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Abstract Chlorine chemistry considerably affects air quality and climate in marine environments. Nitrogen
oxides (NO,), emitted by ocean-going vessels, react with sea salt chloride to generate reactive chlorine species.
However, the exact mechanisms and chemical budget of chlorine remain poorly understood. In this study, we
explore chlorine activation through field observations in Hong Kong, complemented by box modeling. Over the
2-week measurement period, the summer monsoon introduced abundant NO,, producing molecular chlorine
(Cl,, 0.64 =+ 0.69 ppt) and hypochlorous acid (HOCI, 8.9 = 5.1 ppt). Daytime Cl, production was attributable to
nitrate (NO5 ™) photolysis and the uptake on hydroxyl radicals (OH-) on chloride-containing aerosols. A budget
analysis using the box model revealed that the production rate of HOCI, primarily driven by chlorine nitrate
(CIONO,) hydrolysis, was substantially lower than its loss rate. This discrepancy indicates either uncertainties
in known HOCI sources or a missing source of chlorine atoms (Cl-). We examined the potential precursors of Cl-
by incorporating emerging reactive chlorine species, such as, trichloramine (NCl;) and iodine chloride (ICl),
into the model. However, the inclusion of NCl; caused an overestimation of ambient Cl, levels, while adding ICI
led to excessive ozone (O3) depletion. Incorporating an unknown CI- source (equivalent to ~46 ppt Cl,)
remarkably enhanced atmospheric oxidation capacity, increasing daytime OH- levels by 12.8% and net ozone
production by 35.7% while decreasing the mercury (Hg) lifetime by a factor of 3. These findings highlight the
incomplete understanding of chlorine chemistry and suggest the existence of unidentified CI- sources in coastal
environments.

Plain Language Summary HOCI and Cl, are reactive chlorine species in the air, releasing highly
reactive Cl- radicals in the presence of sunlight. Cl- reacts with various air pollutants, affecting air quality and
climate. This study investigates the sources and impacts of HOCI and Cl, through field observations coupled
with box modeling. First, we presented the time series, diurnal patterns, and correlation analysis of reactive
chlorine. Next, we applied a box model to calculate the detailed chemical processes and evaluate the impact of
chlorine chemistry. Results show that HOCI and Cl, were produced mainly through photochemical reactions,
the rates of which were lower than their loss pathways including photolysis and depositions. The shortfall in the
sources of HOCI and Cl, pointed to a missing source of Cl-. Furthermore, we discussed the candidates (NCl; and
ICl) that could potentially contribute to the missing source. When considering the missing source of Cl- in the
model, the impact of chlorine chemistry on secondary air pollution was significantly promoted. This study
provides insights into the characteristics and roles of chlorine chemistry in coastal environments and calls for
further studies of chlorine-containing species in the marine air.

1. Introduction

Chlorine atoms (Cl-), as potent oxidizers in the atmosphere, significantly influence the air quality and climate
(Simpson et al., 2015). CI- reacts with volatile organic compounds (VOCs) to produce peroxyl radicals (RO,-,
corresponding reaction presented as R1), which enhances ozone (O3) production (R2-R3) and the formation of
oxygenated organic molecules (OOMs) and secondary organic aerosols (SOA, R4) (Li et al., 2021; Y. Wang
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et al., 2020). Moreover, Cl- consumes O5 to produce chlorine monoxide (CIO-:, R5). The net effect of chlorine
chemistry typically enhances O; levels in polluted environments and depletes O5 in remote areas such as the
stratosphere and polar regions (Ma et al., 2023; Molina et al., 1987). Additionally, Cl- degrades methane (CH,),
altering the global lifetime of CH, and radiative forcing (Li et al., 2022). Lacking direct measurements of Cl.,
current studies estimate the ambient concentration of CI- by observing chlorine-containing species, for example,
nitryl chloride (CINO,), molecular chlorine (Cl,), and hypochlorous acid (HOCI), all of which releases Cl- upon
photolysis (R6-RS).

Cl-(g) + VOC(g) — RO, -(g) + HCl(g) (R1)
NO(g) + RO, - (g) = NO,(g) + RO - (g) (R2)

NO,(g) + 0x(g) + hv — O3(g) + NO(g) (R3)

condense

RO, -(2) + RO, -(g) — OOMs <58 SOA (R4)
Cl-(2) + 03(g) = CIO- (2) + Oa(2) (R5)
Cly(g) + hv =2C1-(g) (R6)

CINO,(g) + hv = Cl- (g) + NO,(g) (R7)

HOCI(g) + hv = OH - (g) + Cl-(g) (R8)

In the presence of nitrogen oxides (NO,, NO + NO,), chlorine chemistry is triggered by activating inert chlorine
(i.e., particulate chloride, C17) to reactive chlorine. NO, reacts with O to successively produce the nitrate radical
(NOj5-) and dinitrogen pentoxide (N,Os) (R9-R10). Laboratory studies have found substantial N,O5 uptake on
chloride (Cl™)-containing aerosols (R11-R13) that produce CINO, (Finlayson-Pitts et al., 1989) and Cl, (Roberts
et al., 2008). Furthermore, NO, facilitates chlorine cycling by reacting with ClO- to produce chlorine nitrate
(CIONO,) and hypochlorous acid (HOCI), which subsequently activate chloride on acidic aerosols to release Cl,
(R14-R17). CIONO, can also undergo gas-phase homogeneous hydrolysis to produce HOCI (R18) (Atkinson
et al., 1989).

NO,(g) + 05(g) = NOs - (2) + O:(2) (R9)

NO; - (2) + NO,(g) = N,0s(g) (R10)

N,0s5(g) + Cl~(aq) = CINO,(g) + NO;™(aq) (R11)

N,0s5(g) + 2C1™(aq) + 2H* (aq) = Cl,(g) + HONO(g) + HNOj;(aq) (R12)
CINO,(g) + CI™(aq) + H*(aq) = Cl,(g) + HONO(g) (R13)

ClO - () + NO,(g) = CIONO,(g) + O,(g) (R14)

CIONO,(g) + Cl™(aq) + H*(aq) = Cl,(g) + HNO;(aq) (R15)
CIONO,(g) + H,0(aq) = HOCI(g) + HNO;(aq) (R16)
HOCI(g) + Cl™(aq) + H*(aq) = Cl,(g) + H,0(aq) (R17)
CIONO,(g) + H,0(g) = HOCI(g) + HNOs(g) (R18)

Nitrogen oxide-assisted chlorine chemistry has been widely observed in various environments. The formation of
CINO, from N,O5 uptake was first discovered in the marine boundary layer and later in continental areas in the
US, with mixing ratios ranging from several hundred ppt to a few ppb (Osthoff et al., 2008; Thornton et al., 2010).
In continental outflows in Hong Kong, daytime Cl, levels can reach up to ~400 ppt on average, attributable to
nitrate (NO5™) photolysis (Peng et al., 2022). NO;~ photolysis produces the aqueous OH- radical, which can
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oxidize chloride to produce Cl,. Significant nocturnal correlations between CINO, and Cl, have been observed in
both East China and the US, indicating their common sources from N,Os uptake (Haskins et al., 2019; Xia
et al., 2020). These reactive chlorine species also participate in nitrogen oxide-influenced chlorine cycling in the
coastal Arctic (McNamara et al., 2019) and during Australian wildfires (Solomon et al., 2023), demonstrating
their widespread significance. However, fewer studies have focused on HOCI, except for one observation at Cape
Verde (Lawler et al., 2011). Currently, known production pathways of HOCI include mainly CIONO, hydrolysis
(R16) and the gas-phase reactions between ClO- and HO,- (Molina et al., 1987). HOCI is mostly removed by
photolysis, reactive uptake on aerosol, and deposition (Burkholder, 1993; Pratte & Rossi, 2006). As an inter-
mediate species in chlorine cycling, ambient HOCI levels reflect the source strength of CI-. However, the budget
closure of the production and loss pathways of HOCI remains unclear, necessitating further investigation.

Ship emissions are a major source of NO, in the marine boundary layer (Corbett & Fischbeck, 1997), potentially
enhancing the chlorine chemistry initiated by sea salt production. In addition, ship engine exhaust contains VOCs
and particulate matter (Corbett & Fischbeck, 1997), both of which contribute to chlorine chemistry by reacting
with Cl- (R1) and providing reaction surfaces for CINO, and HOCI uptake (R15-R17), respectively. Ship exhaust
also emits nitrous acid (HONO), known to enhance atmospheric oxidation by releasing OH- upon photolysis (Gu
et al., 2022). A recent modeling study incorporating HONO and CINO, chemistry found that ship emissions can
increase ozone (O5) and PM, s levels by 9%-21% and 7%—10%, respectively, in marine areas of East Asia (Dai &
Wang, 2021). However, few field observations target reactive chlorine chemistry in ship-influenced marine air,
limiting our understanding of the chlorine chemistry and atmospheric oxidation mechanisms in marine and
coastal environments.

China is a global hotspot for ship emissions, with numerous international ports converging in the Pearl River
Delta (PRD), facing the South China Sea (Zhang et al., 2017). Hong Kong, an important trade port in the PRD,
hosts one of the busiest shipping lanes in the world (Yau et al., 2012). In this study, we present field observations
from a coastal site in Hong Kong to examine the characteristics and chemistry of reactive chlorine, that is, CINO,,
Cl,, and HOCI, in ship emission-perturbed air masses under onshore wind flows. A chemical box model is used to
analyze the chemical budget of reactive chorine and evaluate their impacts on atmospheric oxidation capacity.
Furthermore, we assess the potential presence and impact of additional chlorine sources besides those observed.
Overall, this study combines field observations with box modeling to investigate chlorine chemistry in the marine
boundary layer with implications on air quality.

2. Methods
2.1. Observation Site and Period

Field observations were performed at the Cape D’ Aguilar Supersite (CDSS), located at the southeast tip of Hong
Kong Island in Hong Kong, China (Figure 1a). The CDSS is an air quality monitoring station that measures the
regional background atmosphere in south China (S. Wang et al., 2019; T. Wang et al., 2019). The sampling site
locates on a small hill, approximately 500 m from the nearest coastline, with ocean-going vessels (OGVs) visible
from the site. The site is surrounded by evergreen broad-leafed trees and shrubs, contributing to biogenic
emissions of VOCs. There are no obvious anthropogenic emission sources nearby, except for minimal traffic
along a country road to the west. A small village named Hok Tsui, with a few dozen residents, is also located to the
west of the sampling site. The observation period spanned from 16 to 28 August 2021, during which the dominant
wind direction was south and southwest (Figure 1b). OGV emissions were the dominant anthropogenic sources of
air pollutants during the field campaign.

2.2. Field Measurement Data

We conducted measurements of reactive chlorine species (i.e., CINO,, Cl,, and HOCI) along with supporting
data, including trace gases (O5, carbon monoxide (CO), sulfur dioxide (SO,), NO,, HONO, and ammonia gas
(NH,)), the aerosol ionic composition (e.g., CI~ and NO; ™ in PM, 5) and size distributions, VOCs, meteorological
parameters (wind speed, wind direction, temperature (T), and relative humidity (RH)), and the photolysis fre-
quency of NO, (jNO,) (Table S1 and Text S1 in Supporting Information S1).

We used an iodide-adduct high-resolution time-of-flight chemical ionization mass spectrometer (I"-HR-Tof-
CIMS, Aerodyne Inc.) to simultaneously measure the gas-phase reactive chlorine species and reactive nitrogen
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Figure 1. Overview of the sampling site with ship emissions and associated NO, in Hong Kong, China. (a) NO, emissions
from ships (unit: mol hour™") in Hong Kong water in 2017 (data source: Hong Kong Environmental Protection Department,
https://cd.epic.epd.gov.hk/, last visit: July 2024). The star marks our observation site in Hok Tsui. (b) Surface-level wind rose
plot during the 2021 observation period. The left axis shows the frequency (unit: %) of wind from each wind sector. (c) NO,
levels in marine and continental air masses during the 2021 field campaign. The pie chart shows the proportion of NO and
NO,. IQR refers to the interquartile range.

(i.e., N,O5 and HONO). The principle of Tof-CIMS has been described in detail by Lee et al. (2014). An identical
instrument was deployed at the same site in our previous work (Xia et al., 2022), and we adopted the same in-
strument configurations in the current study. Briefly, the Tof-CIMS uses iodide (I") and its water cluster (IH,0™)
produced by the ionization of methyl iodide (CH;I) as the reagent ions. I” and IH,O™ combine with target
molecules (e.g., Cl, and HOCI) to produce iodide adducts (e.g., ICl,~ and IHOCI™), followed by detection in the
mass spectrometer. More technical details regarding CIMS are shown as follows.

We used a perfluoro alkoxy (PFA) tubing (length: 0.5 m, outer diameter: 0.50 in., and inner diameter: 0.44 in.) as
the sampling inlet. The sample residence time on the inlet was ~0.1 s. We did not use a water bubbler to humidify
the ion-molecule reaction (IMR) chamber. We did not heat the IMR or inlet. This design was to minimize the
hydrolysis or thermal decomposition of N,Os. The IMR pressure was maintained at 100 mbar. The potential inlet
artifact was referred to our previous study using the same inlet configuration at the same site (Xia et al., 2022). In
detail, 8% of N,O5 was lost on the sampling tube and converted to CINO, (but no Cl,). 13% of HOCI was lost on
the inlet, while only 5% of the consumed HOCI was converted to Cl,, contributing negligibly to ambient Cl,
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levels. Potential inlet conversion from CIONO, to HOCI was unlikely in this study, while future investigation of
CIONO, is definitely needed (Text S2 in Supporting Information S1). These results suggest no significant inlet
artifact using the current inlet settings. We checked the isotopic distribution of the detected clusters of reactive
chlorine to verify the ambient measurements of these trace-level species. For example, the ambient signals of
I*CI1*C1™ and I*’CI*°CI™ were found strongly correlated and their ratios were relevant (determined by the natural
isotopic ratio of *>Cl and *’Cl, Figure S1 in Supporting Information S1), which confirms the identity of Cl, and
ensures accurate measurement in low ambient mixing ratios (e.g., 1-2 ppt).

We measured the background signals of the Tof-CIMS for 4 min every 3 hr, which were subtracted from their
ambient signals (Text S1 and Figure S2 in Supporting Information S1). The background signal was measured by
passing ambient air through a stainless steel tube (30-cm long and 0.5-inch inner diameter) filled with glass wool.
The glass wool was soaked in NaOH solution (0.5 M) for 12 hr and dried before usage. Our laboratory test showed
that targeted species, that is, N,Os, CINO,, Cl,, HOCI, and HONO, contained in the airflow (2 Lpm, the same as
the inlet flow of Tof-CIMS) can be absorbed by the tube with an efficiency higher than 99%. This stainless steel
tube was connected to a solenoid valve together with the inlet tube of Tof-CIMS. We used a timer to control the
solenoid valve so that ambient air can pass through the stainless steel tube for background measurement for 4 min
in every 3 hr automatically. The Tof-CIMS sampled ambient air when not measuring the background. The
detection limits were determined as three times of the standard deviation of the background signals, which were
0.28 = 0.22 ppt for Cl,, 0.35 £ 0.16 ppt for CINO,, and 0.55 = 0.18 ppt for HOCI, and 0.99 = 0.92 ppt for N,Os.

We performed laboratory calibrations for Cl,, HOCI, and HONO, while on-site calibrations were performed for
N,Os, CINO,, and Cl,. Cl, was calibrated using a permeation tube (KIN-TEC) with a permeation rate of
110 ng min~" at 40°C. HOCl-containing air used in the calibration was generated by injecting ultrapure nitrogen
gas (N,, 20 mL min~") through a phosphate-buffered sodium hypochlorite (NaOCI) solution (concentration:
2 mM and pH = 6.8). The HOCl-containing air was then passed through a cold Teflon tube (1/8-inch outer
diameter, 0.065-inch inner diameter, 1 m length, and —20°C) with acidified NaCl droplets condensed onto its
inner walls. The HOCI concentration was determined through complete conversion to Cl, and quantification of
the generated Cl, levels by Tof-CIMS. N,O5 was synthesized by mixing NO, (in excess) with O, while CINO,
was generated by passing the synthesized N,O5 through a humidified NaCl slurry in a Teflon tube (1/2-inch outer
diameter and 0.376-inch inner diameter). The ambient signal of HONO was calibrated by simultaneously
injecting HONO-containing synthetic air into the Tof-CIMS and a long path absorption photometer (LOPAP,
QUMA Elektronik & Analytic GmbH) (Heland et al., 2001). The HONO-containing air was produced by a
HONO generator (QUMA, Model QS-03), and the injected HONO concentration was determined using the
precalibrated LOPAP. The sensitivity of HONO, N,Os, CINO,, Cl,, and HOCI under 70% RH were 0.27, 0.28,
1.35, 1.57 (consistent on-site and in laboratory), and 0.19 counts per second per ppt (cps ppt™"), respectively,
when the primary ion signals (both I” and IH,O™ considered) were normalized to 300,000 (average ambient level
during our campaign). The ambient real-time primary ion signals were also normalized to 300,000 when deriving
the mixing ratio. Other technical details of the Tof-CIMS and supporting measurements can be found in Text S1
of the Supporting Information S1.

2.3. Calculation of Kinetic Parameters

Kinetic parameters for reactive nitrogen and chlorine species were calculated to facilitate the analysis of the field
observations, including the nocturnal steady-state lifetime of N,Os (7,(N,Os)) (Brown et al., 2006), production
efficiency of CINO, (e(CINO,)) (Eger et al., 2019), and photochemical parameters of NO; ™.

The term 7,(N,0O5) was calculated by dividing the N,O5 concentration by the production rate of NO; radicals (P
(NOy)), assuming that N,O5 achieves a steady state at night (Brown et al., 2006). A box modeling study shows
relatively lower NO, concentrations and higher ambient temperature facilitates the achievement of N,Os's steady
state (Brown et al., 2003), which is indeed the case in this study (average NO, mixing ratio: 5.0 £ 3.8 ppb and
average T: 28.8 £ 2.4°C).

[NOs] — [N,0s]

P(NO,) ~ & [NO ] [Os] W

7 (N20s) =
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where [N,Os] represents the ambient N,O5 concentration, and k; denotes the temperature-dependent rate constant
of the NO, + Oj reaction.

The term e(CINO,) represents the proportion of the produced NOj- radicals that is ultimately converted to CINO,.
The definition of e(CINO,) used in this study is equivalent to the original definition by Eger et al. (2019), but the
calculation (Equation 2) is performed in a simplified manner herein. As the CINO, mixing ratio could show a
fluctuating trend after the initial increase during the night, this definition of e(CINO,) actually represents a lower
limit.

(CINOZ )max _ (CINOZ)max

&(CINO,) = fotP(Noz) dr fO'kl [NO,][05] dt

@

where (CINO,),,.x denotes the maximum 5-min-averaged CINO, concentration during the night, and 7 is the
integration time (11 hr from sunset to sunrise) for the production of NO;- radical. [NO,] and [O5] denote the
ambient-observed concentrations of NO, and Oj, respectively.

We also calculated a NO;™ photolysis indicator (/((NO5 ™)) and the NO;™ photolysis rate (R(INO;™)). I(NO3 ™) is an
empirical parameter based on the multiplication of potential factors influencing NO; ™~ photolysis, as derived in a
previous study (Equation 3) (Peng et al., 2022), while R(NO; ™) represents the first-order loss rate of aerosol NO; ™~
due to photolysis (Equation 4). R(INO; ™) and /(NO; ™) were used for correlation analysis with reactive chlorine but
not for quantifying the Cl, production rate in the box model (Section 2.4).

I(NO3) = /NO, X Sax [NO,™] 3)

where Sa is the aerosol surface area density (pm? cm™) calculated using particle size distribution from 10 to
800 nm (Text S1 and Table S1 in Supporting Information S1). It should be noted that the coarse mode of the
marine aerosol could not be taken into account in this calculation.

R(NO3) = jNO;™ x [NO;™] 4

where jNO,™ is the photolysis frequency (s™') of aqueous-phase NO;~, computed using the tropospheric
ultraviolet-visible (TUV) radiation model, assuming a unity quantum yield (https://www.acom.ucar.edu/Models/
TUV/Interactive_TUV/; last access: May 2024). The aerosol pH, defined as the negative logarithm of the aqueous
H* concentration (—loglo([H+]), [H*] unit: mol Lfl), was calculated using a thermodynamic model, ISO-
RROPIA II (Fountoukis & Nenes, 2007). Additional technical details of these parameters can be found in Text S3
of the Supporting Information S1.

2.4. Chemical Box Model

We applied the framework for zero-dimensional (0-D) atmospheric modeling (FOAM) to analyze the budget of
reactive chlorine and evaluate the impact of ship emissions on atmospheric oxidation capacity (Wolfe
et al., 2016). As an observation-based chemical box model, FOAM incorporates the master chemical mechanism
(MCM v3.3.1) as the default chemical mechanism (Jenkin et al., 2015). MCM involves near-explicit reactions of
VOCs, trace gases (e.g., CO, NO,, and O3), and radicals (e.g., OH:, HO,-, and RO,) in the gas phase. We
incorporated an additional chemical module to account for the gas-phase chemistry of reactive chlorine. This
additional module, developed in our previous study, includes gas-phase reactions involving Cl- radicals, O3, and
VOCs, as well as a simplified heterogeneous module (Xia et al., 2022).

Further to those established mechanisms, we compiled the gas-phase degradation mechanisms of trichloramine
(NCl5) and iodine chloride (ICI) and implemented these modules to explore potential Cl- sources, respectively
(Tables S2 and S3 in Supporting Information S1). The NCl; module consists of multiple-step NCI; photolytic
degradation, producing Cl, and CI-. In detail, NCl; photolysis produces NCI,- radicals, which can either react with
itself or react with NCl;. The IC] module contains ICl photolysis and subsequent iodine chemistry, especially
complex interactions associated with O (Saiz-Lopez et al., 2014). A total of 51 reactions are included to account
for the effect of ICI photolysis. On one hand, some reactions consume Oj, for example, the I- + O; reaction. On
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the other hand, some reactions facilitate O; production, for example, the 10- radical converts NO to NO,. These
modules were applied separately in the model, with NCl; or ICl concentrations constrained to specific levels
(Section 3.3, Table S5 in Supporting Information S1). In the individual model run, a constant mixing ratio was
used for NCl; or ICl for lack of knowledge in their diurnal profiles.

The model was constrained using 10-min resolution data (Table S4 in Supporting Information S1) for the entire
observation period. Observations from the first day were repeated three times to stabilize the intermediates
(mostly unconstrained radicals) in the model, while only the results from the last run for the first day, along with
subsequent days, were adopted for further analysis. The simulated radical concentrations (OH-, Cl-, and NOj:)
were extracted to calculate the VOC oxidation rates associated with each oxidant and the lifetime of gaseous
elemental mercury (Hgo) (Xia et al., 2022). The net O, (=05 + NO,) production rate (P(O,)) was calculated as
described in our prior study (Xia et al., 2022). We configured four cases to differentiate the contributions of
reactive chlorine and HONO to OH- and O; production (Table S5 in Supporting Information S1):

. The “base” case, excluding both reactive chlorine and HONO;

. The “with CI” case, including reactive chlorine but excluding HONO;

. The “with Cl and HONO” case, including both reactive chlorine and HONO; and

. The “with additional CI” case, incorporating potential chlorine sources from additional Cl, photolysis
(Section 3.3).

AW =

Additionally, we performed sensitivity tests to examine the response of OH- levels and the net O, production to
changes in other species or environmental conditions. The sensitivity was quantified based on the relative in-
cremental reactivity (RIR) (Zheng et al., 2023). RIR_OH was calculated as the percentile change in the OH-
concentration divided by the percentile changes in the environmental factors. A similar approach was applied to
determine RIR_net P(O,). Details of RIR calculations are presented in Supporting Information S1 (Text S4).

3. Results and Discussion
3.1. Overall Observations

The field campaign in Hong Kong observed perturbed marine air masses with ship emissions along with minor
influence from continental urban areas (Figure 1b). The intercepted air was warm (T) and humid (RH), with low
levels of particulate matter (PM, 5 4.2 = 2.2 pg m™>, campaign average, Figure 2). However, we observed
elevated levels of NO, throughout the campaign (Figure 1¢). The diurnal pattern of NO showed a morning peak at
10:00 (local time), while NO, exhibited a nighttime peak with minimum concentrations from 10:00 to 15:00
(Figure S3 in Supporting Information S1). NO, levels were obviously higher in marine-influenced air masses
(6.4 £ 5.1 ppb, average + standard deviation, mainly south and southwest) than those observed in occasional
continental outflows (3.5 + 2.7 ppb, mainly north and northeast, Figure 1c). The higher levels of NO, in marine-
influenced air are caused by more intense ship emissions west and southwest of the observation site (Figure 1a)
and the sea-land breeze that brings NO, to our field site (Figure S4 in Supporting Information S1). A comparison
of the NO,/SO, ratio with the previous study differentiates the pattern between marine air in this study and
continental air (Figure S4 in Supporting Information S1).

We observed reactive chlorine species with discrepant diurnal patterns throughout the campaign (Figure 3).
CINO, displayed a typical nighttime peak, with an average mixing ratio of 18 + 35 ppt. These CINO, levels are
substantially lower than those observed in continental outflows from the PRD (T. Wang et al., 2016) and Los
Angeles (Riedel et al., 2012). The low concentrations of CINO, are attributable to low levels of O, which limits
the formation of N,Os through the reaction of NO, and O5. Moreover, the low levels of PM, 5 indicate limited
aerosol surface area available for N,Os uptake and CINO, production. Despite the low campaign-average level,
the CINO, mixing ratios exceeded 200 ppt on certain nights and exhibited considerable day-by-day variability. In
contrast, both HOCI (8.9 + 5.1 ppt, campaign average) and Cl, (0.64 = 0.68 ppt) showed obvious daytime peaks
with smooth variations, indicating photochemical production of these species. While the levels of reactive
chlorine species (i.e., CINO,, Cl,, and HOCI) observed in ship emission-perturbed marine inflows are consid-
erably lower than those found in continental outflows at this site in previous studies (Peng et al., 2022; Xia
et al., 2022), their diurnal patterns are consistent across both marine inflows and continental outflows. These
results suggest that ship activities in the marine boundary layer trigger pollution-derived chlorine activation. The
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Figure 3. Diurnal patterns of radical precursors and kinetic parameters. The diurnal patterns were averaged from the entire
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patterns of a major precursor of OH- radicals, HONO. (e) Nocturnal lifetime of N,O5 (7,(N,Os)) and CINO, production
efficiency (e(CINO,)).
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Figure 4. Correlation analysis of ionic compositions in PM, s. (a) Correlation between NO,~ and Na*. (b) Correlation
between NO;~ and NH,™. (c) Correlation between SO,*~ and NH,*.

presence of HOCI and Cl, in the daytime implies an atmospheric source of CI- radicals because both can be readily
photolyzed, as discussed in subsequent sections.

We also detected abundant levels of reactive nitrogen species, which are relevant to the reactive chlorine species,
including HONO, N,Os, and particulate NO; ™. In particular, remarkable concentrations of HONO were observed,
with an average mixing ratio of 0.46 £+ 0.22 ppb. HONO photolysis releases OH:, which competes with CI- in
oxidizing VOCs. On the contrary, N,Os, another reservoir species of NO,, showed much lower concentrations,
ranging from O to 15 ppt in its diurnal pattern. Low levels of N,O5 at night limit CINO, production, as previously
discussed. Inorganic NO;~ in PM, 5 showed an obvious daytime peak, with average diurnal concentrations
ranging from 0.3 to 1.5 pg m™> (Figure S6 in Supporting Information S1). As NO;~ and CINO, are simulta-
neously produced following N,Os uptake on aerosols during the night, the diurnal pattern of NO5;™ indicates
limited nighttime chemistry. Conversely, elevated daytime NO;™~ levels, coupled with its photolysis, implies
active photochemistry and potential chlorine activation during the daytime. The following section discusses the
kinetics of ship emission-induced chlorine activations through nitrogen oxide-related chemistry.

3.2. Kinetic Parameters and Correlations

Following the overall observations and diurnal patterns, we calculated the kinetic parameters (Section 2.4) of
reactive chlorine to further understand its characteristics. N,Os is also discussed, as its heterogeneous loss is
responsible for the nocturnal production of CINO, and Cl, (Roberts et al., 2008). 7,,(N,Os) mostly lies in the
range of 0.1-10 min, indicating a rapid heterogeneous loss of N,O5 on aerosols (Z. Wang et al., 2017) or the ocean
surface (Kim et al., 2014). This short lifetime of N,Os is consistent with its low nocturnal concentrations. &
(CINO,) ranges from 0.01 to 0.07, similar to the values from previous shipborne measurements (Eger et al., 2019).
This result shows that merely 1%—7% of the produced NO;- radicals are converted to CINO,. Correspondingly,
the rest of NO5- is directly lost via reactions with NO and VOCs and is indirectly converted to particulate nitrate
through producing N,Os first. The low &(CINO,) can be attributed to high temperatures during our observations,
which shift the NO;—N,0O5 equilibrium toward NO5-. Moreover, low PM, 5 concentrations may limit the het-
erogeneous production of CINO, on aerosol surfaces.

We also conducted correlation analysis of aerosol ionic compositions, focusing on relevant species of reactive
chlorine (NO;~ and CI7). The results show that particulate NO; ™ is significantly correlated with sodium (Na*)
(R?* = 0.5, Figure 4a) and C1~ (R* = 0.57) but barely correlated with ammonium (NH, ") (R* = 0.07, Figure 4b). In
contrast, sulfate (SO,27) is strongly correlated with NH,* (R? = 0.59, Figure 4c). These results infer that NO;™
could be mainly produced by the acid displacement of HNO; on sea salt aerosol (R19) instead of the reaction
between HNO; and NH; (R20). The average aerosol pH estimated by the thermodynamic model is 2.1 + 0.3 (Text
S3 in Supporting Information S1), which is conducive for the combination of H*(aq) and Cl™(aq) to produce HCI
(aq). Moreover, HCl(aq) tends to evaporate into the gas phase owing to the high temperature in summer. Smaller
amounts of CI™ in the aerosol phase could be a potential reason for the low levels of observed reactive chlorine.

NaCl(s) + HNOs(g) = NaNOs(s) + HCI(g) (R19)

NH;(g) + HNO;(g) = NH4NO;(s) (R20)
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Figure 5. Correlation analysis of Cl, and HOCI. (a) and (b) display the correlation coefficients of Cl, with environmental
factors during the daytime and nighttime, respectively. (c) and (d) show the same plots for HOCI. (e) and (f) show the scatter
plot of Cl, or HOCI with the most relevant (i.e., with the largest R?) species or parameters. In (f), the orange and blue dots
indicate daytime and nighttime observations, respectively.

Cl, exhibits different correlations with other species or parameters. During the day, Cl, shows significant cor-
relation with the parameter /;NO, X Sa (R* = 0.46, Figures 5a and 5e), jNO, X Sa X NO;™, and jNO, x NO;~,
indicating Cl, production from photochemical sources (Peng et al., 2022). A weaker correlation between Cl, and
O3 X Sa (R* = 0.28) was also observed. Other pathways beyond our consideration, such as iron-catalyzed
photochemical reactions on aerosols, may also contribute to Cl, production (Chen et al., 2024; Lim
et al., 2006). At night, Cl, is significantly correlated with CINO, (R = 0.40, Figure 5b), consistent with previous
laboratory studies and field observations (Roberts et al., 2008; Xia et al., 2020).

HOCI demonstrates the strongest correlations with O3 during both day and night (R* = 0.36 and 0.31, respec-
tively, Figures 5c, 5d, and 5f). The daytime HOCI-O; relationship is likely attributable to the HOCI production
from the reaction between Cl- and O5. Other sources, such as direct emissions and nitrate photolysis, are not
related to daytime HOCI production. Additionally, daytime HOCI is independent of Cl,. At night, HOCI is
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correlated with NO,, O,, CINO,, and Cl, (R* 0.28-0.31), indicating nighttime chemistry initiated by NO,-
radicals. In detail, NO;- originated from NO, initiates N,O5 production, which undergoes heterogeneous uptake
to produce CINO, and Cl,. Furthermore, Cl, hydrolysis is one possible pathway for HOCI production. It should be
noted that the above correlation analysis may contain uncertainties and are qualitative only.

3.3. Budget Analysis

The kinetic calculations and correlation analysis provide a qualitative understanding of the factors influencing
reactive chlorine species. In this section, we present a more thorough analysis of their production and loss
pathways through a budget analysis aiming at quantifying their fates. We selected Cl, and HOCI to perform this
daytime budget analysis, as the daytime sources of Cl, and HOCI exhibit the highest uncertainties. The budget
analysis for CINO, was not conducted as the fate of CINO, is more explicit, that is, production through N,O5
uptake alone and loss mainly via photolysis and depositions. The budget analysis was performed using a chemical
box model based on diurnal averages of observation data (Section 2.3). Additional details of the box model are
provided in Supporting Information S1 (Text S4).

The daytime sources of Cl, in the model include heterogeneous uptake on OH:, O;, CIONO,, and HOCI on
chloride-containing aerosol and homogeneous reactions of Cl- + CIONO,, CIO- + ClO-, and CIONO, + H,O
(Atkinson et al., 1989; L. Wang et al., 2015). It should be noted that ambient CIONO, was always below the
instrument detection limit in this study. These chemical pathways are recognized as key secondary sources of Cl,
with explicit kinetic parameters. Direct emissions of Cl, and HOCI were not included for lack of nearby emission
sources, such as water treatment facilities or swimming pools. According to our simulations, the reactive uptake
on OH- on aerosol surfaces is the most critical source of Cl, production (Figure 6a) among these pathways. The
significance of the OH: uptake rate could be attributable to the elevated OH- levels simulated by the model
(1.5 x 107 molecule cm™ at noon) and the large OH- uptake coefficient (0.2) reported previously (Ammann
et al., 2013). The second most significant source of Cl, is the reactive uptake on HOCI (uptake coefficient:
2 x 10™*) on acidic, chloride-containing particles (Ammann et al., 2013). This pathway suggests chlorine cycling
instead of a net production of Cl, considering the interconversion of HOCI and Cl, (R12 and R15-R16). O,
uptake (uptake coefficient: 7.7 x 10™®) plays a minor role in Cl, production, consistent with our correlation
analysis (Ammann et al., 2013). Other known pathways contribute little to Cl, formation. Contrary to its
complicated formation pathway, Cl, loss is dominated by photolysis alone (>99% contribution).

Theoretically, ambient Cl, should reach a photochemical steady state due to its rapid photolysis and short
photochemical lifetime (~6 min at zero solar zenith angle in clear-sky conditions). A steady state of Cl, means
equal production and loss rates of Cl,. However, we found an obvious shortfall in Cl, sources, equivalent to ~50%
of total Cl, losses. The gap in Cl, sources could be caused by uncertainties in the uptake coefficients of OH- and
HOCI or in the model-simulated OH- concentrations. Alternatively, other known Cl, sources that are not con-
strained in the model could fill in the shortfall, including chloride oxidation induced by nitrate photolysis and
iron-catalyzed reactions (Abbatt et al., 2010; Chen et al., 2024). These processes were excluded from the model
for lack of explicit kinetic parameters. Specifically, the rate constant of nitrate photolysis varies by several orders
of magnitude, according to laboratory studies using aerosol filters (Ye et al., 2016), while the rate constant of iron-
catalyzed Cl, depends on aerosol Fe(III) concentrations ([Fe3 *1), which were not measured in this study.

We further examined the correlation between the missing source of Cl, and other species or parameters. Results
showed that the missing source of Cl, had no correlation with NO, or SO, (Figures 6b and 6c¢), ruling out primary
emissions from shipping activities or regional coal burnings as potential contributors. The missing source of Cl,
exhibits weak correlations with O; and HOCI (Figures 6d and 6e) while shows significant relationship with the
indicator of NO;™ photolysis (/(NO5™) and R* = 0.54, Figure 6f). Interestingly, this correlation improves slightly
(R*=0.70 and slope = 0.021, Figure 6g) when the NO;™ photolysis rate (R(NO; ™)) is used instead of /(NO5 ™).
Furthermore, the slope (0.021) in Figure 6g represents the production yield of Cl, from NO;~ photolysis,
assuming that the majority of the Cl, missing source is attributable to NO;™~ photolysis. Aerosol iron photo-
chemistry has recently been proposed as a potential source of Cl, in North China (Chen et al., 2024). However, the
broader significance of iron photochemistry for Cl, production remains unclear, and the iron concentrations in
aerosol have not been measured in this study. Nevertheless, iron photochemistry could be important in ship
emission plumes, as previous studies have reported iron-bearing aerosol emissions from ship exhaust (Fu
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Figure 6. Cl, budget and missing source. (a) Cl, budget (i.e., production and loss pathways) during the field campaign. (b)—
(g) Correlation of the missing source of Cl, with environmental factors: (b) NO,, (c) SO,, (d) O5, (¢) HOCI, (f) the nitrate
photolysis indicator, /(NO;™), and (g) the nitrate photolysis rate, R(INO;™), unit: ppb hL

et al., 2014). Overall, the contribution of iron photochemistry to Cl, production in Hong Kong, although not
quantitatively discussed here, warrants further research.

We also analyzed the budget of HOCI. Among the known sources, HOCI is predominantly produced by the
homogeneous hydrolysis of CIONO,, favored by the abundance of water vapor. The chemical budget of CIO-
(Figure S7 in Supporting Information S1) exhibits that its net consumption proceeds predominantly via the re-
action with NO, to produce CIONO,, while the C10- and HO,- reaction to produce HOCl is less significant. Other
known sources of HOCI, such as the heterogeneous hydrolysis of CIONO, on aerosols, are negligible due to the
limited aerosol surface area. Notably, additional HOCI production from NO;~ photolysis is unlikely, as labo-
ratory studies have revealed that NO;~ photolysis mainly produces Cl, rather than HOCI (Peng et al., 2022).
Direct emissions of HOCI could also be excluded, consistent with our discussion on Cl, sources. In terms of HOCI
loss, photolysis alone accounts for over 90%, outweighing other pathways such as HOCI uptake on aerosol and
deposition. In summary, the budget analysis of HOCl reveals an even larger missing source of HOCI (>90%) than
Cl,. As the secondary production of HOCI originates from Cl-, the missing source of HOCI probably indicates
missing sources of Cl-.

Recently, additional reactive chlorine species have been observed in ambient air, that is, chloramines (e.g., NCl;)
and ICl, which can act as Cl- precursors (Tham et al., 2021; C. Wang et al., 2023). NCl; can be emitted from water
treatment and produced secondarily, while ICI is mainly produced by hypoiodous acid (HOI) uptake on chloride
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Figure 7. Budget analysis of HOCI and investigation of potential chlorine precursors during campaign-average conditions.
(a) Production and loss pathways of HOCI simulated without additional chlorine sources. (b) Cl, levels simulated by
incorporating NCl; into the box model and comparison with field observations. (c) Comparison of O levels under three
scenarios: (1) ambient observation, (2) simulation using the observed data, and (3) simulation by incorporating ICl with
observations.

aerosols. We explored the possibilities of this emerging reactive chlorine as a potential Cl- source by incorpo-
rating them into the box model to assess their effects (see Section 2.4). We iteratively adjusted the constrained
level of NCI; or ICl in the model until the HOCI production balanced its loss (Figure S8 in Supporting Infor-
mation S1). The results show that 16.3 ppt of NCl; would be required to account for the missing HOCI source.
However, this concentration of NCl; significantly exceeds the average ambient level (2.8 ppt) observed in a
previous study (C. Wang et al., 2023). Such a high level of NCl; would also produce up to ~40 ppt of Cl,
(Figure 7b), far exceeding the ambient levels of Cl, observed in our campaign. Moreover, assuming a similar
detection limit of NCl; compared with other reactive chlorine species in this study, 16.3 ppt of NCl, should have
been detectable by our Tof-CIMS. However, we could not unambiguously identify NCl; in our Tof-CIMS
measurements. Alternatively, ~10 ppt of ICl could also compensate for the missing source of HOCl. Howev-
er, the iodine atoms released by ICl photolysis would excessively deplete O; (Figure 7c). Considering the un-
realistic outcomes of the photochemical degradation of NCl; and ICl, we conclude that other chlorine reservoirs
are likely responsible for the missing sources of HOCI or Cl-. Nevertheless, we could not identify those potential
chlorine reservoirs due to the limited understanding of chlorine chemistry.

Despite the unknown identity, we quantified the strength of the missing chlorine sources by hypothetically
allocating those missing Cl- to the photolysis of additional Cl,. Specifically, we increased the constrained CI,
levels to ~46 ppt (diurnal average) in the box model, achieving a balanced chemical budget of HOCI. Given that
the ambient-observed Cl, mixing ratio is merely ~0.6 ppt (diurnal average), the missing chlorine sources are
equivalent to 45.4 ppt Cl, in terms of their Cl- production rates. The implications of artificially augmenting
45.4 ppt of Cl, in the model are discussed in the subsequent section.
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3.4. Implications for Atmospheric Oxidation Capacity

We evaluated the contribution of reactive chlorine to atmospheric oxidation capacity, comparing the relative
importance of the observed chlorine reservoirs (i.e., CINO,, Cl,, and HOCI) and HONO. Besides, we assessed the
impact of potential chlorine sources required to balance the HOCI budget, which is equivalent to ~46 ppt of Cl, as
mentioned previously. These impacts focus on VOC oxidation, OH- levels, the net O, (O; + NO,) production (P
(0,)), and the lifetime of Hg0 and CH,. Results show that OH- radicals dominate the oxidation of alkanes, alkenes,
aromatics, and aldehydes (82.6%-99.9%, Figures 8a—8d), while CI- radicals produced by known chlorine res-
ervoirs contribute minimally to the oxidation of these VOCs, ranging from 0% to 0.67%. Although the rate
constants of some CI- + VOCs reactions are one to two orders of magnitude larger than those for OH- + VOCs
reactions (Atkinson & Arey, 2003), the simulated level of OH- (~107 molecule cm™ level) is four orders of
magnitude larger than that of Cl- (~3 x 10% molecule cm™ level) from the observed reactive chlorine. The high
level of simulated OH- is partly attributable to HONO (~50% contribution), while Cl- chemistry barely increases
OH. levels (Figure 8i). The additional OH- produced by HONO photolysis subsequently perturbs radical cycling,
increasing RO,- levels and contributing to P(O,) (Figure 8j). The high P(O,) implies a potential to produce high
levels of O; in downwind coastal areas.

The enhanced atmospheric oxidation power owing to HONO also shortens the lifetime of Hg® and CH,, (see the
method part and Xia et al. (2022) for details). In the base case, excluding reactive chlorine or HONO, the Hg®
lifetime is estimated to be 47.1 days (Figure 8k). The Hg" lifetime is slightly reduced to 45 days when incor-
porating reactive chlorine, while largely decreased to 25.6 days when both reactive chlorine and HONO are
considered (Figure 8k). According to literature report, the Hg® lifetime ranged from 100 days to 1 year on a global
scale while could be as short as 2 days (Peng et al., 2020) or even several hours (S. Wang et al., 2019; T. Wang
et al., 2019) in specific regions with abundant reactive halogens. When the marine air masses associated with
strong oxidation power encounter anthropogenic Hg® emissions in coastal areas, Hg® is converted into more
reactive and toxic forms of mercury (Hg>"), threatening aquatic ecosystems and human health through bio-
magnification (Zhang et al., 2021). Additionally, CI- reduced the lifetime of CH, from 366 to 364 days, the impact
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of which was negligible. It should be noted that the relative importance of Cl- can vary within a day, as the ratio of
Cl- to OH- decreased from sunrise to sunset (Figure S9 in Supporting Information S1).

The significance of chlorine chemistry remarkably increases when the missing chlorine sources are considered. In
the “with additional C1” case, where ~46 ppt of Cl, is constrained to account for unknown reactive chlorine, the
simulated CI- level reaches up to 1.5 x 10° molecule cm™ at noon. This Cl- concentration contributes signifi-
cantly to the oxidation of VOCs (Figures 8e—8h), especially alkanes, with 18.7% contributions (Figure 7f).
Additional Cl- from these unknown sources also raises the simulated OH- level to ~1.8 x 107 molecule cm™
(Figure 8i) and P(O,) to up to 18 ppb h™! (Figure 8j). The additional CI- source also changes the response of the
model-simulated OH- and P(O,) to environmental factors, especially NO,, according to the sensitivity tests
(Figure S10 in Supporting Information S1). The Hg” lifetime further decreases to below 10 days when the po-
tential additional sources of chlorine are considered (Figure 8k). Additionally, the CH, lifetime further reduced
from 364 to 321 days with additional chlorine, demonstrating a potential impact on climate. The impacts of
chlorine chemistry with these additional chlorine sources are comparable to those observed at an urban site in
North China (Ma et al., 2023) and a coastal site in south China (Niu et al., 2022), while they are less notable than
those found in continental outflows in Hong Kong due to the higher levels of daytime Cl, (up to ~1 ppb) (Peng
et al., 2022). This suggests that potential chlorine sources are significant, and further exploration of chlorine
chemistry in the marine boundary layer is warranted.

4. Summary and Conclusion

Field observations coupled with box modeling are performed to probe the chlorine chemistry at a coastal site in
Hong Kong under the influence of ship emissions. We observe clear daytime peaks of Cl, reaching several ppt
level, which is probably formed by significant OH- uptake on aerosol and NO;~ photolysis. Budget analysis of
HOCI suggests the presence of missing chlorine sources in the ship emission plumes, which is equivalent to the
CI- produced by the photolysis of ~46 ppt Cl, (diurnal average). Newly reported chlorine species, that is, NCl; or
ICl, could not explain the potential chlorine sources, pointing to unknown Cl- sources that remain to be resolved.
The observed levels of reactive chlorine play a minor role in photochemistry, while the potentially additional Cl-
sources could significantly promote atmospheric oxidation capacity. Overall, our findings highlight the need for
further exploration of new chlorine sources under the influence of marine ship emissions.
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