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Abstract Reactive bromine species play important roles in atmospheric chemistry and influence the
abundance of climate- and air quality-relevant trace gases. While extensive studies have focused on bromine
chemistry in polar regions, the bromine species in extrapolar regions, particularly regarding pollution-related
bromine recycling, have received less attention. In this study, we examine the factors influencing the bromine
recycling at a clean marine site of the North Atlantic (Cape Verde, CVAO), a semipolluted coastal site of the
South China Sea (Hok Tsui, HT), and a polluted continental site of North China (Wangdu, WD), using an
observation-based model combined with updated halogen chemistry. Our results indicate that aerosol-related
multiphase processes significantly affect bromine recycling in these extrapolar sites. Nitrate photodissociation
efficiently recycled bromide into the gas phase in regions characterized by strong aerosol acidity (HT) or high
aerosol concentrations (WD). Concurrently, bromine species are lost from the gas phase toward aerosol
surfaces, with this process being more effective at higher liquid water content (WD > HT > CVAO). In
semipolluted and polluted sites, the aerosol-related processes resulted in elevated bromine levels in the daytime
compared to nighttime, leading to larger effects of bromine species on ozone than previously thought. Our study
suggests the need for a better understanding of the complex effects of aerosols on reactive halogen chemistry.

Plain Language Summary Reactive bromine species significantly influence the abundance of
climate- and air quality-relevant trace gases. Over the past decades, the sources and atmospheric impacts of
bromine species in polar regions have been extensively studied due to their critical role in the Arctic ozone
depletion episodes (ODEs). Both observations and laboratory studies have identified aerosols as crucial players
in bromine explosions and subsequent Arctic ODEs. Here, using an observation-constrained multiphase
chemical box model with updates in halogen chemistry, we demonstrate that aerosols can provide a medium for
bromine species activation or loss in extrapolar marine and continental regions, depending on their
compositions and properties. These aerosol-related processes are not included in current chemistry climate
models, potentially hindering the accurate assessment of the impact of halogen species on climate and air
quality.

1. Introduction

Reactive bromine species (Br, = 2 X Br, + BrNO, + BrCl + Br + BrO + BrNO; + HOBr) are important players
of atmospheric chemistry and influence the abundance of climate- and air quality-relevant trace gases (Li
et al., 2022; Saiz-Lopez et al., 2023). Since discovering their links to ozone depletion episodes (ODEs) in the
Arctic during the 1980s (Barrie et al., 1988; Bottenheim et al., 1986; Oltmans & Komhyr, 1986), the sources and
atmospheric impacts of bromine species in polar regions have been extensively studied (Abbatt et al., 2012; Platt
& Honninger, 2003; Saiz-Lopez & von Glasow, 2012; Simpson et al., 2007, 2015). The occurrence of Arctic
ODEs is commonly associated with strong winds, which carry large amounts of blowing snow particles aloft.
These particles facilitate autocatalytic chemical chain reactions, leading to the release of reactive bromine species
(known as bromine explosion) and subsequent ozone depletion (McElroy et al., 1999; Wennberg, 1999). These
findings underscore the important role of aerosols in bromine activation since the production of reactive bromine
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species (e.g., Br, and BrCl, the key precursors of Br radical) commonly involves multiphase and aerosol bulk
reactions (Hoffmann et al., 2019; Saiz-Lopez & von Glasow, 2012; Simpson et al., 2015).

Over the past decades, interest in reactive bromine chemistry has expanded to extrapolar regions, which have a
large burden of aerosols from natural and anthropogenic sources on a global scale. Reactive bromine species were
detected over the pristine marine boundary layer (MBL), in tidal coastal areas, and in pollution-laden air mass
(Simpson et al., 2015). The reactive bromine species in the extrapolar regions cannot be reproduced by the
chemical mechanisms developed from polar studies (Peng et al., 2020; Sommariva & von Glasow, 2012; Xia
et al., 2022). In the MBL atmosphere, chemical models incorporating the polar study-based mechanism predict
abundant bromine levels (up to 50 pptv, with BrCl being the most abundant species), primarily from sea salt
aerosol debromination (Parrella et al., 2012). This contradicts measurements at Cape Verde, a remote marine site
in the North Atlantic, where only low levels of BrO (2.5 = 1.1 pptv) and below detection limit (2 pptv) levels of
BrCl were measured (Sommariva & von Glasow, 2012). Field measurements at a polluted coastal site in Hong
Kong (Xia et al., 2022) and a polluted continental site in northern China (Peng et al., 2020) observed significant
daytime levels of Br, and BrCl. Neither the abundance nor the diurnal profile can be fully reproduced via the
chemical models with the previously known bromine chemistry. Laboratory experiments suggest bromide acti-
vation by particulate nitrate (NO;") photodissociation as an important daytime Br, source (Xia et al., 2022). There
is a need for a better understanding of the aerosol-related processes that affect the bromine sources and sinks in
extrapolar regions and their environmental impacts, in view of varying aerosol compositions and properties (e.g.,
acidity and aerosol water content) between extrapolar regions and polar regions.

Within the present study, we show that aerosols can provide a medium for bromine species activation or loss
based on the comprehensive observations at the Hok Tsui coastal site (Xia et al., 2022). Using an observation-
constrained multiphase chemical box model integrated with updated halogen chemistry, especially with up-
dates in the interactions between bromine species and aerosols, we investigate the mechanisms of how aerosols
affect the gas-to-aqueous bromine partition and the gas-phase bromine speciation in the remote marine, semi-
polluted coastal, and polluted continental regions where aerosol compositions and properties largely differed. We
also discuss the potential impacts of the aerosol-related multiphase processes on the role of reactive bromine
species in the ozone formation and loss. Our findings bridge the gap between bromine simulations and obser-
vations in extrapolar regions and provide insight into the complex effects of aerosols on bromine chemistry.

2. Materials and Methods
2.1. Observational Data Sets

Diurnal data on bromine species and supporting data were collected from published literature and our previous
measurements (Table S1 in Supporting Information S1). These data sets encompass three extrapolar sites that
represent different chemical conditions (Figure S1 in Supporting Information S1). The specific species or pa-
rameters measured at each site, along with the corresponding instrument techniques, are provided in Table S1 in
Supporting Information S1.

The semipolluted coastal site of Hok Tsui (HT) is located in Hong Kong, Southern China. The measurements
include Br,, BrCl, NO, NO,, O3, SO,, CO, VOCs, HONO, N,0s, Cl,, HOCI, CINO,, BrCl, Br,, NH;, PM, s,
NO57, 5042’, NH4+, CI™, organics, aerosol surface and volume concentrations, temperature, pressure, relative
humidity, and the photolysis frequency of NO, (J(NO,)). The HT site is characterized by moderate aerosol
abundance (e.g., aqueous NO; ™~ concentrations: 1.75 mol/L), strong aerosol acidity (pH: 2.31), and high aerosol
liquid water content (LWC; 6.29 pg/m?).

The remote maritime site of Cape Verde (CVAO) is located in the tropical North Atlantic upwelling region off the
coast of West Africa. We obtained measurements of BrO, NO, NO,, O;, CO, VOCs, HONO, NO;™, SO42’, NH4+,
Cl7,Br, Na%, Ca?*, Mg2+, K™, aerosol number, surface, volume concentrations, temperature, pressure, relative
humidity, and J(NO,). The CVAO site is marked by moderate aerosol abundance (e.g., aqueous NO;~ con-
centrations: 0.98 mol/L), weak aerosol acidity (pH: 4.91), and moderate aerosol LWC (2.31 pg/m3).

The polluted continental site of Wangdu (WD) is located in northern China. We obtained measurements of HOBr,
BrCl, Br,, NO, NO,, O5, SO,, CO, VOCs, HONO, N,Os, Cl,, HOCI, CINO,, NH;, PM, 5, NO;™, SO42’, NH,*,
CI~, Br™, organics, aerosol surface concentration, temperature, pressure, relative humidity, and J(NO,). The WD
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site is characterized by high aerosol abundance (e.g., aqueous NO5~ concentrations: 14.28 mol/L), weak aerosol
acidity (pH: 4.70), and high aerosol LWC (7.17 pg/m>).

Five-minute average observations of Br,, BrCl, and other species and parameters at HT were used to examine
potential bromine sources and sinks (refer to Xia et al. (2022) for details on field observations at HT). Addi-
tionally, the observational data collected from HT, alongside the data sets from CVAO and WD, were used as
input to the chemical box model to examine dominant factors influencing the bromine recycling in these
extrapolar areas.

2.2. Development of Halogen Chemistry Module

We developed three chemistry modules to assess the impact of aerosol-related multiphase processes on bromine
chemistry. All modules were based on the Master Chemical Mechanism (MCM) v3.3.1 (Jenkin et al., 2003;
Saunders et al., 2003) but differed in their treatment of halogen chemistry.

The first module (“MECH_EX”) denotes existing polar study-based mechanisms, incorporating gas-phase re-
actions and heterogeneous uptake of chlorine and bromine species (Ammann et al., 2013; Li et al., 2021; Xia
et al., 2022; Refer to Text S1 in Supporting Information S1 for details), and S(IV) oxidation by HOBr (Liu &
Abbatt, 2020). In this module, heterogeneous uptake reactions were implemented as first-order gas-phase loss
reactions.

The second module (“MECH_NO;™”) extends “MECH_EX” by incorporating Br, production through nitrate
photodissociation (Equation 1) (Xia et al., 2022).

P(Br,) = kx [H*] x [NO3] x [Br ]| xJ(Br) XS, 1)

where k denotes an empirical prefactor and was determined as 758; [H'], [NO; "], and [Br™] represent the
aqueous-phase H*, NO,™, and Br™ concentrations in fine aerosols, respectively; J(Br,) represents a measure of
light intensity; and S, represents the aerosol surface area.

The third module (“MECH_PT”) extends “MECH_NO; " by implementing the heterogeneous loss of each
bromine species (e.g., Br,, BrNO,, BrNO3, BrO, BrCl, HOBr, and HBr) on aerosol surfaces (Equations 2 and 3).
Here, the heterogeneous loss was implemented by incorporating phase transfer (PT) processes from the Chemical
Aqueous-Phase RAdical Mechanism (CAPRAM) (Ervens et al., 2003; Hoffmann et al., 2019), which are sum-
marized as follows: (a) mass transport of the gaseous bromine species to the air-water interface, (b) transfer across
the interface (accommodation process), (c) mass transport of the dissolved bromine species within the aqueous
phase, (d) aqueous-phase reaction(s), and (e) mass transport of reaction product(s) and possible subsequent
evolution into the gas phase. We assumed a fixed ratio of bromine species could be recycled back to the gas phase
from the aqueous phase, with the remainder lost to aerosol surfaces (See the “Chemical box modeling” section
below for the method to determine the ratio value).

Mg _p ix], - —fm oy ©)
dt mt ¢ KyXRXT “
d[Xx L
Xl _ nXLWE 13y xRatio—k X LWC x [X], 3)

dt = KyXRXT ot
where [X], and [X],, represent the gas-phase and aqueous-phase concentrations of bromine species. We assumed
that the particle phase is predominantly aqueous, given the humid conditions (well above the initial efflorescence
relative humidity range summarized in Ma et al. (2021)) and the significant aerosol water content at the three sites
(Figure S1 in Supporting Information S1); k., represents the mass transport coefficient, which was determined
based on Equation 4; LWC represents the liquid water content; K, represents the Henry constant; R represents the
molar gas constant; T represents the ambient temperature; and “Ratio” represents the ratio of [X],q that was
recycled into [X],. Refer to Text S2 in Supporting Information S1 for the quantum calculation on K}, values.
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Kone =< r +4r>1 @)

E 3<c>a

where r denotes the particle radius; D, denotes the gas-phase diffusion coefficient, which was estimated using
Fuller-Schettler-Giddings equation; <c> represents the mean velocity of the gas molecules; and a represents the
mass accommodation coefficient. Refer to Table S2 in Supporting Information S1 for the values and references of
D, and a for individual bromine species.

2.3. Multiphase Chemical Box Modeling

We conducted five sets of simulations using the chemical box model powered by Framework for 0-D Atmo-
spheric Modeling (FOAM) (Wolfe et al., 2016). Observational data collected from HT, CVAO, and WD were
averaged or interpolated into 5-min resolution over a 24-hr period. Each simulation was initiated at 00:00 local
time (LT) and ended at 23:55 LT, with an integration step of 5 min. The bromine species were initialized ac-
cording to observational data, and then, their formation and chemistry were simulated freely with inputs of
relevant species in the following integration. To stabilize the concentrations of unconstrained species, the model
was prerun for 1 day to approach a steady state, and results from the second day were extracted for analysis. The
details of model scenarios are provided in Table 1 and Table S3 in Supporting Information S1 and are summarized
below.

The first set examined the impact of nitrate photodissociation on bromine levels, using identical inputs derived
from HT observations (Table S3 in Supporting Information S1) for both MECH_EX and MECH_NO;~ simu-
lations. The inputs of unmeasured species or parameters were handled as follows: aqueous-phase Br~ concen-
trations were estimated by assuming the same C1~ to Br™ ratio in the aerosol phase as that in the seawater (i.e.,
[CITV/[Br7] = 650:1) (Xia et al., 2022). Based on such assumption, the Br™ concentration was determined to be
0.003 £ 0.00038 mol/L (Figure S1 in Supporting Information S1), under which the inhibitory effect of C1~ on Brz
release can be considered negligible (Finlayson-Pitts, 2003); the particle radius was calculated from the measured
particle number and size distribution, assuming spherical particles; and LWC and aerosol H concentrations were
calculated using ISORROPIA II with forward mode and metastable state assumption (Guo et al., 2015, 2016). The
results from ISORROPIA 1II simulations for NH; show good agreement with the observed NH; concentrations
(Figure S2 in Supporting Information S1). The differences in bromine species concentrations simulated with
MECH_EX and MECH_NO;"™ indicate the impact of nitrate photodissociation.

The second set determined the ratio of bromine species lost on aerosol surfaces, using HT-derived inputs as in the
first set (Table 1 and Table S3 in Supporting Information S1). These simulations, performed with MECH_PTX
(where X denotes the assumed ratio value of bromines that can be recycled from the aqueous phase to the gas
phase, varying from O to 1 in 0.05 increments), identified a recycling ratio of 0.80 for MECH_PT, when both the
simulated Br, and BrCl concentrations agreed well with observations at HT (Figure S3 in Supporting
Information S1).

The third set examined the impact of heterogeneous loss of individual bromine species on total reactive bromine
(Bry) levels, using HT-derived inputs as in the first set (Table 1 and Table S3 in Supporting Information S1).
These simulations were performed with MECH_PT_X, which extends MECH_NO;™ by incorporating the aerosol
surface loss of each bromine species individually (PT_X in Figure S4 in Supporting Information S1, with X
representing the specific bromine species). The differences in Br, concentrations between MECH_NO;™ and
MECH_PT_X simulations indicate the impact of each species' heterogeneous loss.

The fourth set examined the impact of aerosol-related multiphase processes (i.e., nitrate photodissociation and
heterogeneous loss on aerosol surfaces) on bromine chemistry across remote marine, semipolluted coastal, and
polluted continental regions. Using identical inputs for each site (Table 1 and Table S3 in Supporting Informa-
tion S1), simulations were performed with MECH_EX and MECH_PT, respectively. The differences in Br,
concentrations and related reaction rates between MECH_EX and MECH_PT simulations indicate the impact of
these multiphase processes.

The fifth set examined the impact of reactive bromine species on O5 in remote marine, semipolluted coastal, and
polluted continental regions. Using identical inputs for each site (Table 1 and Table S3 in Supporting
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Figure 1. The model-simulated bromine species concentration using different chemical mechanisms and comparisons with
observations at a coastal site (Hok Tsui, Hong Kong). The panels were shown in log10 scales. (a) Average concentrations of
Br,, BINO,, BrCl, Br, BrO, BrNO;, HOBr, and Br, (=2 X Br, + BrNO, + BrCl + Br + BrO + BrNO; + HOBr). Error bars
indicate half the standard deviation of the mean. (b) Diurnal profiles of Br, concentrations. (c) Diurnal profiles of BrCl
concentrations. OBS: observations. MECH_EX: existing mechanisms; MECH_NO;: MECH_EX + nitrate
photodissociation; MECH_PT: MECH_NO;™ + heterogeneous loss on the aerosol surface of Br,, BrCl, BrO, BiNO,,
BrNO;, HOBTr, and HBr.

Information S1), simulations were performed without bromine chemistry and with MECH_EX and MECH_PT,
respectively. Like bromine species, the concentration of O3 was initialized according to observational data, and
then, its formation and chemistry were simulated freely with inputs of relevant species in the following inte-
gration. Instead of a direct 1-day prerun, oxygenated VOC concentrations were initialized according to prerun
results. The differences in the net rates of O, (=03 + NO,) production calculated with and without bromine
chemistry indicate the impact of reactive bromine species on O;. We focused on the net rate of O, production to
eliminate the effect of NO titration on O; (see Text S3 in Supporting Information S1 for the calculation of the net
rates of O, production).

3. Results and Discussion
3.1. Aerosol-Related Multiphase Processes and Impact on Bromine Species

Figure 1 compares bromine simulations and observations at the HT site. Using the MECH_EX mechanism, the
simulated Br, and BrCl concentrations peaked in the nighttime, in contrast to the observed daytime peaks. The
average simulated concentrations for Br, and BrCl were 5.9 + 5.2 pptv and 6.7 = 5.3 pptv, respectively, modestly
higher than observations (3.0 £ 1.0 pptv for Br, and 0.62 %+ 0.38 pptv for BrCl). These discrepancies highlighted
the inadequacy of polar-derived mechanisms in capturing the diurnal patterns of bromine species in extrapolar
regions.

We incorporated nitrate photodissociation, a bromine activation pathway (Abbatt et al., 2010; Dalton et al., 2023;
George & Anastasio, 2007) parameterized based on the HT studies (Xia et al., 2022), into the model, that is, the
MECH_NO;™ mechanism. This adaptation allowed the model to reproduce the significant daytime bromine
concentrations observed (Figure 1). However, it also led to an overestimation of nighttime bromine levels
(simulations: 110 = 92 pptv for Br, and 48 + 37 pptv for BrCl; observations: 3.0 = 1.0 pptv for Br, and
0.62 =+ 0.38 pptv for BrCl), suggesting the presence of unaccounted-for bromine sinks.
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Figure 2. Correlations (r-value) between reactive halogen species and other species or parameters at Hok Tsui. (a) Correlations during the daytime, specifically from
6:00 to 18:00 LT. (b) Correlations during the nighttime, specifically from 19:00 to 5:00 LT. Results with a low significance level (p > 0.05) were marked with black
markers.

We further examined correlations between reactive bromine species and other species or parameters, leading to
the correlation matrix of Figure 2. Here, daytime and nighttime averages were used to minimize diurnal variation
effects. A positive correlation was found with J(NO,) in the daytime (related to Br, production from nitrate
photodissociation) and with O3 in both the daytime and nighttime (attributed to HOBr production from the
heterogeneous reactions of Os). In contrast, a significant negative correlation was observed with aerosols during
the night. Negative correlations with aerosol liquid water content and relative humidity further pointed to the role
of heterogeneous uptake on aerosol surfaces in bromine loss, with the rate influenced by aerosol liquid water
content. Within major aerosol compositions, bromine species were negatively correlated with sulfate (r: —0.74),
ammonium (r: —0.69), and organics (r: —0.60), and to a lesser extent with nitrate (r: —0.45) (Figure S5 in
Supporting Information S1). This is because nitrate aerosols can influence both bromine activation and bromine
loss.

To implement the heterogeneous loss of bromine species on aerosol surfaces, we integrated phase transfer
processes (Ervens et al., 2003; Hoffmann et al., 2019), involving both gas-to-aqueous and aqueous-to-gas mass
transport, into the MECH_NO;™ mechanism (i.e., the MECH_PT mechanism). Using the MECH_PT mechanism,
the average simulated concentrations for Br, and BrCl were 2.5 = 1.7 pptv and 0.78 + 0.52 pptv, respectively,
with both species peaking in the daytime (Figure 1). Additionally, we noted a slight delay in the simulated
daytime BrCl peak, as well as lower nighttime BrCl concentrations than observations. These discrepancies could
be attributed to unaccounted-for reactions among bromine species that may not be fully represented in the current
model setup. The incorporation of nitrate photodissociation and heterogeneous loss on the aerosol surface into the
polar-derived mechanisms reproduced the observed bromine concentrations and patterns at HT, highlighting the
significance of aerosol-related multiphase processes in bromine chemistry. On a species level, the heterogeneous
loss of BrNOj; had the largest effect on Br, concentrations (—88%), followed by Br, (—59%), HOBr (—18%), and
BrCl (—18%) (Figure S4 in Supporting Information S1). This is due to their high abundance and high probability
of colliding with the aerosol surface to enter the particle phase (indicated by larger mass accommodation coef-
ficient values of BrNO5;, HOBr, and BrCl) or high solubility in the aqueous phase (indicated by larger Henry
constant values of HOBr and Br,) (Table S2 in Supporting Information S1).

Simulations at Cape Verde and Wangdu sites with both MECH_EX and MECH_PT mechanisms further validated
the impact of aerosol-related multiphase processes across different extrapolar marine and continental environ-
ments. The MECH_PT mechanism improved bromine simulations, especially in capturing the daytime bromine
peaks at WD and the significant loss of BrCl on aerosol surfaces at CVAO (Figures S6a and S6b in Supporting
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Figure 3. (a) Comparison of model-simulated Br, concentrations with MECH_EX and MECH_PT. (b) The model-calculated rates (shown in log10 scales) of Br,
production from nitrate photodissociation and Br, loss on the aerosol surface with MECH_PT. (c) The model-simulated Br, chemical speciation with MECH_EX and

MECH_PT, respectively.

Information S1). Previous modeling studies did not consider aerosol-related multiphase processes and conse-
quently overestimated BrCl and total bromine levels in the MBL (Long et al., 2014; Sommariva & von Gla-
sow, 2012). Overall, the MECH_PT mechanism offers a reasonable explanation for bromine observations across
diverse extrapolar environments.

3.2. Key Factors Driving the Bromine Recycling in Extrapolar Regions

We further examined the impact of multiphase processes on bromine recycling in extrapolar regions. A key
finding is the regulation of aerosol-related multiphase processes on the diurnal variations of bromine species,
primarily through modulation of the partitioning between the gas and aqueous phases. With the MECH_EX
mechanism, Br, concentrations peaked during the nighttime at all three extrapolar sites. However, using the
MECH_PT mechanism, we found increased daytime Bry concentrations at both HT and WD, in contrast to
CVAO, where nighttime peaks persisted (Figure 3a).

At the HT and WD sites, characterized by either high aerosol acidity and/or aerosol load (Figure S1 in Supporting
Information S1), the process of nitrate photodissociation is a crucial mechanism for the daytime recycling of
bromide back into the gas phase, with average rates of 170 + 250 pptv/hr (HT) and 210 + 400 pptv/hr (WD) (i.e.,
bromine molecule production rate from nitrate photodissociation), respectively. Concurrently, the high aerosol
liquid water content at these sites facilitated the rapid loss of gaseous bromine species to aerosol surfaces, at rates
of 82 + 110 pptv/hr (HT) and 150 £ 150 pptv/hr (WD), respectively (Figure 3b). The net effect of these processes
was a pronounced increase in Bry levels during the daytime, attributed mainly to the dominance of nitrate
photodissociation over heterogeneous loss. In comparison, the CVAO's relatively low aerosol abundance and
weak acidity resulted in negligible rates of aerosol-related multiphase processes (0.084 = 0.11 pptv/hr for nitrate
photodissociation; 0.77 & 0.31 pptv/hr for heterogeneous loss). Consequently, nighttime Br, peaks persisted at
the CVAO site.

The chemical speciation of Br, was also affected by aerosol-related processes (Figure 3c). Using the MECH_EX
mechanism, BrCl was the predominant species at CVAO (83%) and WD (98%), while Br, predominated at HT
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pathways.

(55%). Using the MECH_PT mechanism, there was a significant reduction in BrCl's contribution across the three
sites (from 31%-98% to 4%-81%), due to its rapid aerosol surface loss relative to other bromine species. In
comparison, species like BrO, HOBr, BrNO,, and BrNO; saw increased contributions at varying extents. For BrO
and BrNO,, the increased contributions (from 0%—2% to 0%—3% for BrO; from 0%—0% to 0%—20% for BrNO,)
were due to their slower aerosol surface loss rates. For HOBr and BrNOj, their production from accumulated BrO
offset their aerosol surface loss (Figure 4), leading to their increased contributions (from 0%—1% to 0%—4% for
HOBr; from 0%—14% to 4%—67% for BrNO3). The impact of aerosol-related processes on Br, was complex, with
Br,'s contribution decreasing at HT (from 55% to 23%) but increasing at WD (from 1% to 59%) using the
MECH_PT mechanism. This difference is attributed to the faster conversion of Br, from BrNO, uptake at WD
than BrNO; uptake at HT.

Additionally, the Br, chemical speciation was affected by the abundance of oxidants and NO,, and this pattern
was consistent for simulations with both MECH_EX and MECH_PT (Figure 4 and Figure S7 in Supporting
Information S1). For further analysis, we focused on the results from MECH_PT. Among the three extrapolar
sites, WD represents a high-NO, (mean + sd: 83 + 35 ppbv for NO,) and low-oxidant (mean =+ sd: 8.3 = 5.2 ppbv
for O3) condition, HT represents a moderate-NO, (mean * sd: 3.5 = 0.67 ppbv for NO,) and high-oxidant
(mean = sd: 50 = 9.8 ppbv for O3) condition, and CVAO represents a low-NO, (mean =+ sd: 0.023 = 0.0079
ppbv for NO,) and moderate-oxidant (mean * sd: 29 = 0.99 ppbv for O3) condition (Figure S1 in Supporting
Information S1). The oxidants and NO, levels are important for the recycling of reactive bromine species like Br
and BrO radicals to less reactive species like BrNO, and HOBr. For instance, under moderate-to-high-oxidant and
low-to-moderate-NO, conditions, Br radical predominantly reacted with O3/NO; radical/ClO, radical to form
BrO radical (#G6-#GS5 in Figure 4; CVAO: 0.69 £ 0.79 pptv/hr; HT: 150 + 230 pptv/hr), while at the high-NO,
and low-oxidant WD site, Br radical favored forming BrNO, (#G12-#G13 in Figure 4; 40 £ 72 pptv/hr). This
resulted in a higher BrNO, proportion at WD (20%) than HT (2%) and CVAO (0%). Additionally, the fate of BrO
radical varied with NO, levels. Under moderate-NO, concentration levels at the HT site, BrO radical was rapidly
converted to BrNO; (#G9-#G10 in Figure 4; 130 + 210 pptv/hr), leading to its significant contribution (67%) to
Bry, whereas at low-NO, condition at the CVAO site, BrO radical predominantly formed HOBr (#G7-#G8 in
Figure 4; 0.51 £ 0.59 pptv/hr).

3.3. Larger Effects of Bromine Species on Ozone in Polluted Regions Than Previously Thought

As shown in the proceeding section, the aerosol-related multiphase process strongly affected bromine chemistry.
Here, we assessed the impacts of bromine species on O3 by comparing the net rates of O, production calculated
without considering bromine chemistry and with MECH_PT (as outlined in the fifth set in Chemical box
modeling). At CVAO, bromine species slightly reduced the net O, production rates by —0.0011 ppbv/hr (—2%),
whereas at HT and WD, bromine species increased the net O, production rates by 0.039 ppbv/hr (1%) and 0.63
ppbv/hr (23%), respectively (Figure 5 and Figure S8 in Supporting Information S1). These results are consistent
with previous studies (Peng et al., 2020; Read et al., 2008; Thompson et al., 2017; Wang et al., 2019; Xia
etal., 2022), indicating that Br radical consumes O; in polar and pristine MBL environments with low VOC levels
(e.g., mean £ sd: 2.0 = 0.17 ppbv for C,-C,, species at CVAO) but enhances O; levels in semipolluted and
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definition of the “halogen-related” factor.

polluted regions with modest-to-high VOC levels (e.g., mean =+ sd: 7.7 £ 0.47 ppbv for C,—C, species at HT and
63 £ 22 ppbv for C,—C,, species at WD). The incorporation of bromine chemistry can accelerate the rates of both
O, production and O, destruction, and the impact on O, production outweighed that on O, destruction at HT and
WD, leading to an overall increase in net O, production, in contrast to the bromine effect at CVAO (Figure 5).
Notably, despite comparable daytime Br, concentrations at HT and WD (Figure 3), bromine species exerted a
larger influence on O,-related rates at WD. This discrepancy can be attributed to the more pronounced impact of
bromine species on RO, radical (=OH + HO, + RO,) cycling at WD (270 pptv/hr) than HT (160 pptv/hr)
(Figure 4).

We further compared the impact of bromine species on net O, production rates using MECH_EX and MECH_PT
mechanisms (Figure 5 and Figure S8 in Supporting Information S1). The incorporation of aerosol-related pro-
cesses resulted in a considerable change in the effect of bromine species on O, production. Specifically, the
transition from MECH_EX to MECH_PT shifted the impact of bromine species from negative (—0.0092 ppbv/hr)
to positive (0.039 ppbv/hr) on net O, production rates at HT and amplified the positive impact at WD (by 0.62
ppbv/hr), with minimal changes found at CVAO. These results underscore the potential underestimation of
reactive bromine species' role in photochemical ozone production within semipolluted (e.g., mean + sd:
18 + 7.5 pg/m? for PM, 5 at HT) and polluted (e.g., mean + sd: 140 + 36 ug/m> for PM, 5 at WD) regions when
aerosol-related multiphase processes are overlooked.

4. Uncertainties, Implications, and Outlook

This study highlights the dual effect of aerosols on bromine recycling and the significant impact of the aerosol-
related multiphase process on bromine chemistry outside the polar regions under both marine and continental
conditions. This dual effect included the efficient recycling of bromide into the gas phase in regions characterized
by strong aerosol acidity or abundant aerosols and the significant aerosol surface loss of bromine species at high
liquid water content. Our study contributes to a deeper understanding of the lower-than-expected low levels of
reactive bromine species in the MBL atmosphere and elucidates the mechanisms behind pollution-related
bromine recycling in semipolluted and polluted regions. Additionally, similar aerosol-driven multiphase pro-
cesses are suggested to occur within chlorine chemistry, as inferred from correlation analyses between reactive
chlorine species and other species or parameters (Figure 2). Overlooking these processes would hinder the ac-
curate assessment of the impact of reactive halogens on climate and air quality.

Despite improvement in our model's representation of bromine chemistry, considerable discrepancies between
observed and simulated results remain (Figure S6 in Supporting Information S1). For example, the model un-
derestimates bromine concentrations at WD, likely due to unaccounted-for direct emissions from coal burning
(Peng et al., 2020). Furthermore, the diurnal patterns of bromine species, particularly BrCl, were not well captured
at WD, potentially because the model applied the same recycling ratio of bromine species from the aqueous to the
gas phase as at HT, which should vary depending on site-specific conditions. The model simulation also suggests
high levels of BrNOj; in semipolluted coastal and polluted continental regions, which were not detected by the
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CIMS at HT and WD. This discrepancy may be attributed to an underestimation of heterogeneous loss of BrNO;
due to a uniform recycling ratio from the aqueous to the gas phase across all bromine species.

To address these uncertainties, future efforts should focus on establishing a more elaborate multiphase halogen
chemistry module, with specific attention to (a) acquiring kinetic data for the phase transfer process (or uptake
coefficients) of key halogen species, particularly for those with limited experimental values, such as BrNO, and
BrO (Text S2 in Supporting Information S1) (Sander, 2015) and (b) developing a comprehensive aqueous-phase
halogen chemistry mechanism, or at least determining accurate loss ratios of major reactive halogen species on
aerosol surfaces. Furthermore, measurements of bromine species remain limited due to their low concentration
levels and the high precision required for instrumentation. More extensive field measurements are necessary to
validate model-based predictions and to enhance our understanding of bromine recycling.
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