WRF-Chem model predicted
seasonal average of daily-maximum IO (Figure S3) to be 1.0 to 3.0 pptv and appears to be within the
reasonable range.

Simulated levels of the reactive halogen species were in line with the measurements made in this region or
similar environments. Therefore, the current model and setup is acceptable to investigate the effect of halo-
gens on the individual oxidants and the overall oxidation capacity in China.

3.2. Impact of Halogens on Individual Oxidants

Figure 4 shows the annual average of the halogen impact on individual oxidants in China, and Figures 5,
6, 7, and 8 are the seasonal average for OH, HO,, O3, and NOs, respectively. Halogen chemistry increases
OH by up to 50% (annual average) in the polluted parts of China, especially in polluted coastal areas, e.g.,
Shanghai city in the Yangtze River Delta region (see Figure Sla for location). The increase of OH in pol-
luted areas is primarily due to the enhanced production from the reactions of VOCs with chlorine atoms
and the transformation of HO, into OH. Halogen-mediated differences in HO, have a similar pattern but
with larger changes up to 84% (annual average). The reactions of halogen atoms with VOCs also result in
an increase of HO, level in the polluted region. For the seasonal variation, the levels of OH and HO, peak
in the summer for stronger radiation and photochemical reactions. The halogen-mediated relative influ-
ence on OH and HO,, however, is largest during winter, because the chlorine emission is largest in winter
season (section 3.1) and also the absolute level of OH and HO, in winter is lowest. The increase of HOy
due to halogens could be a missing source of OH, one of the critical questions in atmospheric photochem-
istry studies in China (e.g. Tan et al., 2017).

Zhang et al. (2017) updated the WRF-Chem model with chlorine chemistry and reported a net increase (up to
12%) of RO, (OH + HO, + RO,) at surface in China due to chlorine chemistry and anthropogenic chlorine
emission. Wang et al. (2019) applied a global model (GEOS-Chem) without anthropogenic sources of chlor-
ine and estimated the chlorine-driven effect on OH over China to be near-zero (over the land of east China)
to slightly negative (over the coast). Sarwar et al. (2015) used a hemispheric version of CMAQ and predicted
a slight decrease of OH (1%) and a significant decrease of HO, (11%) due to bromine and iodine chemistry in
the northern hemisphere. Stone et al. (2018) used GEOS-Chem to evaluate the effect of bromine and iodine
and found a slight increase (~2%) of OH and a decrease of HO, (—2% to —5%) over east China. Sherwen
etal. (2016) used GEOS-Chem without inorganic chlorine (HCI and chloride aerosol) emissions from human
activities and estimated the overall impact of halogens (Cl, Br, and I) on HO, (OH + HO,) over China to be
near-zero to negative. In the marine atmosphere, the generally accepted overall impact of halogens on OH
and HO, is transforming HO, to OH hence decreasing HO, and increasing OH, mostly driven by iodine and
bromine chemistry (Saiz-Lopez & von Glasow, 2012). However, the present study shows that in polluted
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Figure 4. Annual average impact of halogen chemistry on the level of atmospheric oxidants at the surface in China. Note
the different scales in the four species. A halogen chemistry significantly increases the OH level in polluted China but
decreases OH in the rural area. B the difference of HO, induced by halogens is similar to that of OH but with higher
changes. C the addition of halogen chemistry results in a considerable reduction of O3 in most regions and an
enhancement effect in northern China. D NOj is significantly reduced across the country due to halogen chemistry.

parts of China, OH and HO, changes due to halogens remain mostly positive suggesting that the increase
effect of chlorine on HO, surpasses the transforming effect caused by bromine and iodine (Figure S4).

Surface Oj is slightly increased by ~2% (annual average) by halogens in northern China and is decreased in
other regions (by as much as —16%) (Figure 4). For the seasonal variation (Figure 7), O3 is reduced by halo-
gens in summer across the country by as much as —23%. In contrast, O; is enhanced in the winter season by
up to 18% in a significant portion of China. Noticeably, including halogen chemistry reduces the difference
of maximum daily 8-h average (MDAS8) O3 between simulation and observation by up to 8 ppb (mostly ran-
ging from 0.1 to 3 ppb) at the locations of ~550 observational sites in China (Figure S2).
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Figure 5. Seasonal average of daily-maximum OH at the surface in the BASE scenario and relative changes due to
halogens (difference between HAL-BASE) in the four seasons.
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Figure 6. The same as Figure 5, but for HO,.
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Figure 8. The same as Figure 5, but for NOs.
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The enhancement effect of chlorine on O3 in polluted regions and the decreasing effect of bromine and
iodine have been well established, and hence the overall influence of halogens on surface O; is currently
thought to be negative. For the chlorine effect, Sarwar et al. (2014) applied the hemispheric version of the
CMAQ model and predicted an increase of up to 7.0 ppbv of MDAS8 O3 in Europe and China. Li et al. (2016)
implemented the CINO, production in WRF-Chem and reported a significant increase of O3 levels (up to
7.23 ppbv or 16.3%) in China. Wang et al. (2019) updated the chlorine chemistry in GEOS-Chem and found
neutral to negative effect of chlorine chemistry and natural chlorine sources on O; in China. Note that Wang
etal. (2019) did not include the anthropogenic chlorine in their assessment because the use of a global chlor-
ine emission inventory (RCEI, Keene et al., 1999) overestimated the observed chlorine species on a global
scale in their model. For the bromine and iodine effect, Sarwar et al. (2015) reported a reduction of surface
O by 2 to 4 ppbv over terrestrial areas and about 6 ppbv over ocean regions in the northern hemisphere. As
to the combined effect of halogens, Sherwen et al. (2016) estimated a large decrease of surface O3 especially
over ocean (30.0%) and around 5-10% over China. Sherwen et al. (2017) employed the GEOS-Chem model in
a regional configuration for Europe and found a large reduction of surface O3 (up to 28.9 ppbv; in average
13.5 ppbv) in summer 2015 over Europe due to halogens. Li, Borge, et al. (2019) applied a revised CMAQ
with comprehensive halogen chemistry and sources in Europe and estimated a decrease of over 3.0 ppbv
in summer 2016 in coastal Europe. However, in the present study in northern China, we find that the
destructive effect of bromine and iodine on O3z can be compensated for, or even overwhelmed by, the
enhancement effect of chlorine (Figure S4) .

The effect of halogens on the main nighttime oxidant, NO3, is somewhat similar to that on Os;. NOs is
significantly reduced by halogens as much as 42% (annual average) across China (Figure 4). As to the
seasonal variation (Figure 8), NOj is reduced significantly across China except in winter season in north-
ern China. NOj radical is formed from the reaction of NO, and Os, and is primarily removed by photo-
lysis reaction during daytime, reactions with some VOC species, reactions with radicals including
halogen atoms, and reaction with NO, to form N,Os and ultimately HNO; and nitrate aerosol. The
changes of nitrate radical in the current work are caused by the combination of the following effects:
(1) halogens significantly reduces Oj; except in winter in the northern part of China; (2) halogens
induced complex changes NO, (Figure S5) because halogen oxides transform NO to NO,, remove NO,
to halogen nitrates, and extend the lifetime of NO, by forming XNO, (from halogen reactions with
N,Os which would otherwise be lost to HNO3); (3) halogens (Br, I, and I,) directly reacts with NO3
and reduce the level of this nighttime radical. Mufiz-Unamunzaga et al. (2018) adopted the CMAQ
model and reported a large decrease of NO3 (20-50%) due to halogen chemistry in September 2006 in
Los Angeles, United States.

3.3. Impact of Halogens on Oxidation Capacity

3.3.1. Overall Impact

The estimated AOC in the BASE scenario (i.e., without halogens) is mostly in the range of 107 to 10% # cm™>-
s~ in China (Figure S6) with an annual average of 2.2x10” # cm™ s™'. AOC has a diurnal pattern

(Figure S7): (1) AOC in daytime is approximately 5 to 10 times higher than that at night; (2) AOC in daytime

(dominated by OH) peaks during morning traffic rush hours or at noon which suggests the critical role of

reactant or oxidant levels; (3) AOC in nighttime (controlled by O3 and NO3) gradually drops before reaching

a minimum at dawn.

The halogen-mediated effect on AOC, hereafter referred to as HAOC, shows considerable spatio-temporal
heterogeneity (Figure 9). Note that this is the first attempt to evaluate HAOC. HAOC is consistently positive
throughout the year in the polluted regions in China (see Figure S1b for the locations of polluted areas) typi-
cally between 10% and 20% (up to 87% in the winter season). HAOC also presents a clear diurnal pattern
(Figure S7). HAOC in daytime is predominantly positive via increasing OH and adding Cl radical. HAOC
at night is mostly negative through decreasing the levels of O; and NOs. As to the 24 h averaged HAOC
(Figure 9), it is positive in polluted regions and negative in cleaner areas.

3.3.2. Oceanic and Anthropogenic Impact

Oceanic sources of RHS result in noticeable levels of bromine (Bry) and iodine (Iy) over the ocean and a
non-negligible fraction (>0.5 pptv) over the land. Oceanic sources mainly cause increases of HAOC
(Figure 10) via increasing the level of OH (R7 and R8) in the coastal area with strongest influence during
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Figure 9. Impact of halogen chemistry on the atmospheric oxidation capacity at the surface in China. A HAOC in spring
is positive in cities but negative in rural areas. B HAOC in summer is similar to that in spring but with less intensive
impact. C HAOC in autumn is similar to that in spring. D winter HAOC is positive throughout the country.

Spring season (up to 75%). The significant influence of oceanic sources of halogens should be included in the
air quality studies in Chinese coastal regions.

Anthropogenic (land) chlorine emissions (e.g., from burning coal, biomass, and municipal solid waste)
result in hot spots of reactive chlorine species (Cly) mainly in the polluted parts of China. Anthropogenic
emission of chlorine further induces (on top of the oceanic influence) significant and widespread enhance-
ment of HAOC over mainland China with the largest increase in winter (up to 49%). Immediate actions
should be taken in controlling the anthropogenic chlorine emission. Xue et al. (2015) updated the chlorine
reactions in a box model (MCM) and applied it in China to evaluate the effect of the chlorine chemistry
(mostly CINO,) on atmospheric oxidative capacity and they found an increase of 25.4% (daytime average)
using measurement data at one site in Hong Kong, China, in summer season.

We also calculate the contributions of iodine species to the total HAOC to be up to 29%. Additional relevance
comes from the fact that the global dominant source of iodine has increased in recent decades due to the
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Figure 10. Impact of oceanic and anthropogenic sources of halogens on atmospheric oxidation capacity at the surface in
China.
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Figure 11. Dependence of HAOC on the levels of halogen species under different O3 formation regimes in four seasons.
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deposition to the ocean of increasing anthropogenic Oz and the subsequent oxidation of seawater iodide to
HOI and I, released to the atmosphere (Cuevas et al., 2018; Legrand et al., 2018). Such feedback between
atmospheric O; pollution and iodine emissions is thought to have partially buffered the increases in tropo-
spheric O; relative to pre-industrial levels (Prados-Roman, Cuevas, Hay, et al., 2015). Driven by increasing
anthropogenic ozone (Young et al., 2013), ocean iodine emissions are expected to increase in the future
(Cuevas et al., 2018), and their impact on atmospheric oxidation in China is thus expected to increase as a
result of anthropogenic pollution feedbacks.

3.4. Connection Between O; Formation Regime and HAOC

A profound characteristic of O3 formation and radical cycling is the different responses of O3 production to
the changes of its precursors (NO, and VOC) in different O regimes. In the region with excessive NOy or
insufficient VOC (VOC-limited), the HO, (OH, HO,) radical budget is mostly controlled by NO, (via the
reaction of OH with NO,), so decreasing NOy level increases the level of HOy radicals, hence the formation
of O; and NO;. Meanwhile, in the region with excessive VOC or insufficient NO, (NO,-limited), the HO,
radical budget is controlled by bi-radical reactions, and an increase of NOy leads to enhanced production
of Oz and thus OH and NO; (Li et al., 2018; Sillman & West, 2009). The impact of halogens on AOC
(via influencing the individual oxidant) is therefore closely related to the Oz formation regime.

We used the seasonal average simulation results to separate the regions within our domain into three cate-
gories (Dodge, 1977): VOC-limited (VOC/NOy lower than 4, the region with red dots in Figure Sle and S1f),
NO,-limited (VOC/NOy over 15, the region with blue dots), and mixed-limited (VOC/NOy between 4 and 15,
the region with yellow dots). VOC-limited regions are basically the urban and industrial areas (regions with
elevated NO, concentration) whereas NOy-limited and mixed-limited regions are rural and suburban
areas, respectively.

We find that HAOC is closely related to the Oj; formation chemical regime (Figure 11). HAOC in
VOC-limited regions shows an increase pattern in all seasons; and in mixed-limited regions, HAOC is signif-
icantly increased when Cly is over 600 pptv (typical value over polluted China, Figure 3) or when Bry + I
levels are negligible, and is near zero or decreased when Cly is lower than 600 pptv; and in NO-limited
regions, HAOC is generally decreased except in winter, when the levels of bromine and iodine species are
negligible in mainland China. A dynamic strategy is required to curb the enhancement effect of halogens
on AOC under various O regimes.

4. Conclusions and Final Remarks

The results reveal the significant control of halogens on atmospheric oxidation, the levels of oxidants and air
pollutants in China, which potentially contributes to close the current gap between the observation and
simulation of atmospheric oxidation in China. This large oxidation enhancement effect is currently omitted
from air pollution modeling in China, which implies a fundamental gap in our understanding of air pollu-
tion in this region and a potential bias in policy design. One of the implications is the effect of halogens on
the O response to the changing emissions of VOC and NOy, considering that halogens significantly perturb
the level of oxidants, the oxidation of VOC, and the budget of NO, which were reported to change O5 sensi-
tivity (Li et al., 2018).

Pollutants in China can be horizontally transported to the Pacific Ocean and North America (Verstraeten
et al., 2015) and vertically transported to the upper troposphere and lower stratosphere (Randel et al., 2010).
Therefore, halogens also affect China's air pollution exports to other parts of the world.

Although the present study merely shows the impact of halogens in China, a similar large influence is also
expected in other regions with similar air quality issues and halogen emissions from anthropogenic and
oceanic sources, e.g., India, Southeast Asia, Mexico, and South America, among others. The emission of
halogens (and hence its impact on atmospheric oxidation) is expected to increase as a result of the projected
natural phenomena (Iglesias-Suarez et al., 2020) and anthropogenic activity (Fang et al., 2019; Young
et al.,, 2013) which warrants further investigation of the influence of halogen compounds on future
atmospheric oxidation.
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