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Oceanic and anthropogenic processes, such as sea-salt emissions and combustion activities, release substantial
amount of reactive chlorine into the troposphere, affecting air quality, ozone depletion, and climate change. How-
ever, distinguishing between these sources for reactive chlorine remains challenging. Here, we establish isotopic
constraints on the origin of tropospheric reactive chlorine using chemical ionization mass spectrometry to analyze
nitryl chloride (CINO,). Field observations from four regions in China reveal a much broader isotopic value (63’Cl)
range for CINO; (—21 to +39%o) than previously documented for Earth’s chlorine reservoirs. Notably, significant
537Cl differences for CINO, from sea-salt emissions (—9 + 4%o) and anthropogenic combustion sources (+20 + 7%o)
were identified. These distinct isotopic signatures, combined with field data, highlight the important role of oceanic
chlorine in air pollution, with its chemical cycling affecting not only coastal regions but also extending into inland
areas. This research advances our understanding of chlorine’s behavior and cycling in the troposphere.

INTRODUCTION

Reactive chlorine is an important atmospheric photolabile species
that releases highly oxidative chlorine radicals, influencing the
Earth’s atmospheric oxidizing power, the fate of various air pollut-
ants and climate-forcing agents, such as ozone (O3) and methane
(1, 2). Understanding the origin of reactive chlorine is therefore es-
sential for accurately assessing its impact on air quality, ozone de-
pletion, and climate change (3). In the troposphere, reactive chlorine
primarily originates from sea-salt emissions and anthropogenic
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combustion activities, including biomass burning, waste incineration,
and coal combustion (fig. S1) (4, 5). These oceanic and anthropo-
genic sources release chlorine mainly as particulate chloride (CI7).
Once airborne, these Cl™-containing particles undergo transport,
deposition, and reactions with nitric acid (HNO3) or sulfuric acid
(H,SO4) to produce hydrogen chloride (HCI), and with dinitrogen
pentoxide (N,Os) to produce nitryl chloride (CINO,) or with HO,
radicals to liberate chlorine to other forms of reactive chlorine
(2, 6). Interactions between anthropogenic pollution and chloride
from these diverse sources frequently lead to elevated concentra-
tions of reactive chlorine species, such as CINO, and molecular
chlorine (Cl,), particularly in global coastal regions (1, 7). However,
thus far, our understanding of the origin of elevated reactive chlo-
rine remains uncertain due to the absence of precise tracing meth-
ods to distinguish between different chlorine sources; for example,
chemical transport models, as the mainstream tools, require de-
tailed emission data that are either unavailable or subject to large
uncertainties for reactive chlorine species (8-10).

The stable chlorine isotope ratio (8%Cl), defined as 8%'Cl =
ey 35Cl)sample / ”ClCl)gtandard — 1, using standard mean ocean
chloride (SMOC) as the standard, is a valuable tool for tracing the
origin of chlorine on Earth (11, 12). To date, 5°’Cl values have
been extensively reported in various Earth’s reservoirs, such as
freshwater, mantle, pore fluid, and oceanic crust (13, 14). Within
the troposphere, the 8*’Cl in the global ocean shows a uniform
distribution, nearing 0%o, while marine aerosols exhibit 8°’Cl val-
ues ranging from +0.5 to +2.5%o, and the marine-derived 5°’CI-HCl
shows depleted values at approximately —1.8%o (fig. S2) (15-17).
However, 5°’Cl information for CINO,, anthropogenic CI~ and
HCl is still lacking. Detecting 8*’CI-CINO, is highly challenging
owing to its photolytic instability, water insolubility, and trace
amount; thus, it is undetectable by traditional isotopic methods such
as thermal ionization mass spectrometry (TIMS) of the Cs,Cl* mo-
lecular ion (18). The lack of isotopic data for these species limits our
understanding of the origin and evolution of tropospheric chlorine
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and impedes the development of a closed-loop model for the chlo-
rine geochemical cycling, thereby hindering our comprehension of
global chlorine dynamics and its impacts (19).

In this study, we developed a chlorine isotope method that com-
bines measurements using iodide-adduct time-of-flight chemical
ionization mass spectrometer (I"-HR-ToF-CIMS) with the sequen-
tial Mann-Kendall (SM-K) test to determine the §°’Cl-CINO, in
the troposphere and evaluate the anthropogenic §*’CI-Cl™ and
8*7CI-HCI characteristics (20). Building on these isotopic finger-
prints, we quantitatively analyzed the interactions of oceanic and
anthropogenic chlorine in four representative regions across China.
Our results highlight a much broader spectrum of 5*Cl values within
the Earth system than previously documented, contrasting 5°’Cl
disparities between the oceanic and anthropogenic sources, and the
extensive transport of ocean-derived chlorine to interior continent
via atmospheric chlorine cycling. By establishing isotopic constraints,
our research enhances the understanding of chlorine’s behavior and
cycling in the troposphere.

RESULTS

Wide range of 5*’CI-CINO, and its diversity in

the troposphere

To explore the 57’Cl characteristics of reactive chlorine in the tro-
posphere, we conducted comprehensive field observations spe-
cifically targeting CINO,, in four representative regions of China:
Xian (West China; inland), Wangdu (North China; inland), Qingdao
(East China; coastal), and Hong Kong (South China; coastal) (Fig. 1A
and Materials and Methods). The mixing ratios of CINO, during
the observation periods were 49 parts per trillion by volume (pptv;
10 to 170), 37 pptv (9 to 145), 212 pptv (63 to 562), and 165 pptv
(15 to 408) for Xi’an, Wangdu, Qingdao, and Hong Kong, respec-
tively, based on the 5-min median and the 25th to 75th percentiles
(fig. S3). These CINO, levels are comparable to or greater than those
measured in North America and Europe, showing large chlorine
emission and active chlorine chemistry across China (3, 21I). In ad-
dition, the concentrations of CINO; in the coastal areas (Qingdao
and Hong Kong) were significantly higher than those in inland loca-
tions (Wangdu and Xian; P < 0.01, Student’s ¢ test), and this is
primarily attributed to the additional input of oceanic Cl™ in the
coastal areas (1).

Here, we developed a method that employs an iterative SM-K test
to analyze the *’Cl and *°Cl signals obtained from I"-HR-ToF-CIMS,
enabling the extraction of the 8%’Cl-CINO, values (Materials and
Methods). During the four observations, the determined &Cl-CINO,
values exhibited a wide range, varying from —21 to +39%o. This
8*/Cl-CINO, range largely exceeds the previously known &°’Cl sig-
natures across the entire Earth system, such as those in the tropo-
sphere (—3.5 to +2.5%o, encompassing 5>/ Cl-Cl~ of oceanic aerosols
and marine 8°’Cl-HC)), groundwater (—1.5 to 4+1.6%o) and volcanic
fumaroles (—2.8 to +14%o) (fig. S4) (16-18). Before this study, the
highest observed §°'Cl record of the Earth system was from CF,Cl,
in the stratosphere, reaching +27%o, which was primarily attributed
to isotopic fractionation during the photolytic and chemical decom-
position of CF,Cl, (22). Similarly, we confirm that the wide range of
8*’CI-CINO, values partly results from the isotopic fractionation
during CINO, formation, and this aspect is addressed in the follow-
ing sections. These isotopic observations clearly represent a substan-
tial expansion of the chlorine isotope range within the Earth system,
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Fig. 1. Spatial distribution of §*”CI-CINO, in four representative regions across
China. (A) Geographical locations of the four study sites. The color code represents
the average NO, column derived from the TROPOMI satellite retrieval during the
observations, which indicates the level of nitrogen pollution affecting atmospher-
ic chlorine activity. (B) §*’CI-CINO, characteristics of the four sites, exhibiting nor-
mal distributions, with values decreasing as the distance from the ocean decreases,
as deduced from Xi‘an, Qingdao, and Wangdu; these areas are located in regions
at similar latitudes and with comparable anthropogenic chlorine emissions. The
distribution of each group in the violin plot is shown by a kernel density plot,
with the width indicating the data density at that value. The term “POR" refers to
the previously observed range of 8*’Cl signatures across the Earth system, as
shown in fig. S4.

indicating pronounced fractionation of reactive chlorine during solid-
gas phase transitions in the troposphere. This finding provides isotopic
evidence and theoretical constraints for evaluating the atmospheric
chemical processes and circulation mechanisms governing reac-
tive chlorine.

Our study focuses on the 8¥Cl-CINO; of oceanic and anthropo-
genic origins. As depicted in Fig. 1B, a noticeable geographical trend
in 8*’Cl-CINO, is observed, with a clear decrease from the inland
regions toward the coastal areas. Specifically, Xi’an (average + SD:
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+20 + 7%o), Wangdu (+5 + 9%o), and Qingdao (+1 + 5%o) stand
out in this trend. These three sites are located in regions at similar
latitudes and with comparable levels of anthropogenic chlorine
emissions (fig. S5) (4). In addition, the violin plot for Hong Kong
exhibits bimodal peaks in 5°Cl-CINO, (Fig. 1B), primarily result-
ing from the interaction between oceanic and continental air masses
(23). As depicted in Fig. 2A, continent-derived air masses are pre-
dominantly influenced by anthropogenic chlorine emissions, which
display significantly higher §*’Cl-CINO, values than oceanic sourc-
es such as sea-salt emissions. Consequently, the bimodal §°’CI-CINO,
distribution in Hong Kong reflects shifts in atmospheric reactive
chlorine sources driven by variations in air mass transport, further
highlighting the distinct isotopic signatures of oceanic and anthro-
pogenic chlorine.

Differences in 53’Cl between the oceanic and anthropogenic
chlorine compounds

We then used three independent methodologies to determine the
authentic oceanic 8*’CI-CINO, signatures; these methods included
field observations, laboratory experiments, and mass-balance calcu-
lations (Materials and Methods). Building on field observations at
the coastal site of Hong Kong, we filtered out the measurement data
representative of oceanic air according to the backward trajectories
computed by the Lagrangian particle dispersion model (LPDM;
fig. $6) (23). This yielded an average 5°’Cl-CINO, value (+-SD) of —6 +
3%o, with a range extending from —12 to —1%o (Fig. 2A). We also gen-
erated pure oceanic CINO; by reacting N,O5 with fresh marine aero-
sols derived from real seawater in a smog chamber and analyzed the
§*’Cl-CINO, signals (24). This direct determination revealed that the
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Fig. 2. Characteristics of the oceanic 5>’CI-CINO, obtained through three independent methods, i.e., field observations, laboratory experiments, and mass-
balance calculations. (A) Field observations of the hourly §*’CI-CINO, characteristics combined with 48-hour LPDM backward trajectories in Hong Kong; these results
indicate a notable variation in 537CI—CIN02 in different air masses. (B) Statistical analysis of the oceanic 637CI—CIN02 values derived from fresh sea-salt particles reacting
with N,Os in laboratory experiment, with a normal distribution. (C) Nonlinear relationship between oceanic 5%7CI-CINO, and f, obtained through mass-balance calcula-
tions. f. is the fraction of unreacted CI™~ remaining during its reaction with N,Os to form CINO,. (D) Violin plots of oceanic 637CI—CIN02 datasets derived from field observa-

tions, laboratory simulations, and mass-balance calculations.
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oceanic 8*’Cl-CINO, values varied from —19 to 0%o, with an aver-
age of —9 =+ 4%o (Fig. 2B). We further used the available 8*CI-Cl~
data of oceanic aerosols to conduct mass-balance calculations of the
oceanic &’ CI-CINOy; these data were previously obtained using the
traditional TIMS technique (16). The estimated range extended from
—15 to —1%o, with the fraction of chlorine remaining in the con-
densed phase after reactions between fresh sea salt and N,Os (fc)
varying from 0.01 to 0.99 (Fig. 2C) (25, 26). No significant differ-
ence was observed among the three datasets derived from the field
observations, laboratory experiments, and mass-balance calculations
(P> 0.05, Students ¢ test; Fig. 2D), thereby validating the robustness
of our oceanic 8*’Cl-CINO, determination. These results clearly in-
dicate that oceanic CINO, exhibits an overall negative 8°’Cl value due
to isotopic fractionation. On the basis of the laboratory experiments,
which are unaffected by atmospheric transport and other external
processes, the oceanic 8%Cl-CINO, value was estimated to be —9 +
4%o. Notably, seawater 5°’Cl values exhibit homogeneity globally (24);
therefore, our confirmed oceanic 8*’Cl-CINO, values could be con-
sidered globally representative.

The 8*’Cl-CINO, data collected in Xi'an (+20 + 7%o) are repre-
sentative of the anthropogenic Cl~ sources, which is supported by
the predominant origin of air masses from inland regions during the
observations (fig. S7) (27). A significant contrast is observed in the
8 Cl signals between the anthropogenic (positive) and oceanic (nega-
tive) CINO,, with discrepancies of up to 29%o. This important find-
ing provides isotopic constraints to better understand the origins of
CINO, (28). Specifically, higher positive &*7Cl-CINO, values indicate
substantial chlorine input from anthropogenic sources, whereas
lower negative values reveal a dominant oceanic origin. The dispar-
ity exhibited by 8°’Cl highlights its comparable potential to those of
other isotopic tracers (e.g., 5"°C, 8"°N, and §**S) in addressing the
sources and formation mechanisms of air pollution (29). The sub-
stantial difference in isotopic signatures between oceanic and anthro-
pogenic sources also significantly contributes to the broad range of
8*Cl values observed in atmospheric CINO,.

To confirm the ubiquity of the isotopic disparities among atmo-
spheric chlorine species (i.e., CI~ and HCI) of oceanic and anthro-
pogenic origins, we conducted an analysis of isotope fractionation
during the conversion reactions of Cl~ to HCl and CINO, (Materials
and Methods) (16). This fractionation showed a significant nonlin-
ear correlation with the f. (P < 0.01, Student’s ¢ test) (30, 31). On the
basis of this insight, we quantified the magnitude of isotope fraction-
ation in the CINO, formation of the study regions. Wangdu exhib-
ited the most significant fractionation (—12 + 1%o), followed by
Qingdao (—10 =+ 2%o), Hong Kong (—3 =+ 2%o), and Xi’an (—3 =+ 3%o).
The variation in isotope fractionation across these regions was pri-
marily attributed to the substantial differences in f., which is affected
by factors such as concentrations of Cl™ (fig. S8) and N,Os (16, 32).
These results highlight the significant regional variability in chlorine
fractionation during CINO, formation, which accounts for the ob-
served broad range of 8¥Cl-CINO, values. In addition, we found
that isotopic fractionation between CI~ and HCl in the atmosphere
is significantly lower than that between CI~ and CINO,, with a frac-
tionation range of approximately 0 to 2%o. This finding aligns with
previous theoretical calculations, further confirming the accuracy
of our results (33). With these fractionation characteristics and the
measured 8°7Cl-CINO,, we further calculated the 8*’Cl-Cl™ and
8°7Cl-HCl values for the four study regions (i.e., 5’ Cl-CI7; Fig. 3A).

Zong et al., Sci. Adv. 12, eaeb5397 (2026) 16 January 2026

Notably, similar to the trend observed for 8’ Cl-CINO,, the §*’Cl-Cl~
and 8%’ CI-HCl values in these regions also exhibit a decreasing trend
from inland to the coastal regions.

The 8’ Cl values for anthropogenic Cl~ and HCI (~+23%o; Fig. 3B)
were estimated on the basis of measurements of 8>’ Cl-CINO, and iso-
tope fractionation factors in Xian. These elevated *'Cl values closely
match those observed for waste incineration (8% Cl-Cl™: +17 + 9%o), a
major anthropogenic source identified using traditional TIMS analysis
(Materials and Methods) (4, 34). We suggest that during high-
temperature combustion process (e.g., waste incineration, coal com-
bustion, and biomass burning), the lighter **Cl preferentially transitions
into the gas phase, while the heavier *’Cl tends to remain in particle-
phase chloride (31). This fractionation leads to the enrichment of
8%’Cl in CI, the direct precursor of CINO,. As illustrated in Fig. 3B,
large disparities existed across all three chlorine species, with 5°’Cl
values from anthropogenic sources significantly higher than those
from oceanic sources. Furthermore, significant differences were also ob-
served among the 8*’Cl values of HCI, CINO,, and CI~ from the same
source, particularly for oceanic chlorine (e.g., &7Cl-CI” > 8¥CI-CINO,).
These results established a basis for the potential application of isotope-
based techniques to trace the origins and evolution of atmospher-
ic chlorine. For instance, both CI™ and CINO; serve as precursors
for Cl,, resulting in distinct isotopic signatures in the produced Cl,
(35). Future determination of 8*’Cl-Cl, will enable quantification of
these Cl, formation pathways and broad application of atmospheric
chlorine isotopes.

Extensive ocean-continent interactions of

atmospheric chlorine

On the basis of the difference in 8°’Cl between the oceanic and an-
thropogenic origins and the Bayesian model (Materials and Methods)
(19), we quantified the contributions of the oceanic and anthropo-
genic sources to the CINO, during periods when concentrations
were sufficiently high for isotopic analysis (22). Hong Kong exhib-
ited the highest contribution from oceanic sources (77.7 + 19.0%),
followed by Qingdao (59.0 + 2.5%) and Wangdu (33.2 + 3.9%),
while Xi’an showed the lowest but still appreciable oceanic contribu-
tion (9.3 + 4.4%; Fig. 3C). This trend was consistent with the estab-
lished understanding of the atmospheric influence of oceanic sources
on the continent; the impact progressively diminished with increas-
ing distance inland (2I). Nevertheless, the extensive reach of oceanic
influence at Wangdu was noteworthy; its location was approxi-
mately 200 km inland from the nearest ocean, and the observations
were conducted during the cold season (February-March) when the
inland northwesterly winds prevailed. Oceanic Cl~ originates from
sea-salt particles, which are generated through physical processes
and are primarily coarse (36). Therefore, the influence of oceanic
chlorine was assumed to be predominantly confined to coastal re-
gions. However, our isotopic observations revealed a more substan-
tial contribution of oceanic chlorine to the inland regions, and these
results were further supported by the LPDM analysis (text S1 and
figs. S7 and S9) (37).

We speculate that the residence lifetime and transport distance of
oceanic Cl” can increase through atmospheric chemical cycling
(e.g., coarse-mode CI~ — CINO, — Cl radical — HCI — fine-
mode CI” — CINO; table S1) (2), particularly in regions with high
levels of anthropogenic pollutants, such as NO, and volatile organic
compounds (VOCs) (Fig. 4). To validate this mechanism, we used a
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Fig. 3. Isotopic characteristics of the key atmospheric chlorine species (CI~, HCl and CINO,) and their source contributions at the four sites. (A) Comparative iso-
topic signatures of CINO; and its CI™ precursor, where their differences are caused by isotopic fractionation. (B) 5%Cl values of the major chlorine species, including
CI~, HCl, and CINO,, which show significant differences between the oceanic and anthropogenic origins. In the visual representation, the dot indicates the average, and
the line represents the SD. (C) Contributions of the oceanic and anthropogenic sources to atmospheric chlorine species in Xi‘an, Wangdu, Qingdao, and Hong Kong. The

three points represent the 5th, 50th, and 95th percentiles of the contributions.

weather research and forecasting model coupled with chemistry
(WREF-Chem; Materials and Methods and table S2), which incorpo-
rated the latest reactive chlorine chemistry, and a sensitivity analy-
sis with only oceanic sources of chlorine, including both coarse- and
fine-mode chloride, was conducted (38). The simulation results
clearly indicated that oceanic chlorine (Cl,) could extend far inland
(fig. S10), covering distances exceeding 1000 km, which was consis-
tent with the isotopic results in this study (e.g., Xian, approximate-
ly 1000 km from the ocean, accounted for approximately 9% of the
oceanic contribution). In addition, as chlorine penetrated deeper
into the continent, gaseous chlorine species became overwhelm-
ingly prominent, providing further support for the above proposed
cycling mechanism. This mechanism persisted even during the cold
season when inland winds prevailed, resulting in the widespread
presence of oceanic chlorine in continental regions (39). Recent
modeling work also supports this oceanic chlorine transport mech-
anism, finding CINO; levels up to 200 pptv in air masses extending
600 km inland from the coast (40). The result provides independent
evidence that marine-derived chlorine can undergo long-range
transport and exert a substantial impact on inland atmospheric
chemical processes.

The contribution of anthropogenic chlorine to CINO, in Qingdao
was 41.0 & 2.5%, which was much greater than that in Hong Kong
(22.3 + 1.9%), despite both locations being near the seaside. This

Zong et al., Sci. Adv. 12, eaeb5397 (2026) 16 January 2026

difference highlights the influence of anthropogenic emissions in
East China on atmospheric chlorine activation (41). Examination of
the forward trajectories of the air masses at the two sites revealed that
these anthropogenic chlorines infiltrated the oceanic regions, par-
ticipating in atmospheric chemical cycling until they were deposited
onto the oceanic surface (e.g., Qingdao; fig. S11). Furthermore, con-
tributions exceeding 20% showed the significant impacts of anthro-
pogenic chlorine on offshore air quality and even marine air quality,
especially in conjunction with elevated concentrations of reactive
nitrogen oxides and VOCs within continental air masses (42).

DISCUSSION

In this study, we develop an isotopic method to measure the isotopic
signatures of CINO, and infer those of anthropogenic HCl and CI".
We found a much broader range of 8*’Cl values within the Earth
system than previously documented; these results could improve
our comprehension of the tropospheric chlorine cycle and facilitate
comparisons with other Earth’s chlorine reservoirs (14). Specifically,
this broad range is primarily attributed to the notable isotopic frac-
tionation during the conversion of particulate ClI™ to gaseous reac-
tive chlorine and the previously unrecognized high §*'Cl values of
continental anthropogenic emissions. This finding enhances our un-
derstanding of the chlorine isotopic fractionation during its migration
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Fig. 4. Isotopic constraints on the cycling of chlorine in the troposphere. The panel illustrating isotopic distribution characteristics shows the range as the average + SD,
with the yellow dots denoting the mean values. The abbreviations “A” and “O” represent anthropogenic and oceanic origins, respectively. The orange background qualitatively
indicates the levels of anthropogenic pollution (e.g., NO, and VOCs), with darker colors signifying higher concentrations. In continental regions with elevated anthropogenic
pollution, oceanic CI™ can prolong its lifetime and expand its influence through atmospheric chemical age (e.g., coarse-mode CI~ — CINO, — Cl radical — HCl — fine-

mode CI~ — CINO,).

and transformation in the troposphere. It also strengthens our abil-
ity to trace anthropogenic chlorine as it enters different environmen-
tal subsystems, such as the cryosphere and freshwater, through its
distinct isotopic signatures (13).

The contrasting disparities in >’ Cl between the oceanic and an-
thropogenic sources, as revealed in our study, enable the application
of chlorine isotopes in distinguishing chlorine sources in regions
where oceanic and continental influences converge (1). On the basis
of this disparity, we determined the capacity of ocean-derived chlorine
to prolong its atmospheric lifespan and transport distance to inland
regions. This finding highlights the influence of oceanic conditions
on continental air quality, particularly concerning the role of reac-
tive chlorine from oceanic Cl™ in secondary air pollution formation,
including the enhancement of O3, nitrate and organic aerosols (43).
Similarly, chlorine isotopes emitted by various anthropogenic sourc-
es, such as biomass burning and coal combustion, will likely exhibit
differences. These results indicate the potential utility of chlorine
isotopes in tracing the elevated concentrations of reactive chlorine
observed in continental regions; in addition, in conjunction with
other isotopes, this can aid in the resolution of complex air pollution
involving multiple elements (e.g., C, N, Cl, S, and O) in heavily pol-
luted areas (29).

In summary, we now have an isotopic methodology to retroac-
tively trace the oceanic and anthropogenic sources of reactive chlo-
rine within the troposphere. However, this method currently requires
sufficient ambient CINO; concentrations, limiting its application
to environments where precursors like NO, and O3 are abundant
enough to generate adequate N,Os (44). Future advancements in
analytical techniques are expected to overcome this limitation by
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enabling isotopic measurements at lower concentrations and for a
broader range of reactive chlorine species. This optimism is supported
by the fact that the detection limit of the iodide-adduct long time-
of-flight chemical ionization mass spectrometer (I"-HR-LToF-CIMS)
is 1.5 times lower than that of the I"-HR-ToF-CIMS (fig. S12). Fur-
thermore, our findings underscore the pivotal role of oceanic chlo-
rine in shaping air pollution and tropospheric chemistry, not only in
coastal areas but also in inland regions where strong anthropogenic
emissions prevail. This connection has likely been previously under-
estimated and should be carefully considered when assessing air
quality, atmospheric processes, and their broader environmental and
health implications.

MATERIALS AND METHODS
Field measurements
To investigate the chlorine isotopic characteristics of CINO; in the
troposphere, we conducted comprehensive field campaigns during
cold seasons at four distinct sites across China: Wangdu in North
China, Qingdao in East China, Hong Kong in South China, and Xian
in West China (Fig. 1A and text S2). These locations were selected
considering the influence of the atmospheric chlorine activity caused
by the high concentrations of reactive nitrogen oxides (e.g., NO,
and N,0O5), along with factors such as the distance from oceans to
continents and variations in chlorine emissions (45).

Specifically, the field campaign in Wangdu occurred from
11 February to 6 March 2023, at the Station of Rural Environment
of Research Center for Eco-Environmental Sciences of Chinese
Academy of Sciences, which is located in Dongbaituo village (38.66°N,
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115.25°E). This village is surrounded by agricultural fields
planted with winter wheat and is approximately 200 km from the
ocean and 160 km from Beijing, the capital of China. The Qingdao
field campaign was carried out from 1 December to 31 December
2022, on the roof of a four-story building near the Qingdao campus
of Shandong University (36.35°N, 120.67°E), 40 km northeast of
downtown Qingdao and 1 km north of the coastline. The field cam-
paign in Hong Kong occurred from 6 October to 24 November
2020, at the Cape D’Aguilar supersite (22.21°N, 114.25°E), which
is situated at the southeast tip of Hong Kong Island. Cape D’Aguilar
features a rural coastal setting on a hill surrounded by vegeta-
tion and sparse country roads and is approximately 10 km from
downtown Hong Kong. The field campaign in Xi’an was conducted
from 10 March to 9 April 2022, at the Qin Ling supersite (34.07°N,
108.35°E), approximately 80 km southwest of downtown Xi’an. This
site serves as a regional background site. These four stations were
extensively used to investigate the regional characteristics of air pol-
lution and atmospheric chemistry processes in China, and detailed
descriptions can be found elsewhere (35, 42, 46).

CINO; was measured by an I -HR-ToF-CIMS (Aerodyne Research
Inc., USA) in Wangdu, Qingdao, and Hong Kong, while the obser-
vation in Xi’an was based on an upgraded version of the instrument
(I"-HR-LToF-CIMS; Aerodyne Research Inc., USA) (47). In brief,
I" and its water cluster (IH,O™) produced by ionization of CH;I gas
were used as the reagent ions. CINO, combined with I” or IH,O™ to
produce ICINO, ™, which was detected at 208 atomic mass unit [amu;
I*>CINO, ™, exact mass: mass/ charge ratio (m/z) 207.8668] and 210 amu
(I’CINO; ", exact mass: m/z 209.8639), respectively. The signals of
I’>CINO,~ and I’’CINO, ™~ were independently obtained by Tofware
version 3.0 (the data processing software) using high-resolution peak
fitting at the respective nominal masses without any constraint of the
isotopic signals for I’’CINO, ™ (fig. S13). For details regarding the in-
strument configuration and calibrations, please refer to the text S2. In
addition, the Cl~ concentrations were determined in parallel using
an online ion chromatography in Wangdu, Qingdao, and Hong Kong
and a LToF aerosol mass spectrometer in Xi’an (Aerodyne Research
Inc., USA) (48).

Laboratory experiments

To directly quantify the 8°’Cl of oceanic CINO,, we conducted
simulations of CINO, formation from reactions of N,O5 and sea
spray in a Teflon smog chamber (volume, 5.4 m?) at the Hong Kong
Polytechnic University, and measured the 8*’Cl-CINO, values via
I"-HR-ToF-CIMS (49). The specific experimental design is shown
in fig. S14 and is described as follows. Before the experiment, the
smog chamber underwent a 48-hour flush with zero air generated
by a zero-air generator (Model 111, Thermo Fisher Scientific Inc.,
USA) to reduce the background levels of CINO; and other related
species. O3 produced by an ozone generator (Ozone Generator Model
2000, Jelight Company Inc., USA) was introduced into the smog
chamber at a controlled mixing ratio of 250 ppbv. After achieving
uniform mixing (~20 min), NO, (10 ppmv in a gas cylinder, Scien-
tific Gas Inc., Australia) was injected into the chamber, reaching a
mixing ratio of 150 ppbv by controlling the flow rate and time. To
ensure the rapid generation of a substantial amount of N;Os, a re-
action time of 10 min was used, as suggested by a previous study
(49). Subsequently, fresh sea-salt particles generated by an aerosol
generator (Aerosol Generator 3079A, TSI Inc., USA) with seawater
were introduced into the smog chamber to produce oceanic CINO,
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(fig. S15). The seawater used for generating fresh sea-salt particles
was collected near the Hong Kong site to better represent the char-
acteristics of its oceanic air masses during field observations (35).
The seawater was thermally concentrated three times to ensure an
ample supply of CINO; for isotopic analysis.

Throughout the experiment, we maintained the temperature and
humidity of the smog chamber at 25°C and 35%, respectively, in the
dark. The concentrations of NO, and O3 were continuously moni-
tored using an NO, analyzer equipped with a blue light converter
(Model 42i-TL, Thermo Fisher Scientific Inc., USA) and an Oj; analyzer
(Model 49i, Thermo Fisher Scientific Inc., USA), respectively. Real-
time measurements of CINO; and N,Os were conducted using the
same high-resolution I -HR-ToF-CIMS used in the field observations,
with N,Os quantified at 235 amu (IN;Os"). The I"-HR-ToF-CIMS
underwent calibration using the same procedure as that used in the
field campaigns (47). As depicted in fig. S15, a substantial amount of
N,Os5 was generated before the introduction of sea spray, yet the mixing
ratio of CINO, remained very low. This observation indicated that
the smog chamber exhibited minimal background levels of CINO,.

Chlorine isotopic detection of fly ash samples from

waste incineration

Fly ash from waste incineration typically contains high concentra-
tions of water-soluble chlorine, making it well-suited for traditional
chlorine isotope analysis (50). Moreover, atmospheric chlorine emis-
sion inventories identify waste incineration as a major anthropogenic
chlorine source (4). To verify the isotopic composition of anthropo-
genic Cl™ inferred in this study, we collected fly ash samples from
waste incineration sites in Xian (10 samples) and Shaoxing, Zhejiang
Province (three samples) and analyzed them using the traditional
TIMS method (34). The analysis involved grinding the fly ash sam-
ples, dissolving them in ultrapure water, and filtering the solution to
extract CI™. Chloride ions were enriched through ion exchange and
converted into Cs,Cl™ molecular ions to reach the concentration re-
quired for detection. The Cs,Cl* ions were then analyzed using a
Triton thermal ionization mass spectrometer, with SMOC as the ref-
erence standard. Parallel samples were tested to evaluate measure-
ment uncertainty, which was found to be less than 0.5%o (15, 51). The
8*Cl value of Cl™ in the Xian samples was +17.7 + 10.0%o, while
the Shaoxing samples measured +15.5 + 3.4%o. These values are sig-
nificantly higher than those of oceanic CI™ (~0%o) but closely align
with the anthropogenic sources inferred in this study (fig. S16). The
slight discrepancies may reflect the composite nature of the inferred
value, which integrates emissions from diverse sources (e.g., waste
incineration and biomass burning) (44).

Waste incineration typically involves the combustion of a com-
plex mixture of materials, such as plastics (e.g., polyvinyl chloride),
many of which contain substantial amounts of organochlorine com-
pounds, often exceeding 80% of the total chlorine content (52). Al-
though the chlorine isotopic composition of these organochlorine
components has not yet been reported, previous studies have shown
that 8 Cl values for synthetic chlorinated ethylene and their degra-
dation products range from —3.7 to 10.7%o (fig. S4) (53, 54). On the
basis of this range, we selected an approximate median value of 5%o
as the initial parameter of waste incineration considering their simi-
lar formation processes to chlorinated ethylene. The dechlorination
process during incineration can be broadly divided into two thermal
stages. In the first stage (around 200°C), organochlorines undergo de-
hydrochlorination, producing gaseous HCI (52). In the second stage
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(above 700°C), the remaining organochlorines are almost complete-
ly converted to particulate Cl~, with a conversion efficiency exceed-
ing 98%. The isotopic fractionation associated with these processes
can also be divided into two corresponding phases. During the first
stage, the isotopic fractionation follows Rayleigh-type behavior. The
residual organochlorine isotope composition can be described by
87cl =8"Cly + (a—1) x In(f,) x 1000 (1)

remaining

where §°'Cly is the initial isotopic composition of the organochlo-
rines, a is the isotopic fractionation factor associated with the trans-
formation from organochlorine to HCI, and f is the fraction of chlorine
retained in the condensed phase (16). On the basis of transition state
theory (55), the fractionation factor a can be estimated as

a =Ky, /Ky = 1/ exp[(Am/m)(E,/RT)] 2)

Here, Am/m is the relative mass difference between *’Cl and *Cl,
E, is the activation energy (assumed to be ~375 kJ/mol for C—Cl
bond cleavage), R is the universal gas constant, and T is the reaction
temperature. At 200°C, o is estimated to be approximately 0.9946. Us-
ing a chlorine emission ratio of HCI to CI™ of about 3:1 (as reported
in the emission inventory in China) (4), the fraction of chlorine re-
tained in the condensed phase (f.) is estimated at 0.25. Substituting
these values into the Rayleigh equation yields a ’Cl value of approx-
imately +12.5%o for the residual organochlorine. Notably, this esti-
mate is likely conservative. Some studies report HCI formation rates
as high as 95%, implyin% a much lower f; (e.g., 0.05) (52), which would
result in even higher 8°’Cl values, up to 4+21.2%o. In the second stage
of incineration, virtually all remaining organochlorines are converted
to CI', and the associated isotope fractionation is considered negli-
gible. Therefore, the final 5*’Cl value of Cl” in fly ash reflects the re-
sidual signal established during the initial dechlorination stage. This
theoretical average value (~+12.5%o) is consistent with our measured
results for 5°’Cl values of CI™ in fly ash from waste incineration. It is
important to acknowledge, however, that after emission into the at-
mosphere, both CI” and HCI may undergo isotopic equilibrium frac-
tionation (31). This process tends to reduce the &%’Cl value of CI” to
some extent, although it generally retains a relatively enriched isoto-
pic signature (text S3). Such enrichment serves as a distinctive isoto-
pic tracer, enabling differentiation between chlorine originating from
anthropogenic combustion sources and that from marine sources,
which are typically characterized by lower 5°’Cl values.

Extraction of reliable §3’CI-CINO, data based on

the SM-K test

In this study, we developed a method that could extract §*'Cl-CINO,
from the *’Cl and *°Cl signals obtained from I"-HR-ToF-CIMS
based on an iterative SM-K test analysis (20). Here, we used the mea-
surement data in Hong Kong as an example to elucidate the steps
and procedures involved in extracting reliable §*’CI-CINO, data.
Figure S17 shows the instrument signals of CINO, observed during
the field study. Evidently, I">CINO,” (208 amu) was significantly
correlated with I’’CINO,~ (210 amu), with a slope of 0.32. This slope
was consistent with the natural isotopic ratio of *’Cl to **Cl, con-
firming the identity of the observed CINO, (56). 5*'Cl is empirically
defined as follows

Rsample

8Cl= < —1> X 1000 (3)

standard

Zong et al., Sci. Adv. 12, eaeb5397 (2026) 16 January 2026

where R represents the isotopic ratio of *’Cl to **Cl, with a SMOC
(ISL354 NaCl) value of 0.319393 (15). In Hong Kong, the converted
8*Cl of CINO, exhibited significant fluctuations during the obser-
vation period (fig. S18). However, when arranging the 5°’Cl values
based on the magnitude of the instrument signal (208 amu; SCINO,)
from high to low, a noteworthy pattern emerged: High signal values
exhibited isotopic stability, while a wide range of 8*’Cl fluctuations
primarily occurred at low signals. 8”Cl was influenced by both the
measurement uncertainty of I -HR-ToF-CIMS and variations in the
isotopes themselves (e.g., arising from different origins and environ-
mental processes) (57). Consequently, we could infer that & Cl was
less susceptible to measurement uncertainty when the instrument
signal was high and, conversely, was more affected when the signal
value was low (fig. S19).

To obtain reliable 8*”Cl values for CINO,, we employed the SM-K
test to iteratively analyze the 8*/Cl values in descending order of in-
strument signal strength (20). Figure S18 presents the SM-K results
for 5*Cl, plotting statistics for both forward series (UF) and back-
ward series (UB) against signal magnitudes. The intersection points
of UF and UB denote the initiation of an abrupt change (58). Upon
comprehensive examination of the entire dataset (n = 11,127), the
initial abrupt change occurred at data point 2920, although it did not
reach a significance level of 0.05. After two iterations, a final signifi-
cant abrupt change was identified at data point 246 (208 amu: 2767 Hz;
CINO; mixing ratio: 1456 pptv; representing 2.2% of the total data-
set), which was further confirmed by a subsequent iteration showing
no additional intersection point. This result indicated that the 246 data
points, verified by the SM-K test, were essentially unaffected by tech-
nical challenges and represented the intrinsic features of 5°’Cl in
CINO; in Hong Kong. To further assess the robustness of our results,
we conducted a sensitivity analysis by constructing five data subsets
containing 206, 226, 246, 266, and 286 observations, respectively, in
20-point increments. Statistical analyses revealed that the distribu-
tions and median values of 8*’CI-CINO, across these subsets were
consistent, with no significant differences detected (P > 0.05; fig. S20).
Each subset encompassed both marine and continental air masses
identified in the Hong Kong region (Fig. 2A, air masses A and C),
which consistently exhibited distinct isotopic signatures. These re-
sults confirm that the application of the SM-K test did not influ-
ence the principal conclusions of this study. This method was also
successfully applied to extract 8°’Cl-CINO, values from measure-
ment data collected in Qingdao, Wangdu, Xi’an, and the chamber
experiments. The corresponding data points (462, 168, 171, and
159), accounting for 5.9, 2.5, 12.8, and 5.3% of the total data, yielded
minimum CINO, concentration thresholds of 1447, 946, 638, and
1272 pptv, respectively.

Estimation of the chlorine isotope fractionation

In the open ocean, the §*’CI-Cl™ range of oceanic aerosol has been
reported to be 4+0.4 to +2.5%o (19), which is a result of fresh sea salt
reacting with acidic gases (i.e., HNO3 and H,SO4) or N,Os and HO,
(2, 16). This range reflects Rayleigh fractionation, where §*'Cl varies
with f,, the fraction of chlorine remaining in the condensed phase

637Claerosol =(a—1) X ln(fc) X 1000 (4)

where a is the isotopic fractionation factor in the reactions of fresh
sea salt with acidic gases or N,Os and has a value 0f 0.9972 (16, 25).
Guided by the principle of mass balance in reactions (e.g., NaCl +
HNO;3; and H,SO4 — aerosolNaNo3 and Na2sos4 + HCIl; NaCl +
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N,05 — aerosolnanos + CINO,), the following relationship is
established

637C1NaCl = 837Claerosol Xfc + 637ClHCl or CINO2 X (1 _fc) (5)

where 8%"Cly,c) in the ocean has a uniform distribution, nearing
0%o (24). Therefore, 8" Clya) or civo2 can be estimated by the for-
mula with f;

637ClHClorClN02=< J. )x((x—l)xln(fc) X 1000 (6)

f.—-1

The reaction rate of NaCl with HNO; and H,SO, is much greater
than that with N,Os (59), indicating the dominance of reactions
with HNOj; and H,SOy in the atmosphere. By neglecting the N,Os
reaction, we estimated that the range of oceanic 8 Cl-HCl was —1.8 +
0.7%o; this range precisely aligns with the observed §*’Cl-HCI range
(—3.5 to —1.2%o) in rainwater (17).

The reaction rate of N,Os is much lower than that of the acidic
gases. Hence, when both acidic gases and N,Os coexist, the isotope
fractionation in CINO; formation due to competition is expected to
be much greater than that estimated for HCL. The wider range of oce-
anic 5*'CIl-CINO, values observed in our study supports this reason-
ing. On the basis of the empirical formula of isotope fractionation
(31), we established the following equation for CINO,

8" Cleinos = 4 Jais ( J > X (a—1) x In(f.) x 1000 (7)
Y2 fo—1

where y; and vy, represent the reaction probabilities of NaCl with
acidic gases (1 X 1072 at 296 K) and NaCl with N,Os (4.5 x 10™* at
296 K), respectively (59). Consequently, the oceanic §Cl-CINO,
values range from —15 to —1%o, with the f. values varying from 0.01 to
0.99. The estimation aligns with the characteristics of oceanic
8%Cl-CINO, observed in laboratory simulations (—19 to 0%o) and
field observations (—12 to —1%o). The negative value of oceanic
8*7CI-CINO, is due to isotope fractionation and indicates that the
degree of isotope fractionation in the conversion of Cl~ to CINO,
corresponds to the magnitude of the oceanic 8”Cl-CINO,, demon-
strating a significant nonlinear relationship with f; (16). In addition,
the calculation of f. here follows the expression f. = [CI"]/([CI"] +
[CINO;]), which assumes a closed system in which CI™ reacts exclu-
sively with N,Os. In reality, however, the atmosphere is an open and
dynamic system where Cl™ can simultaneously participate in multi-
ple reactions (6). This simplification may therefore introduce some un-
certainty into the estimated isotope fractionation. Nonetheless, such
an approach has been widely used in isotope geochemistry (16, 19).
To minimize this uncertainty, we extend the conventional single-
reaction framework by incorporating additional pathways, most no-
tably the CI"-HCl reaction, and introducing a competing-reaction
correction factor. This refinement enhances both the accuracy and
applicability of isotope fractionation estimates under realistic atmo-
spheric conditions.

Uncertainty evaluation of the isotopic method

using I"-HR-ToF-CIMS

To evaluate the uncertainty of our isotopic method, we considered
three primary sources: (i) measurement uncertainty associated with
the reference material, (ii) absolute error from mass spectrometric
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detection of isotope signals, and (iii) measurement uncertainty from
varying environmental factors during sampling period (56). In the
absence of a direct CINO; standard gas, we estimated the isotopic
composition of CINO; produced from seawater, a well-characterized
reference material (e.g., SMOC; ISL354 NaCl with a *’Cl/>°Cl ratio
0f0.319393) (24), using isotope fractionation principles (Eq. 7) (16).
The theoretical 8’ Cl-CINO, value (—10 + 4%o, n = 99) closely aligns
with our chamber experiments results for CINO, derived from sea-
water (—9 + 4%o, n = 159) based on data processed at 5-min intervals
(fig. S21). The combined uncertainty from measuring the refer-
ence material was determined to be approximately 1%o calculated
using the standard error of the mean (60). For absolute error from
mass spectrometric detection, we initially considered two factors: (i)
peak identification in the mass spectrum and (ii) signal variation
during calibration. On the basis of these, we estimated the relative
uncertainties of °CINO, ™ (1;) and I’’CINO, ™ (1) as 1.6% and 1.5%,
respectively, giving an inferred relative uncertainty of 2.2% for the
ratio u,/u;. However, this calculation assumes that #; and u; are com-
pletely independent. In practice, u; and u, exhibit significant covari-
ance (P < 0.01, Student’s ¢ test), sharing similar noise sources and
variation patterns (56). This correlation reduces their independence,
and the assumption of independence therefore overestimates the
true uncertainty. To address this, we directly calculated uncertainty
from the SD of the measured u,/u; ratios, as appropriate for isotope
analysis. This approach yielded relative uncertainties of 0.31% for
Hong Kong, and 0.15, 0.27, and 0.15 for Qingdao, Wangdu, and
X{ian, respectively. The corresponding 5°’Cl uncertainties were 3%o,
2%o, 3%o, and 2%o. To assess the influence of environmental factors
on measurement uncertainty during sampling, we used stable Cl, as
a proxy for CINO,, given their similar properties (35). The 8*'Cl
values of Cl, released from chlorine permeation tubes used for cali-
bration were measured under varying temperature and relative hu-
midity during field campaigns, as well as in a 24-hour controlled
experiment under ambient conditions. Field data, such as the Qingdao
observations (fig. $22), showed no significant difference in 8*'CI-Cl,
between calibrations (P > 0.05; Student’s ¢ test), indicating that CIMS
measurements are stable across a range of temperature and humid-
ity conditions. The 8*’Cl-Cl, values remained consistent over the
24-hour measurement period, with a mean of —15%o and SD of 2%o
(fig. S22), closely matching the variability observed during field cal-
ibrations (—16 + 1%o). These results demonstrate good repeatability
and suggest that the isotopic composition of Cl, is not significantly
affected by minor fluctuations in environmental conditions, partic-
ularly in stable environments such as those maintained by air condi-
tioning. On the basis of these findings, we infer that CINO; likely
exhibits similar stability under typical field conditions. We therefore
adopt the observed 2%o variability in Cl, as a reasonable estimate of
the uncertainty associated with environmental factors during CINO,
sampling. Incorporating this component into our uncertainty anal-
ysis, the total uncertainty for Hong Kong data was calculated as 4%o.
Using the same approach, the total uncertainties for other sites were:
Qingdao (3%o), Wangdu (4%o), and Xi’an (3%o). These values are
comparable to the SD observed in our chamber experiments for
seawater-derived CINO; (—9 + 4%o). Although this is not a conven-
tional approach to estimating uncertainty, it provides a practical al-
ternative in the absence of direct CINO, standards.

Although the uncertainty of this method (~4%o) is higher than
that of established chlorine isotope techniques such as TIMS, which
typically achieves uncertainties below 1%o (15), an uncertainty of
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4%o is considered reasonable, particularly in the context of chlorine
isotope analysis for atmospheric reactive species, which remains in
its early stages of methodological development. For example, re-
cently developed methods for measuring organochlorines using gas
chromatography-quadrupole mass spectrometry (GC-qMS) also
exhibit uncertainties exceeding 2%o (53). Moreover, this level of un-
certainty does not compromise the reliability of source attribution,
especially in cases where large isotopic contrasts exist (e.g., oceanic
versus anthropogenic sources, with differences of ~29%o). Together,
our findings demonstrate the reliability of the chlorine isotope meth-
od in investigating the geochemical cycling of atmospheric chlorine.
Continued advancements in CIMS are also expected to further im-
prove measurement precision and reduce overall uncertainty. Noted,
given the method’s uncertainty of approximately 4%, all *'Cl val-
ues measured by this method in this study are retained to single
digits for consistency.

Lagrangian particle dispersion modeling

LPDM was performed using the Hybrid Single-Particle Lagrang-
ian Integrated Trajectory (HYSPLIT) model, driven by the Glob-
al Data Assimilation System (GDAS), to identify potential sources
of air masses during the events of interest (23). The model calcu-
lates the particle positions using mean wind and a turbulence
transport component after their release from a source point for
forward simulations or a receptor for backward runs. In this
study, we conducted LPDM analysis for each sampling location:
Xi’an, with a 48-hour backward trajectory; Wangdu, with 48-hour
and 120-hour backward trajectories; Qingdao, with 48-hour for-
ward and backward trajectories; and Hong Kong, with a 48-hour
backward trajectory. In each case, 3000 particles were released
every hour over the receptor station. Particle residence times be-
low 100 m were used to identify the “footprint” of air masses ar-
riving at the receptor station. The spatiotemporal distributions
of these particles were used to identify the potential source re-
gions and their relative contributions to air masses at specific
locations (61).

Bayesian model simulations

The Bayesian mixing model in R (MixSIAR) uses isotopic data to
quantify the contributions of individual sources in a mixture, while
also accommodating uncertainties related to multiple sources, frac-
tionation, and isotopic signatures (62). This approach has been widely
adopted for isotopic source apportionment (19, 27). Detailed infor-
mation regarding the model, available as an open-source R package,
is provided in prior research (19, 51). In brief, the model uses isoto-
pic values from various sources as endmembers and uses finite mix-
ing simulation to determine the posterior probability of contribution
from each source based on the isotopic values of the samples.

In our study, the Bayesian simulation considered two sources of
CINO;: those originated from continental CI~ (+23 + 7%o) and oce-
anic CI™ (0 + 1%o). In addition, since the measured 8°’Cl-CINO,
did not directly reflect the initial §*’CI-Cl~ due to isotope fraction-
ation, a prior calculation of isotope fractionation was conducted, as
described above. Notably, within this isotopic quantification frame-
work, CINO, analysis reflected the contributions of the continental
and oceanic sources to its CI” precursor. Consequently, these quanti-
tative findings were equally relevant to those of CI~ and HCI, eluci-
dating the contribution dynamics of these three chlorine compounds.
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WRF-Chem simulations

In this study, we used the WRF-Chem model with the latest reactive
chlorine chemistry scheme to understand the penetration extent
of oceanic chlorine on the continents. Hence, we modeled a scenario
by excluding anthropogenic chlorine sources and focusing solely
on oceanic sources of chlorine (38). The simulation spanned from
1 January to 28 February 2023, with the initial month’s data discarded
as spin-up. Our simulation domain consisted of the site of interest
(Wangdu, indicated by the purple dot in fig. S10). To monitor the
temporal variation in the abundance of gaseous reactive chlorine
within our domain resulting from oceanic chloride emissions, we
set the initial and boundary conditions of all chlorine species to
zero. Our setup for the emission inventory of routine air pollutants,
chemical mechanisms, and physical schemes followed our previous
WREF-Chem simulations, as summarized in the table S2.
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