Thank you to the reviewer for their thoughtful comments. Including your suggested revisions
has improved the quality of the manuscript. My responses are indicated below in blue text.
Line numbers refer to the track changes version of the manuscript.

The exact numbers and figures in the text have been updated to reflect an error in the original
simulations in which natural dust emissions were inadvertently excluded, and errors in the
calculation of methane lifetime against oxidation by tropospheric Cl.

These corrections have resulted in the comparison of impacts of the Chen et al. (2024)
parameterization of Cl; release from natural iron salt aerosol on chlorine, ozone, and
methane in GEOS-Chem to those in the van Herpen et al. (2023) much more similar (factor
of 4 differences instead of factor of 100). The qualitative conclusions largely have not
changed, with the exception that the iron salt experiments can lead to a decrease in methane
of -2.5% to -8.3%, and these have been updated accordingly throughout the manuscript.

Review of “Intended and Unintended Consequences of Atmospheric Methane Oxidation
Enhancement”

This paper addresses various methodologies and their effectiveness in reducing atmospheric
methane on a global scale and the effect of these methodologies on overall atmospheric chemical
cycling. This paper also makes a nice follow-up to a number of previous papers concentrating on
the global effects of aerosol iron chemistry on chlorine release but using a different
parameterization for the release of chlorine. The paper is well written and makes a nice
contribution to the literature on this subject.

Main Comments.
1. There are a number of sections of this paper that should not be included.

« The effects on the stratosphere should not be included in a model simulation of only a
couple years. I take the authors point that this version of their model produces a
credible stratospheric simulation. However, given the long transport timescale from the
troposphere to the stratosphere and the long lifetime of stratospheric air a simulation of
only a couple years cannot be expected to give an accurate account of the impact of the
impact on stratospheric chemistry, even in a model with a credible stratospheric
simulation.

We remove Table S7 on stratospheric burdens and remove all discussion of stratospheric
impacts in the text (largely in Section 3.1.3). We add one sentence to the uncertainties
referencing the importance of longer-term simulations to assess stratospheric impacts:

“As the simulations here are performed for only 1 year following 1 year of initialization,
they cannot assess the stratospheric impact of AOE including on ozone depletion due to the
long lifetime of air in the stratosphere. Over 30-year-long CESM2 simulations, Li, Meidan
et al. (2023) find that chlorine-based AOE leads to stratospheric ozone depletion.” (lines
656-659)



« Likewise, the effect of chlorine release on species with a longer lifetime (e.g., greater
than approximately 6 months) should not be included. To investigate the impact on
methane the author calculates the steady-state response using the calculated species
lifetime and a feedback factor (equation 1). However, with other long-lived species no
such adjustment is made. I don’t see how a short simulation of 1-2 years could shed
light on the response of species with a lifetime significantly longer than this.

We revise the discussion in Section 3.1.3 to highlight only short-lived species. We remove
HCFC-123 (lifetime 1.3 years) from Table S6 and retain a brief discussion point of possible
impacts on HCFCs:

“The shortest-lived HCFC simulated by GEOS-Chem is HCFC-123 (atmospheric lifetime
1.3 years). One year of AOE leads to large changes in its tropospheric burden, with
decreases in the hydrogen peroxide—based scenarios (up to -74%) and increases in the Cl-
based scenarios (up to 63%). As HCFC-123 has a 100-year global warming potential of 90.4
(Smith et al., 2021) and is a class-II ozone-depleting substance, longer-term simulations are
needed to fully quantify the climate impact of AOE.” (Lines 516-520)

e The section on the hydrogen economy seems largely based on a review of others work
and is somewhat speculative. I would recommend omitting this section.

We remove this section and Table S8 in the supplement. We add a brief reference to Section
4 (Uncertainties — Chemistry and time horizon) regarding those resulting from interactions
with the hydrogen chemistry and the hydrogen economy:

“We do not include interactive hydrogen (H:) chemistry in our model simulation. Increased
methane oxidation by OH in the hydrogen peroxide—based scenarios could lead to increased
atmospheric Hz, as would potential future increases in hydrogen applications and their
associated H; emissions from leakage. This would lead to a positive feedback on methane, as
H: reacts with OH and reduces the amount of OH available to oxidize methane (e.g., Bertagni
et al., 2022; Ocko & Hamburg, 2022; Warwick et al., 2023).” (lines 652-656)

e Figure 2. Geographical variations in this figure look to be very small. Moreover, it is not
clear that the variations that exist are not due to interannual variability (which we
cannot know as the simulation is only for a year). I would suggest this figure be
omitted.

We modify and clarify the discussion surrounding this figure (now Figure 4) to highlight the
potential PM; s air quality risks of atmospheric oxidation enhancement, and uncertainty in
spatial patterns due to interannual variability as follows: “These results represent one single
year of AOE application (2019). As such, the exact magnitude and spatial patterns of changes
in annual mean PM:.s due to AOE may vary interannually due to variability in meteorology
and its effects on natural emissions, pollutant transport, and PM:s removal, and the
variability in background anthropogenic emissions. Moreover, long-term simulations using
the CESM2 model suggest that relative changes in tropospheric sulfate aerosol and ozone
due to Cl; gas-based AOE increase during the first 15 years of continuous application and



then stabilize (Li, Meidan et al., 2023). Here, Figure 4 highlights the potential risks in surface
PM:5 air quality in different regions in the initial years of deployment.” (lines 557-563)

We remove text to reduce the discussion of spatial patterns given this uncertainty (see lines
566-568).

We also modify the Figure 2 (now Figure 4) caption and multiple locations in the text to
include “in year 2019” throughout section 3.1.4 to highlight this.

2. There are also a number of sections of the paper that could be profitably expanded.

oI found that the written description of table 2 is clear on a careful reading. However, the
text discusses relative rates of increase between different scenarios which are not
clearly indicated by looking at the table. There are number of non-linearities described
e that might be expanded in graphical form so as to make the results easier to follow.

We add % signs in Table 2 for clarity. We add a Table S7 to detail changes in Cl and Cl,
and their relationships for the iron salt scenarios more clearly. We add SI Figure S3 to
show the nonlinearity of H202 addition on methane lifetime against OH and steady-state,
and the following discussion:

“Although the H,O:_high experiment had more than 5x greater increase in tropospheric
OH than that of H2O;_mid (see Table 2), the methane lifetime against OH decreases by less
than a factor of 2 (Figure 1). The efficacy of H2O: with respect to oxidizing methane via
tropospheric OH and decreasing steady-state methane concentrations decreases with
increasing emissions (see Figure S3). There is a larger difference between the scenarios for
the change in steady-state methane, which also accounts for changes in the lifetime against
tropospheric Cl. While all H,O: experiments also lead to increased Cl atom (see Table 2),
H>0:_low is most efficient at also decreasing the methane lifetime against oxidation by
tropospheric Cl for its smaller level of emissions (Figure S3).” (lines 358-364)

eSection 3.3.1 The authors might consider a few plots to illustrate and clarify some of
their points. The paper is fairly plot free.

We have added new Figure 2, 3, S3, S4 to the main text and the SI (more information
below).

»One of the interests in the paper is a global simulation of the impacts of chlorine release
following the Chen et al. (2024) parameterization (instead of the parameterization
proposed in van Herpen et al (2023)). It would be worthwhile to review in detail the
derivation of the parameterization given Chen et al (2024) (perhaps in the supplement)
in light of the comments by Johnson and van Herpen, but also in light of the derivation
given in Chen et al. (2024). For example, Chen et al gives the chlorine production rate
of 5.2x10"1 1atoms cm-2 s-1, but this can’t be correct as I believe the corresponding
rates in Wittmer et al (2015) are 8.7—13 x10"21atoms cm-2 h-1 (from table 2). It is not
clear how to get the numbers given in Chen et al. (2024). Moreover, Wittmer et al
(2015) examines a number of experiments. Chen et al (2024) derives the



parameterization from one of the experiments and tests it against another. Is it valid to
evaluate against more of the experiments (e.g., the cases given in the comments by
Johnson and van Herpen)?

We add additional explanation and Table S3 to the SI text below:

“Reaction rates given in the Wittmer et al. (2015b) Table 2 range from 6.6 — 8.7 x 10?! atoms
cm2hr! for artificial seawater and 8.7 — 13 x 10! atoms cm2 hr'! for NaCl solution. Dividing
by a factor of 3600 s/hr, the reaction rates are 1.8 — 2.4 x 10! atoms cm2s™! for artificial
seawater and 2.4 — 3.6 x 10'® atoms cm™2s! for NaCl solution. Wittmer et al. (2015b)
summarized the rate as ~1.9 x 10'® atoms cm2s™! in the Abstract and Conclusions for a ratio
of CI'/Fe** = 13. In Chen et al. (2024), from personal communication with Dr. Cornelius
Zetzsch, this rate is incorrect as it was not adjusted for the volume of the chamber (requires
dividing by the chamber size, 3.65 x 10°). After the correction, the rate is reduced to 5.2 x
10'" atoms cm2s! (as used in Chen et al., 2024).

The value of a (see Table 1 and Section 2.2.2.3) can be calculated from the reaction rates and
aerosol surface areas provided in Wittmer et al. (2015b (See Table S3 below). Across this
range of Cl/Fe’" and aerosol surface areas, the values calculated for a are within 14%. Chen
et al. (2024) uses the value of o calculated from the summary rate and Cl/Fe** ratio reported
in the Abstract of Wittmer et al. (2015) rounded to two significant figures (o =1.4 x 10° pm™
M),

Table S3 Summary of Chen et al. (2024) parameter calculations from values in Wittmer et
al. (2015b) and personal communication with Dr. Cornelius Zetzsch.

Cr Reported Corrected Aerosol surface area | Calculated
/Fe** | rate (atoms | rate (atoms | concentration o (um?2 M-
cm2sT) cm2sT) (um?/cm?) %)

13 1.9 x 1018 5.2 x 101 30000 1.36 x 10°
101 2.8 x 10V 7.7 x 1010 18000 1.55 x 10°

(13

This is now referenced in the methods (Section 2.2.2.3, lines 210-211).

We also add three figures to illustrate the surface-level and zonal mean changes in [Clz] and
[C]] from implementing the Chen et al. (2024) mechanism (now Figure 2 & Figure S4) and
the changes in concert with pFe emissions under the Iron scenario (Figure 3) along with
additional text to explain the global-scale impacts of the parameterization and its
uncertainties (lines 385-393; 410-424).

e Differences in the response of methane depending on the addition of iron or iron-chloride
is interesting. While the iron addition seems to lead to a relatively small loss of
methane from a comparatively small chlorine increase, the iron chloride addition



results in a methane increase from a larger chlorine increase. These results seem at
odds with Li et al (2023) where methane only decreases at the higher rates of chlorine
release. Further investigation of the author’s results seems profitable. Is chlorine
released in different locations or heights in the two experiments?

After the aforementioned corrections, the Iron_Chloride scenario leads to a loss of
methane; only the Chloride scenario leads to increasing methane. We have changed the
discussion of these scenarios as follows:

“With the parametrization used in this study, iron salt aerosol can lead to changes in steady-
state methane of -8.3% to +2.5% depending on the emissions employed and their relative
effects on Cl vs. OH (see Figure 1). The Iron experiment led to a small decrease in steady-
state methane (-2.5%) from a tropospheric-wide factor of 2.7 increase in Cl atom (see Table
S7). The Iron_Chloride experiment led to a larger decrease in steady-state methane (-8.3%)
due to a larger 7.6-fold increase in Cl atom burden, despite a much larger reduction in OH
(-8.6% vs. -2.1%; see Table 2 and Table S7). For a similar increase in Cl atom burden,
emitting chloride (Chloride, 2.8-fold increase in Cl) instead of iron aerosol (Iron, 2.7-fold
increase in Cl) led to a larger decrease in OH (-3.9% vs. -2.1%; see Table 2) and hence net
increase in methane (+2.5%).... Here I find that emitting sea salt chloride along with
particulate iron increases methane loss. This is a function of the formulation of the Chen et
al. (2024) mechanism, which occurs on sea salt chloride aerosol and increases with increasing
[CI'] concentrations (see Section 2.2.2.3 and Equation 2). Artificial chloride aerosol emissions
in addition to the particulate iron emissions can replenish the sea salt chloride that was
converted to Cl: and increase aerosol [Cl] concentrations, leading to greater overall
production of Cl, (see Table S7).” (lines 436-443 & 449-454).

We clarify the text throughout the paper that the emissions in all scenarios are added to the
surface layer.

3. When the parameterized mineral dust—sea spray aerosol is added to the two different models
via different parameterizations the methane loss from chlorine increased by 20% in van Herpen
et al, but only 0.2% in the present work (a factor of 100). One might ascribe this to a different
effectiveness of the two parameterizations in releasing chlorine. However, van Herpen et al.
finds a change in the ozone burden of 0.7% while it is 0.07% in the present study (a factor of 10).
Thus, the response of methane versus the response of ozone seems to be very different in the two
simulations. This is despite the fact that the two models appear to have an approximately similar
response to chlorine additions (lines 309-313). I wander if there is a typo in the numbers given in
the paper, or can the author explain these differences in response?

These results were impacted by the inadvertent lack of natural dust emissions in the original
simulations and an error in the calculation of methane lifetime against oxidation by
tropospheric Cl. These numbers have been updated: increase in methane loss of 5.4% (factor
of 3.7 smaller) and decrease in tropospheric ozone burden by -0.18% (factor of 4 smaller).
The increase in methane loss in this study is measured by the change in methane lifetime
against loss via tropospheric Cl. An additional two Figures (Figure 2, Figure S3) to detail the
changes in chlorine resulting from the Chen et al. (2024) parameterization and text
describing the differences and uncertainties were added as follows:



Lines 385-393: “Figures 2 and Figure S4 show the change in annual mean Cl; and Cl atom
concentrations at the surface and zonally averaged through 20km, respectively, from adding
the Chen et al. (2024) mechanism for Cl; production from aerosol iron photochemistry. The
absolute increase in surface [Cl] (Figure 2) is largest over the North Atlantic ocean, with the
largest relative increases over China reaching a factor of 3 (204%). In Chen et al. (2024),
simulations were performed for December 9 - 31, 2017 over North China at 16 times higher
spatial resolution (0.25° latitude x 0.3125° longitude) than this study (4° % 5°). They also
added high-resolution anthropogenic fine-mode aerosol CI- emissions in China from Fu et al.
(2018) which are not included here and would further increase Cl, production through their
mechanism (see equation 2). They found a maximum increase in [Cl] in an individual model
gridbox of a factor of 20 to 40 which is consistent with the increased model horizontal
resolution relative to my study.”

Lines 410-424: “In the zonal mean, increases in [Cl;] and [CI]] from including the Chen et al.
(2024) production mechanism are largest aloft (Figure S4). van Herpen et al. (2023) limited
their mechanism to the lower troposphere. Hence, differences in the vertical distributions of
changes in chlorine vs. concentrations of ozone and methane in the two parameterizations
may further contribute to the differences in impacts. The Chen et al. (2024) mechanism was
evaluated directly against hourly observations of gas-phase Cl; in Wangdu, China, as well as
key parameters including aerosol [CI], aerosol total iron, jno2, and aerosol surface area (see
equation 2). GEOS-Chem also captured the variability and magnitude of daily total Fe and
CI" concentrations in fine-mode aerosol collected from 29 sites across North China, and
slightly underestimated the observed solubility of aerosol Fe which was sampled at two sites,
during the intensive study period at Wangdu (Chen et al.,, 2024). While adding the
mechanism greatly improved the model performance of [Cl] at Wangdu, increasing
simulated concentrations by a factor of 28 to 48, model concentrations remained
underestimated. Chen et al. (2024) hypothesized this may be due to overestimated aerosol
water in the model’s thermodynamic module and thus underestimated aqueous-phase [CI]
and [Fe*']. Low aerosol water content at high altitudes and hence high aqueous
concentrations may explain the increases aloft seen in Figure S4. It is outside of the scope of
this paper to address uncertainties in the parameterization at higher altitudes.”

Minor Comments

L41 “demonstrated” : This seems too strong. “hypothesized” would be better. More extensive
measurements (both laboratory and field) would be required to say that this mechanism has been
demonstrated to occur.

Changed.

Section 2.1 As emissions are often input into the boundary layer in these experiments it would be
good to know how boundary layer mixing is parameterized and approximate vertical resolution

of the oceanic boundary layer.

Added text: “Planetary boundary layer mixing follows a non-local scheme (as opposed to
assuming full mixing) as implemented by Lin and McElroy (2010). The first 2 kilometers



contain 14 vertical levels, with gridbox heights increasing from 120m at the surface to
250m by 2km.” (Lines 88-90)

Section 2.1 Does the standard chemistry include acid displacement?
Yes, text added to reflect this in Line 72.

L144 “similar changes”. Similar changes in what? It is hard to understand the magnitude of the
emissions in the three cases for H202 (low, mid, high). It would be valuable to compare the
magnitude of these emissions to the overall tropospheric HOx production. Much of these
emissions are presumably lost to surface deposition, particularly over the ocean. How will this
impact the results? The emissions of H202 seem to increase exponentially between experiments.
Is the increase arbitrary or how was the increase determined?

The original line 144 (now line 165) is clarified as follows: “similar changes to OH as the
hydrogen peroxide simulations (since H2O2 photolyzes to produce 20H).”

We add text referencing other studies which examined how much H202 is photolyzed to OH
vs. lost to other processes and add to an earlier discussion of how 600m emission of H202
may have greater impacts than surface emission: “Another study using the GEOS-Chem
model investigated daytime-only 600 m H>O: towers in more detail over North America at a
higher spatial resolution (0.5° x 0.625° or ~50 km), and found that even widespread towers
at emissions rates 10x higher than what is currently proposed would lead to negligible impact
on global methane (Mayhew and Haskins, 2025). This is in part because the fraction of H,O>
converted to OH is ~30-60% but is driven by the small fraction of the produced OH that
reacts with methane (23% at the most and frequently much less) (Mayhew and Haskins,
2025).” (lines 137-142)

“potentially due to a longer lifetime for H,O> allowing for greater photolysis” (lines 149-150)

“Estimates include the previously described GEOS-Chem study which found approximately
30-60% of H>0: on average is photolyzed, but this is highly spatially variable (Mayhew and
Haskins, 2025), and a conservative theoretical estimate of 10% based on all potential
chemical and physical pathways (Pennacchio et al., 2024).” (lines 158-160)

We add text to lines 144-147 to clarify the H202 experiments: “H>0O;_low emits the same
mass as the Cl; experiment (1250 Tg/yr; see Section 2.2.2.1) for comparison purposes. Short-
term tests were performed with increasing H>O:2 emissions to estimate the quantity needed
such that methane would decline by at least 50% (leading to H20>_high).”

L154 “midrange scenario for methane” — it would help clarify the amount of methane this
scenario removed in Li et al. (2023).

We add “resulting in 45% reduction in the methane burden in their study” to this line
(now 175-176).



L161 “It is not possible to remove 100% of bromide from pure chlorine salts”. This seems to
need a reference

We add text to this sentence: “(for example, Sigma-Aldrich S9888 >99.0% NaCl
specifications include up to 0.01% Br; https://www.sigmaaldrich.com/).”

L182 “This reaction occurs on accumulation mode chloride aerosol”. Some more information on
the aerosol scheme would be helpful. What is a chloride aerosol? Is it sea-salt? And are the
aerosols internally mixed? I assume iron is emitted as an aerosol?

We clarify the text as follows: “This reaction (CI' — 0.5Cl;) occurs on chloride in
accumulation mode sea salt aerosol, which in GEOS-Chem is defined as <0.5 pm in
diameter.” (210-211)

We add an explanation of pFe to Table 1, Figure S2, and to line 215-216.

L194 “Major differences”. It seems another major difference is that while van Herpen et al
(2023) derives the parameterization from Barbados measurements Chen et al (2024) uses the
photolysis rate of jno2 on a global basis.

We add text to line 213-214 clarifying: “Spatiotemporally varying photolysis frequencies
(including jno2) are calculated online in GEOS-Chem using the Fast-JX scheme (Neu et al.,
2007) as implemented by Lin and McElroy (2010) and account for cloud optical depth.”

We also reference the evaluation of simulated jno2 against hourly observations in Chen et al.
(2024) line 414-416.

L199 “additional reaction” — please specify. I assume you mean from equation 2.

We add text to clarify, including “of iron-mediated Cl; release from chloride aerosol from
Chen et al. (2024)” to this line (now 237-238) and a representation of the reaction following
equation 2 “(CI' — 0.5Clz)” in line 210.

L.242/1.268 Some of the key chemical reactions and additional chemical explanation should be
included. For example, it is not clear why CI should increase due to an increase in H202. Why is
the bromine burden impacted in these experiments and why does the NOx decrease despite a
decrease in OH?

We add a table to the SI (now Table S6) detailing the reactions relevant to how Cl is directly
impacted by increasing OH from H202 and how CO is directly impacted by chlorine (see
lines 282), as well as which reactions also lead to additional Bry release.

We add two sentences detailing these changes to lines 317-321:

“Increases in OH in the hydrogen peroxide experiments could lead to increased sources of
Bry from sea salt and organohalogens (see Table S6 and Wang et al., 2021).”



“This is consistent with previous work which found more active halogen chemistry leads to
reductions in NOx (e.g., due to hydrolysis of halogen nitrates) (e.g., Wang et al., 2019, 2021;
Sherwen et al., 2016b; Horowitz et al., 2020).”

L263. The agreement with Li et al (2023) in the CI2 case is actually fairly good. It seems that
speculation as to the specific process is not worthwhile: different transport, different cloudiness,
different photolysis rates etc may all contribute to this difference.

We remove this sentence.
L263. It would be worthwhile to discuss in more detail about the case where bromine is emitted.

We expand the end of this paragraph as follows: “1,250 Tg/yr Cl; led to a 30-fold increase in
the tropospheric Cl burden; these emissions in our shorter-term modeling study led to a 23-
fold increase in the Cl2-only case and a 20-fold increase in the Cl;_BrCl_Br; case (where 1250
Tg/yr of total chlorine was split between 1193 Tg/yr as Cl; and the remainder as BrCl). In
GEOS-Chem, the only fate of BrCl is photolysis to produce Cl atom. Hence, the smaller
impact of the Cl._BrCl_Br: scenario on total tropospheric Cl atom is due to the increases in
Bry in this experiment (see Table 2) and the coupled chemistry of Bry species with Cly
cycling.” (lines 307-311).

L268 It is not clear why it is reasonable to compare the OH experiments with the H202
experiments. The H202 emissions are at the surface (with presumably high surface deposition)
and OH production is distributed with height and presumably not lost to surface deposition.

We revise this paragraph to focus on comparing the OH scenarios to each other rather
than to H202. (see lines 333-338)

L305 “the chemical loss through the CI pathway is shut down” for H202_high, but Table 2
suggests a significant increase in Cly. Please explain.

Thank you for highlighting this. I had initially thought this was due to the vertical
distribution of changes in Cl and the strong temperature dependence of its reaction rate with
methane (e.g., similar to Lawrence et al., 2001 in ACP which discusses that tropospheric-
wide average changes in OH do not necessarily translate to impacts on methane loss because
of its temperature-dependent reaction rate). In digging into this more, I realized I had
weighted the average loss rate by volume instead of by air mass (OH loss rate is/was properly
weighted by air mass), and I had a unit conversion error. I fixed the calculation of chlorine
lifetimes and its discussion throughout the paper for accuracy, including in this paragraph
(see response to comment below). Now, chemical loss via chlorine increases in H202_high
which is more comparable to the change in Cl atom.

L306 “comparable” — again it is not clear how these simulations are comparable.

We revise this paragraph to focus on comparison between H202 simulations, and clarify the
text as follows: “Although the H,O:_high experiment had more than 5x greater increase in



tropospheric OH than that of H>O;_mid (see Table 2), the methane lifetime against OH
decreases by less than a factor of 2 (Figure 1). The efficacy of H2O; with respect to oxidizing
methane via tropospheric OH and decreasing steady-state methane concentrations decreases
with increasing emissions (see Figure S3). There is a larger difference between the scenarios
for the change in steady-state methane, which also accounts for changes in the lifetime
against tropospheric Cl. While all H>O: experiments also lead to increased Cl atom (see Table
2), H,O2_low is most efficient at also decreasing the methane lifetime against oxidation by
tropospheric Cl for its smaller level of emissions (Figure S3).” (lines 359 — 365)

L423 “cobenefits” seems to apply there are benefits in the first place which doesn’t seem to be
true in all experiments.

We change the text from surface ozone co-benefits to “declines in surface ozone air
pollution.”
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