
1.  Introduction
Iodine chemistry actively participates in atmospheric chemistry in the marine boundary layer (MBL) and the free 
troposphere (Saiz-Lopez, Plane et al., 2012). Reactive iodine chemistry is reported to induce significant (10%–
20%) reductions in global tropospheric ozone (O3) (Saiz-Lopez, Lamarque et al., 2012; Saiz-Lopez et al., 2014; 
Sherwen, Evans et al., 2016) and to alter the abundance of other oxidants (e.g., OH and HO2; Stone et al., 2018). 
Quantification of the tropospheric impacts of iodine chemistry depends on the understanding of the budget 
(sources and sinks) of the reactive iodine species.

The main source of atmospheric iodine species arises from the ocean, including the natural emission of very 
short-lived iodocarbons (CH3I, CH2I2, CH2ICl, and CH2IBr; Ordóñez et al., 2012) and the O3-driven oxidation 
of aqueous iodide releasing molecular iodine (I2) and hypoiodous acid (HOI; Carpenter et al., 2013; MacDonald 
et al., 2014). These result in elevated levels of iodine species in the MBL, where HOI represents the dominant 
species (Carpenter et al., 2013; Saiz-Lopez et al., 2014). The subsequent heterogeneous uptake of iodine species, 
particularly HOI, on sea-salt aerosol (SSA) recycles iodine and activates bromine and chlorine via producing IBr 
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and ICl which prevents the loss of iodine through deposition to aerosol and ocean surfaces as proposed by Vogt 
et al.  (1996, 1999). Although the reactive uptake coefficient (γ) for the recycling process in these pioneering 
studies was not observationally derived, the implementation of SSA-recycling helped to simulate a reasonable 
amount of iodine species in the MBL. Subsequent modeling studies on iodine chemistry adopted this scheme of 
iodine recycling on SSA (Badia et al., 2019; Li et al., 2019; Li et al., 2020; Saiz-Lopez, Lamarque et al., 2012; 
Saiz-Lopez et al., 2014; Sarwar et al., 2015; Sherwen, Evans et al., 2016; Sherwen, Schmidt, et al., 2016) with 
various uptake coefficients (γ = 0.01 to 0.06) and different production yields (50% IBr and 50% ICl, 100% I2, or 
15% IBr and 85% ICl), implying the lack of consensus on the HOI heterogeneous uptake efficiency.

The heterogeneous uptake process of HOI on SSA and its assumed efficiency have not been confirmed in the 
ambient atmosphere until very recently. Tham et al. (2021) reported the first set of field measurements of HOI, 
IBr, and ICl at a coastal site in the northern Atlantic (Mace Head) and provided direct evidence of the HOI uptake 
process on SSA. This work suggests that the HOI uptake proceeds much more rapidly (γ ≥ 0.3) than previously 
thought, which implies that the role of heterogeneous uptake of HOI on SSA and the subsequent IBr and ICl 
production (hereafter iodine recycling) in MBL is underestimated in previous studies.

Here, we update a global chemistry-climate model, Community Atmosphere Model with Chemistry (CAM-Chem; 
Lamarque et al., 2012), to implement the observation-based uptake coefficient range from Tham et al. (2021) for 
the HOI heterogeneous uptake on SSA. Based on the updated model, we assess the range of impacts of iodine 
recycling on the abundance and partitioning of reactive iodine species, the production rate of halogen atoms, and 
the level of key oxidants in the global MBL.

2.  Methods and Materials
2.1.  Iodine Chemistry in CAM-Chem

The iodine sources and chemistry in CAM-Chem has been documented in detail elsewhere (Cuevas et al., 2018; 
Iglesias-Suarez et al., 2020; Ordóñez et al., 2012; Prados-Roman, Cuevas, Fernandez, et al., 2015; Saiz-Lopez 
et  al., 2014). We consider the emission of organic iodine as proposed in Ordóñez et  al.  (2012) and the inor-
ganic iodine (HOI and I2) emission resulting from atmospheric O3 deposition onto ocean surface (Carpenter 
et al., 2013; MacDonald et al., 2014; Prados-Roman, Cuevas, Fernandez, et al., 2015; Figure S1 in Supporting 
Information S1). CAM-Chem consists of comprehensive iodine chemistry, including photolysis, gas-phase chem-
istry, and heterogeneous recycling process. Three iodine species (HOI, IONO2, and INO2) are taken up onto the 
SSA to recycle iodine (Equations 1–3), although IONO2 and INO2 are generally at low levels in the remote MBL. 
Please note that although a different ratio of IBr:ICl or different products (Cl2, Br2, I2) following the HOI uptake 
have been proposed/utilized in previous laboratory/modeling studies (e.g., Enami et al., 2007; Sherwen, Evans 
et al., 2016; Zhu et al., 2019), in the present study, we follow the direct measurement study of HOI, IBr, and ICl 
by Tham et al. (2021) and use an equal yield of IBr to ICl as the products following HOI/IONO2/INO2 uptake 
on SSA. Such iodine recycling processes on SSA mostly occur in the lower troposphere where SSA is abundant 
(Saiz-Lopez et al., 2014). The conventional treatment of HOI in CAM-Chem prior to the present work adopted an 
uptake coefficient of 0.06. In the present work, we update the HOI uptake coefficient within the range of 0.06 (the 
conventional value) and 0.9 (the upper-limit proposed in Tham et al., 2021), although most analysis is presented 
for the simulation with the medium γ (0.3).

HOI
SSA

→ 0.5IBr + 0.5ICl� (1)

IONO2

SSA

→ 0.5IBr + 0.5ICl� (2)

INO2

SSA

→ 0.5IBr + 0.5ICl� (3)

2.2.  Model Simulation Design

The present work follows previous CAM-Chem simulations with specified dynamics (e.g., Fernandez et al., 2014). 
A horizontal resolution of ∼1°, a total of 56 layers from the surface to the stratosphere, and a timestep of 30 min are 
used. The average results of the lowest seven layers (>900 hPa) represent those in MBL. A previous CAM-Chem 
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simulation (Veres et al., 2020) was used as the initial condition. The model is run from January 2017 to December 
2018 with the first 12 months as the spin-up and the final 12 months for analysis.

We conducted four simulations to isolate the effect of iodine recycling on SSA on atmospheric composition 
(Table S1 in Supporting Information S1), including the Base (γ = 0.06 for the HOI uptake; but no release of IBr 
and ICl back to the gas phase, i.e., no iodine recycling), Conventional (γ = 0.06), Updated (γ = 0.3), and Upper-
limit (γ = 0.9) cases. The Conventional, Updated, and Upper-limit cases considered an equal release of ICl and 
IBr (50% and 50%, Equation 1). The changes in atmospheric composition (iodine species, other halogen compo-
sition, and oxidants) between Base and Updated cases are discussed in detail in Section 3 to represent the effects 
of iodine heterogeneous recycling. The Conventional and Upper-limit cases are conducted to provide a possible 
range of iodine recycling effects.

2.3.  Model Evaluation

The performance of halogen (chlorine, bromine, and iodine) species in CAM-Chem has been intensively eval-
uated in previous studies (e.g., Ordóñez et al., 2012; Prados-Roman, Cuevas, Hay, et al., 2015; Iglesias-Suarez 
et al., 2020). In the present work, we also evaluated the CAM-Chem simulated O3 with coastal observations from 
the TOAR dataset (Archibald et al., 2020) as depicted in Table S2 and Figure S2 in Supporting Information S1. 
The evaluation suggests that all simulation cases generally reproduce the magnitude and seasonal variation of the 
observed O3 at different coastal sites. The Base case generally over-predicts O3 in those sites, and the addition of 
iodine recycling (Conventional, Updated, and Upper-limit cases) generally helps to reduce the prediction bias, 
with the Updated and Upper-limit cases results closer to the observations. The simulated O3 deposition velocity 
(Figure S3 in Supporting Information S1; from ∼0.01 cm/s to ∼0.1 cm/s with a global average of 0.046 cm/s over 
the ocean) is similar to the observation-derived values ranging from 0.006 to 0.15 cm/s (Ganzeveld et al., 2009; 
Helmig et al., 2012).

A compilation of field measurements of IO is also used to validate the CAM-Chem prediction of IO in the open 
ocean (Table S3 in Supporting Information S1). The observed IO (daytime average) spanned around the globe 
covering all seasons from 2006 to 2015 with the largest value (1.7 parts per trillion by volume, pptv) at Cape 
Verde and the Southern Ocean and the lowest also in the Southern Ocean (0.1 pptv). The predicted daytime 
(sunlit time) average IO for the year 2018 over these observation sites covers the observational range: in the Base 
case from 0.15 to 1.61 pptv, Conventional case from 0.26 to 1.75 pptv, Updated case from 0.27 to 1.79 pptv, 
and Upper-limit case from 0.28 to 1.85 pptv. While all cases captured the observed ranges, please note that the 
Base case underpredicts IO in most regions and the Updated and Upper-limit cases provide closer predictions 
of IO compared to the observation in these regions, for example, Cape Verde, West Pacific, Southern Atlantic, 
Southern Indian Ocean, and Southern Pacific. Our simulated SSA concentrations are also consistent with the 
observations during the ATom campaigns https://doi.org/10.3334/ORNLDAAC/1581; Figure S4 in Supporting 
Information S1).

3.  Results and Discussion
3.1.  Spatio-Temporal Variation of Iodine Species

Figure 1 shows the annual average spatial distribution of key inorganic iodine species, including I2, HOI, IBr, and 
ICl in the MBL for the Updated case. The inorganic iodine species are mostly confined in the tropical regions 
particularly along the coast, resulting from the combined effect of atmospheric O3 level, O3 deposition rate, radi-
ation intensity, sea-surface temperature, and wind speed (Mahajan et al., 2019, Section 2.1). The distributions of 
I2 and HOI mixing ratios are consistent with their emissions (Figure S1 in Supporting Information S1). The distri-
butions of IBr and ICl, formed from the HOI uptake on SSA, are inherently affected by the distribution of HOI 
and SSA (Figure S5 in Supporting Information S1). Seasonal variations (Figure S6 in Supporting Information S1) 
show that HOI (similarly, IBr and ICl) in the Indian Ocean peaks in spring (boreal seasons are used throughout 
the present study), in summer in northern Atlantic, while in the Pacific Ocean and Southern Ocean HOI peaks in 
autumn and winter, respectively.

Note that the current study represents iodine chemistry for open ocean condition (e.g., Lawler et  al.,  2014) 
and the direct emission of I2 from coastal macroalgae beds (typically in the range of hundreds of meters to a 
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few kilometers) is not accounted for in the current setup due to the relatively coarse spatial resolution used in 
CAM-Chem (1°, ∼100 km in tropics). As a result, large levels of I2 observed at Mace Head (mainly emitted from 
macroalgae; Saiz-Lopez & Plane, 2004; Tham et al., 2021) and potentially over other coastal areas with intensive 
macroalgae emissions, for example, Europe (Mahajan et al., 2011) and Asia (Ghadiryanfar et al., 2016), are not 
well reproduced here.

3.2.  Iodine Partitioning

Figure 2 depicts the key iodine processes (photolysis, gas-phase reaction, heterogeneous reaction, emission, etc.) 
in the MBL along with the estimated average mixing ratio of the main inorganic iodine species for the Base (in 
blue color), Conventional (yellow), Updated (red), and Upper-limit (purple) simulations. The addition of the HOI 
heterogeneous process on SSA recycles the reactive iodine and substantially increases the level of total inorganic 
iodine (Iy = I + 2I2 + IO + OIO + HI + HOI + INO + INO2 + IONO2 + IBr + ICl + 2I2O2 + 2I2O3 + 2I2O4) from 
1.8 pptv (Base) to 2.4 pptv (33% increase; Conventional), 2.5 pptv (38% increase; Updated), and to 2.6 pptv (44% 
increase; Upper-limit), respectively, in the global MBL. Such results imply that by adopting larger coefficients, 
that is, faster recycling, HOI heterogeneous uptake leads to higher Iy level (from 2.4 pptv in Conventional to 2.5 
pptv in Updated and 2.6 pptv in Upper-limit cases).

The global- and annual-average levels of IBr (one product of iodine recycling, see Equation 1) are increased from 
0.01 (Base) to 0.07 (Conventional), 0.18 (Updated), and 0.27 pptv (Upper-limit). Those of ICl (another product of 
iodine recycling) increase from 0.01 (Base) to 0.07 (Conventional), 0.19 (Updated), and 0.29 pptv (Upper-limit). 
The most representative reactive iodine species, IO, is increased from 0.16 (Base) to 0.22 (Conventional), 0.24 
(Updated), and 0.25 pptv (Upper-limit). HOI, the dominant inorganic iodine species, is increased from 0.91 pptv 
in the Base case to 1.14 pptv in the Conventional case; when larger uptake coefficients are adopted, HOI level 
drops to 1.05 and 0.94 pptv in the Updated and Upper-limit case, respectively, but still higher than that in the Base 
case. Note that the heterogeneous HOI uptake process is neither a direct sink nor a source of iodine in the atmos-
phere but instead, the deposited iodine atoms are further stoichiometrically released back into the atmosphere in 
the form of IBr and ICl, which in turn recycle the iodine atoms through photolysis processes. Finally, oxidation 
of iodine atoms forms IO which then reacts with HO2 to form HOI. Therefore, the net effect of the heterogeneous 
HOI uptake enhances HOI concentration slightly. Without the heterogeneous HOI uptake and the production of 
gaseous IBr and ICl, HOI (and in turn a significant burden of gas-phase iodine) would primarily be lost to the sea 

Figure 1.  Spatial distribution of annual average I2, HOI, IBr, and ICl mixing ratios (pptv) in MBL in the Updated case.
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surface or aerosols. Another ocean-emitted species, I2 remains at a low level in terms of the annual and global 
MBL average (∼0.01 pptv in all cases) because of its fast photolysis and unlike the interhalogens (IBr and ICl), 
I2 levels are not affected by the HOI uptake on SSA.

The vertical profile of inorganic iodine species in the lower troposphere for the Base, Conventional, Updated, 
and Upper-limit cases are depicted in Figure S7 in Supporting Information S1. The abundance of Iy decreases 
steadily with height, with HOI being the dominant species in all cases. The portions of IBr and ICl in the Base 
case are negligible at all altitudes. On the contrary, the sum of IBr and ICl mixing ratios in the other three cases 
contributes >10% of Iy throughout the MBL where SSA abundance is noticeable (Figure S5 in Supporting Infor-
mation S1) and the iodine recycling on SSA occurs, while it decreases to a negligible level in the free troposphere 
due to their rapid photodissociation and low levels of SSA.

The existing regional and global studies also highlighted the predominant abundance of HOI under various 
conditions in the troposphere. Previous CAM-Chem studies (with an HOI uptake of 0.06 on SSA to form IBr 
and ICl; Ordóñez et al., 2012; Saiz-Lopez et al., 2014) simulated the dominant abundance of HOI in the tropical 
troposphere. Sarwar et al. (2015) added iodine chemistry in the CMAQ model (with no heterogeneous loss of 
HOI on SSA) and estimated the mean level of HOI to be 2.5 pptv (∼15% of total iodine) at the surface in the 
northern hemisphere while the dominant species was I2O3 due to the omission of IxOy photolysis. Sherwen, Evans 
et al. (2016) implemented iodine chemistry in the GEOS-Chem model (with an HOI uptake of 0.01 to form I2) 
and reported the dominant iodine species to be HOI in the global MBL. Li et al. (2019) applied the CMAQ model 
with HOI uptake (0.01 to form IBr and ICl) and IxOy photolysis in Europe and reported >50% of HOI contribu-
tion to Iy while the levels of dihalogens and interhalogens were significantly lower within a dominant continental 
domain over Europe. Badia et al. (2019) incorporated reactive halogen (Cl, Br, and I) sources and chemistry in 
WRF-Chem including the HOI uptake on SSA (γ = 0.06) and applied the updated model in the tropical region 
of western Pacific and their results also showed the dominant abundance of HOI in MBL. Recently, WRF-Chem 
simulations by Li et al. (2021) predicted >50% Iy to be HOI (with an uptake of 0.06 to form IBr and ICl) and the 
dihalogens and interhalogens accounted for ∼10% at the surface layer over the West Pacific.

Figure 2.  Simplified iodine chemistry in the MBL and the simulated mixing ratios (pptv) of the key iodine species in the 
Base (in blue font), Conventional (yellow), Updated (red), and Upper-limit (purple) cases.
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3.3.  Impact of Iodine Recycling on the Production of Halogen Atoms

The simulated production rates of halogen atoms (I, Br, and Cl) in Base, 
Conventional, Updated, and Upper-limit cases and the contributions from 
various chemical channels are shown in Figure 3. Note that halogen atom 
production represents the starting point of halogen-driven atmospheric 
changes (Figure 2). The consideration of the iodine recycling on SSA substan-
tially enhances the production rates of these three halogen atoms in the MBL. 
The global- and annual-average production rate of I atom is increased from 
6 × 10 5 atom/cm 3/s (Base) to 8.4 × 10 5 atom/cm 3/s (Conventional; 35%), 
9 × 10 5 atom/cm 3/s (Updated; 45%), and 9.5 × 10 5 atom/cm 3/s (Upper-limit; 
52%). Similarly, the production rate of Br atom is enhanced from 6 × 10 4 
atom/cm 3/s (Base) to 7.7 × 10 4 atom/cm 3/s (Conventional; 28%), 1.4 × 10 5 
atom/cm 3/s (Updated; 130%), and 2.4 × 10 5 atom/cm 3/s (Upper-limit; 300%). 
The Cl atom production rate is enhanced from 3,500 atom/cm 3/s (Base) to 
3,900 atom/cm 3/s (Conventional; 13%), 5,500 atom/cm 3/s (Updated; 60%), 
and 8,700 atom/cm 3/s (Upper-limit; 150%).

The enhancement of I atom production is mainly due to IO photolysis 
(Figure 3). For the Updated case, the level of IO is increased from 0.16 pptv 
(Base) to 0.24 pptv after the addition of iodine recycling process (Figure 2). 
Tham et al. (2021) reported that the I atom production rate was increased by 
32% due to the iodine recycling at Mace Head and such increase was mainly 
controlled by IO and OIO photolysis instead of IBr and ICl (∼2%). Similarly, 
the increase in Br atom production (∼8.0 × 10 4 atom/cm 3/s increase from 
the Base to Updated) mainly comes from the photolysis of the increased BrO 
(4.4 × 10 4 atom/cm 3/s increase) instead of IBr (700 atom/cm 3/s increase). 
The increase of the Cl atom production rate shows a different pattern from I 
and Br because the photolysis rate of ClO is much slower than IO/OIO and 
BrO in the MBL. Indeed, the increase in Cl production (2,000 atom/cm 3/s 
increase) is driven by the photolysis of ICl (750 atom/cm 3/s increase), a prod-
uct of HOI uptake on SSA.

The enhanced recycling of halogen atoms leads to more intensive O3 destruc-
tion (via X + O3 reaction) and the subsequent decrease in HOx production 
(see Section  3.4). Br and Cl atoms also directly react with non-methane 
volatile organic compounds (NMVOCs; Atkinson & Aschmann, 1985; Bier-
bach et al., 1996)—I atom is not reactive to NMVOCs—therefore, the higher 
production of Br and Cl driven by iodine recycling also implies faster oxida-
tion of VOCs which partially compensates the slower oxidation of VOCs due 
to the overall decrease of OH levels by halogens. The increase in Br atom 
production (Figure S8 in Supporting Information S1) could also potentially 
leads to faster oxidation of atmospheric mercury, a toxic metal (Goodsite 
et al., 2004; Obrist et al., 2011; Saiz-Lopez et al., 2020). The enhancement 
in BrO radicals (Figure S8 in Supporting Information S1) due to the faster 
recycling of iodine on SSA could also result in faster oxidation of dimethyl 
sulfide, an important sulfur species in the open ocean. The reaction of meth-
ane (CH4) with OH is the largest chemical loss of CH4 while that with Cl is 
the second-largest chemical loss (Kirschke et al., 2013). Therefore, consider-
ation of the iodine recycling on SSA has an influence on the model simula-
tions of the effect of halogens on the burden of CH4.

3.4.  Influence of Iodine Recycling on Atmospheric Oxidants

Figure 4 shows the annual average level of key oxidants, including O3 (diurnal average), OH (sunlit time aver-
age), and HO2 (sunlit time average), and the effect of iodine recycling on these oxidants (the difference between 

Figure 3.  Production rate of halogen atoms (I, Br, and Cl) and the 
contribution of various channels in the MBL in Base, Conventional, Updated, 
and Upper-limit cases.
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Base and Updated case in percentage) in the MBL. The annual average O3 mixing ratios in the MBL peak in the 
coastal regions of northern mid-latitudes. The effect of iodine recycling on O3, instead, is largest in the tropics and 
the Southern Ocean and shows a similar spatial distribution as IBr and ICl (Figure 1). The reduction of O3 from 
iodine recycling ranges from <1% to ∼15% with a global average of ∼7%. The OH mixing ratio in the Base case 
peaks in the tropics and the addition of HOI uptake leads to a reduction in OH in the tropics and the Southern 
Ocean ranging from <1% to >10%, with an average of 2%. The simulated HO2 in the Base case shows a similar 
spatial distribution pattern as OH and the HOI uptake on SSA results in a noticeable decrease in HO2 levels in 
MBL with a range of <1% to ∼10% and an average of 4%.

The relative changes in oxidants between the Base and Conventional cases and those between Base and Upper-
limit cases are shown in Figure S9 in Supporting Information S1 to provide the range of effect of iodine recycling 
on oxidants. The changes in all three oxidants show a similar spatial pattern but smaller (Conventional) or larger 
(Upper-limit) changes. The global average change in O3 in MBL due to iodine recycling is −3.5% (Conventional) 
to −12% (Upper-limit); similarly, the average change in OH is −1% (Conventional) to −4% (Upper-limit); the 
average change in HO2 is −2.5% (Conventional) to −6.6% (Upper-limit). We also calculate the difference in O3, 
OH, and HO2 between the Conventional and Updated cases and those between the Conventional and the Upper-
limit case (Figure S10 in Supporting Information S1). The Updated case results in −3.6%, −1.4%, and −1.8% 
changes in global average mixing ratios of O3, and OH, and HO2, respectively, compared to the Conventional 
case; while the Upper-limit case leads to −9.0%, −3.6%, and −4.2%, respectively. Such results highlight the 

Figure 4.  Simulated distribution of the annual average of O3 (ppbv; diurnal average), OH (pptv; sunlit time average), and HO2 (pptv; sunlit time average) in the Base 
case in the MBL (left) and the relative change (%) between the Base and Updated cases (right).
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potentially much more significant role of HOI and its chemical process in the MBL compared to the existing 
models.

Global estimates of the iodine recycling effects on oxidants have not been reported. The effect of total reactive 
iodine on global tropospheric O3 has been reported to be ∼13% to 20% when the HOI uptake coefficient is set 
to be <0.1 (Iglesias-Suarez et al., 2020; Saiz-Lopez, Lamarque et al., 2012; Saiz-Lopez et al., 2014; Sherwen, 
Evans, et al., 2016), suggesting that the contribution of iodine heterogeneous recycling using the conventional 
setting to the total iodine-mediated O3 loss is ∼20%. When a larger coefficient is utilized, a much higher portion 
(roughly 30%–40%) of iodine-catalyzed O3 loss could be attributed to HOI uptake on SSA. As a consequence, the 
total O3 loss due to iodine in the MBL is expected to be larger than currently simulated by models which demands 
further investigations.

4.  Conclusion
In the present work, we use a global chemistry-climate model, CAM-Chem, to evaluate the potential role of HOI 
heterogeneous processing in the global MBL. Our numerical experiments show large enhancement effects of the 
iodine heterogeneous recycling process on the abundance of iodine species and the production rates of bromine 
and chlorine atoms in the MBL. Such a significant increase in halogen abundance and production leads to a 
noticeable reduction in the oxidation capacity particularly in the remote oceanic area, for example, the Southern 
Ocean and central Pacific.

The effects of iodine recyclin are very sensitive to the uptake coefficient and larger uptake coefficients (compared 
to the value used in current models) result in stronger impacts on oxidants, highlighting that the current models 
underestimate the effect of HOI heterogeneous process on global atmospheric oxidizing capacity. Further direct 
observations of HOI and other relevant species and parameters are necessary to constrain the efficiency of iodine 
heterogeneous recycling. Laboratory experiments are also required to identify and quantify the controlling factors 
of the HOI process and their corresponding efficiency of the different possible production channels (i.e., IBr, ICl, 
Cl2, Br2, and I2). Simulation studies with various temporal and spatial scales are needed to further comprehend 
the effect of the iodine heterogeneous recycling process.

Data Availability Statement
Data that support the findings of this study can be accessed through Mendeley Data (https://www.doi.
org/10.17632/h3zp6zkc6j.1). The O3 observational data at the coastal sites are obtained from the TOAR data set 
(Archibald et al., 2020; https://toar-data.org/).
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