Reviewer 1
Overall evaluation:

Moon et al. adds the aerosol iodine recycling processes into the GEOS-Chem model,
simulates global iodine species distribution in 2022, and performs observation-simulation
comparison. By doing so, the authors demonstrate that the chemical conversion from
aerosol iodide back to gas-phase reactive iodine species is critical to global iodine
chemistry. This work represents an important step in the development of GEOS-Chem,
especially for studying halogen chemistry. The simulation results are acceptable,
considering that this is the pioneering step in incorporating the aerosol iodine recycling
module. However, there is a major concern about the treatment of heterogeneous reactions
in this iodine module. It looks like the authors are merging the treatment of heterogeneous
and aqueous reactions, which is unusual and confusing and may lead to unreasonable
modeling results. This work has the potential to become a great paper if the above major
comment could be properly settled. | also have some minor comments mainly about
improving clarity and adding discussion. Overall, considering the existence of a major
comment, | would suggest a major revision.

Major comment:

1. The expression of rate constants for heterogeneous reactions is very confusing. In Table
B1, taking the reaction B1 as an example, k = kchem*[HOBI]*[CI-]*[H+], where this k is noted
as khet. However, in formula B1 (line 772), khet is calculated in another way where uptake
coefficient is applied. Somehow these two calculations of khet are inconsistent. It seems
that the calculation of khet in Table B1 and B2 is aqueous-phase reaction rates rather than
heterogeneous reaction (meaning gas-particle interaction) rates.

| also have concern about the unit of kchem (M sN-1). Assuming that [HOB;], [CI-], and
[H+] all have a unit of M, then the unit of k in Table B1 becomes M s-1*M *M * M = M"4
sA-1, which is strange since the authors say the unit of khet is s-1.

Table A3 also has similar issues. Within the Table, kchem has a unit of M s™-1, while in
note c, the unit of kchem becomes M atm”\-1, which is inconsistent. What’s more, since
khet = kchem*[HOIJ*[DOM]*[H+] and the value of kchem is given, it is not clear how Alpha,
Dg, Henry’s KO and Henry’s CR contribute to the calculation of khet. If the above
parameters are indeed needed, why is the uptake coefficient of HOI not needed here?



Thank you for pointing out the error in Tables B1 and B2. This approach was
introduced in Jacob (2000) and is the same as the calculation used in other
GEOS-Chem halogen recycling papers, including Wang et al. (2021) and
Sherwen et al. (2016).

K.nem represents the first-order aqueous phase rate constant that is used to

calculate the reactive uptake coefficient in equation B2. For tables B1 and B2,
we have changed the rate constants to Klll and KIl, respectively, to represent
third-order and second-order reactions. We also added equations B3 and B4.

The text in Appendix section B1 describes how the dehalogenation rates are
handled in GEOS-Chem; however, we believe that including the
khet[HOX/XNQOS3][halide] column in Tables B1 and B2 was misleading since it
gave the impression that we have deviated from previous GEOS-Chem
implementations of dehalogenation with the new iodine chemistry. We have
removed that column to avoid further confusion.

Thank you again for your attention to detail.
Minor comments:

1. Line 69: although ocean emissions are undoubtedly the largest initial iodine source, the
possible continental iodine source should not be ignored. Using nitrate-Tof-CIMS, the signal
of HIO3 gas can be observed in continental urban areas, showing a possible continental
iodine source. Some brief discussion on continental iodine sources could be mentioned in
the introduction part, although it is discussed in line 606-616 as remaining uncertainties.

Thank you for pointing this out! We now include potential continental iodine in the
paragraph about iodine sources to the atmosphere:

Continental sources of iodine to the atmosphere include dust, biomass burning, and
anthropogenic emissions, though the contribution of these sources to global iodine
budgets is uncertain since they are not typically included in global models (Koenig et
al., 2021; Schill et al., 2024a; Shi et al., 2021)

2. Line 82: the concept of iodide dehalogenation is confusing to me. Since the authors
mention that aerosol halides (which are supposed to refer to Cl-, Br-, and I-) are involved, it
seems that this process should be generalized as dehalogenation rather than specifically
iodide dehalogenation.



Thank you for pointing this out. While chloride and bromide dehalogenation had
previously been implemented in GEOS-Chem, iodide dehalogenation had not until
this work. Thus, the new source of ly from iodide dehalogenation is important to
distinguish from the other recycling processes in this work. We have added some
additional clarification on the different types of dehalogenation around line 87.

Aerosol halide dehalogenation refers to the recycling of chloride, bromide,
and iodide to yield gas-phase reactive halogen species Cly, Bry, and ly
(equations X-Y)

Cly = Cl+ HCI + HOCI + CIO + OCIO + CIOO+ CINO, + CINO; + Cl, + BrCl
+ ICI + 2Cl,0,

Br, = Br + HBr + HOBr + BrO + BrNO, + BrNO; + 2Br, + BrCl + IBr

ly =1+ HI + HOI + 10 + OIO + 21,0, + 21,05+ 21,04+ 21,05+ INO + INO, +
INO; + 2I, + ICI +IBr + HIO,

3. Line 86-87: the concepts of Bry and Cly, and dihalogen species are mentioned for the
first time here. To avoid misunderstanding, please define them specifically. What is the
composition of Bry and Cly, respectively? A definition can be given similar to that in line 93
for ly.

We have added the definitions of Cly, Bry, and ly, and also an explanation of the
different types of dehalogenation. See the above comment. Thanks!

4. Line 99-100: it is inspiring to know that there will be a follow-up paper that addresses the
impact of this newly incorporated iodine chemistry on oxidants. It would be very interesting
to know the impact on not only traditional oxidants, such as HOx, O3, and NO3 but also CI
and Br that can oxidize VOCs.

Thank you for this feedback. We will keep these recommendations in mind as we
prepare the oxidant manuscript!

5. Line 105: does the HETP module also estimate sulfate?



Thanks for this question. HETP does consider the contribution of sulfate and
bisulfate to gas-particle partition of HCI, HNO3, and NH3 and aerosol pH at the
thermodynamic equilibrium. However, the rate of sulfur oxidation is calculated in the
KPP module, which handles most of the reaction kinetics in GEOS-Chem.

We have added the clarification below to section 2.1

HETP does not calculate thermodynamic partitioning of sulfate as it does for
semi-volatile species. Sulfate is formed kinetically via chemical oxidation reactions
and is assumed to reside entirely in the aerosol phase.

6. Line 231: since some reaction rates are dependent on aerosol acidity, the authors should
evaluate the accuracy or uncertainty regarding pH simulation.

Thank you for this comment. It is true that the halogen chemistry is sensitive to pH. We
have added a paragraph about this to section 3.4, where we discuss remaining
uncertainties

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 5.2 + 0.9
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 (Angle 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 difficult. 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 estimated in the literature at -1.1- 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
GEOS-Chem community to evaluate model performance in simulating the pH of
fine and coarse mode aerosol in the remote marine atmosphere.



7. Line 252-253: the authors mention tuning of aerosol iodine interconversion rates. This is
an important statement, in which enough details should be given: (1) Exactly speaking, what
reactions are tuned? (2) What kinds of observations are referred to?

Thank you for this comment; we have elaborated upon what we mean by tuning

Aerosol iodine interconversion rates for SOl — iodide and iodide — SOI were tuned
to roughly match observations of size-resolved and speciated iodide and SOI from
Gomez Martin et al. (2022a).

8. Line 286: how shall we understand “out-of-the-box”?
We added “ with no modifications” to the table. Thanks!

9. Line 290-302: the simulation was performed for the year 2022, while observations used
to compare with the simulation were not necessarily performed in the same year. A brief
discussion should be provided to state the possible uncertainty caused.

Thanks for this comment. We have added the following discussion

We use over two decades of iodine observations to ensure adequate spatial
coverage for model and measurement comparison, even though the model was run
for the year 2022. This may introduce uncertainties in model and measurement
comparison in regions with high variability in iodine emissions (e.g., with strong
interannual variability in surface ozone concentrations or marine biogenic
production).

10. Line 452-454: the authors mention a hypothesis that aerosol organics can combine with
iodide and thus slow down iodide dehalogenation. Are there any laboratory experiments
that support this hypothesis?

Thanks for this comment! We have added the following discussion

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 inland site
200 km from the coast, which was higher than the coastal site contribution at 31 =
16% of total aerosol iodine. In the aged particles during their study, SOI contributed
76 + 7% of total aerosol iodine, which further supports the hypothesis of organics
having a stabilizing effect on aerosol iodine.



11. Line 692 Table A2: for note a, in principle, the uptake should happen on the surface of
all kinds of aerosols or surfaces, although with different uptake coefficients. For note b, the
authors increase the uptake coefficient of 120x from 0.02 reported by Sherwen et al. to 0.10
shown in this table. Is there any fundamental evidence that supports this kind of tuning? At
a minimum, some discussion should be provided. By the way, in line 695, “or 0.02” should
be changed to “of 0.02’.

Thank you for this comment. The reactive uptake coefficient for I20x was estimated in
Sherwen et al. Given evidence since then that 120x species could be substantial
contributors to new particle formation, we increased this parameter to be consistent with
other ly species. We elaborate upon it further now:

We increase the reactive uptake coefficients of the 1,0, species compared to
Sherwen et al. (2016), who estimated a y of 0.02 for all I,O, species. The reactive
uptake coefficients for 1,0, 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 1,0, to be consistent with
HI, INO,, and coarse iodate.

12. Line 774: A should be referred to as aerosol surface area density rather than aerosol
surface area.

Thank you, we added this in section B2.

13. Line 860: In Table B3, khet only increases several percent when uptake coefficient is
increased 100 times. Is this really true? If so, why is the khet so insensitive to changes in
uptake coefficient?

Thank you for pointing this out. While double-checking the calculations, we found that we
were using the incorrect value for Dg in the calculation in the SI. We note that this was not
a problem in the model, just in this offline calculation that we used to estimate the
uncertainty due to using the bromine aqueous-phase rate constants for iodine, as the latter
is unknown. When the correct D, values are used in the offline calculation, the sensitivity of
knet @S a function of reaction probability in Figure B1(a) increases. We also updated
Appendix Table B3 to report the change in k., between the estimated y values calculated
when using aqueous-phase rate constants for bromine chemistry and y = 1. Using the
proper D, values in the offline calculation results in a larger range of ki values in Table B3



than previously calculated. Nevertheless, the gas-phase diffusion of HOX and XNO;,
aerosol surface area density, and aerosol composition remain the dominant factors
controlling overall iodide dehalogenation rates, outweighing uncertainties in the aqueous
phase rate constants. Thank you for critically examining the offline calculation so that it
could be corrected!

We’ve added the following text to elaborate on the sensitivity of khet to different
parameters

The reason why dehalogenation rates become insensitive to the reaction probability
is related to the two terms in equation B1. The left term dictates the gas-phase
diffusion of the reactant (as a function of particle radius and the gas-phase diffusion
coefficient) while the right term incorporates the molecular speed and the reaction
probability (y) calculated in equation B2. As the reaction probability increases, the
left term in the reaction and the aerosol surface area become increasingly important,
driving the reaction rate to be limited by the gas-phase diffusion onto aerosol.

14. The authors are suggested to briefly mention how well GEOS-Chem can simulate O3,
since O3 + iodide reaction is very important for iodine activation.

Thank you for this suggestion. We have added a new Figure (Appendix Figure E2), which

compares global surface ozone concentrations with model output. We discuss the model
and measurement comparison in section 3.3 in the main text as well as Appendix Section
E.

Appendix Figure E2 compares annual-mean surface ozone concentrations in the
base model and new iodine chemistry simulations with Tropospheric Ozone
Assessment Report Il (TOAR Il) ship and buoy observations (Kanaya et al.,
20253, b). Overall, both the base model and new iodine chemistry simulations
reasonably simulate surface ozone concentrations, with r? values of 0.84 and
0.90 for the base model and new iodine chemistry simulations, respectively. The
decrease in surface ozone for latitudes > -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%).
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Figure E2 (a-c): Surface ozone concentrations from the second Tropospheric Ozone Assessment Report
(TOAR2) ship and buoy dataset. (a) shows surface ozone concentrations from the new iodine chemistry
simulation, where the circles on the map represent annual-mean TOAR2 observations. (b) and (c) show
the relationship between measured and modeled surface ozone concentrations for the base model and
new iodine chemistry simulations, respectively. The points in (b) and (c) represent annual-mean mixing
ratio grouped into 4° latitude bins to correspond with the model resolution.

15. How are iodine oxides (1202, 1203, 1204, and 1205) produced in the model? Do they
interconvert with each other?

Below are the reactions for 120x species in GEOS-Chem, mostly implemented in Sherwen
2016 (DOI: https://doi.org/10.5194/acp-16-12239-2016), with 1205 added in Liu (2024) and
this work. They do not interconvert in GEOS-Chem currently except for the formation of
1205 from 1202.

1202


https://doi.org/10.5194/acp-16-12239-2016

IO + 10 — 0.4 + 0.40I0 + 0.6 1202 (Sherwen 2016b)

1202 + M — 0.008! + 0.99610 + 0.9960I0 (Sherwen 2016b)

1202 — 2103 (Sherwen 2016b)

1202+03 — 1205 (Finkenzeller et al. 2023, implemented by Lu 2024 and Moon et al. 2025)
1202 + hv =1 + OlIO (Sherwen 2016b)

1203

10 + 0I0 — 1203

1203 — 2103

1203+hv — OIO + 10 (Sherwen 2016b)

1204

0IO + OIO — 1204 (Sherwen 2016b)
1204 — 2103 (Sherwen 2016b)
1204+hv — 2010 (Sherwen 2016b)

1205
1205 + H20 — HIO3 + HOI (Finkenzeller et al. 2023, implemented by Lu 2024 and Moon et
al. 2025)

Citation: https://doi.org/10.5194/egusphere-2025-4725-RC1



Reviewer 2

This study introduces speciated aerosol iodine and aerosol iodide recycling to the global
chemical transport model. They find that aerosol recycling of iodide to form ly is more than
twice as fast as the other ly sources combined, which is one potential contribution to
atmospheric halogen chemistry. | have some comments, as below.

1. Line 203-208: The lifetime of iodate against conversion to iodide is estimated to be
1h in the fine mode and 24h in the coarse mode in the model. Are these lifetimes and
the associated rate constants supported by experimental measurements or
theoretical calculations? Additionally, to represent the enhancing effect of aerosol
alkalinity on HIO3 uptake, the reactive uptake coefficient for HIO3 onto coarse
aerosol is assumed to be 10 times higher than in the fine mode. What is the basis for
the scale factor applied in the model? The quantitative uncertainty analysis about
these assumptions and their effects on the results are needed.

Thank you for this comment. There are, unfortunately, no laboratory kinetic constraints on
the lifetime of iodate conversion to iodide. The lifetime of iodate against conversion to
iodide and the reactive uptake coefficients of HIO; onto aerosol are theoretical
calculations based on the size distribution and abundance of global aerosol iodate
observations. We discuss the uncertainties and implications of these assumptions
throughout the manuscript, including the discussion of Figure 4, Table 2, and in Section
3.4 . We have added additional discussion shown below

Li et al. (2024) used observations of HIO; and particulate iodine to estimate that
condensed-phase HIO; could be recycled back to the gas phase on a time scale
of 1 to 3 hours, consistent with the rapid fine-mode iodate parameterization in the
model. 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 observations.

2. Section 2.2.4 provides extensive background on SOI and existing observations, but
it lacks clear methodological details. It is not sufficiently explained how these
mechanisms are implemented in the model, how the formation and conversion rates
are calculated, or how fine- and coarse-mode aerosols are treated in the simulations.
More details should be clarified clearly to ensure reproducibility.
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Thank you for this comment. Table A4 details all of the parameters needed to implement
this reaction in a model that is used to calculate the heterogeneous reaction rates
following Jacob 2000. This code will be merged with the most recent version of
GEOS-Chem and made publicly available.

The first-order reaction rates for the interconversion of aerosol iodine species are
found in Table A4 (and depicted in Figure 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.

3. Line 273-276: The manuscript states that the same rate constants for bromide are
applied to iodide in the HOX and XNO3 dehalogenation reactions. It is unclear what
the justification is for this assumption, given that the chemical reactivity of iodide may
differ significantly from bromide.

Thank you for this comment. The rate constants that we use for iodide are likely a
lower limit due to expected higher reaction rates for iodide relative to bromide. In
section B2 of the Appendix, we show that the overall reaction rate of the iodide
dehalogenation reactions is limited by the gas-phase diffusion onto the aerosol,
which largely depends on the aerosol radius and surface area density. We suggest
that the largest model uncertainties are due to aerosol size distributions and
composition.

4. Section 2.4 lacks sufficient details regarding the spatial and temporal coverage and
quality control of the compiled observations.

Thank you for this comment. Figures 2 and 3 show the spatial distribution of the
gas-phase and aerosol iodine observations used for model comparison. All observations
were previously published in peer-reviewed journals. We have added this text to section
2.4

We use over two decades of iodine observations to ensure adequate spatial
coverage for model and measurement comparison, even though the model was
run only for the year 2022. This may introduce uncertainties in model and
measurement comparison 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 is shown in Figure 2.
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5. Line 347-358: 5a. The manuscript discusses differences in sea surface iodine
emission schemes (MacDonald et al., 2014 vs. Sherwen et al., 2019) and notes that
the new scheme increases iodide concentrations, particularly in polar regions.
However, it is unclear whether this updated emission scheme has been tested in the
current model version with the full new iodine chemistry.

Thank you for this opportunity to clarify. We have added the following text to be
more explicit:

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
emission scheme of GEOS-Chem and are therefore not considered in this work.

5.b. In addition, the attribution of the large differences between modeled and
observed |0 at coastal sites solely to coarse model resolution may be
oversimplified; the potential contributions of uncertainties in chemical mechanisms
and emission inventories should also be considered and discussed.

Thank you for noting this. We have added the text below

It is also possible that uncertainties in current chemical mechanisms and
emissions of iodine contribute to the model biases in these coastal hot
spots.

6. Line 375-389: The simultaneous presence of positive and negative biases
(underestimation of SOl and iodide, overestimation of iodate at high latitudes)
indicates systematic errors in the model, yet the authors do not clearly explain the
underlying physical or chemical causes. Additionally, the normalized mean biases are
large (e.g., -83.3%), and it is recommended that the authors clarify whether such
Substantial deviations are within an acceptable range for the model.

Thank you for this comment. This is the first time speciated aerosol iodine is
represented in a global model. By discussing model biases with this new
implementation, we are not only highlighting issues with the model, but also the
uncertainties in our understanding of aerosol iodine chemistry in the atmospheric
chemistry community. This provides a basis and motivation for future work on this
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topic to better refine these model parameters. We find the model performance
acceptable since we have improved performance in simulating both gas and
aerosol-phase iodide, as well as introducing five new chemical tracers to the
model.

We discuss possible reasons for biases in the model throughout the manuscript,
including possible underestimates due to using the MacDonald emission scheme,
the rapid iodide dehalogenation rates in the model making it difficult to preserve
iodide in the aerosol phase, missing sources of SOI, and potential missing
emission sources from ice / snow and marine biogenic hot spots.

We hope that by highlighting these model discrepancies, this work can motivate
future laboratory studies to constrain the rates of important processes for which
there is currently no rate information.

7. Line 532-533: Why does the new iodine chemistry scheme lead to a simulated
increase in surface ozone (up to +11%) over the Southern Ocean and Antarctica,
which contradicts the well-established role of iodine as an ozone-depleting agent?
What is the specific chemical mechanism responsible for this net ozone production
in the model?

We have included some text from our follow-up oxidant paper to contextualize this result.

Surface Oj increases for latitudes less than -30°S by up to +11% over the
Southern Ocean and Antarctica. The increase in surface O, over the Southern
Ocean coincides with decreases in BrO by -0.6 ppt on average. Lower BrO
concentrations reduce the rate of the BrO + HO, — HOBr + O, reaction, which is
a major contributor to the ozone loss rate (Bates and Jacob, 2020). At latitudes
greater than -30°S, surface O, decreases by up to -18%, with the largest
decreases over the tropical Pacific and Indian Oceans and in the Arctic
(Appendix Fig. E1). We discuss the impacts of the new iodine chemistry on
oxidants further in a follow-up publication.

8. Line 634-647: The authors note that the performance of iodine chemistry in
GEOS-Chem varies significantly across model versions due to differences in oxidant
fields and other factors. Given that the model's performance is so strongly
dependent on the overall chemical environment, how can the specific effectiveness
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of the new iodine chemistry mechanisms introduced in this study be objectively
evaluated, rather than merely assessing their integrated performance within one
particular model version (v14.4)?

Thank you for this comment. We agree that iodine chemistry in GEOS-Chem is inherently
sensitive to the background chemical environment, since oceanic and heterogeneous
iodine emissions depend strongly on surface O3 and therefore on the model’s
NOx/VOC/oxidant/aerosol representation. As a result, absolute model performance will
inevitably vary across versions.

However, the key objective of this study is not to optimize iodine concentrations for this
specific model version, but to evaluate the impact of introducing iodide dehalogenation
as a source of gas-phase iodine. Our results demonstrate that iodide dehalogenation
represents a substantial contribution to the total ly production rate, which is a robust
result across model versions.

We now clarify this point explicitly in the revised manuscript, shown below:

Despite the modeled sensitivity of iodine chemistry to surface ozone
concentrations, the large increase in the |, burden and the substantial contribution
of iodide dehalogenation to |, 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 primarily as a depositional sink for |, aerosols are shown to be a
significant source.

Citation: https://doi.org/10.5194/egusphere-2025-4725-RC2
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