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ABSTRACT: Chlorine radicals (Cl) are highly reactive and affect the fate of air Arv,,

pollutants. Several field studies in China have revealed elevated levels of daytime ‘\\r?*ko e ]
molecular chlorine (Cl,), which, upon photolysis, release substantial amounts of CI but 4o, po? (‘lo:} 2(']"L(“zﬁ

are poorly represented in current chemical transport models. Here, we implemented a o, !

parametrization for the formation of daytime Cl, through the photodissociation of Vo, 4o, m

particulate nitrate in acidic environments into a regional model and assessed its impact Y PN
on coastal air quality during autumn in South Chirgla. The model could reproduce over \\J‘%&?f Y/ﬁ\\&
70% of the high Cl, level measured at a coastal site, revealing a discernible presence of
Cl, and released CI in coastal and adjacent areas. Abundant Cl, alters the oxidative
capacity of the atmosphere, consequently increasing O; (6—12%) and PM, s (10—16%) concentrations in high-NO, areas and
reducing O (3%) concentration in low-NO,, areas. Accounting for chlorine chemistry shifts the O; — precursor relationships from
VOC limited to mixed or NO, -limited regimes, enhancing the benefits of NO, emission reduction in mitigating O; pollution. Our
findings suggest that tightening emission control for two acidic pollutants, NO, and SO,, would alleviate reactive Cl production and
its adverse impact on air quality.

KEYWORDS: molecular chlorine, air pollution, atmospheric oxidation, WRF-Chem

1. INTRODUCTION Cl' is primarily produced by the activation of reactive
Chlorine radicals (CI) are potent oxidants and influence the 1norganic chlorine species. Amon.g the chlorn'le Species, nitryl
abundances of climate-relevant and air-quality-relevant trace .chlorlde (CINO,) has been recogngc_llaés a major Cl precursor
gases.' > Cl has been known to destroy ozone (O;) through in the polluted troposphere R10. CINO, is produced

catalytic cycles (R1), altering the oxidation capacity of the mostly at night via heterogeneous reactions of ciilnitrogen
atmosphere.® In the lower troposphere, the presence of volatile pentoxide (N,O;) with chlorine-containing aerosols, ~ serving
organic compounds (VOCs) triggers the Cl-initiated oxidation as a nocturnal reservoir of chlorine and nitrogen oxides (NO,).
of VOCs (R2), which enhances the levels of conventional After sunrise, the photolysis of CINO, rapidly produces CI in
radicals (OH', HO,, and RO,’) and promotes the formation of the early morning-ls’m Molecular chlorine (Cl,) is another
O, (R3—R7) and secondary aerosols R8.7 In addition, Cl' can potentially important precursor for Cl' and has been observed
react with greenhouse gases, such as O; and methane (CH,) in locations such as the Arctic surface,'”'® the marine and
R9, which alters the global radiative forcing and has climate coastal areas,'”™** and continental sites R11.%'527%° Cl, has
implications.>” been found to typically peak during nighttlignﬁ, partially
. explained by the uptake of CINO, and N,O. ™" Recently,
CI+0; = CIO + 0, (R1) ei(epvated higill levels IZ)f daytime CI, have also been measured Zt
Cl+VOC — RO, +HCl (R2) an inland rural site in North China (up to 450 pptv) and at
polluted coastal sites over South (up to 998 pptv) and East
RO, +NO — HO, +carbonyls (R3) China (up to 1100 pptv).”>***° The presence of daytime Cl, is
. . significant as it reveals a strong source of Cl- given that the
HO, +NO = NO, + OH (R4) pl%otolytic lifetime of Cl, is sI%ort (e.g, ~7 mgin at autumn
NO, + hv — NO + 0Cp) (RS) noontime in South China**) and that the photodissociation of
OC’P) + 0, — O, (R6) Received: August 12, 2024
Revised:  January 8, 2025
NO, + O; = NO; (R7) Accepted: January 9, 2025
CI4+VOC — SOA (R8) Published: January 24, 2025
Cl+CH, — HCl + CH, (R9)
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Figure 1. Model validations for Cl,, CINO,, and Cl,-related species. (a) Outer model domain in South China (D01) with anthropogenic NO,
emissions flux (unit: molecule km™ h™"). (b) Inner domain (D02) and locations of monitoring sites. The red star represents the location of the
sampling site at Cape D’Aguilar (also called Hok Tsui); the blue dots inside the boundary lines (in white) represent the regulatory monitoring sites
in Hong Kong and Guangzhou. (c) Hourly variations in simulated (in CL case) and observed mixing ratios of Cl, (unit: pptv), CINO, (unit: pptv),
and ozone (O, unit: ppbv) and concentrations of fine particulate chloride (pCl”, unit: ug m™) and fine particulate nitrate (pNO;”, unit: yg m™>)
at Cape D’Aguilar from August 31 to October 7, 2018. The periods shaded in light blue, red, and green represent marine inflow, continental
outflow, and typhoon days, respectively, which are determined based on 72- hour backward trajectories.”* (d and e) Campaign-averaged diurnal
variations in observed and simulated (in CL case) mixing ratios of (d) Cl, and (e) CINO, at the Cape D’Aguilar site, with error bars representing
25th and 75th percentiles. Background maps in panels (a and b) are sourced from Google Earth (https://earth.google.com/).

Cl, produces two Cl., which can profoundly impact
atmospheric photochemistry and oxidation capacity.

CINO, + hv —» CI+NO, (R10)

Cl, + hv - 2CI (R11)

Several chemical mechanisms have been proposed to explain
daytime Cl, production, including autocatalytic halogen
2627 . . o
activation, the aqueous-ghase reaction of OH' on acidic
chloride-containing aerosol,” O; uptake by aerosol,” and
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aerosol iron (Fe) photochemistry.’”*" While the first two
mechanisms have been incorporated into box models, these
could not account for the high level of daytime Cl, measured at
a polluted coastal site in South China.”* Based on regional
models, the autocatalytic halogen activation has also been
proven to play only a limited role in the daytime Cl, observed
in the eastern United States™ and in North and East
China.”** Studies have also incorporated O; uptake over
chorine-containing aerosols into box models and regional
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chemical transport models.”*~** However, these models could
only reproduce the observed Cl, concentrations with large O;
uptake coefficients, which are not supported by available
laboratory measurements.”* A recent study on Fe(III)-induced
photolytic Cl, formation in the GEOS-Chem model explained
one-third of the daytime Cl, measured at a polluted rural site
in North China,*® with a large fraction remaining unaccounted
for.

Based on field and laboratory results, Peng et a
demonstrated that chloride activation via the photolysis of
particulate nitrate could generate Cl, under acidic conditions
(pH < 3.3), and their box model calculations suggest that this
photolytic source could explain a large fraction of the
production rates of Cl, at that site. The calculations with a
photochemical box model constrained by the observations data
indicated that the daytime Cl, considerably affects local
oxidation capacity, increasing OH', HO,, and RO, by 4, 17,
and 27%, respectively. However, the geographical extent of
such an impact remains unquantified due to the lack of
representation of this daytime source in current chemical
transport models. Moreover, it is unclear how this daytime
oxidant would affect current ozone control strategy.

In this study, we developed a parametrization for daytime
Cl, production based on the laboratory and field measure-
ments of Peng et al”® and implemented it in a regional
chemical transport model (WRF-Chem) to evaluate the impact
of daytime Cl, and other reactive chlorine species on the
secondary pollutants during autumn of 2018. We show that the
improved model can reproduce the variations and magnitudes
of the observed Cl, and that the daytime Cl, substantially
enhanced the production of radicals, O;, and secondary
aerosols in the coastal areas of South China. We also
demonstrate that reactive halogen chemistry can reshape the
Os-precursor relationship and designation of Oj-formation
regimes. Finally, we show that reactive chlorine chemistry can
also improve the efficiency of further reduction in NO, and
sulfur dioxide (SO,) emissions in mitigating O; pollution. This
study yields new insights into and calls for more research on
under-explored sources and the impact of reactive halogens in
polluted environments.

1‘22

2. MATERIALS AND METHODS

2.1. Model Configuration and Inputs. The WRE-Chem
model (version 4.1.2),%” coupled with the MOZART gas-phase
chemistry mechanism®® and the MOSAIC aerosol module,*
was used to simulate the meteorological fields as well as the
transport and the chemical and physical transformations of
trace gases and aerosols. The default WRF-Chem model did
not comprehensively consider chlorine-related reactions with
MOZART-MOSAIC mechanism. Our previous studies’' have
added into the model the reactions for the formation and the
photolysis of several chlorine species, including hydrogen
chloride (HCl), hypochlorous acid (HOCI), CINO,, chlorine
nitrate (CINOs;), and chlorine monoxide (CIO), as well as the
oxidation reactions between CI' and VOCs (see R2—R46 in
Table S1). Moreover, multiple nitrous acid (HONO) sources,
including gas-phase reactions between NO, and HO,,
heterogeneous reactions of NO, on the particle and ground,
photolysis of particulate nitrate, and direct emission from
vehicles and soils, have been included in the model (see Table
$2).°%%* The HO, and NO;’ uptake on aerosol surfaces have
also been previously incorporated into the WRF-Chem
model.*’
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Several data sets were used as chemical and meteorological
inputs to initiate and drive the WRF-Chem model. Data set
ds083.2 provided by the National Centers for Environmental
Prediction (NCEP; https://rda.ucar.edu/datasets/) was used
as the meteorological input. Data sets ds351.0 and ds461.0
were used for data assimilation of meteorological simulation in
the WRF model. The output from the CAM-Chem model, a
global chemistry and climate model, were used as chemical
initial and boundary conditions. Three sets of anthropogenic
emission inventories (EI) were adopted for the routine air
pollutants [NO,, SO,, carbon monoxide (CO), VOCs,
ammonia (NHj;), fine particulate matter (PM,;), coarse
particulate matter (PM,)], including the EI developed by
the Hong Kong Environmental Protection Department
(HKEPD; https://cd.epic.epd.gov.hk/) for Hong Kong in
2017, the EI developed by the South China University of
Technology for the PRD region in 2017," and the Multi-
resolution Emission Inventory for China (MEIC; http://www.
meicmodel.org/) developed by Tsinghua University for
mainland China, excluding the PRD, in 2018.

Regarding chlorine emissions, the natural emissions of
particulate chloride (Cl”) were estimated online using the
mechanism described by Dai et al,” with the natural emissions
of HCI through the partitioning processes of chloride.
Anthropogenic chlorine emissions, including HCl and fine
particulate CI7, from the burning activities of coal, biomass,
and municipal solid waste, were sourced from Fu et al,*® with
the spatial distribution and the hourly and monthly variations
of the emission shown in Figure S1. The doubled-nested
domains, covering the South China and Pear]l River Delta
(PRD) regions (Figure lab), were used with horizontal
resolutions of 9km and 3km, respectively. More details on the
model configuration can be found in the Supporting
Information (SI; Table $3).*°

2.2. Updated Secondary Production of Cl,. We
previously updated the photolysis of Cl, (R1 in Table S2)
and two gas-phase reactions for Cl, production in the WREF-
Chem model (R20, R24 in Table S2).*” However, the
contribution of these reactions to Cl, production is limited
due to the low reaction rates.” Thus, we further updated the
Cl, production and other chlorine-related reactions in the
model, as described in the following subsections.

2.2.1. Parametrization of Cl, Production via Nitrate
Photolysis. Recent laboratory studies have demonstrated the
hydroxyl radical (OH') or oxygen atom (O(°P)) from the
nitrate photolysis and subsequent oxidation of chloride in
solution could produce substantial amount Cl, produc-
tion,””***> with the production rate of Cl, (P(Cl)) being
positively linked to the values of acidity and surface area of the
solution.”” Field measurements show a strong positive
correlation between P(Cl,) and the product of solar radiation,
ambient concentration of nitrate, and aerosol surface area. The
P(Cl,) did not appear to depend on particulate chlorine.””
Based on these experimental results, we derived a para-
metrization based on the linear fitting of field campaign
measurements at Cape D’Aguilar for the production of daytime
Cl, from nitrate photolysis as follows:

P(Cl,) =k, X [H"] X [NO,7] X J(NO,) X S, (E1)

where [H*] and [NO;™] (unit: mol L™') represent the
aqueous-phase concentrations of hydrogen ions and nitrate
ions in PM,; aerosol, which are calculated using the
ISORROPIA-II (see SI Text S1 for model configuration and
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input); J(NO,) (unit: s™') and S, (unit: gm* cm™) are the
photolysis rate of NO, and the aerosol surface area density,
respectively; and k; denotes an empirical prefactor and has no
explicit physical meaning. The daytime production rate of Cl,
[P(CL); unit: pptv s'] is assumed to be the same as the
consumption rate when photodissociation is the primary loss
pathway (P(Cl,) = J(Cl,) X [CL]). Based on the linear fitting
of field campaign measurements at Cape D’Aguilar, the slope
(k,) in the parametrization was determined to be 28.91 (Figure
S2a).

The correlation coefficient (R*) for the linear fitting of
P(Cl,) was moderate (0.57; Figure S2a), which could be due
to uncertainties in estimating the aqueous-phase [H*] by using
ISORROPIA-II and contributions from other factors not
considered in the parametrization. Our parametrization did not
include the chloride concentration, because the inclusion of
fine particulate chlorides in the parametrization of P(Cl,)
would weaken the correlation (Figure S2b). Our previous
studies also revealed that fine particulate chlorides are
abundantly sourced from anthropogenic activities in South
China.***” These results suggest that chloride should not be a
limiting factor for Cl, production in the study region. Despite
uncertainties in the parametrization, our model could
reproduce ~70% of the daytime Cl, concentration at Cape
D’Aguilar (see Section 3.1). Moreover, our model with the
aforementioned parametrization could reproduce (81%) day-
time Cl, concentrations at Cape D’Aguilar recently measured
in 2023 (Figure S3), indicating the robustness of our
parametrization in reproducing the daytime Cl, concentration
at the site.

We note that although nitrate photolysis leads to
coproduction of Cl, and HONO (e.g,, Peng et al.*?), the
parametrizations for the production rates take different forms.
The commonly used (and adopted in our study) HONO
production rate is proportional to solar radiation and aerosol
nitrate concentrations (pNO;~ — 0.67HONO + 0.33NO,,
Jonos = (8.3 X 107°/7 X 1077) X Juno3), whereas the Cl,
production rate is proportional to solar radiation, nitrate and
hydrogen ion concentrations in aerosol water and aerosol
surface density. Despite different formulations, the Cl, and
HONO productions from nitrate photolysis and their
interactions have been considered in our model.

2.2.2. Parametrization of Cl, Production via N,0O; Uptake.
Another chemical mechanism of Cl, production, which occurs
predominantly at night, was also considered in this study. Xia
et al."® found the measured Cl, and CINO, significantly
correlated on most nights at a subrural site in East China and
considered this as evidence of Cl, being a coproduct, along
with CINO,, of N,Os uptake on chlorine-containing acidic
aerosols. Accordingly, Xia et al.'> developed a parametrization
of Cl, yield [¢(Cl,)] based on the derived N,Og uptake and
CINO, yield, which is expressed as follows E2:

3 k,[H*][CI]
"~ ko[H'I[CIT] + ky[CIT] + [H,0] + k,[Org]
(E2)

»(Cl,)

where [H'], [CI"], and [Org] (unit: mol L™") represent the
aqueous-phase concentrations of aerosol HY, fine particulate
CI', and organic aerosols, respectively; k,, k;, and k, are
calculated to be 19.38, 483, and 2.06, respectively. Due to the
lack of organic aerosol data during our field campaign, we did
not replicate this method with our data in Hong Kong, but
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adopted E2 in the present study. The model was able to
reproduce 73% of the average nighttime Cl, concentrations
(Figure 1d).

2.2.3. Chlorine-Initiated Secondary Organic Aerosols. In
the default WRF-Chem model, the secondary organic aerosols
(SOA) formation is initiated by the oxidation of VOCs,
including OH, O;, and NOj), as well as the glyoxal uptake into
aqueous aerosols to form SOA.’*** The volatility basis set
(VBS) framework is used to partition organic compounds
between gas and particle phases based on their volatility. In
this study, we added reactions involving chlorine-initiated SOA
formation (R49—R72 in Table S1) into our model based on
the work of Li et al.* A detailed description of the SOA
formation in the standard and revised WRF-Chem models can
be found in that study.

2.3. Observations. The observational data were obtained
from a coastal background site (22.21°N, 114.25°E, Cape
D’Aguilar, Hong Kong, Figure 1b) between August 31 and
October 7, 2018. The field study was conducted during the
autumn season, when Hong Kong experiences prolonged
photochemical pollution.”” Details of the campaign and
observational data have been provided by Peng et al.”* The
data, including Cl,, CINO,, O; NO,, PM,;, and the
components of the fine-mode aerosols, including nitrate,
chloride, ammonia, and sulfate, were used to evaluate the
model performance. Additionally, the observed meteorological
data regarding wind speed, wind direction, and surface
temperature along with data on air pollutants (O; PM,;,
and NO,) at 54 official monitoring sites in South China,
obtained from the China Ministry of Ecology and Environment
(MEE) and HKEPD, were used for model validation.

2.4. Model Simulations. The simulation period is
consistent with the field campaign at the Cape D’Aguilar
site, with 7 days as spin-up (from August 24 to October 7,
2018). We conducted three major simulations, BASE, wCl,,
and CL, the results of which are discussed in detail. The default
setting in the BASE case includes no chlorine sources or
chemistry; it includes only the reactions in the standard WRF-
Chem configuration. The wCl, case includes the chlorine
sources and Cl,-related reactions described in the previous
section. The difference between wCl, and BASE represents the
impact of photolytic Cl, production. The CL case includes all
chlorine sources and reactions (Dai et al.;® Zhang et al;*! this
work; Table S1). The results of the CL case were used to
validate the model’s performance. The difference between the
CL and BASE cases represents the impact of all chlorine
sources and reactions. We also conducted two additional
sensitivity tests, namely BASE SO0%EMIS and CL_SO%EMIS,
to evaluate the impact of reactive chlorine chemistry on Oy
formation when anthropogenic emissions of acid gases (NO,
and SO,) are reduced by a factor of 2.

3. RESULTS AND DISCUSSION

3.1. Abundance of Reactive Chlorine Species. Figure
1c shows the time series of the simulated and observed Cl,,
CINO,, O; and fine particulate components, including
chloride and nitrate, at the Cape D’Aguilar site during the
field campaign period. The site received air masses from the
South China Sea in the early part of the study (August 31 to
September 4, 2018). A super typhoon named “Mangkhut”
impacted the region from September 14 to September 20,
2018 (Figure S4a), during which the halogen instrument was
switched off to prevent rainwater from entering it. The
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Figure 2. Average spatial distributions of the simulated mixing ratios of chlorine species (Cl, and CINO,) at the surface and their contributions to
the production of CI in continental air in two urban areas. (a and b) Average simulated spatial distribution of the mixing ratios (unit: pptv) of (a)
Cl, during daytime (06:00 to 19:00 LST) and (b) CINO, during nighttime (19:00 to 06:00 LST). (c and d) Impacts of (c) Cl, photolysis and (d)
all chlorine-related reactions to the mixing ratio of Cl' (unit: 10° molecules cm™?) during daytime in South China. (e, f) Contributions of photolytic
Cl,, CINO,, and reactions related to other chlorine species to the production rate of Cl' [P(Cl); unit: ppbv h™'] in (e) Hong Kong and (f)
Guangzhou. The arrows in panels (a—d) represent the scaled wind speed and wind direction. The period shaded in yellow and gray in panels (e

and f) represents daytime and nighttime, respectively.

continental air masses prevailed at the site on other days (from
September 4 to September 14 and from September 22 to
October 7). During the continental outflow, moderate to high
levels of O; pollution were observed, with hourly O; levels
reaching 186 ppb on September 11; this indicates active
photochemistry during the campaign period. The measured
high levels of O; frequently coincided with the daytime peak
value of Cl, (>400 pptv) and reached 998 pptv during the O,
episode, revealing a link between daytime Cl, production and
anthropogenic pollution.

The model-simulated Cl, (in CL case) reasonably captured
the hourly variations and daytime peak of the measured Cl, at
the Cape D’Aguilar site (Figure lc, correlation coefficient =
0.72). The simulated concentration of Cl, accounted for 71%
and 73% of the average observed Cl, during daytime [06:00 to
19:00 Local Standard Time (LST)] and nighttime (19:00 to
06:00 LST), respectively (Figure 1d). The simulation of
CINO, also agreed with the magnitudes and temporal
variations of the observed CINO,, with an average under-
estimation of 24% (Figure le). The model also well simulated
N,O;, with a model-observation dlscrepancy within 15%
(Flgure S5), and specific VOC species.”” The simulated O
and fine aerosols of particulate CI” and NO;™ at the site
matched the hourly variations in the measurements reasonably
well (Figure 1c), with average biases of 5% (or 3 ppbv), 12%
(or 0.5 ug m™*), and —3% (or 0.5 ug m™>), respectively. The
value of aerosol H' was slightly underestimated at the site, with
the simulated ranges of aerosol pH being 1.9—3.7 (against the
observed range of 1.5—3.0; Figure S6a). The statistical
parameters describing the performance of our model against
the observations at the monitoring sites in South China are
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listed in Table S4 (SI Text S2). In summary, the modified
WRF-Chem model with the updated chlorine mechanisms can
reasonably reproduce the temporal variations in reactive
chlorine species and air pollutants at the monitored coastal
site in South China. As the continental air mass predominates
in the autumn season and is associated with high
concentrations of reactive halogens and secondary pollutants,
we focus on the results related to continental air mass.
Figure 2a depicts the horizontal distributions of simulated
Cl, during the daytime (06:00 to 19:00 LST) in the surface air
of South China for the continental air mass. Elevated
concentrations of daytime Cl, are predicted in the western
part of Guangdong province (by up to 220 pptv), with a high
concentration band along the coastal areas of South China.
The presence of daytime Cl, also extends 200—300 km into
inland areas in Guangdong and Guangxi provinces (up to 80
pptv). The distribution of daytime Cl, is affected by the
distribution of its precursors, aerosol acidity, and meteoro-
logical conditions. During the field study period, the
northeasterly offshore winds from inland to the South China
Sea prevailed in South China, due to the high pressure over
northern China (Figure S4b). Under this wind flow, a high
concentration of fine NO;™ is predicted in the western and
southern parts of South China and the adjacent marine areas
(~5 ug m™% Figure S7a). The simulated aerosol pH value
ranges from 1.5 to 3.2 in the coastal areas with high NO;™-
loading (Figure S7b), providing sufficient acidity to facilitate
the daytime Cl, production. The high variation in daytime CI,
across the coastal line may be attributable to the mesoscale
land — sea breezes as well as the specific variation in the
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Figure 3. Impact of Cl, on atmospheric oxidants in South China in continental air. (a—c) Average spatial distribution of simulated mixing ratios of
(a) OH,, (b) HO,, and (c) RO, (unit: pptv) with all chlorine sources and reactions (CL case) at the surface in continental air. (d—f) Percentage
changes in simulated mixing ratios of OH', HO,, and RO, due to CI produced from photolytic Cl, during the daytime (Achanges = (wCl, case —

BASE case)/BASE case X 100).

thermal-dynamic structure along the coast depicted in Figure
S4c,d.

The spatial distribution of nocturnal (19:00 to 06:00 LST)
CINO, is somewhat different from that of Cl,. As shown in
Figure 2b, elevated CINO, mixing ratios are predicted in the
areas with abundant Cl, production, and the simulated ranges
of CINO, are 160—480 pptv on average at night; by contrast,
the presence of nocturnal CINO, extends S00—600 km into
central China (Hunan and Jiangxi provinces; up to 200 pptv).
The high concentrations of CINO, are consistent with the
calculated high concentrations of N,Og (>200 pptv; Figure
S7¢) and fine Cl~ (~0.5 ug m™>; Figure S7d). With regard to
other chlorine species (CINO; ClO, HOCI, and HCI),
elevated values are predicted along the coast and adjacent
oceanic areas (Figure S8), revealing a large spatial presence
and strong impact of reactive chlorine species.

Figure 2¢, d shows the spatial distribution of the simulated
mixing ratio of daytime Cl in the surface air of South China.
The distribution of CI- produced from photolytic Cl, largely
resembles the distribution of daytime Cl, (Figure 2c), with
high values (reaching 1.0 X 10° molecules cm™) in the estuary
of PRD region and along the coastline of South China. When
considering the CI' generated from other chlorine-related
reactions, more elevated levels of Cl are predicted in inland
(up to 0.8 X 10° molecules cm™; Figure 2d) areas and over
the open ocean (by up to 0.2 X 10° molecules cm™).

Figure 2e, f shows the diurnal variation in the production
rates of CI' (P(Cl)) via the photolysis of Cl, and CINO,, as
well as other chlorine-related reactions in two urban areas,
Hong Kong and Guangzhou, in South China. In Hong Kong
(Figure 2e), the calculated value of P(Cl) peaked at noon (at
14:00 LST) with a value of 0.62 + 0.31 ppbv h™', while a
smaller peak is predicted in the early morning (at 07:00 LST;
0.36 + 0.12 ppbv h™"). These two peaks of ClI are attributed to
contributions from Cl, and CINO,, respectively. In Guangz-
hou, the values of these two peaks are 1.1 + 0.67 and 0.54 +
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0.32 ppbv h™" (Figure 2f), respectively. Throughout the day
(06:00 to 19:00 LST), Cl, photolysis is the primary source of
Cl, contributing 76% (Hong Kong) and 79% (Guangzhou) to
the total P(Cl). CINO, photolysis contributes 20% (Hong
Kong) and 18% (Guangzhou) to the integrated P(Cl) during
the daytime (06:00 to 19:00 LST), with a dominant
contribution (70 and 75% in Hong Kong and Guangzhou,
respectively) in the early morning (06:00 to 09:00 LST). The
contribution of other chlorine-related reactions to P(Cl) is
minor (<4%). Our calculated value of P(Cl) is comparable to
the value reported by Liu et al.”> (~1.0 ppbv h™') at a rural site
in North China and is 1 order of magnitude higher than the
values predicted by other global and regional models.***

3.2. Impact of Chlorine Chemistry on Atmospheric
Oxidation. CI' can change the mixing ratios of conventional
photochemical radicals, including OH, HO,, and RO,. As
shown in Figure 3d, with high levels of Cl from Cl, photolysis,
the surface mixing ratio of OH' increases in the coastal and
adjacent marine areas of the PRD region (by up to 30% or 0.1
pptv; Figure S9d). Increased levels of OH' are also found in
nearby coastal areas in Guangxi and Fujian provinces (~0.06
pptv), where the anthropogenic NO, emissions are high
(Figure 1a). The mixing ratios of HO, and RO, in surface air
are also increased by Cl,. As shown in Figure 3f, the levels of
RO, increased throughout the domain due to the enhanced
oxidation of VOCs by the CI' generated from photolytic Cl,,
which further enhances the production of HO, (Figure 3e)
and OH' (Figure 3d) in the presence of NO,.""**

The increases in the levels of RO, (RO, = OH + HO, +
RO,’) due to Cl, production partially explains the discrepancy
between the observed and the underpredicted RO, levels
reported in model studies.’® Based on our results, the Cl,-
induced increments in the levels of OH', HO,, and RO, are in
the range of 3—20% (or 0.03—0.08 pptv; Figure S9a), 6—30%
(or 1—5 pptv; Figure S9b) and 12—40% (or 2—10 pptv; Figure
S9¢), respectively. Regarding urban areas, the increments in
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Figure 4. Impact of Cl' on the daytime (06:00 to 19:00 LST) atmospheric oxidative capacity (AOC) in South China in continental air. (a)

Simulated values of daytime AOC (unit: 10° molecules cm™

575 in CL case). (b) Percentage changes in the simulated values of daytime AOC due

to Cl, production. (c—f) Diurnal variations in and relative contributions of AOC at the monitoring sites in (c, ¢) Hong Kong and (d, f) Guangzhou.

(b) AMDSA O, due to Cl, (%)

(c)AMDBSA O, due to total
chlorine-related reactions (%)

(a) MD8A O, (ppbv)
D ]
2N
22°N o

20°N

15 15
12 26N 12
9 9
6 6
o
3 24N 3
0 0
3 22°Nf -3
-6 = -6
9 -9
20°N
12 -12

108°E  110°E 112°E 114°E 116°E 118°E

N
108°E 110°E 112°E 114°E 116°E 118°E

(d) PMz S(Hg m?)

108°E 110°E 112°E 114°E 116°E 118°E

(e) APM, 5 due to Cl, (%)

(f) APM, 5 due to total
chlorine-related reactions (%)
2

L - : LR
108°E 110°E 112°E 114°E 116°E 118°E

108°E 110°E 112°E 114°E 116°E 118°E

108°E 110°E 112°E 114°E 116°E 118°E

Figure S. Impact of reactive chlorine species on the surface concentration of maximum daily 8-hour average (MD8A) O, and fine aerosol in
continental air. (a) Average simulated surface concentration of MD8A O; (unit: ppbv) and (d) fine particulate matter (PM, 5; unit: yg m™) in the
CL case overplotted with the observed value for 54 monitoring sites in South China. (b—f) Percentage change in (b, c) MD8A O; and (e, f) PM, 5
due to the impact of (b, e) Cl, production (wCl, case—BASE case) and (¢, f) all chlorine-related reactions (CL case—BASE case); the arrows in

panels (a, d) represent the scaled wind speed and wind direction.

RO, radical levels range from 15 to 33% in Hong Kong (Figure
S10a) and from 16 to 37% in Guangzhou (Figure S10b).
These values are comparable to the 17 and 27% increases in
HO, and RO, radical levels, respectively, at a polluted coastal
site in South China®* and the 13 and 18% increments at a rural
site in North China®® as well as the average increase of 12.5—
33.5% in RO, radical levels at an urban site in Beijing,’

A slight decrease in the OH- radical levels is predicted in the
low-NO, inland areas and the open ocean (4—6% or 0.015—
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0.02 pptv in Figure S9a) due to the destruction of O; (the
main source of OH') by CI." Chlorine-induced heterogeneous
changes in OH' radical levels have also been reported in other
modeling studies.”” 3¢ The most distinct increases in the
levels of HO, and RO, are predicted over the open ocean
(>30% for HO, and >40% for RO,), indicating a broad
impact of photolytic Cl, on atmospheric oxidants.

The atmospheric oxidizing capacity (AOC) is a parameter
that characterizes the self-cleansing ability of the atmosphere.*’

https://doi.org/10.1021/acs.est.4c08360
Environ. Sci. Technol. 2025, 59, 2169—2180


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08360/suppl_file/es4c08360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08360/suppl_file/es4c08360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08360/suppl_file/es4c08360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c08360/suppl_file/es4c08360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c08360?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c08360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(a) BASE: Ozo

(c) Grids cell percentage

) N A
108°E - 110° 108°E T10°E 112°E  114°E

(d) BASE: AMDSA O,
with EMIS X 0.5 (%)

E 112°E 114°E 116°E 118°E

26°N

24°N

p

{ ! X . . 4 .
108°E 110°E 112°E 114°E 116°E 118°E 1S

116°E

26°N - Tt

24°N

22°N

20°N -

108 110°E 112°E 114°E 116°F )18°E

100

9;-; VOC-limited
& Sl [52%

'ff—)b 50 Transition

-

g 6.4

3 26.

S 27.9 NO.-limited
' BASE CL

(¢) CL: /AMD8A O,
with EMIS x 0.5 (%)

-12

-15

Figure 6. Impacts of reactive chlorine chemistry on O sensitive regimes and on O, response to emission reduction. (a and b) O sensitive regimes
in South China (a) in default case (BASE case) and (b) the case with all chlorine-related reactions (CL case). (c) Grid-cell proportions across the
entire domain in the BASE and the CL cases. (d and e) Percentage changes in simulated concentrations of surface MD8A Oj due to (d) 50%
reduction in NO, and SO, emission (BASE_S0%EMIS case—BASE case) and (e) additional impact of reactive chlorine chemistry (CL_SO0%EMIS

case—CL case).

It is used to derive the rate at which CO, CH,, and
nonmethane hydrocarbons (NMHCs) are oxidized by
atmospheric oxidants (see calculations in SI Text S3). In
addition to the conventional oxidants, namely OH’, O3, and
NOy, CI is also included in this study to evaluate its impact on
AOC. As shown in Figure 4a, in the CL case, elevated values of
average daytime (06:00 to 19:00 LST) AOC are predicted in
the urban areas of the PRD regions (by up to 1.0 x 10°
molecules cm™). The figure also shows relevant levels in
inland (0.6 X 10® molecules cm™) and oceanic areas (0.2 X
10® molecules cm™). Cl, increases daytime AOC in the high-
NO,, coastal areas while reducing the AOC in relatively clean
(both inland and the oceanic) areas (Figure 4b). The
maximum increase in daytime AOC is predicted in the urban
areas of the PRD (by 18—25% or 0.12—0.24 X 10® molecules
cm™ s7'). The chlorine-induced change in daytime AOC is
consistent with the change in the OH' radical levels and the
high levels of land-based CO (Figure S6e) and VOCs (Figure
S11), which are the main reactors for calculating daytime
AOC. The significant increase in daytime AOC is attributed to
not only the chlorine-related reactions but also contributions
from OH'-related and Oj-related reactions, due to the impact
of CI' on conventional radicals.

Figure 4c—f displays the diurnal variations and relative
contributions of the AOC in Hong Kong and Guangzhou.
When considering all chlorine-related reactions, the predicted
peak daytime AOC increased by 25% (from 0.4 X 10° to 0.5 X
10* cm™ s7') in Hong Kong (Figure 4c) and by 30% (from
1.5 X 10° to 2.0 X 10° cm™ s7') in Guangzhou (Figure 4d).
The chlorine-related reactions account for 10—15% and 8—
12% of the daytime AOC in Hong Kong (Figure 4e) and
Guangzhou (Figure 4f), respectively, with dominant contribu-
tions (>80%) from OH -related reactions.

Figure Sa—c shows the spatial distribution of maximum daily
8-hour average (MDS8A) of O; concentration at the surface
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and its changes due to the impact of chlorine chemistry.
During the continental outflow, the O pollution (MD8A O,
mixing ratio >100 ppbv) is predicted in the western parts of
the PRD region and adjacent marine areas (Figure Sa). The
photolysis of Cl, increases the simulated surface MDSA O,
concentration by 8% on average (Figure Sb) and by up to 12%
(or 9 ppbv; Figure S12a) in the high-NO, areas in South
China. The areas with increased O; levels increase coincided
with those exhibiting increased peroxy radical levels and higher
daytime AOC; this highlights the impact of high oxidative
capacity on accelerating photochemical radical reactions and
promoting O formation.”” Conversely, reductions in O,
concentration (by 3—4% or 1.5-2.0 ppbv) are predicted in
relatively low-NO, areas. The reactions of Cl' with O; and of
ClO with NO, can initiate the removal of O; and NO,, thereby
reducing O; levels in relatively clean environments.""**
Considering the impact of other chlorine-related reactions,
the maximum O, enhancement increased to 15% (or 11 ppbv,
Figure Sc and S12b) in the polluted coastal areas, mainly due
to the additional Cl' produced via the photolysis of CINO,.
The fine-particle concentrations are also enhanced through
reactive chlorine chemistry. High levels of fine aerosols are
predicted in the western parts of South China under
continental outflow conditions (Figure Sd). With photolytic
Cl, production, the simulated concentrations of secondary
aerosol increase throughout the domain by 10% on average,
with the highest increase reaching 16% (or 8 ug m™) in the
western part of South China (Figure Se). With regard to the
secondary components (Figure S13), the maximum increase
due to reactive chlorine species is 36% (or 2.2 ug m™>) for
SOA, 21% (or 1.5 ug m™>) for nitrate, 10% (or 0.5 ug m~>) for
sulfate, and 20% (or 1.5 g m™*) for ammonium. The chlorine-
induced increase in nitrate level is mainly due to the enhanced
production rates from the reaction of NO, with OH and
through N,Oj hydrolysis. The modest increase in sulfate level
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results from the gaseous oxidation of SO, by the increased
amounts of OH- radicals and O;. The increase in ammonium
level is due to the formation of ammonium nitrate (NH,NO,)
through the reaction of NH; with nitric acid (HNO;). SOA
formation exhibits the largest increase, ascribed to increased
levels of oxidants—including OH- and O;—and additional
chlorine-initiated pathways that yield SOA. With other
chlorine-related reactions, the increase in fine-aerosol concen-
tration is 18% (10.2 ug m™3; Figure 5f).

The Cl,-induced increases in O; and PM, 5 concentrations
also partially explains the underpredicted secondary pollutant
levels relative to the observed values in urban areas. As shown
in Figure S14a, at the urban sites in Guangzhou, the average
underestimation of the O; level is lowered to 9% due to
chlorine chemistry (from 30% in the BASE case), with
dominant contributions by Cl, production. For the simulation
of PM,, the underprediction is also reduced by considering
chlorine chemistry, from 12 to 20% (Figure S14b). These
results demonstrate the importance of the previously over-
looked reactive chlorine chemistry, especially that of Cl,, in
simulations of O; and aerosols in South China, indicating that
reactive chlorine species can exacerbate secondary pollution in
polluted coastal environments.

3.3. Impact of Chlorine Chemistry on O;-Formation
Regimes. The ratio of the production rates of H,O, to that of
HNO; [P(H,0,)/P(HNO,)] is widely used as an indicator to
quantify the sensitivity of O; production to NO, or VOCs.***"’
We adopt this indicator to determine the impact of reactive
chlorine chemistry on the sensitivity of Oy to its precursors. As
shown in Figure 6a, in the default condition (BASE case), the
areas controlled by VOCs (VOC-limited, defined as P(H,0,)/
P(HNO;) < 0.06) are located in the urban areas within the
PRD and the coastal and inland areas with high NO, emission.
When considering all chlorine-related reactions (CL case;
Figure 6b), the VOC-limited areas are suppressed and
transformed into either transition (or mixed, i.e. controlling
by both VOCs and NO,; 0.06 < P(H,0,)/P(HNO;) < 0.2) or
NO,-limited (controlled by NO,; P(H,0,)/P(HNO;) > 0.2)
areas. The changes in the Oj; sensitivity regimes are related to
the increase in the production of H,O, due to the elevated
HO, radical levels resulting from Cl, production. Specifically,
upon considering chlorine chemistry, the percentage of VOC-
limited grid cells drops to 9.7% throughout the domain (from
16.5% in the BASE case, Figure 6c), whereas the percentages
of NO,-limited and mixed-regime grid cells increase to 62.4%
(from §7.1%) and 27.9% (from 26.4%), respectively. These
changes indicate that reactive chlorine species tend to shift the
O; sensitivity from VOC-limited to mixed or NO,-limited
regimes.

In China, a series of clean-air actions has been undertaken to
mitigate anthropogenic emissions, leading to significant
reductions in NO, (28%) and SO, (70%) emissions from
2013 to 2020.”> Further reductions are expected under future
air-quality and low-carbon policies. An added benefit of
reductions in NO, and SO, would be the simultaneous
reduction of Cl, production due to a decrease in nitrate,
sulfate, and aerosol acidity. Simulations involving a 2-fold
reduction in NO, and SO, emissions (CL_SO%EMIS case)
revealed significant reductions in surface Cl, and CINO, levels
(Figure S15), with the peak concentrations reduced to 120 and
220 pptv (from 220 and 480 pptv in CL case), respectively.

To assess the impact of chlorine chemistry on the response
of O; to emission reduction, another sensitivity analysis is
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conducted with a 50% reduction in NO, and SO, emissions in
default condition (BASE_SO%EMIS). As shown in Figure 6d,
disregarding Cl chemistry caused the O; concentration to
increase in the coastal PRD and nearby marine areas (by up to
15% or 12 ppbv) due to the restricted NO, titration of Os.
When including chlorine chemistry, the increase in O; level is
restricted to a smaller fraction of the coastal PRD area, with a
concurrent decline (to 10% or 8 ppbv; Figure 6e) in the extent
of the increase. This weakened Oj increase is consistent with
the shrinking of VOC-limited areas upon considering reactive
chlorine chemistry. In NO,-limited areas, the O; reduction
increased to 5—6% (or 4.0—4.8 ppbv) as the areas become
more sensitive to the reduction in NO, emissions due to
reactive chlorine chemistry.

Our results indicate that reactive chlorine chemistry tends to
restrict the Oj increase in VOC-limited areas and augment the
O; reduction in NO,-limited areas. Thus, chlorine chemistry
mitigates the negative impact of NO, emissions reduction on
Oj; pollution while strengthening its benefit. Overlooking the
impact of reactive chlorine chemistry on O; formation would
lead to an underestimation of the efficiency of NO, emission
reduction in mitigating O; pollution in both urban and rural
areas.

4. SUMMARY AND IMPLICATIONS

In this study, we implemented a parametrization of the
production of daytime Cl, from the photodissociation of
particulate nitrate in acidic conditions and incorporated it into
a regional air quality model. The updated model is able to
explain a large fraction (~70%) of the measured Cl, at a
polluted coastal site in South China. The photolysis of Cl, is
the dominant Cl- source, and it significantly increases the
production of conventional radicals and secondary pollutants.
Cly-related chemistry also affects the designation of the Os-
formation regimes and, thereby, the development of O; control
strategies. The parametrization implemented in our study may
be applicable to other sites where elevated daytime nitrate
concentrations and high aerosol acidity coexist.

Despite major improvements in the simulation of daytime
Cl, and its impact in our study, an average of 30% of the
observed daytime Cl, remains unexplained. The under-
estimation may be ascribable to additional chlorine sources
or processes that were not considered in our study; these
include the disinfectants used in water at wastewater treatment
plants, hospitals, offices, and households,*>™>° the contribution
of iron-induced Cl, production®® and other Cl,-production
pathways,”* ™ under-estimation of aerosol acidity, surface
areas and mass (compared with the observations at the coastal
site considered in this study), and other uncertainties in
emissions, chemistry, and meteorology in the WREF-Chem
model.**~% Nonetheless, our study highlights the importance
of daytime Cl, in driving the atmospheric oxidation chemistry
and the production of secondary pollutants on the South
China coast and underscores the necessity of considering this
daytime Cl, in air quality models. Due to lack of observation of
Cl, in other areas the PRD, we could only validate our model
against the Cl, measurement at Cape D’Aguilar. Additional
field measurements of Cl, will be needed to evaluate the
applicability of the Cl, parametrization to other areas of the
PRD (and beyond). We call for more field and modeling
studies in other regions of China to obtain a more
comprehensive picture of the geographical presence of Cl,
and its atmospheric impact.
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