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Aerosol iodine recycling is a major control on
tropospheric reactive iodine abundance
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Abstract. Tropospheric reactive iodine influences the oxidizing capacity of the atmosphere and serves as an
important source of ultra-fine particles. However, the paucity of observations of gas-phase and aerosol iodine,
combined with incomplete understanding and representation of iodine chemistry in models, leads to substantial
uncertainties in understanding iodine abundance, speciation, and impacts. Motivated by known gaps in previous
modeling studies, we introduced speciated aerosol iodine and aerosol iodide recycling to the global chemical
transport model, GEOS-Chem. Modeled aerosol iodine is speciated into fine and coarse mode soluble organic
iodine (SOI), iodate, and iodide. Aerosol iodide is recycled into the gas phase via heterogeneous chemistry
involving halogen nitrates and hypohalous acids to form I, ICl, and IBr, which represents an additional source
of gas-phase iodine to the atmosphere. lodide dehalogenation doubles the tropospheric burden of reactive iodine
(Iy) while reducing model-measurement bias for IO and aerosol iodine. The rate of aerosol iodine conversion to
I, is more than twice as fast as the combined rates of inorganic ocean emissions and the photolysis of organic
iodine gases, suggesting that aerosols are important in mediating the abundance and lifetime of tropospheric
I,. The incorporation of SOI and iodate into the model prevents iodide dehalogenation by partitioning iodide
into less reactive reservoirs, which has a stabilizing effect for reactive iodine chemistry. These findings have
implications for reactive halogen abundances and global oxidant budgets in the troposphere.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Gas-phase reactive halogens (chlorine, bromine, and iodine-
containing compounds) affect the oxidation capacity of the
atmosphere and global climate. Halogen chemistry is es-
timated to reduce tropospheric ozone and OH burdens by
10 %-20 % and 4 %—10 %, respectively (Badia et al., 2019,
2021; Saiz-Lopez et al., 2014; Sherwen et al., 2016a; Wang
et al., 2021). This reduction in O3 and OH increases the
lifetime of methane by 6 %—11 %, thus indirectly enhancing
the warming potential of methane (Li et al., 2022a; Sherwen
et al., 2016a; Wang et al., 2021).

Despite the low abundance of atmospheric iodine, iodine-
induced tropospheric ozone loss is believed to be 2-5 times
greater than chlorine and bromine-induced ozone depletion
combined (Saiz-Lopez et al., 2014; Sherwen et al., 2016a;
Wang et al., 2021). Besides its impacts on the oxidation
capacity of the atmosphere, laboratory experiments have
demonstrated that iodine oxoacids (iodic acid, HIO3; and
iodous acid, HIO,) enhance new particle formation (NPF)
by factors of 10-10000 in marine and polar regions, which
ultimately affects cloud condensation nuclei (CCN) forma-
tion (Baccarini et al., 2020; He, 2023; He et al., 2021a; Hoff-
mann et al., 2001; O’Dowd et al., 2002; Saiz-Lopez et al.,
2012; Xavier et al., 2024). A global three dimensional mod-
eling study by Zhao et al. (2024) found that iodine oxoacids
are the dominant NPF source in the marine boundary layer,
even with modeled HIO3 concentrations 80 %—100 % lower
than observed values (Zhao et al., 2024). However, they were
unable to reproduce the iodine levels observed in the free tro-
posphere during aircraft campaigns, suggesting that the ef-
fective lifetime of iodine in their model is not sufficient for
long-range transport to the upper troposphere (Koenig et al.,
2020; Schill et al., 2025; Zhao et al., 2024).

Ocean emissions are the initial source of atmospheric io-
dine species, including molecular iodine (I»), hypoiodous
acid (HOI), methyl iodide (CH3I), and other iodocarbons
(Carpenter et al.,, 2013, 2021; Saiz-Lopez et al., 2012;
Stemmler et al., 2014). The largest single source of iodine in
the atmosphere is thought to be from reactions between O3
and aqueous iodide on the ocean surface, which releases both
I; and HOI into the atmosphere (Carpenter et al., 2013, 2021;
MacDonald et al., 2014; Tinel et al., 2020). The emission of
I, and HOI is likely also sensitive to the chemical composi-
tion of organics and surfactants within the sea surface micro-
layer, complicating estimates of emissions (Carpenter et al.,
2021; Tinel et al., 2020). Continental sources of iodine to
the atmosphere include dust, biomass burning, and anthro-
pogenic emissions, though the contribution of these sources
to global iodine budgets is uncertain since they are not typ-
ically included in global models (Koenig et al., 2021; Schill
et al., 2025; Shi et al., 2021; Zhang et al., 2024).
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Aerosol iodine is mostly formed by the uptake of gas-
phase iodine species onto existing aerosol, which is dic-
tated by aerosol surface area and alkalinity (Baker and Yodle,
2021; Gémez Martin et al., 2022b; Pechtl et al., 2007; Saiz-
Lopez et al., 2012; Vogt et al., 1999). There are three main
types of aerosol iodine: soluble organic iodine (SOI), iodide
(I"), and iodate (IO3'), which are all globally ubiquitous in
the marine boundary layer (Baker et al., 2001; Droste et al.,
2021; Gilfedder et al., 2008; Gémez Martin et al., 2022b;
Lai et al., 2008; Yu et al., 2019). Formation of aerosol iodine
is usually regarded as a depositional sink for reactive iodine
in chemical transport models. However, aerosol iodine is not
inert and its reactions can be a potential source of gas-phase
reactive iodine. For example, aerosol iodide undergoes het-
erogeneous reactions involving hypohalous acids and halo-
gen nitrates with aerosol halides to yield IBr, ICI, and I, a
process we refer to as iodide dehalogenation (Pechtl et al.,
2007; Tham et al., 2021; Vogt et al., 1999).

Aerosol halide dehalogenation refers to the recycling of
chloride, bromide, and iodide to yield gas-phase reactive
halogen species Cly, Bry, and I, (Egs. 1-3).

Cl, =Cl+ HCl + HOCI + CIO + OCIO + CI0O
+ CINO; + CINO;3 + 2CI, + BrCl1 + ICI

+2CL0, (D
Bry =Br + HBr + HOBr + BrO + BrNO; + BrNO3
+ 2Brp + BrCl + IBr 2)

Iy =[]+ HI 4+ HOI 4 10 + OIO + 21,0, 4 21,03
+ 21,04 4+ 21,05 + INO> + INO3 + 21, +ICl
+IBr+ HIO3 3)

Todide dehalogenation has not been explicitly modeled on a
global scale prior to this work. Both GEOS-Chem and CAM-
Chem have chloride and bromide dehalogenation but do not
partition aerosol iodide back to the gas phase. For example,
both models had the reaction of HOI with chloride and bro-
mide to yield IBr and ICI. This contributes a new source of
Br, and Cl, to the atmosphere and repartitions HOI to dihalo-
gen species. This chemistry is not comprehensive, however,
since it did not include the reactions between HOBr, HOCI,
HOI, BrNO3, CINO3, or INO3 with iodide (Li et al., 2022b;
Saiz-Lopez et al., 2014; Sherwen et al., 2016a; Wang et al.,
2021). This can lead to underestimates in the importance of
reactive iodine chemistry, since iodide that could be recycled
back to the gas phase is only lost to deposition, reducing its
effective lifetime and impact on the oxidation capacity of the
atmosphere.

This study examines the role of iodine aerosol speciation
and dehalogenation in controlling global gas-phase reactive
iodine. Our results indicate that incorporating the formation
and interconversion of soluble organic iodine, iodate, and io-
dide aerosol is crucial for accurately reproducing surface ob-
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servations of speciated aerosol iodine. Including aerosol io-
dine recycling chemistry also improves model bias for IO, es-
pecially in the upper troposphere. Additionally, we show that
aerosol iodide dehalogenation has a larger control on reactive
iodine abundance than ocean emissions and photolysis of or-
ganic iodine gases. Therefore, reducing uncertainties in io-
dine aerosol chemical composition, species interconversion,
and cycling is essential for understanding and modeling halo-
gen impacts on global oxidant abundances. We explore the
impact of incorporating speciated aerosol iodine and aerosol
iodine recycling chemistry on oxidants in a follow-up paper.

2 Methods

2.1 Model configuration

We used GEOS-Chem version 14.4.0, a state-of-the-art
global chemical transport model that includes detailed
oxidant-aerosol chemistry in the troposphere and strato-
sphere (Bey et al., 2001). Aerosol thermodynamic calcula-
tions are performed using the HETerogeneous vectorized or
Parallel (HETP) module for estimating NH3-NHI, HNO3-
NOy3', and HCI-CI™, along with aerosol properties such as
pH and liquid water content (Miller et al., 2024). HETP does
not calculate the thermodynamic partitioning of sulfate as it
does for semi-volatile species. Sulfate is formed kinetically
via chemical oxidation reactions and is assumed to reside en-
tirely in the aerosol phase.

Global anthropogenic emissions are from the Commu-
nity Emissions Data System (CEDS v2) with aircraft
emissions from the Aircraft Emissions Inventory Code
(AEIC) 2019 (Simone et al., 2013). Shipping emissions of
NO, (NO+NO,) are calculated in the PARANO, module
(Holmes et al., 2014; Vinken et al., 2011). Marine emissions
of dimethyl sulfide (DMS) are from Breider et al. (2017)
based on Lana et al. (2011) (Breider et al., 2017; Lana et al.,
2011). Wet and dry deposition (including gravitational set-
tling) of aerosols and gases are from Liu et al. (2001), Emer-
son et al. (2020), and Li et al. (2023) (Emerson et al., 2020;
Li et al., 2023; Liu et al., 2001). Photolysis rates are com-
puted in Cloud-J (Prather, 2015). GEOS-Chem Classic simu-
lations in this study were conducted at 4° x 5° resolution with
72 vertical levels driven by MERRA-2 meteorology. Model
runs were conducted for the year 2022 with 1 year spin-up
(see Table 1 for configuration details).

Online sea salt aerosol emissions from the sea sur-
face and blowing snow are from Jaeglé at al. (2011) and
Huang and Jaeglé (2017). The current halogen chemistry in
GEOS-Chem already includes sea salt debromination, an-
thropogenic HCl and aerosol chloride emissions, I, uptake on
alkaline sea salt aerosol, and stratospheric halogen chemistry
(Eastham et al., 2014; Sherwen et al., 2016a, b; Wang et al.,
2019, 2021; Zhang et al., 2022). Modeled sea salt aerosols
are assumed to have an initial pH of 8 upon emission, after
which their alkalinity begins to be titrated by uptake of gas-
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phase acidic species (HNO3, SO,, HCI). Fine mode SSA pH
is calculated in HETP while coarse mode sea salt aerosols
are assumed to have a pH of 5 after all of the initial alkalinity
is depleted.

The continental chlorine emission inventory is described
in Zhang et al. (2022). HCI emission factors from open fires
are from Andreae (2019) utilizing Global Fire Emissions
Database version 4 (GFED4) (Andreae, 2019). Organic halo-
gen gases, bromocarbons, and iodocarbons are from Mein-
hausen et al. (2017), Bell et al. (2002), Liang et al. (2010),
and Ordéiiez et al. (2012) (Bell et al., 2002; Liang et al.,
2010; Meinshausen et al., 2017; Ordoéiiez et al., 2012). These
gases are photolyzed in the model to form reactive inorganic
I,. Surface emissions of inorganic iodine in the model are
driven by O3 deposition on the sea surface, which reacts with
iodide in seawater to produce I, and HOI. Sea surface io-
dide concentrations in version 14.4.0 are from MacDonald
et al. (2014), though this scheme has a known low bias to un-
derestimate sea surface iodide by more than a factor of two
globally with especially poor performance in polar regions
(Sherwen et al., 2019). More recently, Chance et al. (2014)
and Sherwen et al. (2019) used sea surface iodide parame-
terizations that show better agreement with observations of
sea surface iodide concentrations than the scheme of Mac-
Donald et al. (2014) (Chance et al., 2014; Pound et al., 2024;
Sherwen et al., 2019). However, these new schemes have not
been included in the GEOS-Chem base model yet and are not
considered in this work.

Here we expand upon the heterogeneous and gas-phase
iodine chemistry in GEOS-Chem. Additions include size-
resolved, speciated iodine aerosol and heterogeneous dehalo-
genation of aerosol iodide to the gas-phase by reaction with
hypohalous acids (HOCI, HOBr, and HOI, referred to col-
lectively as HOX) and halogen nitrates (CINO3, BrNOs3, and
INO3, referred to as XNO3). Additions to the model chemi-
cal mechanism are described in detail below.

2.2 Sources and sinks of speciated iodine aerosol
2.2.1 Primary emissions of aerosol iodine

We introduce primary emissions of SOI, iodate, and iodide
in the model from the ocean surface (Table A1). On average,
iodide and iodate constitute 42 % =+ 19 % and 48 % =+ 22 % of
total dissolved iodine in seawater (Jones et al., 2024; Wong
and Cheng, 1998). The concentration of SOI in seawater is
more uncertain since it depends on marine biogenic activ-
ity, which can vary based on nutrient availability, sea surface
temperature (SST), and latitude. SOI can be abundant in bulk
seawater, with observed fractional contributions ranging be-
tween 7 % to 45 % of total iodine (Gong and Zhang, 2013;
Jones et al., 2024; Schwehr and Santschi, 2003; Wong and
Cheng, 1998). SOI may also be enriched in the sea surface
microlayer (SSM) relative to bulk seawater based on studies
that have found that SSM enrichment of organics and pollu-
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tants could be a factor of 0.8 to 5 (Garcia-Flor et al., 2005;
Mustaffa et al., 2018; Tinel et al., 2020; Wurl and Obbard,
2004).

We calculate the emission of primary SOI as a fraction
of primary marine organic aerosol, assuming they share the
same size distribution as sea salt upon emission (Gantt et al.,
2015; Jaeglé et al., 2011). Gantt et al. (2015) parameterized
emissions of fine-mode primary marine organic aerosol using
a top-down interpolated MODIS/Aqua-derived [chl a] obser-
vations at 1/12° horizontal resolution (Gantt et al., 2012,
2015). We added a coarse-mode primary marine organic
aerosol tracer to GEOS-Chem, following Gantt et al. (2015).
We assume that the emission of coarse-mode primary marine
organic aerosol follows the same size distribution as sea salt
(0.1-0.5 ym dry radius for the fine mode and 0.5-4 um dry
radius for the coarse mode). The primary emission of SOI is
calculated using the observed iodine-to-carbon ratios in sea-
water from Satoh et al. (2023), assuming 0.01 % of primary
marine organic aerosol is SOI by mass (Satoh et al., 2023).
This estimate could be improved by better understanding the
zonal and regional dependencies of soluble organic iodine in
seawater and the role of the sea surface microlayer in mediat-
ing its emission to the atmosphere. Primary SOI contributes
0.5 % of the total aerosol SOI global production rate, making
this a minor source of total SOI in the model.

Primary aerosol iodide emissions utilized the GEOS-
Chem SST-based sea surface iodide concentration parame-
terization from MacDonald et al. (2014), assuming the same
size distribution as sea salt aerosol upon emission (Carpenter
etal., 2013; MacDonald et al., 2014). Consistent with the fine
and coarse-mode sea salt emissions in the model, primary
aerosol iodide and iodate have a dry radius of 0.1-0.5 and
0.5-4 pm in the fine and coarse mode, respectively. Primary
aerosol iodate emission is calculated using the average ratio
of iodate to iodide in bulk seawater from Wong and Cheng
(1998) and Jones et al. (2024), which was 2.2 + 1.7 (Jones
et al., 2024; Wong and Cheng, 1998). Speciated iodine ob-
servations in bulk seawater are sparse, with a relatively wide
range of measured iodate: iodide ratios (0.27-5.00) (Jones et
al., 2024; Wong and Cheng, 1998). However, primary iodide
and iodate only contribute 0.02 % and 0.01 % of their total
production rates, respectively, suggesting that this is not im-
portant for the budgets of aerosol iodide and iodate.

2.2.2 HIO3 chemistry

We added HIOs3 to the model based on the formation mech-
anism described in Finkenzeller et al. (2023), which is dis-
cussed in detail in Liu et al. (2024) (Finkenzeller et al., 2023;
Liu, 2024) (Reactions R1 and R2).

1,0 4+ 03 — 1,05 RD)
1,05+ H,O — HIO3 + HOI 4 O, (R2)

HIO3 can undergo uptake to existing fine- and coarse-mode
aerosol or new particle formation (NPF) to form aerosol io-
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date (Table A2). New particle formation of HIO3 to form fine
mode 105’ is calculated according to the rate constants shown
in Egs. (4) and (5) based on He et al. (2021a, b), described in
Liu (2024) (He et al., 2021a; Liu, 2024). The nucleation rate
is effectively a temperature-dependent HIO3 loss function to
form fine-mode iodate (Liu, 2024).

NHIO3 = Nmol/mucleus * ko “4)

T
ko = [HIO;]* - 87.01 —575.65 - —— 5
o = [HIO3] eXp( 1000) (5)

where Nyio, is the HIO; loss rate in molecules em3s7 1 ko
is the nucleation rate in nucleicm ™3 s™!, Npoynucteus = 40.7
and refers to the number of molecules of HIO3 per 1.7 nm
nucleus, [HIO3] is in moleculescm ™3, and T refers to tem-
perature in K (Liu, 2024).

HIOj3 also undergoes wet and dry deposition to the surface.
HIO3 photolysis rate constants and absorption cross sections
have not been measured, though it is likely slow compared
to other loss processes. Given that the rates and products of
HIO3 photolysis are unknown, this is currently not included
in the model, though should be revisited once they become
available. Another potential reaction that could affect the for-
mation of HIOj3 is the photolysis of 105. We can calculate
the lifetime of 1,05 (71,05) against reaction with water by
dividing the modeled reaction rate (moleccm™>s™!) by the
modeled concentration of 1,05 (molec cm_3). In the marine
boundary layer, the lifetime 71,0, is between 0.001 and 10
across all latitudes. At 200 hPa, 1,05 is between 10 and 100 s
across all latitudes. Given that 1,05 rapidly reacts with wa-
ter to form HIO3; (Reaction R2) the photolysis rate for I,05
would need to be very fast to outcompete the availability of
water vapor and aerosol uptake of 1,05.

2.2.3 Secondary inorganic aerosol iodine sources

Aerosol iodide (I7) in GEOS-Chem forms through the up-
take of gas-phase HI, HOI, INO,, INO3 onto fine and coarse-
mode aerosol (Table A2). Aerosol iodate (I05) forms from
the uptake of gas-phase iodic acid (HIO3) and other iodine
oxides (IO, =1,0,, 1,03, I,04, and 1,05) (Table A2). Sur-
face observations indicate that 105 aerosol is more abundant
in the coarse mode, as shown in Goémez Martin et al. (2022b).
This size distribution is partly driven by the preferential up-
take of acidic HIO3 on coarse mode aerosols, which have
higher alkalinity, though the higher pH may also have a sta-
bilizing effect for iodate. However, iodate is not necessarily
an inert sink. Previous studies have indicated that iodate is
reduced to iodide in aerosol (Baker and Yodle, 2021; Pechtl
et al., 2007; Reza et al., 2024; Saunders et al., 2012). Io-
date reduction to iodide is influenced by aerosol composition,
particularly the presence of organics such as humic acid and
photoactive chromophore-rich material like dust, which con-
verts iodate to iodide (Baker and Yodle, 2021; Pechtl et al.,
2007; Reza et al., 2024; Saunders et al., 2012).
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In this new version of GEOS-Chem, we implement the re-
duction of aerosol iodate to form aerosol iodide as a first-
order reaction with a rate constant selected to achieve a size-
resolved distribution of iodide and iodate consistent with
global observations (Gémez Martin et al., 2022b) (Fig. 1).
The lifetime of iodate against conversion to iodide is esti-
mated to be 1 h in the fine mode and 24 h in the coarse mode
in the model. This is consistent with the finding that 85 %
of aerosol iodate resides in the coarse mode in observations
and previous theories that the reduction of iodate to iodide is
likely faster for fine mode aerosol due to its increased acidity
and organic content (Baker and Yodle, 2021; Gémez Martin
et al., 2022b; Saunders et al., 2012). Additionally, to repre-
sent the enhancing effect of aerosol alkalinity on HIO3 up-
take, the reactive uptake coefficient for HIO3 onto coarse
aerosol is assumed to be around 3 times higher than in the
fine mode (Table A2). Li et al. (2024) used observations of
HIOj3 and particulate iodine to estimate that condensed-phase
HIO3 could be recycled back to the gas-phase on a time scale
of 1 to 3h, which is consistent with the rapid fine-mode io-
date parameterization in the model (Li et al., 2024). Fine
mode iodate in the model contributes 24 % of total iodate,
suggesting that the conversion rate of fine iodate to iodide
may need to be even faster to reproduce ambient observa-
tions.

2.2.4 Secondary organic aerosol iodine sources

Soluble organic iodine (SOI) is the predominant iodine
species in fine-mode aerosols, constituting 50 % of PM;
aerosol iodine mass on average (Gomez Martin et al., 2022b).
While global observations have demonstrated that SOI is
ubiquitous and abundant, its dominant formation mecha-
nisms have yet to be fully elucidated. For modeling SOI, we
add primary SOI emissions from the sea surface, as described
previously, and two secondary sources to the model: (1) SOI
formation from HOI reaction with primary marine organic
aerosol, and (2) SOI formation from iodide to form iodide-
organic adducts (Gémez Martin et al., 2022b; Yu et al.,
2019).

One source of secondary SOI likely comes from the re-
action between HOI and dissolved organic matter (DOM)
(Baker, 2005; Gémez Martin et al., 2022b; Shi et al., 2021;
Yu et al., 2019). Several secondary SOI species have been
detected in aerosol and rainwater samples and were found to
be abundant and relatively stable such as iodoacetic acid and
iodopropenoic acid (Yu et al., 2019). Shi et al. (2021) iden-
tified 37 organic iodine species during their study in Beijing
while Yu et al. (2019) detected 45 compounds (Shi et al.,
2021; Yu et al., 2019). We have incorporated the reaction of
HOI with primary marine organic aerosol to form secondary
SOI, though other sources of organic aerosol (i.e. pollution,
biomass burning, non-marine biogenic emissions) may also
contribute to SOI formation (Shi et al., 2021; Yu et al., 2019)
(Table A3).
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Concentrations of SOI tend to be higher under acidic con-
ditions (i.e. in fine mode aerosol and in more polluted air)
(Gémez Martin et al., 2022b). To represent this feature in
the model, we increase the reaction rate for the HOI + DOM
reaction as a function of H™ concentration in solution (see
Table A3 for details). This approach is similar to the param-
eterization of other acid-catalysed reactions between HOX
and halides, where the reaction rates scale linearly as a func-
tion of HT concentration between pH2 and 6 for bromine
(Roberts et al., 2014). This pH-dependency in secondary SOI
formation makes the reaction rate faster in the fine mode rel-
ative to the coarse mode, which is also consistent with the
larger abundance of fine mode SOI compared to the coarse
mode in observations (Gémez Martin et al., 2022b). The
modeled pH-dependency also allows this reaction to com-
pete with reactions between HOI and halides (C1~, Br—, I7),
which are very fast (Roberts et al., 2014). Laboratory exper-
iments that characterize the reaction rate of HOI + organic
aerosol would better constrain the relative importance of
these reactions.

Secondary SOI may be produced by the formation of
iodide-organic adducts. Iodide-organic adducts are formed
from dissolved iodide in aerosols, which can bind with hy-
droxyl, acid, or keto groups (Lee et al., 2014; Yu et al., 2019).
While formation rates for iodide organic adducts have not
been measured, we use global speciated iodine observations
from Gémez Martin et al. (2022b) to tune the rates of io-
dide — SOI conversion in the model. In Lee et al. (2014), io-
dide organic adducts are formed within a chemical ionization
mass spectrometer (CIMS). While it was demonstrated that
organics can efficiently and quantitatively attach to iodide in
Lee et al. (2014), it’s unclear if this chemistry translates to
form condensed-phase iodide organic adducts under ambient
conditions. Based on the work in Yu et al. (2019), iodide-
organic adducts are thought to be abundant at both the inland
and coastal sites in ambient samples.

The first-order reaction rates for the interconversion of all
of the aerosol iodine species are found in Table A4 (and
depicted in Fig. 1). The use of the first-order rate constant
for aerosol iodine interconversion makes this reaction easy
to implement into 1D, box, or chemical transport models.
We represent the formation of organic-iodide adducts with
a first-order rate constant equivalent to a lifetime of 4 and
8h for the fine and coarse mode, respectively (Table A4).
The faster formation rate for iodide-organic adducts in the
fine mode is supported by the higher abundance of SOI in
the fine mode in global observations (Gémez Martin et al.,
2022b). This also allows for the formation of secondary
SOI over the continents, which is consistent with observa-
tions in Yu et al. (2019), who found that 64 % + 8 % of total
aerosol iodine at their inland site was in the form of iodide-
organic adducts among the 45 organic iodine compounds
they measured (Yu et al., 2019). Aerosol iodine interconver-
sion rates for SOI — iodide and iodide — SOI were tuned
to size-resolved and speciated iodide and SOI observations
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Figure 1. Schematic representing heterogeneous iodine chemistry in GEOS-Chem. Soluble organic iodine (SOI) is in blue, iodide is in
pink, and iodate is in orange. Each aerosol iodine species has two size bins. Arrows moving toward each species represent a source while
arrows moving away represent a sink. Primary emission and deposition occur for both size bins. The iodide dehalogenation reactions are
indicated by the black arrow. Interconversion between the aerosol iodine species (SOI — iodide, iodide — SOI, and iodate — iodide) is also
represented, where the numbers above show the lifetime of each species in hours before conversion.

from Gémez Martin et al. (2022b). We explore model sensi-
tivity to aerosol iodine interconversion rates on the order of
minutes, hours, and days in a follow-up paper.

The C-I bond in many SOI compounds is likely relatively
weak due to the large size of iodine atoms and diffuse or-
bital arrangement, leaving the possibility of dissociation into
iodide in atmospheric aerosol or during sample extraction
(Baker et al., 2000; Yodle and Baker, 2019; Yu et al., 2019).
To represent the relative instability of iodide-organic adducts,
we parameterize the dissociation of SOI to yield iodide us-
ing a first-order rate constant (Table A4). Further studies
that quantify how the abundance and composition of organic
aerosol impact SOI formation rates would be valuable for
global modeling of SOI.

2.2.5 Aerosol dehalogenation as a source of |,

Halogen nitrates (CINO3, BrNOs3, and INO3) and hypo-
halous acids (HOCI, HOBr, and HOI) react with aerosol
halides to form gas-phase dihalogen species, collectively
referred to in this work as aerosol dehalogenation (Reac-
tions R3 and R4).

(R3)
(R4)

HOX(gas) + halide(aerosol) — dihalogen(gas)
XNO3(gas) + halide(aerosor) — dihalogen,gy)

where HOX refers to HOCI, HOBr, and HOI, XNO3 refers
to CINOj3, BrNOj3, and INO3, halides are chloride, bromide,
and iodide, and dihalogens are Cl,, Br,, I, BrCl, ICl, and
IBr.

The resulting dihalogen species photolyze readily and par-
ticipate in other reactive halogen chemistry. While GEOS-
Chem previously included dechlorination and debromination
onto aerosol via HOBr, HOCI, CINOj3, and BrNO3 to form
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Bry, BrCl, and Cl,, iodide dehalogenation was absent (Sher-
wen et al., 2016a; Wang et al., 2019, 2021). As a result,
aerosol iodine was effectively treated as a depositional sink
for iodine species (Iy) before this work. To our knowledge,
this is the first time explicit iodide conversion back to I, has
been represented in a global chemical transport model.

Appendix B details the parameters used for HOX and
XNOj3 dehalogenation, which use the same rate constants for
iodide as bromide (Tables B1 and B2). Some of the rate con-
stants for HOX and XNOj reaction with iodide are not avail-
able; however, this is likely not a large source of uncertainty
since the overall reaction rates are limited by the diffusion
of the gases onto aerosol. We show this in Sect. B2 of the
Appendix.

2.2.6 Sinks of aerosol iodine

The permanent sink for total aerosol iodine is wet and dry
deposition. Iodide dehalogenation also serves as a tempo-
rary sink since the liberated I, can either be deposited in
the gas-phase or undergo aerosol uptake. The interconver-
sion of aerosol iodine species: SOI — iodide, iodide — SOI,
and iodate — iodide represent sinks for the individual aerosol
species but not total aerosol iodine.

2.3 Model simulations

Table 1 details the assumptions for the three model simula-
tions reported in this work. The base model is out-of-the-box
GEOS-Chem 14.4.0 under the GEOS-Chem Classic config-
uration. The new iodine chemistry simulation incorporates
speciated aerosol iodine, iodide dehalogenation chemistry,
aerosol uptake of HIO3, and HIO3 new particle formation.
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New iodine chemistry (no HIO3 NPF) is the same as new
iodine chemistry without NPF (Egs. 4 and 5).

2.4 Observations used for measurement and model
comparison

Global observations of speciated iodine aerosol are compiled
from Gémez Martin (2022b), who synthesized all prior liter-
ature, including surface measurements from both site-based
and shipborne campaigns. Surface HIO3 observations are
from He et al. (2021), another synthesis of all prior mea-
surements (Beck et al., 2021; Finkenzeller et al., 2023; He
et al., 2021a, b; Jokinen et al., 2018; Sipild et al., 2016;
Thakur et al., 2022; Zhang et al., 2024). We compiled sur-
face IO observations including site-based and cruise mea-
surements (Allan et al., 2000; Butz et al., 2009; Carpenter
et al., 2001; Gémez Martin et al., 2013; Grilli et al., 2012,
2013; Grofimann et al., 2013; Huang et al., 2010; Inamdar
et al., 2020; Mahajan et al., 2010b, a, 2012, 2021; Oetjen,
2009; Peters et al., 2005; Prados-Roman et al., 2015a; Read
et al., 2008; Saiz-Lopez et al., 2008; Saiz-Lopez and Plane,
2004; Stutz et al., 2007). Vertical profiles of non-sea-salt io-
dine aerosol are from the NASA Atmospheric Tomography
Mission (ATom) (Schill et al., 2025). Vertical profiles of 10
are from the Tropical Ocean Troposphere Exchange of Reac-
tive Halogen Species and Oxygenated VOC (TORERO) and
Convective Transport of Active Species in the Tropics (CON-
TRAST) campaigns (Koenig et al., 2020; Pan et al., 2017;
Volkamer et al., 2015, 2020; Volkamer and Dix, 2017). We
use over two decades of iodine observations to ensure ade-
quate spatial coverage for model and measurement compari-
son, even though the model was run for the year 2022. This
may introduce uncertainties in model and measurement com-
parison in regions with high variability in iodine emissions
(e.g., with strong interannual variability in surface ozone
concentrations or marine biogenic production). The spatial
coverage of the observations used for model comparison may
be viewed in Fig. 2. See the data availability section for links
to access these datasets.

3 Results

3.1 Comparison between model and surface
observations

Figure 2 compares modeled annual-average, surface bulk
aerosol iodine (a—d), HIO3 (e), and 1O (f) from the new io-
dine chemistry model simulation with surface observations
(Gémez Martin et al., 2022b; GroBmann et al., 2013; He
et al., 2021a; Prados-Roman et al., 2015b). Modeled and ob-
served total aerosol iodine concentrations peak in the trop-
ics, with the highest concentrations in the equatorial North-
ern Hemisphere. Modeled SOI (Fig. 2b), iodate (Fig. 2c),
and iodide (Fig. 2d) aerosols exhibit different spatial patterns
despite similarities in their zonal distribution. SOI concen-
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trations tend to be higher in biogenically productive marine
environments (e.g. the equatorial Pacific and regions with
coastal upwelling) and where iodide is also abundant. Io-
date concentrations are enhanced in the Mediterranean and
off the West coasts of the United States and Africa due to
higher HIO3 abundance in these regions (Fig. 2c and e). Be-
cause iodide abundances result from gas-phase diffusion of a
myriad of I, species onto aerosol as well as the decomposi-
tion of SOI and iodate, it has the most diffuse spatial pattern
(Fig. 2d). The model predicts that all three aerosol iodine
species have the highest concentrations over the North In-
dian Ocean, a region that currently does not have speciated
or bulk aerosol iodine observations.

Figures 2e, f and 3a, b show modeled annual-mean HIO3
(e) and IO (f) compared to surface observations. The model
predicts surface HIO3 between 0.001-1.1 ppt. The normal-
ized mean bias for modeled HIO3 in the new iodine chem-
istry simulation is —61.8 % for mean observed HIO3 concen-
trations in 3a and —17.7 % for median observed HIO3. Mod-
eled HIO3 compares well with observations where available,
though it’s worth noting that the regions with the highest sur-
face HIO3 in the model do not have observations available
for model evaluation (Figs. 2e and 3a) (Beck et al., 2021;
Finkenzeller et al., 2023; He et al., 2021a, b; Jokinen et al.,
2018; Sipild et al., 2016; Thakur et al., 2022; Zhang et al.,
2024). HIO3 mixing ratios are enhanced near the West Coast
of the US, the Mediterranean, and the Indian Ocean (Fig. 2e).
The spatial pattern of HIO3 concentrations follow IO in the
model since O3 deposition enhances the emission of I, from
the sea surface in these regions.

Figure 2f shows that GEOS-Chem performs fairly well in
reproducing surface IO over the open ocean (Allan et al.,
2000; Butz et al., 2009; Carpenter et al., 2001; Gémez Martin
et al., 2013; Grilli et al., 2012, 2013; Gromann et al., 2013;
Huang et al., 2010; Inamdar et al., 2020; Mahajan et al.,
2010b, a, 2012, 2021; Oetjen, 2009; Peters et al., 2005;
Prados-Roman et al., 2015a; Read et al., 2008; Saiz-Lopez
et al., 2008; Saiz-Lopez and Plane, 2004; Stutz et al., 2007).
Figure 3b compares surface IO with the zonal-mean 10 in the
base and new iodine chemistry simulations, where, on aver-
age, the new iodine chemistry version underestimates sur-
face I0 by —0.5+ 1.6 ppt. The normalized mean bias for
IO in the new iodine chemistry simulation is —62.7 %, a
slight improvement from the base model which had a nor-
malized mean bias of —68.9 %. The largest differences in
measured and modeled 10 are at Mace Head in Ireland, the
Isles of Shoals in Maine, Roscoff, France, and Halley Station,
Antarctica, demonstrating that the coarse model resolution is
not able to capture concentrated emissions from coastal io-
dine hot spots (Fig. 2f) (Alicke et al., 1999; Furneaux et al.,
2010; Huang et al., 2010; Mahajan et al., 2009; Saiz-Lopez
et al., 2007; Saiz-Lopez and Plane, 2004; Thurlow et al.,
2014; Wada et al., 2007; Whalley et al., 2007). It is also pos-
sible that uncertainties in current chemical mechanisms and
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Model simulation Configuration

Base model GEOS-Chem 14.4.0

— Out-of-the box with no modifications

New iodine chemistry

GEOS-Chem 14.4.0 with the following new chemistry

— Speciated aerosol iodine

— Iodide dehalogenation chemistry
— Aerosol uptake of HIO3

— HIO3 new particle formation

New iodine chemistry GEOS-Chem 14.4.0

(no HIO3 NPF)

— Same as “new iodine chemistry” without HIO3 new particle formation

Bulk total aerosol iodine
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Figure 2. Modeled annual mean bulk (fine + coarse mode) surface iodine concentrations for total aerosol iodine (SOI + iodide + iodate) (a),
bulk soluble organic iodine (b), bulk iodate (c), bulk iodide (d), and gas-phase HIO3 (e) and IO (f). Aerosol concentrations and gas-phase

mixing ratios are reported in ppt.

emissions of iodine contribute to the model biases in these
coastal hot spots.

The overall bias for modeled HIO3 and 10 may be im-
proved further by changing the sea surface iodine emission
scheme from MacDonald et al. (2014) to Sherwen et al.
(2019), which had 80 % higher sea surface iodide concen-
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trations on average with the largest increases in emissions in
polar regions (Sherwen et al., 2019). When the Sherwen et al.
(2019) scheme was incorporated into GEOS-Chem v14.1.1
by Pound et al. (2024), the relative mean bias of IO shifted
from —0.43 ppt with the MacDonald et al. (2014) scheme to
+0.43 ppt, with the largest increases occurring in the polar

https://doi.org/10.5194/acp-26-2353-2026



A. R. Moon et al.: Aerosol iodine recycling

, (a)
10
™ Mean Observations
’4: # New iodine chemistry HIO3
o ,
o 04
£ 10 JL
M
Q
T 10714 ) [=]
©
(©] 4
©
£ 10725 *
o}
wn
! . -
w3l | Bl L1 |
NN NN NN NN
m — — o — M o N o
TR 03 8 © L L O
T T £ o o T g w® T T
8 3 5 £ £ 5 =& S S
2 gt T3t 3 g g ¢
E 3 2 o o 2 5= 0
S o T T < 9o
[} < > &
P=4 = =4

Surface 10 (ppt)

2361

(b)

—— Mean new iodine chemistry 0 (+10) === Mean observed IO (+10)
101 4 --:- Mean base model 10 (x10) @ Observations
10° 4 _
®
)
10-1 4
1072 T T T T T T
-75 =50 =25 0 25 50 75
Latitude (°)

Figure 3. Surface observation versus model comparisons for HIO3 (a) and IO (b). The boxplots in (a) compare GEOS-Chem and observed
HIO3, organized by latitude. The light blue stars represent the monthly-mean concentration in the new iodine chemistry simulation, which
coincide with the month of year the observations were made. The base model does not have HIO3 chemistry. The grey squares represent
mean observations for each site. The boxplots show the median and interquartile ranges (IQR) for the observations (25th—75th percentiles).
The whiskers represent 1.5 times the IQR. The black diamonds represent outliers, which exceed 1.5 times the IQR. (b) The pink circles show
surface 1O observations as a function of latitude. Zonal mean IO observations and model output from the new iodine chemistry simulation
and base model are plotted in the pink solid, blue solid, and black dotted lines, respectively. The shading along the modeled zonal mean 10
concentrations represents 1 standard deviation of the values at a given latitude.

regions. However, v14.1.1 had sea-salt debromination deac-
tivated and did not include speciated aerosol iodine or io-
dide dehalogenation, making it unclear how the updated sur-
face emissions would affect I, under the new iodine chem-
istry. Sea surface iodide concentrations from Sherwen et al.
(2019), which were used in GEOS-Chem in Pound et al.
(2024), have not been implemented in the base iodine emis-
sion scheme of GEOS-Chem and are therefore not consid-
ered in this work.

Figure 4 shows that adding speciated aerosol iodine and io-
dide dehalogenation to GEOS-Chem significantly improved
agreement between modeled and measured bulk soluble
aerosol iodine. While the 14.4 base model overestimated
aerosol iodine, the new iodine parameterization brings the
model much closer to the 1:1 ratio line (Fig. 4a and b).
The model also shows a stronger correlation with observed
total aerosol iodine for latitudes less than 30° N, with an
r2 values of 0.76 compared to 0.34 for the new model and
base model, respectively. The normalized mean bias of total
aerosol iodine for latitudes below 30° N is 4+7.3 %, showing
a substantial improvement over the base model, which had
a normalized mean bias of +285.9 %. For latitudes > 30° N,
the model underestimates SOI, iodide, and iodate, suggest-
ing missing iodine sources at mid- to high-latitudes in the
Northern Hemisphere (Figs. 4 and C1-C3). Zonal compar-
isons of modeled and measured SOI, iodide, and iodate (in-
cluding size-resolved observations) may be found in Figs. C1
and C2.

In general, the model underestimates mean bulk SOI
and iodide by —0.25 + 1.0 and —0.16 £ 0.2 ppt, respectively
(Fig. 4c and d). On the other hand, iodate is overestimated for
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latitudes < 30° N, which compensates for the underestimate
in SOI and iodide (Fig. 4e). The normalized mean biases for
SOlI, iodide, iodate, and total aerosol iodine for all latitudes
are —83.3 %, —72.3 %, +21.0 %, and —53.4 %, respectively.
The normalized mean bias for total aerosol iodine in the base
model for all latitudes is +22.1 %. The lower bias overall
is due to the overestimate for aerosol iodine at latitudes less
than +30° N, which compensates for the underestimate at lat-
itudes greater than 4+-30° N.

Aerosol iodine interconversion rates could theoretically al-
ter the individual concentrations of the aerosol iodine species
to increase the abundances of SOI and iodide relative to io-
date. However, by increasing the conversion rate of iodate
to iodide, the reactions between HOX and XNOj3; with io-
dide are too efficient to preserve aerosol iodide before it is
recycled to the gas-phase in the model. Tuning the aerosol io-
dine interconversion rates in the model is somewhat arbitrary,
since changes in aerosol surface area and acidity in the model
can alter the acid-catalysed reaction rates for HOX + iodide.
Additionally, it’s likely that we are missing sources of SOI
that are not derived from primary marine organic aerosol,
such as secondary marine organic aerosol and continental or-
ganic sources. Global observations from Gémez Martin et al.
(2022b) suggest that 20 %—35 % of total aerosol iodine is
non-soluble and likely derived from combustion and biomass
burning, which is not currently considered in this model.
Adding additional SOI sources would also help address the
low bias in this study. Speciated aerosol iodine observations
are strongly correlated with the amount of observed total sol-
uble iodine at all latitudes, with rZ of 0.76, 0.92, and 0.66 for
SOL iodide, and iodate, respectively (Fig. C3). As this study

Atmos. Chem. Phys., 26, 2353—-2389, 2026



2362

A. R. Moon et al.: Aerosol iodine recycling

(a) i3 (b)
5 <z 80 : 7 80
33 Lat<30°N (Slope =1.72, Lat<30°N (Slope = 0.88, g
® T r2=0.34,p=0.001) 60 1691~ r2=0.76, p=0.000) ,/ 60
5301 o --= 1:1ratio z ——- 1:1 ratio Pl
2 @ g
o 4 2 l44
D 40 i 40
£ 2.5 s
35 55 1.2
o2 20 & g2 20 &
F 2 o g ~
38207 g 28104 P
o 0 5 (IR 0 =
20 2 £° 2
8% 151 & gy 08 =
] -20 @ 23 =20 s
3 37 0.6
3 =2
g 1.0 -40 5 —40
: % 041
-60 -60
0.5 0.2
-80 -80
0.0+ 0.0 00
0 0.0 0.5 1.0 15
Observed total soluble aerosol iodine (ppt) Observed total soluble aerosol iodine (ppt)
(c) (d) (e)
0.40 3 80 1.0 % 80 1.0 - ~ 80
= Lat<30°N (Slope = 0.36, e Lat<30°N (Slope = 0.28, Pid Lat<30°N (Slope =1.90, Vil
g 0.35 r?=0.47, p=0.000) g 60 r?=0.50,p = 0.000) /' 60 r?=0.51, p=0.000) ,/ 60
o === 1:1 ratio at 0.8 === 1:1ratio e 0.8 === 1:1ratio s
£ P L ’ g O ’
g 0.301 . 40 2 i 40 g A 40
gy P E; S foo %
72 20 ~ B 20 2g 200
£5 0251 ad L EZ 06 L o EZ06 A =
25 4 1) £9 s o 29 @
22 0.20 # ¢ 5 g < o 2 5= 0z
i # £ &2 % g £2 £
3 4 -20 S 0.4 2 -20 3 -20
22 0154 e, e B 2Eod " 3 Egos 8
23 @ & 23 .4 a3
23 7 a% -40 23 -40 23 -40
= 0.10 P ) = =
5 4 @ 0.2 o 0.2
3 Pt ® -60 . @ ® -60 -60
2 0.05 > é) o @
o -80 g o -80 -80
0.00 © Ke @, @ © 0.0 AP O - — 0.0 . .
0.0 0.1 0.2 0.3 0.4 0.0 0.2 0.4 0.6 0.8 1.0 0.6 0.8 1.0

Observed bulk soluble organic iodine (ppt)

Observed bulk iodide (ppt)

Observed bulk iodate (ppt)

Figure 4. (a—e) Comparisons between annual modeled and measured bulk aerosol iodine (ppt) for the GEOS-Chem base model (v14.4) (a)
and new iodine chemistry simulation (b). (c)—(e) show the comparison between modeled and measured SOI (c), iodide (d), and iodate (e)
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correspond with the model grid resolution.

is the first attempt of modeling speciated aerosol iodine at the
global scale, the main goal was to reproduce total soluble io-
dine observations. The low bias for SOI and iodide and high
bias for iodate all suggest that the rates used for aerosol io-
dine interconversion in this study still need to be refined once
quantitative experimental results are available.

The poor model agreement with observed total aerosol io-
dine shown in Fig. 4 at latitudes higher than 30° N arises from
severe underestimates of aerosol iodine in the North Atlantic
(mainly at Mace Head, Ireland) and off the coast of Northern
Alaska, which is also evident in Fig. 2a—d. The inability of
GEOS-Chem to reproduce iodine observations at Mace Head
is not surprising. The highly productive algae beds make this
site a volcano of reactive iodine emissions to the atmosphere,
with a median observed total aerosol iodine of 5.2 ppt and
observations up to 37 ppt during the Marine Aerosol Produc-
tion (MAP) (2006) campaign (Gilfedder et al., 2008). Nearly
all of the aerosol iodine at Mace Head is SOI (96 % + 4 %),
with 58 % and 42 % of SOI in the coarse and fine mode,
respectively, suggesting that a large portion is primary SOI
(Fig. C1) (Gilfedder et al., 2008). Other regions rich in kelp,
including The Russian Far East, the West Coast of South
America, and the West Coast of Australia (Eger et al., 2023),
do not exhibit the same underestimate in aerosol iodine, sug-
gesting that this is not a systematic issue in the model for the

Atmos. Chem. Phys., 26, 2353-2389, 2026

lower latitudes (Fig. 2b) The underestimate of SOI at lati-
tudes > 30° N, however, does point to the need for more SOI
sources in the model (Figs. 4c and C1, C2).

Another known missing source in GEOS-Chem is iodine
emissions from snow and ice, which have also previously
been demonstrated to be an important bromine source con-
tributing to Arctic O3 depletion events (Raso et al., 2017;
Thompson et al., 2015). The snowpack iodine in Brown
et al. (2025) appeared to originate from the deposition
of aerosol iodine onto the snowpack and subsequent re-
emissions through aerosol recycling back to I,. Since obser-
vations suggest that both iodine and bromine are enriched in
snowpack relative to seawater, this iodine source should be
considered in future work (Brown et al., 2025; Celli et al.,
2023; Raso et al., 2017).

3.2 \Vertical profiles of speciated aerosol iodine and |,

Figure 5a—-i shows modeled vertical profiles of annual-mean
aerosol iodine concentrations and their speciated fractional
contributions to total aerosol iodine for the tropics, mid-
latitudes, and polar regions. Non-sea-salt aerosol iodine
(nssI) observations from the ATom campaign (plotted in sil-
ver in Fig. Sa—c) provide a lower limit for fine-mode aerosol
iodine in the atmosphere (Schill et al., 2025). During ATom,
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aerosol iodine was detected in several types of non-sea-
salt organic particles including sulfate-rich organic aerosol,
biomass burning particles, and metal-rich particles associ-
ated with ship emissions (Schill et al., 2025). While the con-
centration of iodine in non-sea salt particles is reported, the
partitioning between SOI, iodide, and iodate in the obser-
vations is unknown. Schill et al. (2025) showed that nssl
is ubiquitous in the upper atmosphere, despite the distance
from the ocean surface, which is the main source of atmo-
spheric iodine. The vertical profile of nssl closely resem-
bles the profile of non-sea salt organic particles (Schill et al.,
2025) (Fig. Sa—c). While the speciation of the ATom nssI ob-
servations is unknown, one explanation for the correlation
between organics and nssl could be the formation or trans-
port of SOI to the upper troposphere.

Figure 5a—c shows that fine-mode iodine aerosol is likely
underestimated in the model compared to the nssI ATom ob-
servations. Fine aerosol iodine in the base model (plotted as
a dashed black line) is < 0.01 ppt in polar regions, underes-
timating fine aerosol iodine by more than an order of magni-
tude (Fig. 5a). Fine aerosol iodine in the base model shows an
even steeper decrease in mass with height, resulting in worse
agreement with observations in the upper troposphere. Part
of the increase in modeled upper-troposphere aerosol iodine
compared to the base model is from HIO3 new particle for-
mation in the upper atmosphere. Because SOI and 105 are
not directly recycled to I, in the model, their presence helps
preserve the aerosol iodine to allow it to be transported away
from the surface. Despite these additions, the amount of fine
iodine in the upper troposphere is still underestimated com-
pared to observations. The model’s underestimation in the
upper troposphere could be due to the underestimated sur-
face emissions with the MacDonald scheme in addition to
issues with aerosol iodine transport, deposition, or a combi-
nation of these factors. Due to the high abundance of HOX
and XNOj in the lower troposphere, the mean lifetime of
fine mode iodide against dehalogenation is only 12 min, re-
sulting in low iodide abundance throughout the troposphere
(Figs. 4a—c and C1). Because HOX dehalogenation reactions
are acid-catalysed, fine-mode aerosol in the model may be
too acidic, making the recycling rate to form I, too fast.
Alternatively, surfactants on the aerosol surface may slow
down dehalogenation, which is not currently considered in
the model.

Figure 5d—f includes coarse mode aerosol concentrations
in addition to the fine mode concentrations to represent to-
tal aerosol iodine in the model. Total aerosol iodine peaks
at the surface and decreases with height through the mid-
troposphere. In the upper troposphere, this trend reverses and
aerosol iodine begins to increase with height. Schill et al.
(2025) also observed an increase of nssl with height in the
upper troposphere during ATom. Figure 5g—i shows that the
modeled fraction of SOI increases with height in the tropics
and mid-latitudes. This is also consistent with the hypothe-
sis that organics have a stabilizing effect on aerosol iodine
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in the troposphere by binding with iodide to form adducts,
effectively slowing down reactive iodine chemistry by not
allowing iodide to be recycled back to the gas phase. While
we lack laboratory studies that explicitly investigate reaction
rates between iodide and organic aerosol to form adducts,
observations from Yu et al. (2019) found that iodide-organic
adducts constituted 64 % £ 8 % of aerosol iodine at their in-
land site 200 km from the coast, which was higher than the
coastal site contribution at 31 % % 16 % of total aerosol io-
dine. In the aged particles from their study, SOI contributed
76 % £ 7 % of total aerosol iodine, which further supports the
hypothesis of organics having a stabilizing effect on aerosol
iodine.

Modeled fine mode iodate is the dominant form of aerosol
iodine above the boundary layer in the troposphere (Fig. 5g—
i). Koenig et al. (2020) found an increase in the fraction of io-
date moving upward from the upper-troposphere to the lower
stratosphere based on It : HI™ :I;r ratios in aerosol mass
spectrometry (AMS) observations. They report a mean io-
date fraction of 56 % compared to total aerosol iodine in the
upper troposphere, however, only one organic iodine aerosol
species (5-iodo-2-furfural) was considered, so the contribu-
tion of iodate to total aerosol iodine is not easily compara-
ble to this study (Koenig et al., 2020). Obtaining more spe-
ciated aerosol iodine observations in the upper atmosphere
would shed light on the relative stabilities of SOI, iodate,
and iodide as they age in the atmosphere and provide fur-
ther guidance for model improvement. Additionally, the rel-
ative distribution of aerosol iodine in non-sea salt vs. sea salt
particles is unknown in the upper atmosphere, though sea
salt abundances decrease by around a factor of 10 for ev-
ery 2 km in altitude, with very low sea salt abundance in the
upper troposphere (Murphy et al., 2019). This likely means
that nssI aerosol becomes a relatively larger contributor to
total aerosol iodine in the upper troposphere, as sea salt par-
ticles are more efficiently removed by deposition due to their
high solubility and larger size. Quantifying the abundance
and speciation of iodine in different particle types as a func-
tion of altitude would further aid in model improvement.

Figure 6 shows vertical-mean profiles and zonal-mean sur-
face I, composition for the base model (a and b), the new
iodine chemistry simulation (c and d), and the new iodine
chemistry (no HIO3 NPF) simulation (see Table 1 for model
configuration information). HIOj3 is a large contributor to I,
in the troposphere in the model. The HIO3 concentration in-
creases with height and peaks in the mid-troposphere (around
600 hPa). In the sensitivity study where HIO3 NPF is not in-
cluded (“no HIO3 NPF”), a large bubble of HIO3 forms in the
upper troposphere, with mean concentrations around 1 ppt
(Fig. 6e). HIO3 accumulates as a function of altitude with-
out NPF due to the lack of existing aerosol surface area for
uptake of HIO3 to form iodate. This makes HIO3 the glob-
ally dominant iodine species in the upper atmosphere, con-
tributing almost all of total I, upward from 800 hPa (Fig. 6e).
The difference in the tropospheric burden of HIO3 in the “no
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Figure 5. Vertical profiles of speciated aerosol iodine in the tropics, mid-latitudes, and poles. (a)-(c) show modeled fine mode SOI (blue),
iodide (pink), and iodate (orange) in ppt. The shaded profiles are stacked to represent the sum of fine SOI, iodide, and iodate. The black
dashed lines show fine aerosol iodine concentrations in the base model. Average AToM nss iodine (ppt) and nss organic mass observations
(ug m™3) are indicated by the silver and teal dashed lines, respectively. Panels (d)—(f) show modeled vertical profiles of both fine and coarse
mode aerosol iodine, which are stacked to represent bulk aerosol iodine. The different colors represent the sizes and species of aerosol iodine
including fine SOI (dark blue), coarse SOI (dark purple), fine iodide (pink), coarse iodide (coral), fine iodate (orange), and coarse iodate
(yellow). The solid black line represents bulk aerosol iodine concentrations in the base model including both the fine and coarse modes.
Panels (g)—(i) show the fractional contributions of fine and coarse mode iodine species to bulk total aerosol iodine, where the colors are the

same as (d)—(f).

HIO3; NPF” and “new iodine chemistry” simulations in Fig. 6
is large, contributing 6.6 and 2.4 GgI of HIO3, respectively.
In the “new iodine chemistry” simulation, HIO3 NPF con-
tributes 24 % of the HIO3 loss rate, with fine aerosol up-
take and coarse aerosol uptake contributing 46 % and 25 %,
respectively, and deposition contributing the remainder of
HIOs3 loss rate at 5 %. These results suggest that HIO3 is a
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critical terminal product of iodine in the gas phase and that
the NPF mechanism is an important sink for HIO3 in the up-
per troposphere in the model, allowing for iodate formation
and recycling back to other forms of 1. This further indicates
that global-scale simulations should include HIO3 when as-
sessing iodine’s impact on atmospheric oxidizing capacity
and particle formation.
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Figure 6. Modeled annual-mean vertical and zonal profiles of I, mixing ratios in ppt for the base model (a, b), new iodine chemistry (c, d),
and new iodine chemistry (no NPF) (e, f). The colors represent different reactive iodine species. The silver dashed line in (¢)—(f) represents
total Iy in the base model for easy comparison with the updated iodine chemistry simulations.

With the added speciated aerosol iodine and HIO3 chem-
istry, the abundance and composition of I, changed compared
to the base model. In the “new iodine chemistry” simula-
tion, non-HIO3 I, increased by 75 % while total I, (includ-
ing HIO3) increased from 11.5 to 23.1 Gg in the troposphere,
more than doubling the total I, abundance (Tables 2 and D1).
The largest increases in I, were due to iodide dehalogena-
tion to form ICI, IBr, and I,. The total dihalogen iodine con-
centration increased by a factor of 11, with ICl, IBr, and I
concentrations increasing by factors of 7, 22, and 47, respec-
tively (Table D1). This corresponded to a 74 % decrease in
total aerosol iodine (from 6.9 Gg total aerosol I in the base
model to 1.8 Gg in the new iodine chemistry simulation) (Ta-
bles 2 and D1).
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The updated iodine chemistry in GEOS-Chem increases
IO concentrations in the upper-troposphere in the model,
which we compare with observations from two aircraft cam-
paigns, TORERO and CONTRAST (Fig. 7a-d) (Koenig
et al., 2020; Pan et al., 2017; Volkamer et al., 2015, 2020;
Volkamer and Dix, 2017). I0 was measured during both cam-
paigns by the CU AMAX-DOAS instrument. The Tropical
Ocean Troposphere Exchange of Reactive Halogen Species
and Oxygenated VOC (TORERO) campaign in the eastern
Pacific measured IO profiles between 1000-200 hPa, observ-
ing mean concentrations of 0.19 + 0.17 ppt (Fig. 7a) (Koenig
et al., 2020; Volkamer et al., 2015; Volkamer and Dix, 2017).
Selecting gridboxes along the flight path between 12:00-
15:00LT to represent daytime concentrations in the model,
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Table 2. Global tropospheric iodine budgets.

A. R. Moon et al.: Aerosol iodine recycling

Base model (v.14.4.0) New iodine chemistry

Gas-phase [,

Sources (Tglyr™ )

Total I, sources 2.9 9.2
Inorganic ocean emission (I, + HOI) 2.4 2.3
Photolysis of organic iodine gases 0.5 0.5
Iodide dehalogenation reactions - 6.4

Sinks (Tegr_l)

Total Iy sinks 2.9 9.2
Gas-phase uptake onto aerosol 1.0 7.2
Deposition 1.9 2.0

Aerosol iodine

Sources (Tglyr™ )

Total aerosol sources 1.0 7.2
Primary ocean emission - 0.004
Gas-phase uptake onto aerosol 1.0 7.2

HI - I~ 0.75 1.3
HOI — I~ 0.12 1.0
INO, — I~ 0.02 0.10
HIO3 — 105 - 4.5
[0y — 105 0.1 0.3

Sinks (Tglyr—!)

Total aerosol sinks 1.0 7.2
Iodide dehalogenation reactions - 6.4
Deposition 1.0 0.8

Tropospheric iodine burdens, deposition, and recycling

Tropospheric burden I, (Gg) 11.5 23.1

Tropospheric burden aerosol I (Gg) 6.9 1.8

Effective iodine lifetime (days) 2.3 34

Iy, — aerosol I — I, cycles before deposition 0 8

the new iodine simulation performs better at reproducing
mean IO concentrations during TORERO (0.12 £0.12 ppt)
compared to the base model (0.06 == 0.11 ppt) (Fig. 7a). This
reduces the magnitude of normalized mean bias of IO in the
new iodine chemistry simulation (—39.3 %) compared to the
base model (—65.1 %).

Similarly, the Convective Transport of Active Species
in the Tropics (CONTRAST) campaign provided aircraft-
based IO measurements in the Western Pacific upper tro-
posphere (260—180 hPa), reporting mean IO concentrations
of 0.12+£0.06 ppt. Along the flight paths between 12:00-
15:00LT, January-mean GEOS-Chem IO concentrations
were 0.14£0.04 ppt with the new iodine scheme, an im-
provement over the base model’s 0.03 +0.02 ppt (Koenig
et al., 2020; Pan et al., 2017; Volkamer et al., 2020) (Fig. 7b
and d). The normalized mean bias in the new iodine chem-
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istry simulation compared to CONTRAST observations is
+29.2 %, which is a slight improvement over the base model
—67.4 %, though it also represents a substantial increase in
IO in the upper troposphere and leads the model to slightly
overestimate compared to observations. The increase in gas-
phase iodine in the upper troposphere with the new iodine
chemistry is also consistent with Dix et al. (2013), who found
that a substantial portion of the IO column resided above the
marine boundary layer and hypothesized that its source orig-
inated from heterogeneous recycling of iodine from aerosols
(Dix et al., 2013).

Above 300hPa, the new iodine chemistry simulation
yields IO levels that are closer to the TORERO and CON-
TRAST observations than the base model, indicating im-
proved model performance in the upper troposphere (Fig. 7c
and d). During TORERO the mean difference in IO con-
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centration above 300 hPa between the model and observa-
tions was —0.04 ppt (compared to —0.12ppt in the base
model) and during CONTRAST the mean difference above
300 hPa was 40.02 ppt (compared to —0.08 ppt in the base
model). GEOS-Chem IO in version 12.9 compared well with
TORERO observations, however, the emission of iodine in
the model is extremely sensitive to O3z concentrations in
the marine boundary layer (Wang et al., 2021). This means
that iodine abundances can vary substantially across GEOS-
Chem versions along with changes in VOC, NO,, and oxi-
dant chemistry. Even so, the improvement in modeled IO in
the upper atmosphere in this work compared to observations
suggests better representation of iodine in the upper tropo-
sphere with the new scheme.

3.3 Impact on effective iodine lifetime and global

halogen budgets

Table 2 and Fig. 8 show the changes in the global iodine
sources and sinks after implementing the new chemistry. The
total emission of inorganic iodine in the updated model de-
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creases by —0.12 TgIyr~! (—5.4 %) due to a decrease in the
tropospheric burden of O3 resulting in decreased sea surface
reaction between iodide and Os.

The tropospheric ozone burden decreases by —2 % in the
new iodine chemistry simulation compared to the base model
(see Table E1). On average, surface O3 concentrations de-
crease by —3 %; however, the spatial pattern of O3 changes
are not uniform across the two hemispheres (Fig. E1). Sur-
face O3 increases for latitudes less than —30°S by up to
+11 % over the Southern Ocean and Antarctica. The increase
in surface O3 over the Southern Ocean coincides with de-
creases in BrO by —0.6 ppt on average. Lower BrO concen-
trations reduce the rate of the BrO + HO, — HOBr + O; re-
action, which is a major contributor to the ozone loss rate
(Bates and Jacob, 2020). At latitudes greater than —30°S,
surface O3 decreases by up to —18 %, with the largest de-
creases over the tropical Pacific and Indian Oceans and in the
Arctic (Fig. E1). We discuss the impacts of the new iodine
chemistry on oxidants further in a follow-up publication.
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the total depositional loss rate (Table 2).

The net decrease in surface O3z is responsible for the
—0.12 Tg decrease in inorganic iodine emissions in the new
iodine chemistry simulation. Figure E2 compares annual-
mean surface ozone concentrations in the base model and
new iodine chemistry simulations with Tropospheric Ozone
Assessment Report II (TOAR II) ship and buoy observa-
tions (Kanaya et al., 2025a, b). Overall, both the base model
and new iodine chemistry simulations reasonably simulate
surface ozone concentrations, with r2 values of 0.84 and
0.90 for the base model and new iodine chemistry simula-
tions, respectively. The decrease in surface ozone for lati-
tudes > —30° S leads to a slightly more negative normalized
mean bias in the new iodine chemistry simulation (—16.0 %)
compared to the base model (—10.7 %).

Iodide dehalogenation reactions produce 6.4 Tglyr—!,
which is more than double the total source of I, in the model
from ocean emissions and the photolysis of organic iodine
gases, which produce 2.8 Tglyr~! (Table 2 and Fig. 8). This
suggests that even though the aerosol is not the initial I,
source, the overall distribution and abundance of reactive
iodine is strongly mediated by heterogeneous chemistry of
aerosol iodine.

As a result of the increased I, recycling rate, the
aerosol uptake rate of I, substantially increases from 1.0 to
7.2 Tglyr~!. The majority (62 %) of I, to aerosol iodine con-
version is from HIO3 uptake onto aerosol and new particle
formation to form iodate (Table 2). The lifetime of fine mode
aerosol iodate in the model is 1 h before it is converted to io-
dide, which can then be liberated to the gas phase via hetero-
geneous reactions (Reactions R3 and R4). The short modeled
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lifetime of fine iodate is consistent with rapid reduction of io-
date to yield I, in Reza et al. (2024) and Li et al. (2024), who
observed iodate recycling even in the absence of light (Li
et al., 2024; Reza et al., 2024). The overestimate of iodate
compared to surface observations suggests that the conver-
sion of iodate to either iodide or I, is likely underestimated.
The uncertainty of HIO3 uptake and subsequent recycling is
compounded by the fact that the reactive uptake coefficients
(yH105) for HIO3 in the updated iodine simulation of 0.03 and
0.10 for the fine and coarse modes, which is on the lower end
of the estimates from other studies. Previous modeling stud-
ies have set ynio; from 0.2 to unity (Pechtl et al., 2007; Zhao
et al., 2024). In a follow up paper, we evaluate the sensitiv-
ity of the model to prescribing yHio, to unity and iodate to
iodide conversion rates on the order minutes instead of hours.

The effective lifetime of iodine in the atmosphere can be
calculated by dividing the tropospheric burdens of gas and
aerosol iodine by their total loss rate from wet and dry depo-
sition to the surface (Eq. 6).

Tiodine =
(6)

The effective lifetime of iodine in the atmosphere increases
by 42 % in the updated model from 2.4 to 3.4 d (Table 2 and
Fig. 8). This coincides with the tropospheric burden of I,
increasing from 11.5 to 23.1 Gg (Table 2 and Fig. 8). The
increase in the effective iodine lifetime from the speciated
iodine chemistry and iodide dehalogenation is responsible
for the increase in the I, burden, where less time is spent
in the aerosol phase compared to the gas phase, increasing

Total iodine burden - Total iodine deposition rate ™!
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the amount of time the iodine can persist in the atmosphere
before deposition. With the addition of aerosol recycling, the
contributions of I, deposition increases compared to aerosol
I deposition; with a larger contribution from I, in the new io-
dine chemistry simulation (71 % of total I deposition) com-
pared to the base model (66 % of total I deposition).

The average number of cycles that I, is converted to
aerosol I and back to I, before deposition can be calcu-
lated by using the ratio between the iodide dehalogenation
rate and the aerosol iodine deposition rate. On average, this
cycle occurs 8 times in the troposphere with the current
model configuration. We note that the interconversion rates
between SOI — iodide, iodide — SOI, and iodate — iodide
effectively dictate the overall iodide dehalogenation rates,
where higher SOI and iodate concentrations relative to io-
dide slows down reactive iodine chemistry and increases the
depositional loss from aerosol I relative to I,. We explore the
sensitivity of atmospheric oxidants to iodine parameteriza-
tions in GEOS-Chem including the rates of conversion be-
tween SOI, iodide, and iodate and model sensitivity to HIO3
NPF and reactive uptake coefficients in a follow-up paper.

3.4 Remaining uncertainties in the measurements and
modeling of atmospheric iodine

We have implemented speciated aerosol iodine and hetero-
geneous chemistry of iodide aerosol in GEOS-Chem, largely
relying on the existing network of surface observations pre-
sented in Gomez Martin et al. (2022b). We would like to
emphasize that observations of the relative abundances of
aerosol iodine species are uncertain. This is because speci-
ated aerosol iodine is measured through offline filter extrac-
tion into solution, separation via ion chromatography (IC),
and then measurement of iodine as a function of retention
time (IC-ICPMS) (Gémez Martin et al., 2022b). Given the
sensitivity of iodine speciation to pH, the speciation in the
sample may be altered the moment the filter is extracted by
simply diluting the solution, inducing interconversion be-
tween SOI, iodide, and potentially iodate. Several studies
have also shown that sonication during sample extraction
causes interconversion between SOI and iodide. Sonication
can either increase the amount of iodide by causing SOI to
dissociate (observed in Yodel and Baker, 2019 ), or increase
the amount of SOI as iodide reacts with organics in bulk so-
lution (observed in Baker et al., 2000). These uncertainties
in measuring the speciation of aerosol iodine propagate into
global modeling uncertainties. Therefore, we call for future
endeavours to carry out in situ online measurement of these
components to constrain the uncertainties.

We do not represent non-soluble iodine in the model,
though it has been observed in the atmosphere and con-
tributes 20 %-35 % of total aerosol iodine (Gémez Martin
et al., 2022b). It is hypothesized that non-soluble iodine
(NSI) aerosol is formed in hydrophobic aerosol like soot and
has a continental origin (Gémez Martin et al., 2022b). Schill
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et al. (2025) also identified biomass burning as a source of
primary aerosol iodine, though neither of these formation
processes has been included in the model. NSI may be an
important sink for I, in biomass-burning plumes since they
provide a surface for aerosol uptake. Shi et al. (2021) ob-
served large increases in both primary and secondary or-
ganic iodine aerosol during the heating season in Beijing,
which seemed to come from coal combustion, suggesting
that there are likely also anthropogenic sources of organic
iodine aerosol (Shi et al., 2021).

There are likely other missing iodine sources in the model.
GEOS-Chem performs poorly in reproducing total aerosol
iodine observations north of 50° N. This may be improved by
transitioning from the MacDonald I, emission scheme to the
Sherwen et al. (2019) scheme, which has substantially higher
Arctic emissions. Adding a snow source for iodine may also
improve model performance in the Arctic.

The model is also missing continental sources of iodine.
Biomass burning and anthropogenic emissions are poten-
tially important sources of iodine (Schill et al., 2025; Shi
et al., 2021). Additionally, aircraft observations of IO have
indicated that dust is a potential driver of gas-phase iodine,
where 10 concentrations were enhanced by up to a factor of
10 within lofted dust layers off the coast of Chile, coinciding
with lower ozone abundances (Koenig et al., 2021). This is
in line with observations in the Canary Islands, where dust
events were associated with higher gas-phase iodine abun-
dances, with CH3I concentrations increasing by factors of 2
to 14 compared to background conditions (Puentedura et al.,
2012; Williams et al., 2007). At a mountain site in Colorado,
Lee et al. (2024) found that GEOS-Chem underestimated
IO by about a factor of 3. This bias could be due to over-
estimated IO sinks, likely in part because of the previous
lack of aerosol recycling and shorter effective iodine lifetime
in GEOS-Chem (Lee et al., 2024). However, their findings
could also indicate missing continental iodine sources. More
observations of iodine in inland sites will further aid in iden-
tifying the relative importance of non-marine sources in the
global iodine budget.

Because almost all speciated iodine observations are from
the marine boundary layer, relatively little is known about the
processes governing the relative abundance of these species
as they age and are transported upwards in the atmosphere.
Interconversion rates between aerosol iodine species are un-
certain and are currently parameterized by first-order rate
constants tuned to global surface observations. Iodate is the
dominant aerosol iodine species throughout most of the tro-
posphere in the model, though as discussed before, it is over-
estimated compared to surface observations (Figs. 4 and 5).
It is possible, however, that iodate is the dominant species
in the upper troposphere due to the efficiency of HIO3 NPF
at low temperatures and its relative stability against dehalo-
genation compared to iodide (He, 2023; He et al., 2021a).

We do not account for ionic strength and pH in modeling
the uptake of I, onto aerosol because we use a kinetic ap-
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proach, where the aerosol formation rates from HI and HIO;
are estimated based on the estimated reaction probability and
aerosol surface area. In reality, this is a thermodynamic pro-
cess influenced by temperature, the pH of aerosol liquid wa-
ter, and the ionic strength of the solution. To better represent
and understand gas-to-aerosol iodine partitioning, inclusion
of HI-I™ and HIO5 105 partitioning using a thermodynamic
approach may be better.

Given the sensitivity of dehalogenation chemistry to pH,
further evaluation of this model parameter is warranted.
Cloud water pH in GEOS-Chem was evaluated in Shah et al.
(2020), where they found good agreement between global
observed and modeled cloud water pH, with mean values
of 5.240.9 and 5.0 £0.8, respectively (Shah et al., 2020).
On the other hand, fresh sea salt aerosol has been found
to rapidly acidify in the remote marine atmosphere, with
aerosol pH ranging between 1.5 and 2.6 within minutes
of emission, compared to the seawater pH around 8 (An-
gle et al., 2021). Observations of aerosol pH in the marine
boundary layer are spatially and temporally sparse, making
evaluating model performance in simulating aerosol pH diffi-
cult. In general, aerosol pH used to calculate dehalogenation
rates ranges between —0.3-5.3 and 5-8 for the fine mode
and coarse mode, respectively, which is within the ranges es-
timated in the literature at —1.1 to 5.3 for fine mode and 1.2—
8.0 for coarse mode (Angle et al., 2021; Pye et al., 2020).
More work is needed in the atmospheric chemistry commu-
nity to evaluate model performance in simulating the pH of
fine and coarse mode aerosol in the remote marine atmo-
sphere.

We have added aerosol iodine dehalogenation to the model
using the same rate constants for debromination. Additional
BrCl, ICl, and IBr observations will help constrain aerosol
dehalogenation rates, since these dihalogen species have only
been measured in a handful of studies (Finley and Saltzman,
2008; Tham et al., 2021). Finally, more synchronous gas and
aerosol phase observations would help us better understand
the role of heterogeneous chemistry in regulating the abun-
dance of I, and oxidants in the atmosphere.

While there are still many uncertainties in understand-
ing the formation and interconversion between aerosol io-
dine species, this study serves as a framework for future
work. Adding the new SOI and iodate tracers to GEOS-Chem
allows for explicit representation of the different types of
aerosol iodine and examination of their potential importance
in the atmosphere. Additionally, the first-order rate constants
used to represent the interconversion rates between aerosol
are easily tuneable until a more detailed parameterization
informed by new laboratory studies is developed. Previous
versions of GEOS-Chem have showed better performance in
reproducing IO observations than the 14.4 base model pre-
sented in this study. In the absence of aerosol iodide recycling
and speciated aerosol iodine chemistry in the base model, the
abundance of I, is largely tied to the surface abundances of
ozone, which dictate the release of I and HOI from the sea
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surface. Because of this, iodine chemistry in GEOS-Chem
is sensitive to the model version as NO,, VOC, and oxidant
abundances are altered. It is possible that performance will
vary with future model developments, as we’ve already ob-
served in comparing the results of previous iodine model-
ing work in GEOS-Chem, including v10 in Sherwen et al.
(2016b), v12.9 in Wang et al. (2021) and Schill et al. (2025),
v13.2 in Lee et al. (2024), and v14.4, which served as the
base model in this study.

Despite the modeled sensitivity of iodine chemistry to sur-
face ozone concentrations, the large increase in the I, bur-
den and the substantial contribution of iodide dehalogena-
tion to I, production demonstrated in this work are expected
to persist across model versions. Additionally, the treatment
of aerosol iodine here differs fundamentally from previous
GEOS-Chem implementations: rather than serving primar-
ily as a depositional sink for Iy, aerosols are shown to be a
significant source. This new framework for modeling aerosol
iodine will ultimately make for a more robust representation
in GEOS-Chem in future model releases because we present
additional model parameters that can mediate the abundances
and recycling of atmospheric iodine.

4 Atmospheric implications and conclusions

Incorporating speciated aerosol iodine and iodide dehalo-
genation in GEOS-Chem has revealed new insights into the
role of heterogeneous chemistry in regulating I,, abundance.
Formation of aerosol iodine was previously treated as a de-
positional sink for I, in GEOS-Chem. To our knowledge, we
have implemented recycling of aerosol iodide back to the gas
phase for the first time in a global model. In doing so, we
found that aerosol iodide is a large source of gas-phase I,.
The I, production rate from aerosol is more than double the
rate of inorganic gas-phase emissions and organic photolysis
combined, suggesting that aerosol iodine is a major control
in mediating I, abundances (Table 2 and Fig. 8). The new
iodine chemistry has increased the effective lifetime of total
gas and aerosol iodine by 42 % compared to the base model
(Table 2 and Fig. 8). This increase in the effective iodine life-
time has profound implications for global halogens since it
allows for further transport of iodine away from the marine
boundary layer into continental regions and up to the upper
troposphere (as shown in Figs. 6 and 7). SOI and iodate act
to stabilize the iodine aerosol against dehalogenation, slow-
ing down the interconversion rates of aerosol and gas-phase
iodine species and impacting I, abundance. These findings
have implications for global oxidant budgets and new parti-
cle formation. We will explore the impact of the changes in
iodine abundance and distribution on global oxidant budgets
in a follow-up publication.

Model bias was improved compared to the 14.4 base
model for IO and aerosol iodine compared to surface and
aircraft-based observations, though it’s likely that surface I,
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concentrations are still underestimated in the model. We also
added HIO3 chemistry to this model version, reproducing
surface HIO3 observations within a factor of two at most
sites. As stated before, transitioning to a higher I, emission
scheme may improve model agreement with surface observa-
tions, though a cautious approach is warranted given the ef-
ficiency of aerosol recycling and the increased effective life-
time of iodine in the model. The improvement in modeled
IO and aerosol iodine in the new iodine chemistry simulation
compared to the base model is promising, especially in try-
ing to understand the importance of iodine for global oxidant
budgets.

Ice core records from Greenland and the French Alps
have previously suggested that iodine concentrations have
increased by a factor of three since 1950 (Corella et al.,
2022; Cuevas et al., 2018; Legrand et al., 2018; Zhao et al.,
2019). This rise has been attributed to a combination of fac-
tors, including elevated sea surface temperatures enhancing
marine primary productivity, reduced sea ice extent, and in-
creased ambient ozone concentrations boosting gas-phase I,
release from the sea surface (Corella et al., 2022; Cuevas
et al., 2018; Legrand et al., 2018; Zhao et al., 2019). Zhai
et al. (2023) found that changes in atmospheric acidity can
explain observed trends in ice core bromine via its effects
on acid-catalyzed aerosol debromination (Zhai et al., 2023,
2024). Due to the importance of acid-catalyzed heteroge-
neous chemistry for I, abundances shown here, changes in
atmospheric acidity should also be considered as a potential
influence on trends in tropospheric reactive iodine.

Appendix A: Model configuration and assumptions
for speciated aerosol iodine

Appendix A details the parameterization for the sources
of speciated aerosol iodine in GEOS-Chem. Primary emis-
sions of aerosol are described in Table Al, secondary inor-
ganic aerosol formation is in Table A2, secondary organic
aerosol formation is in Table A3, and interconversion be-
tween aerosol iodine species is in Table A4.

A1 Secondary inorganic aerosol iodine formation

The conversion rate of iodate to iodide has not been di-
rectly measured. We used global iodate observations from
Gomez Martin et al. (2022b) to tune the modeled HIO3 up-
take and iodate reduction rates. It is possible that the reactive
uptake coefficient for HIO3 approaches unity; however, se-
lecting a reactive uptake coefficient less than unity provides
a conservative estimate for reactive iodine chemistry. This is
because reactive uptake coefficient for HIO3 requires rapid
iodate reduction in order to reproduce surface aerosol obser-
vations. The rapid conversion from iodate to iodide acceler-
ates aerosol iodide dehalogenation and iodine-induced oxi-
dant loss. We show the sensitivity of modeled I, and oxidant
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abundances to the reactive uptake coefficient of HIO3 in a
follow up paper.

A2 Secondary organic aerosol iodine formation

Several mechanisms for SOI formation via HOI chemistry
in aerosols have been proposed. Yu et al. (2019) investigated
SOI composition at coastal sites along the eastern coast of
China, finding that SOI accounted for 46 % of total PM3 5 io-
dine. The study identified iodide-organic adducts, iodoacetic
acid, and iodopropenoic acid (or 2-iodomalondialdehyde, as
proposed by Spdélnik et al., 2020) as significant contributors,
making up 31 %, 7 %, and 5 % of total aerosol iodine, respec-
tively (Spdlnik et al., 2020; Yu et al., 2019). Iodide-organic
adducts are formed from dissolved iodine (likely free iodide
or HOI) in aerosols, which can bind with hydroxyl, acid, or
keto groups (Lee et al., 2014; Yu et al., 2019). The C-I bond
in these compounds is likely relatively weak, leaving the pos-
sibility of re-dissociation into free iodide in the atmosphere
or during sample extraction.

Todoacetic acid (CoH30,I) was identified in 9 out of 10
study samples in Yu et al., including both coastal and inland
sites (Yu et al., 2019). Iodoacetic acid had a bimodal size
distribution with peaks in both the fine (between 0.1-1 um)
and coarse modes (between 5—10 um), which the authors at-
tributed to sea salt emission (or chemistry) as its major source
(Yu et al., 2019). A possible reaction for the formation of
iodoacetic acid in the atmosphere via either HOI is
HOI + C,H40, — C,H30,1+H,0O (AR1)
Todopropenoic acid (C3H3zO»I), another prominent SOI
species identified by Yu et al. (2019), exhibited a bimodal
size distribution with modes at 0.5 and around 1pm di-
ameters. 2-lodomalondialdehyde (C3H310;), an isomer to
iodopropenoic acid, has also been reported to be an abun-
dant SOI species in precipitation (Spélnik et al., 2020). Spél-
nik et al. (2020) proposed a mechanism involving the nu-
cleophilic activation of acrolein (C3H4O) by water to form
an intermediate diol (C3HgO;). This intermediate reacts
with HOI to produce hydroxy-2-iodopropanal (C3HsIO,)
and water. Hydroxy-2-iodopropanal can either form iodoma-
londialdehyde (C3H310,, IMDA) if it is oxidized or 2-
iodoacrolein (C,H3IO) if it is dehydrated. The latter reac-
tion is reversible so it could still be converted to IMDA later.
Spdlnik et al. (2020) suggest that HOI is a likely oxidant for
IMDA formation (Spélnik et al., 2020).

C3H40 4+ H;0 — C3HgO; (AR2)
HOI + C3HgO> — C3H510, + HyO (AR3)
C3Hs510, — C3H310, + H,O+H™ (AR4)
C3H510, = C3H3I0 + H,O (ARS)

We incorporate HOI reaction with primary marine organic
aerosol to form SOI into GEOS-Chem. Given the uncertain
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Table A1. Primary emissions of aerosol iodine in GEOS-Chem.

A. R. Moon et al.: Aerosol iodine recycling

Species  Parameterization References

SOIL Emitted as a ratio of primary marine organic aerosol (0.01 %). Gantt et al. (2015); Jaeglé et al.
Assume same size distribution as sea salt aerosol (2011); Satoh et al. (2023)

Todide Use SST-based sea surface iodide concentrations. Assume same size MacDonald et al. (2014)
distribution as sea salt aerosol

Iodate Use SST-based sea surface iodide concentrations and the average Jones et al. (2024); Wong and

ratio of iodide to iodate in bulk seawater. Assume same size

distribution as sea salt aerosol

Cheng (1998)

Table A2. Secondary formation of inorganic iodine aerosol in GEOS-Chem.

No. Reaction Reactive uptake coefficients ()  References

Iodate
Al HIO3 — 105 (fine) y =0.03 See Sect. A2
A2  HIO3; — IO; (coarse) y =0.10 See Sect. A2

Todide
A3  HI — I™ (fine and coarse) y =0.10 Sherwen et al. (2016)
A4  HOI — I™ (fine and coarse) y =0.50% Pechtl et al. (2007)
A5 INO,, INO3 — I~ (fine and coarse) y =0.102 Pechtl et al. (2007)
A6 170,103,104, and ;05 — 2105 (fine and coarse) y = 0.10° Sherwen et al. (2016)

4 Reactive uptake only occurs on alkaline sea salt aerosol. b We increase the reactive uptake coefficients of the I, Oy species compared to Sherwen et al. (2016),
who estimated a y of 0.02 for all IOy species. The reactive uptake coefficients for IOy species have not been measured; however, they are suspected to be
significant contributors to new particle formation (Gémez Martin et al., 2022a). Thus, we increase the reactive uptake of I, Oy to be consistent with HI, INOy, and

coarse HIO3.

composition of SOI in atmospheric aerosols, the SOI formed
from the reaction between HOI and dissolved organic matter
(DOM) is not speciated. We hypothesize that these reactions
are limited by the gas-phase diffusion of soluble reactive io-
dine (likely HOI) and competition with other heterogeneous
reactions involving HOI, due to the abundance and ubiquity
of organics in the atmosphere. The gas-phase diffusion of
HOI for the HOI 4 DOM reaction is calculated the same way
the HOI + halide reactions are calculated. We discuss this in
detail in Appendix B. Inputs into the reactive probability (y),
which is used for all of the heterogeneous HOI reactions, are
included in the table below.

Following Pechtl et al. (2007), the rate constant kchem for
HOI + DOM is estimated to compete with the dehalogena-
tion reactions. We use a larger rate constant than Pechtl,
which estimated a range between 10° to 10’ Ms~!. Addition-
ally, Pechtl assumed a fixed ratio of DOM compared to sur-
face aerosol in their box model, while we use an online cal-
culation of primary marine organic aerosol based on satellite-
derived chl a in a global chemical transport model. The rate
constant for HOI 4+ DOM may be substantially smaller or
larger than the constant used in Table A3. This is not a large
source of uncertainty since the overall reaction rate (k) is lim-
ited by the gas-phase diffusion of HOI onto aerosol. Once
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HOI enters the aerosol phase, it reacts readily with any of the
aerosol reagents (i.e. DOM, halides, and S(IV)). Thus, the
overall formation rate of secondary SOI is more sensitive to
parameters like aerosol surface area and composition, which
is elaborated upon further in Appendix B.

A3 Interconversion between aerosol iodine species

The first-order reaction rates for the interconversion between
iodide and SOI are tuned to observations from Gémez Martin
etal. (2022b). To better estimate rate constants for these reac-
tions, we may need to know more about the composition and
stability of SOI in various aerosol conditions. Iodate reduc-
tion in aerosol to form iodide is likely facilitated by aerosol
acidity and composition (i.e. the presence of organics), so a
more detailed mechanism in GEOS-Chem that incorporates
these parameters is warranted once they become available
(Baker and Yodle, 2021; Pechtl et al., 2007; Reza et al., 2024,
Saunders et al., 2012).
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Table A3. Secondary formation of organic iodine aerosol in GEOS-Chem.

No. Reaction

Parameterization

Reference

Al2 HOI+DOM — SOI
a=0.6%

Dy=14x107°b

kehem = 1 x 1012 Ms~!

Pechtl et al. (2007)
Sherwen et al. (2016)
Ammann et al. (2013)

Henry’s Ko = 8371.0¢
Henry’s CR = 1.54 x 10%¢

4 Mass accommodation coefficient (unitless) based on HOBr reaction with chloride and bromide from Sherwen
et al. (2016). b Gas-phase molecular diffusion coefficient (cm2 s~ 1) based on HOBr reaction with chloride and
bromide from Ammann et al. (2013). © Henry’s Law inputs used to calculate the gas phase diffusion of HOI as a

function of temperature. k¢pe, is in Ms~! and Cg is in K.

Table A4. Interconversion between aerosol iodine species in GEOS-Chem.

No. Reaction First order reaction rates  Lifetime of reactant ~ Reference
(s_l) (hours)

Al3 103_ — I~ (fine) 2.78 x 1074 1 See Sect. A4
Al4 105 — I~ (coarse) 1.16 x 1073 24 See Sect. A4
Al5 SOI — I (fine) 231 x 1073 12 See Sect. A4
Al16  SOI — I~ (coarse) 231 x 1073 12 See Sect. A4
A17 I~ — SOI (fine) 6.94 x 1073 4 See Sect. A4
A18 I~ — SOI (coarse) 3.47 x 1073 8  See Sect. A4

Appendix B: Model configuration and assumptions
for dehalogenation reactions

B1 Reaction rates and assumptions for calculating
gas-phase diffusion onto aerosol

The rate for heterogeneous loss of the hypohalous acids
(HOCI, HOBr, HOI) and halogen nitrates (CINO3, BrNO3,
INO3) onto aerosol, knet, (s~1), is calculated with Eq. (B1),
following Jacob (2000).

a 4\"!
b= —+—) A

Bl
5, " oy (B1)

where a is the particle radius (cm), Dy is the molecular diffu-
sion coefficient (cm? s~ 1), v is the molecular speed (cm s D,
A is aerosol surface area per unit volume (cm™!) and y is
the reaction probability calculated with Eq. (B2) (unitless)
(Jacob, 2000). The reaction probability, y, is calculated with
Eq. (B2)

Y= (B2)

1 v -1
(Ot + 4K*RT ./ lechem>
where « is a mass accommodation coefficient (unitless), v is
the molecular speed (cms™!), K* is the calculated Henry’s
Law solubility as a function of temperature (Matm™'), R
is the universal gas constant (Jmol~'K~!), T is tempera-
ture (K), Dy is the molecular diffusion coefficient (cm?s1),
and kchem 18 the rate constant for first-order chemical loss of
the gas-phase species (e.g., HOX and XNOj3 in Tables Bl
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and B2, respectively) in the aqueous phase (s™1). kehem for
the reactions involving the hypohalous acids and halogen ni-
trates are calculated with Eqs. (B3) and (B4), respectively,
where kyip and kyp are third-order and second-order reactions,
in M~2s~! and M~!s~!, respectively, and X~ corresponds
to chloride, bromide, and iodide.

kehemnox = km[X 1[H]
kchem xNO; = k[ X ]

(B3)
(B4)

Tables B1 and B2 detail the rates used for dehalogenation
reactions via the hypohalous acids (HOCI, HOBr, HOI) and
halogen nitrates (CINO3, BrNOs3, INO3). Reactions with *
indicate new reactions added in this study.

B2 Rate-determining steps in heterogeneous reactions
involving hypohalous acids and halogen nitrates

Reactions between HOX and XNOj3 with bromide and io-
dide use the same kchem rate constants. In this section, we
show that the overall rate of dehalogenation is limited by
the gas-phase diffusion of reactive halogen species onto
aerosol. Figure Bla shows the full range in kpe; for each
gas phase species as a function of reaction probability (y)
(Egs. B1 and B2). For this calculation, we use the mean
temperature, particle radius, and particle surface areas in the
model, though these parameters change for every gridbox
and timestep. By plotting the full range of reaction proba-
bilities, we show the model sensitivity of kpe to a full range
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Table B1. Heterogeneous reactions with hypohalous acids in GEOS-Chem.

No. Reaction

kim - Reference

M—2s~ 1
Bl  HOBr+Cl~ +H' — BrCI° 2.3 x 100 Sherwen et al. (2016)
B2  HOBr+Br~ +HT — Bry© 1.6 x 1019 Sherwen et al. (2016)
B3  HOBr+I~ +Ht — IBrb.d 1.6 x 1010
B4 HOCI+CI™ +H' — Cl,° 2.8 x 10*  Eastham et al. (2014)
B5 HOCl+Br~ +Ht — BrCI° 1.3x 106  Wang et al. (2019)
B6 HOCI+I~ +HT — ICI*b-¢ 1.3 x 10°
B7 HOI+Cl~ +Ht — Clp*bf 23 %100 Liu and Margerum (2001)
B8  HOI+Br~ +H" — BrCI*b.f 1.6 x 1019 Roberts et al. (2014)
B9  HOI+I~ +Ht - ICI*b.f 1.6 x 1010
B10 HOI+S0; — SO3™ +HI*®f  HS032.6x 107  Liu and Abbatt (2020)
SO; 5.0x 10°  Troy and Margerum (1991)
Bll HOI+DOM +H* — sor+b.f 1 x 10'2  Pechtl et al. (2007)

* New reaction added to GEOS-Chem in this work. 2 Occurs in liquid clouds only. ® Occurs in liquid clouds and
aerosol. © Occurs in ice clouds, liquid clouds, and aerosol. d Used same rate constant as HOBr + bromide. ¢ Used same
rate constant as HOCI + bromide. f Reactive uptake of HOI is calculated using Eq. (B2), with the same inputs from

Table A3 (¢ =0.6 and D} = 1.4 x 1073 in cm? sfl).

Table B2. Heterogeneous reactions with halogen nitrates in GEOS-Chem.

No. Reaction

ki Reference

M~1s71
B12 BrNO3+Cl~ — BrCl4+HNO3*P:¢d  12x 105 Deiber et al. (2004);
Eastham et al. (2014)
B13 BrNOj3+Br~ — Bry + HNO3*P-¢d 1 0x 1012 Deiber et al. (2004);
Eastham et al. (2014)
Bl4 BrNOj3+I~ — IBr+HNQ3* & ¢.¢ 1.0 x 1012
B15 CINO3+ Cl~ — Cl, + HNO3P 1.2x 105  Eastham et al. (2014);
Wang et al. (2019)
B16 CINO;3 +Br~ — BrCl+ HNOsP 1.0 x 10'2  Sherwen et al. (2016)
B17 CINO3+I~ — ICl+HNO3z* & f 1.0 x 1012
B18 INO3+Cl~ — Cly + HNO3* b8 12x10°
B19 INOj3+Br~ — BrCl+HNO3* - & 1.0 x 1012
B20 INOj3+I~ — ICl+HNO3* 28 1.0 x 1012

* New reaction added to GEOS-Chem. @ Occurs in liquid clouds and aerosol. b Occurs in ice clouds, liquid clouds,
and aerosol. ¢ Following Eastham (2014) with mass accommodation coefficient from Deiber et al. (2004). The
following parameters were used for calculating. YBINO3- & = 0.063 (unitless), D} =5.0 x 1070 (cm?s™1). Henry’s
Kg=3.98x 1073, Henry’s Cr =0.0. d BrNOj3 + bromide and BrNO3 + chloride were added for liquid clouds and
aerosol following the CINO3 + bromide reaction from Sherwen et al. (2016). © Used same rate constant as

BrNO3 + bromide and followed the other BrNO3 + halide reactions. f Based on Eastham (2014) with the same
mass accommodation coefficient as bromine from Deiber et al. (2004). The following parameters were used for
caleulating yiNO; - @ = 0.063 and D =5.0 x 1076 (em?s~1).

of kchem rate constants, which have not been measured for
many of the reactions in Tables B1 and B2.

In Fig. Bla, there is a threshold for each reaction where
the heterogeneous loss rate constant of the heterogeneous
reaction (kper) increases as the reaction probability (y) in-
creases. We show this with an offline calculation, however,
these parameters are calculated online in the model in every
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grid box and timestep. After a reaction probability of 0.2,
the overall rate of kpe; gas loss is insensitive to increases in
kchem and y (Fig. Bla). Table B3 calculates the increase in
knet for fine- and coarse-mode dehalogenation using mean
offline reaction probability estimates () and the rate for a
reaction probability (y) of 1. We use this calculation to un-
derstand the uncertainties in the rates of iodide dehalogena-
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Figure B1. Offline calculations showing the relationship between the heterogeneous loss rate constant of the hypohalous acids (HOCI,
HOBr, HOI) and halogen nitrates (CINO3, BrNO3, INO3) onto aerosol (kpe;) and reaction probability (a) and sea salt aerosol surface area
density (b). The points on (a) show mean reaction probability (y) values with the hypohalous acids indicated by circles and halogen nitrates
by diamonds.

Table B3. The difference in kpe¢ as a function of y.

HOCI HOBr HOI

Fine? y = 0.34, ket = 3.55 x 1074 Y =042, kney =3.37x 1074y =0.59, kpey = 3.62 x 1074
¥ = 1.0, kpet = 5.25 x 10~4 ¥ = 1.0, kpet = 4.82 x 1074 ¥ = 1.0, kpet =4.52 x 1074
48 % increase in kpet 43 % increase in kpet 25 % increase in kpet
fromy =0.34t0 1.0 fromy =0.42t0 1.0 fromy =0.59to 1.0

Coarse® ¥ =0.34, ket = 8.20 x 1072 Y =026, kpet =7.52x 107>y =0.37, ket = 7.74 x 107
y = 1.0, kpey = 8.89 x 107 ¥ = 1.0, kpet = 8.75 x 107 ¥ = 1.0, kpet = 8.64 x 107
8 % increase in ket 16 % increase in kpet 12 % increase in kpet
fromy =0.34to 1.0 from y =0.26 to 1.0 fromy =0.37 to 1.0
CINO3 BINO;3 INO;3

Fine? ¥y =0.11, kpet = 1.35 x 1074 ¥ =0.06, knet =7.64 x 107>y =0.06, kpet = 6.61 x 1072
¥ = 1.0, kpe = 4.82 x 10~4 ¥ = 1.0, kpet = 4.62 x 1074 y = 1.0, kpey = 4.36 x 10~4
257 % increase in kpet 505 % increase in kpet 560 % increase in ke
from y =0.11 to 1.0 from y =0.06 to 1.0 from y =0.06 to 1.0

Coarse® ¥ =0.11, ket = 5.93 x 1072 ¥ =0.06, kpet =4.42x 107> 3y =0.06, kpet = 4.05 x 1072
y = 1.0, kpe = 8.75 x 107 y = 1.0, kpet = 8.68 x 107 y = 1.0, kpet = 8.58 x 107
47 % increase in kpeq 96 % increase in kpeq 112 % increase in kpet
from y =0.11 to 1.0 from y =0.06 to 1.0 from y =0.06 to 1.0

2 Assume pH = 2, temperature = 278 K, pressure = 101 325 Pa. Air aqueous volume, surface area, and radius are mean surface values from the aerosol
diagnostic in GEOS-Chem. b Assume pH =5, temperature = 278 K, pressure = 101325 Pa. Air aqueous volume, surface area, and radius are mean
surface values from the aerosol diagnostic in GEOS-Chem.

tion reactions. The percent increase for the hypohalous acids the fine mode compared to the coarse mode. The reason why
is relatively minor, ranging between 8 %—48 %. The halogen dehalogenation rates become relatively insensitive to the re-
nitrates have smaller reaction probability (y) values in the action probability is related to the two terms in Eq. (B1). The
model, thus their rates increase by 47 %—-560 % as reaction left term dictates the gas-phase diffusion of the reactant (as a
probabilities increase to unity, with larger increases in kpe; in function of particle radius and the gas-phase diffusion coeffi-
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cient) while the right term incorporates the molecular speed
and the reaction probability (y) calculated in Eq. (B2). As
the reaction probability increases, the left term in the reac-
tion and the aerosol surface area become increasingly impor-
tant, driving the reaction rate to be limited by the gas-phase
diffusion onto aerosol.

This suggests that the overall rates of the HOX-induced
dehalogenation reactions are limited by gas-phase diffusion
instead of the rate constant (kchem) Or reaction probability
(y), while fine mode XNOg3-induced dehalogenation rates
are still sensitive to y. Aerosol radius and surface area are
important terms in Eq. (B1). Figure B1b shows a strong re-
lationship between aerosol surface area density and kne;. The
mean surface area density values used in Fig. 1a are indicated
by the dotted grey and black vertical lines and the maximum
surface area density for each bin in the model are indicated
by the solid grey and black vertical lines. The difference in
the range of kpe¢ for (a) and (b) is noteworthy, since it shows
how the rate kne; becomes faster by orders of magnitude as
surface area density increases. In short, increasing kchem for
HOX and XNOj reactions with iodide, as expected since io-
dide is more reactive than bromide, would not lead to sub-
stantial increases in dehalogenation rates, since an increase
in reaction probability does not have a large impact of kpet.
This means that the missing rate constants are a relatively
smaller source of uncertainty in this study compared to accu-
rately modeling aerosol surface area, mass, and composition.
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Appendix C: Comparisons between modeled and
measured iodine aerosol

(a) Observed iodine aerosol composition by latitude
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(b) GEOS-Chem iodine aerosol composition by latitude
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Figure C1. (a—d) Zonal distribution of size-resolved, speciated aerosol iodine concentrations (a, b) and fractional composition (c, d).
Observations are shown in (a) and (c¢) and are from Gémez Martin et al. (2022b). GEOS-Chem mean model output from the new iodine
chemistry simulation is shown in (b) and (d). Fine SOI is in navy, coarse SOI is in purple, fine iodide is in pink, coarse iodide is in salmon,

fine iodate is in orange, and coarse iodate is in gold.
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Figure C2. Zonal distribution of bulk speciated aerosol iodine concentrations for total soluble iodine (a), SOI (b), iodate (c), and iodide (d).
GEOS-Chem model output is plotted in the lighter colors while the darker colors represent mean bulk speciated iodine observations from

Gomez Martin et al. (2022b).
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Appendix D: Comparisons between modeled and
measured gas-phase iodine

Table D1. Tropospheric reactive halogen abundances.

Base model New iodine New iodine
(v.14.4.0) chemistry chemistry
(no HIO3 NPF)

Reactive halogen gases
Total Cly, (TgCl) 231 248 248
HC1 223 237 237
Cl 0.0 0.0 0.0
ClO0 0.3 0.4 0.4
HOCI 2.1 3.7 38
Cl,, BrCl, IC1 3.0 4.3 4.2
CINO; and CINO3 2.3 2.1 2.2
0OCIO 0.1 0.0 0.0
Cl,0, 0.0 0.0 0.0
Total Bry (Tg Br) 33 27 27
HBr 6.3 54 53
Br 0.6 0.6 0.6
BrO 4.5 3.8 39
HOBr 5.8 55 55
Brp, BrCl, and IBr 9.4 8.0 8.2
BrNO; and BrNO3 6.2 3.7 3.7
Total I (TgI) 12 23 22
HIO; - 2.3 6.6
HI 0.3 0.6 0.4
I 0.8 1.7 0.9
10 1.2 22 1.6
HOI 7.0 6.3 5.1
I, ICl, and IBr 0.6 7.1 59
INO, INO;, and INO3 1.4 2.3 1.6
0)(¢} 0.2 0.3 0.2
1,0y 0.1 0.2 0.1

Aerosol halogens

Aerosol CI (TgCl) 1472 1480 1478
Aerosol Br (TgBr) 5.3 5.3 54
Aerosol I (TgI) 6.9 1.8 14
SOI - 0.3 0.2
Todide - 0.2 0.2
Todate - 1.3 1.0
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Appendix E: Ozone comparisons between new
iodine chemistry simulation and base model

Table E1 shows the tropospheric O3 burden in Tg in the base
model and new iodine chemistry simulations. Previous liter-
ature values include the mean and interquartile range in tro-
pospheric O3 burden from 49 model studies (Young et al.,
2018).

Figure E1 shows the change in surface O3 in the base
model and new iodine chemistry simulations. Figure Ela
and b shows surface concentrations in the base model (a) and
new iodine chemistry simulation (b). Figure Elc and d shows
the ppb difference in surface ozone (c) and percent change
(d) in surface ozone between the new iodine chemistry sim-
ulation and the base model.

Figure E2 shows surface ozone concentrations from the
Tropospheric Ozone Assessment Report II (TOAR2) ship
and buoy dataset (Kanaya et al., 2025b, a), Annual-mean sur-
face ozone observations are calculated for the years 2012 to
2022, with observations used shown in Fig. E2a along with
2022-mean model output from the new iodine chemistry sim-
ulation. Figure E2b and ¢ compares surface ozone between
the base model (b) and the new iodine chemistry simula-
tion (c). Overall, there is good agreement between both the
base model and the new iodine chemistry simulation with
TOAR?2 ship and buoy data. The correlation coefficient in
the new iodine chemistry simulation is slightly higher (> =
0.90) compared to the base model (r2 =0.84). The slope and
normalized mean bias in the new iodine chemistry simulation
(slope = 0.93 and NMB = —16.0 %) are slightly worse than
the base model (slope = 1.01 and NMB = —10.7 %).

Atmos. Chem. Phys., 26, 2353—-2389, 2026
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Table E1. Tropospheric O3 burden in the new iodine chemistry simulation and base model.

Base model New iodine Previous
(v.14.4) chemistry model studies
Tropospheric burden O3 (Tg) 298.5 292.5 340 (250-410)*

* Previous literature values for O3 burden in Tg from 49 model studies, presented as the mean value with
the interquartile range in parenthesis (Young et al., 2018).
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Figure E1. (a, b) show surface O3 concentrations for the base model (a) and new iodine chemistry (b) simulations. (¢, d) show changes in

ozone in pbb (c) and percent (d).
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Figure E2. (a—c) Surface ozone concentrations from the second Tropospheric Ozone Assessment Report (TOAR2) ship and buoy dataset.
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Code and data availability. The model code used here will
be made available to the community through the GEOS-Chem
repository once it has been merged with the most-recent model
version. GEOS-Chem simulations from this work are available
upon request. Requests for modeling materials should be ad-
dressed to Becky Alexander (beckya@uw.edu). Global speciated
iodine aerosol observations are available in Gdémez Martin
(2022b). Surface HIO3 observations from He et al. (2021b)

are  available at  https://doi.org/10.5281/zenodo.4299441.
TORERO and CONTRAST 10 data are available at
https://doi.org/10.26023/DJX0-85VQ-Q80X (Volkamer and

Dix, 2014) and https://doi.org/10.5065/D6F769MF (Volkamer
et al., 2020), respectively. AToM aerosol data can be found at
https://doi.org/10.3334/ORNLDAAC/1925 (Wofsy et al., 2021).
Surface 10 observations were compiled from the following
references: Allan et al. (2000); Butz et al. (2009); Carpenter et al.
(2001); Gémez Martin et al. (2013); Grilli et al. (2012, 2013);
GroBmann et al. (2013); Huang et al. (2010); Inamdar et al. (2020);
Mahajan et al. (2010b, a, 2012, 2021); Oetjen (2009); Peters
et al. (2005); Prados-Roman et al. (2015a); Read et al. (2008);
Saiz-Lopez et al. (2008); Saiz-Lopez and Plane (2004); Stutz et al.
(2007). Surface ozone observations are from Tropospheric Ozone
Assessment Report II, described in Kanaya et al. (2025b) and
publicly available at https://doi.org/10.17596/0004044 (Kanaya
et al., 2025a).
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