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Global environmental implications of
atmospheric methane removal through
chlorine-mediated chemistry-climate
interactions

A list of authors and their affiliations appears at the end of the paper

Atmospheric methane is both a potent greenhouse gas and photochemically
active, with approximately equal anthropogenic and natural sources. The
addition of chlorine to the atmosphere has been proposed to mitigate global
warming throughmethane reduction by increasing its chemical loss. However,
the potential environmental impacts of such climate mitigation remain
unexplored. Here, sensitivity studies are conducted to evaluate the possible
effects of increasing reactive chlorine emissions on the methane budget,
atmospheric composition and radiative forcing. Because of non-linear chem-
istry, in order to achieve a reduction in methane burden (instead of an
increase), the chlorine atom burden needs to be aminimumof three times the
estimated present-day burden. If the methane removal target is set to 20%,
45%, or 70% less global methane by 2050 compared to the levels in the
Representative Concentration Pathway 8.5 scenario (RCP8.5), our modeling
results suggest that additional chlorine fluxes of 630, 1250, and 1880 Tg Cl/
year, respectively, are needed. The results show that increasing chlorine
emissions also induces significant changes in other important climate forcers.
Remarkably, the tropospheric ozone decrease is large enough that the mag-
nitude of radiative forcing decrease is similar to that of methane. Adding 630,
1250, and 1880 Tg Cl/year to the RCP8.5 scenario, chosen to have the most
consistent current-day trends of methane, will decrease the surface tempera-
ture by 0.2, 0.4, and 0.6 °C by 2050, respectively. The quantity and method in
which the chlorine is added, its interactions with climate pathways, and the
potential environmental impacts on air quality and ocean acidity, must be
carefully considered before any action is taken.

The Paris agreement in 2015 states that greenhouse gas (GHG) emis-
sions should be reduced so that the anthropogenic global temperature
increase is limited to 2 °C above preindustrial levels while pursuing
efforts to limit the increase even further to 1.5 °C1. Recent reports show
that GHG emission and concentration trends are not consistent with

this target2,3. About 1.2Wm−2 of the total 2.7Wm−2 increase in radiative
forcing from 1750 to 2019 is due to the direct and indirect effects of
methane (CH4), whose concentration has increased by ~150% during
the Anthropocene4. CH4 has both anthropogenic and natural origins
which are similar in magnitude5 thus making emission control a
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difficult task. CH4 ismostly removed from the atmosphere through the
chemical reaction with the hydroxyl radical (OH; Eq. 1) and to a lesser
extent through the reaction with the photolytic chlorine atom (Cl;
Eq. 2). The further photochemical reaction of CH3O2 results in the
production of two important GHGs, tropospheric ozone (O3) and
carbon dioxide (CO2) (chemical scheme–Fig. S1). CH4 is transported by
tropical upwelling to the stratosphere where it produces significant
concentrations of water vapor, another GHG (Eq. 1)6,7.

CH4 +OH!O2 CH3O2 +H2O ð1Þ

CH4 +Cl!
O2 CH3O2 +HCl ð2Þ

CH4 has a much shorter lifetime in the atmosphere (10–12 years)
compared to other potent GHGs (several tens to hundreds of years)4,8.
Meeting the 1.5 °C temperature goal requires substantial cuts in the
emissions and atmospheric burden of CO2

9 and CH4. Some studies
proposed intentionally adding chlorine to the atmosphere to decrease
CH4 concentration through iron salt aerosol10,11. Horowitz, et al.12 have
shown that an increase in global methane occurs as the result of
unintentional chlorine additions. Theirmain focuswas to studymarine
cloudbrightening as ameans of reducing radiative forcing through the
generation of additional sea-salt aerosol (SSA). However, all these
studies (including intended and unintended chlorine additions) did
not quantify the amount of chlorine that is needed to achieve a
reduction in global methane.

For the current atmospheric conditions, reactive chlorine species
originate from heterogenous reactions on sea-salt aerosols and other
tropospheric aerosols, coal- and biomass-burning, and industrial
activities13–15. Chlorine-containing species undergo photochemical
reactions that produce chlorine atoms; the chlorine atom provides a
direct sink towards CH4 (Eq. 2) and depletes O3 (Eq. 3; a critical source
of tropospheric OH), therefore increasing CH4 loss via (Eq. 2) (Cl) but
reducing CH4 loss via Eq. (1) (OH) (further details in Supplementary
Text S1). A recent study showed that for present-day halogen abun-
dance, chlorine together with iodine and bromine chemistry in the
atmosphere decreases global CH4 loss, thus increasing CH4 lifetime,
concentration, and radiative forcing16. However, the potential impacts
of a significantly larger atmospheric chlorine burden on atmospheric
composition, radiative forcing, and surface temperature remain
unexplored.

Cl +O3 ! ClO+O2 ð3Þ

Here, we apply a well-documented Earth system model (Commu-
nity Earth System Model, CESM version 1.1) coupled with comprehen-
sive halogen sources and chemistry16 to explore for the first time the
potential influence of adding chlorine emissions. We adopt the Repre-
sentative Concentration Pathway 8.5 (RCP8.5) as the main baseline
scenario because it provides the closest representation of global CH4

burden for the present-day conditions17, about 5200Tg for the year
202218. We conduct twelve sensitivity simulations from the present-day
(2020) to mid-century (2050) in which molecular chlorine (Cl2) is
emitted at a constant rate over all ocean surfaces, with emission fluxes
between 10 and 1880Tg Cl/year (henceforth designated as S10 to
S1880 scenarios). We also conduct two additional sensitivity cases with
RCP6.0 as the baseline. We summarize the simulation cases in Table S1.

This paper quantifies the globally averaged impact of additional
chlorine emissions as a potential climate intervention technique. A
homogeneous addition of chlorine species over all ocean surfacesmay
not be feasible in this respectbut is chosen here as a pragmatic starting
point. We consider a multitude of cases with different chlorine emis-
sions but omit regional analysis to show a synthesis of the global
impacts on atmospheric chemistry and climate. This includes

analyzing the global change in atmospheric composition, both the
intended change to CH4 and the unintended changes to other atmo-
spheric constituents (mainly to OH, tropospheric O3, sulfate aerosol,
stratospheric O3, and stratospheric water vapor), and determining the
associated radiative forcing and surface temperature response to
these changes. Additionally, we indicate the possible environmental
impacts due to the addition of chlorine, including the impacts on air
quality and ocean acidification.We identify several uncertainties in our
modeling results. Finally, we propose an agenda for future research on
this potential climate mitigation methodology.

Results and discussion
Nonlinear response of methane burden and lifetime to chlorine
emissions
The atmospheric response to the additional chlorine emissions
(Methods) is highly complex and nonlinear (Fig. 1). Based on our CESM
modeling results, adding 90Tg Cl/year (S90; Table S1) can be regarded
as an important threshold for the response of CH4 to chlorine changes.
This is comparable to tripling the current-day chlorine atom burden
(Fig. S2). Below this threshold, increases in tropospheric chlorine
emissions (S10 scenario) from RCP8.5 first lead to an increase in the
atmospheric CH4 burden compared to RCP8.5 in 2030; the emission
scenarios of S40, S60, and S80 result in approximately the same CH4

burden and lifetime as S10 (Fig. 1 inset). Such an increase in methane
lifetime is due to an increase in global chlorine burden aswas previously
shown by Horowitz et al.12. Here we note that above this emission
threshold of 90Tg Cl/year, the global CH4 burden begins to decrease.

This nonlinear response of CH4 burden to the increase in chlorine
emissions is explained by the change in the overall CH4 lifetime (Fig. 1)
induced by changes in tropospheric photochemistry involving O3, OH,
and other species12. The additional tropospheric chlorine atoms act to
consume tropospheric O3 through atmospheric chemical reactions
initiated by Eq. (3). Supplementary figure S3 shows the percentage of
ocean area (~70%, ~50%, ~20%, ~15%, and ~10% in RCP8.5, S10, S630,
S1250, and S1880 cases, respectively) that has a higher reactivity of Cl
toward O3 (Eq. 3) compared to CH4 (Eq. 2). This shows that above the
additionof 10 TgCl/year,most of theO3 above ocean is consumed and
the reactivity of Cl shifts towards the intended reaction with CH4

(Eq. 2). Given that tropospheric O3 is the primary source of the tro-
pospheric oxidant, OH19, the reduction in O3, caused by the additional
chlorine flux, results in a reduction in the OH burden (Fig. S4b), which
in turn controls CH4 oxidation through Eq. (1). Therefore, below the
90Tg Cl/year threshold, the additional chlorine decreases tropo-
spheric O3 and OH, thereby leading to a decrease in the CH4 loss by
OH, without being fully compensated for by a sufficiently large CH4

loss by the Cl atom itself. In contrast, above this chlorine emission
threshold, the loss of CH4 by reaction with Cl atom becomes large
enough to offset the CH4 loss by OH resulting from O3 decreases (see
SI text for more detailed discussion).

To better understand theCH4 response to the addition of chlorine
to the atmosphere above this threshold, we analyze in detail the
baseline case (RCP8.5) with current-day chlorine atom burden (i.e., 0.7
Mg global chlorine atom burden, Fig. S2), and four additional scenar-
ios, S10, S630, S1250, and S1880. The S10 scenario results in an
increase in CH4 burden, while the scenarios S630, S1250, and S1880
result in a removal of 20%, 45 and 70% of CH4 atmospheric burden
compared to RCP8.5 by 2050 (Fig. 2). When an equivalent Cl emission
is added to a different baseline scenario (RCP6.0), the reduction inCH4

lifetime and the burden is different. CH4 burden is reduced by 2300
and 2200Tg by the year 2030 in the RCP8.5 S1250 and RCP6.0 S1250,
respectively, while CH4 lifetime is reduced by 5.5 and 4.5 years by the
year 2030 in the RCP8.5 S1250 and RCP6.0 S1250, respectively (Fig. S7,
S8, and S9). This highlights that the atmospheric response to addi-
tional chlorine emissions is sensitive to the global burdens ofmethane,
O3, and other critical atmospheric species.
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The chlorine atom becomes an important chemical loss
pathway for methane (Eq. 2) in the scenarios where chlorine
emissions are increased above the threshold of 90 Tg Cl/year
(Fig. 2). In the RCP8.5 baseline case, in 2050 the chlorine sink
represents <2% of the CH4 loss. However, as chlorine emissions are
increased, the CH4 loss through chlorine atoms increases (Fig. 2)
thus decreasing the lifetime and burden of CH4 (Fig. S4, S5, and

S6). In 2050, chlorine accounts for about 30% of the CH4 loss in
scenario S630. An emission increase of 1250 Tg Cl/year is needed
to reduce the methane lifetime by >50% (Fig. 2). This occurs when
the Cl-driven methane destruction (Eq. 2) takes over the otherwise
dominant OH-driven CH4 losses.

Here we have analyzed only two future emission pathways
(RCP8.5 and RCP6.0) out of the many possibilities. As we have shown

Fig. 2 | The e-folding chemical lifetime of methane in the atmosphere to che-
mical loss in the year 2050 in RCP8.5 and for scenarios S630, S1250, and S1880
(left axis).Note that this is a different time period (2050) than in Fig. 1 (2030). The
relative contribution of tropospheric OH, tropospheric chlorine, and other che-
mical loss pathways to the global integrated CH4 lifetime is represented by the

fraction of the bar from each source. The crosses indicate the fraction of the loss of
CH4 from tropospheric chlorine (right axis). More than 630 Tg/year of additional
molecular chlorine emissions are needed to make tropospheric chlorine the
dominant loss pathway of CH4. The temporal variations of each CH4 loss and life-
time channel are shown in Fig. S5 and S6.

Fig. 1 | The relationship between additional molecular chlorine emissions,
global CH4 burden (black line; left axis), and the CH4 e-folding chemical life-
time (brown line; right axis–reversed). The CH4 burden is shown for the year
2030, while the 10-year average (2020–2030) is shown for CH4 lifetime. The CH4

lifetime is defined as the chemical lifetime of CH4 (obtained via dividing the
atmospheric CH4 burden by the CH4 chemical loss rate). The colormap shows the
scenarios (detailed setup listed in Table S1). Inset plot–results from RCP8.5, S10,

S40, S60, S80, S90, and S100 scenarios highlighting the nonlinear response of
global CH4 (burden and lifetime) to additional molecular chlorine flux. As mole-
cular chlorine emissions are increased from an additional 10Tg Cl/year (S10) up to
an additional 80 Tg Cl/year (S80), there is a slight increase in the global CH4 bur-
den. Only by increasing emissions above 90 Tg Cl/year (S90) does the global CH4

burden and its lifetime decrease.
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above, the methane response to added chlorine has a threshold above
which additional chlorine reduces methane lifetime and concentra-
tions (Fig. 1). The concentrations of CH4 and O3 in the base scenarios
will affect this threshold. Similarly, scenarios with more locally con-
centrated emissions of Cl may also change this threshold due to the
nonlinear chemistry involved.

Impacts on short-lived climate forcers
The addition of chlorine modifies the global integrated burden of key
short-lived climate forcers (SLCF; CH4, tropospheric O3, stratospheric
H2O, and sulfate aerosol) (Fig. 3). The atmospheric CH4 burden is
reduced by ~20%, ~45%, and ~70% by year 2050 in the S630, S1250, and
S1880 scenarios, respectively (Fig. 3). By the year 2050, the additional
chlorine emissions also lead to lower tropospheric O3 by ~25%, ~40%,
and ~51%, and a reduction in stratosphericH2Oby ~21%, ~34%, and ~47%,
respectively, for the three mitigation scenarios, as compared to
RCP8.5. Lastly, the change in tropospheric OH results in decreased
secondary sulfate aerosol production, mainly as a result of less SO2

conversion into H2SO4. Sulfate aerosol decreases by about 10% for all
the mitigation scenarios compared to the RCP8.5 by mid-century.
Other secondary aerosol types, such as secondary organic aerosol,
change negligibly due to compensating effects between increased Cl
atom and reduced OH. It is noteworthy that the chlorine-mediated
relative change to all SLCFs stabilizes after about 15 years (the late
2030s) suggesting that the atmospheric system stabilizes at a new
steady state after the chlorine additions (Fig. 3).

Increasing the loss of CH4 through Cl will decrease the CH4 bur-
den for about a decade (the 2020s in Fig. 3). However, CH4 increases
again at the end of the simulation period (the 2040s) because the CH4

emissions are still increasing in RCP8.5. The decrease in the CH4 bur-
den in scenario RCP6.0 S1250 slows down by the end of the simulation
period (Fig. S9b).

Impacts on surface temperature
BothCH4 and troposphericO3 increase in RCP8.5 from thepresent-day
to the mid-21st century. These increases contribute to global warming

Fig. 3 | Global burdens of short-lived climate forcers from 2020 to 2050 in
different scenarios (red, RCP8.5; pink: S630; light blue: S1250; dark blue:
S1880). Top to bottom panels—tropospheric O3, CH4, Stratospheric H2O, and

sulfate aerosol. The percentage reduction compared to RCP8.5 is shown as num-
bers on each plot. The global burdens of all SLCFs are lower compared to RCP8.5.
The percentage change stabilizes after 2035 for all SLCFs in all the cases.

Article https://doi.org/10.1038/s41467-023-39794-7

Nature Communications |         (2023) 14:4045 4



and threaten the 1.5 °C target set by the UNFCCC1,2. Using a simple
energy model, the Model for the Assessment of Greenhouse gas
Induced Climate Change (MAGICC), the impact on radiative forcing
and temperatures inducedby the changes in atmospheric composition
upon adding chlorine emissions is calculated (Methods) and shown in
Fig. 4. While the focus here is on RCP8.5 with its higher CH4 emissions,
we also show the impacts of added Cl2 on a scenario with lower GHG
emissions (RCP6.0).

Compared to RCP8.5, our results show that the removal of
45% atmospheric CH4 in 2050 (S1250) decreases the radiative
forcing of CH4 and tropospheric O3 by 55% and 40%, respectively,
leading to a temperature reduction of 0.4 °C. Adding the same
chlorine emission to RCP6.0 as the baseline case, i.e., the RCP6.0
S1250 case, the radiative forcing of tropospheric O3 is cut in half
and that of CH4 and stratospheric H2O by 2050 is reduced to
insignificant values (Fig. 4 inset). Interestingly, the unintended
response to this mitigation scenario, the reduction in radiative
forcing of tropospheric O3 and stratospheric H2O, is comparable
to the response from the removal of CH4. Emission additions of
630 and 1880 Tg Cl/year reduce the surface temperature in 2050
by 0.2 °C and 0.6 °C, respectively, in the S630 and S1880 sce-
narios. The surface temperature response in the RCP6.0
S1250 scenario decreases the 2050 temperature by 0.5 °C com-
pared to the RCP6.0 baseline case. The aerosol direct and indirect
radiative forcing in all mitigation scenarios (those in both RCP8.5
and RCP6.0) is slightly reduced by about 1% compared to their
respective baseline.

These scenarios demonstrate that the rate of increasing surface
temperature can in principle be slowed down significantly by
increasing chlorine emissions and reducing methane. This results in
the postponement of the point where the 1.5 °C warming target is
exceeded (Fig. 4). In RCP8.5 scenario, the 1.5 °C target is expected to be
exceeded in the 2020s; adding 630, 1250, and 1880Tg Cl/year post-
pones crossing the 1.5 °C target by ~1 year, 5 years and 7 years,
respectively. RCP6.0 is projected to cross the 1.5 °C target by the late
2030s; in the RCP6.0 S1250 scenario, temperatures do not cross the
1.5 °C target even at mid-century, highlighting that the atmospheric
implications of increasing chlorine emissions are linked to the evolu-
tion of GHGs affecting global warming.

Potential environmental impacts
The mitigation scenarios explored here represent a significant
anthropogenic source of chlorine atoms to the atmosphere (i.e., 630,
1250, and 1880 Tg Cl/year additional chlorine flux), with the highest
flux reaching that of natural sea salts (3000TgCl/year)20. This requires
careful consideration of the associated environmental impacts.

Although molecular chlorine is a known toxin at levels greater
than 34 ppbv21, globally averaged surface Cl2 mixing ratios reach up to
2 ppbv in the S1880 scenario (Fig. S11c). Secondly, globally averaged
surface mixing ratios of O3, an extensively monitored hazardous
atmospheric gas with various harmful effects on human health and
vegetation22–24, are expected to decrease by 50, 70, and 85% compared
to RCP8.5 in the S630, S1250, and S1880 scenarios, respectively
(Fig. S11a); however, the possible regional impact of increased chlorine
levels on O3 needs to be carefully assessed. The addition of chlorine
does not substantially change the global average of surface CO
(Fig. S12) and NOx (Fig. S11b), or the NO to NO2 ratio (Fig. S13; a mea-
sure of atmospheric oxidative capacity). However, regional valuesmay
change and need to be explored in future studies.

The modeled deposition of chemical acidity to the surface ocean
in the form of HCl from Eq. (2) is potentially an order of magnitude
larger than the acidity flux caused currently by anthropogenic reactive
sulfur and nitrogen. Assuming that the majority of the injected Cl2 is
eventually removed as HCl deposition into the ocean, the three model
scenarios result in upper bounds of 18, 35, and 53Tmol Cl/year for
RCP8.5 S630, S1250, and S1880, respectively. This is substantially lar-
ger than the estimated anthropogenic global ocean deposition of
reactive sulfur (0.8 Tmol S/year) and reactive nitrogen (2.7 Tmol N/
year) from fossil fuel combustion and agriculture25. While not as large
as the acidification caused by ocean uptake of anthropogenic CO2,
reactive sulfur and nitrogen fluxes are thought to exacerbate regional
acidification in coastal waters downwind of anthropogenic sources.
The effects of Cl emissions on surface ocean acid-base chemistry will
depend on the specifics of the Cl2 injection process. For example, an
injection method that uses iron to release Cl2 through a catalytic
cycle26 would impact HCl in the atmosphere differently from emitting
Cl2 directly. However, the possibility of a separation in the NaOH and
HCl could still generate substantial changes to surface ocean acid-base
chemistry27.

Fig. 4 | Surface temperature change from 2020 to 2050 for the RCP8.5, S630,
S1250, and S1880 (solid lines) and RCP6.0 and RCP6.0 S1250 (dashed lines)
scenarios. The 1.5 °C target is marked by the horizontal gray dash-dotted line. The
“gained” time to cross the 1.5 °C target compared to RCP8.5 is shown in the colored
horizontal dash-dotted lines for each scenario. The 2050 temperaturedecreases for
each scenario compared to RCP8.5 is shown in the colored vertical dash-dotted
lines on the right-hand side. The S1250 scenario adds 5 years before reaching the
1.5 °C target compared to the RCP8.5 scenario. The S1250 scenario results in a

reduction of 0.4 °C in 2050 from the surface temperature given in RCP8.5. Addi-
tional emissions of 1250 Tg Cl/year to RCP6.0 will postpone crossing the 1.5 °C
target until after 2050. The inset shows the radiative forcing in 2050 w.r.t 1850 of
the five main SLCFs that are impacted by the added molecular chlorine emissions.
Radiative forcing of CH4 decreases by almost 90% from RCP8.5 to the
S1880 scenario. O3 and stratospheric H2O are both affected by the increase in
additional molecular chlorine flux and their radiative forcing decrease as a result.
The impact of changes in atmospheric aerosols is small.
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The enhancement in tropospheric chlorine atom also
increases the stratosphere burden of chlorine (as much as a 44.9%
increase in S1880 scenario averaged from 2020 to 2050) and with
even more in the Antarctic region (up to 242.6% increase; Fig. 5a).
The significant increase in stratospheric chlorine results in
enhanced depletion of stratospheric O3 (Eq. 3) (1.0, 2.4, and 4.1%
lower stratospheric O3 in S630, S1250, and S1880, respectively,
compared to RCP8.5, averaged from 2020 to 2050; Fig. 5b) which
counter-acts the current stratospheric ozone recovery due to the
phase-out of long-lived CFCs, HCFCs, and Halons following the
implementation of the Montreal Protocol. This is most important
for the future evolution of the Antarctic O3 hole during Septem-
ber and October, where we found 4.7, 18.3, and 37.4% lower
stratospheric O3 in S630, S1250, and S1880, respectively, com-
pared to RCP8.5 (Fig. 5b).

Environmental policy implication
Results from this work focus on the global and annual averages,
facilitating an initial assessment of the implications of adding chlorine
on global burdens of SLCFs and their associated radiative forcing, but
does not evaluate consequences for human wellbeing, because these
are strongly linked to local impacts important for air quality and crop
productivity. Still, some of the indicated global changes are large
enough to cause concern, pointing to a need for further research of
local impacts before considering adding chlorine to the atmosphere.
From a climate change mitigation standpoint, the results show that
chlorine addition can offer a possibility to avoid exceeding global
warming of 1.5 °C, but only if combined with ambitious efforts to
reduce anthropogenic net emissions of CH4 and CO2 in the next dec-
ades. Hence, the possibility of atmospheric Cl addition becomes a
question of weighing the severe risks of climate change impacts

Fig. 5 | Stratospheric chlorine and O3 burden average from 2020 to 2050 in
RCP8.5, S10, S630, S1250, and S1880 scenarios. a Cl burden in the global stra-
tosphere and that in the Antarctic stratosphere (90°S to 70°S; 70 hPa to
200 hPa) during September and October. b O3 burden in the global strato-
sphere and that in the Antarctic stratosphere (90°S to 70°S; 70 hPa to

200 hPa) during September and October. The numbers on top of the sensi-
tivity scenarios bars indicate the changes of chlorine/O3 in these scenarios
compared to that in RCP8.5 case. Note that both Y-axes in both panels start at
values larger than zero.
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against the possibly severe negative environmental impacts associated
with Cl addition. While many of the risks in crossing the 1.5 °C target
are embedded in public knowledge, adding large amounts of chlorine
to the atmospherewill have significant risks of its own.With these risks
being global in scope, the possibility of this approach calls for an
urgent need for an international legal framework to manage the risks.

Uncertainty analysis
In this study, we have examined the potential impact of the proposed
approach on a global scale. However, it should be noted that the
response to this approach will vary regionally depending on the con-
centrations of ozone, NOx, and other pollutants. Despite chlorine
emissions being confined to the ocean surface, chlorinemay still reach
inland areas, resulting in different environmental implications com-
pared to marine environments. Although these effects are accounted
for in the model, they may be masked by the use of global averages.

It is important to note that the pH of aerosols is not specifically
calculated in CESM. The effect on the pH of aerosols of any of the
proposed methods of increasing the reactive chlorine burden in the
atmosphere, whether through directly emitting reactive chlorine,
adding a substance that activates chlorine in aerosols, producing
new SSA from the ocean, or any othermethod, is not clear. Pye et al.28

review the current state of atmospheric acidity and found that even
drastic changes in sulfur dioxide and nitrogen oxide emissions across
the US and Canada did not have a proportional effect on aerosol pH;
on the other hand, clouds and fog exhibit a higher sensitivity to such
changes. Further investigation is necessary for a more accurate
analysis of the acidity change resulting from additional chlorine
emissions.

The method used to inject chlorine will also affect the radiative
forcing (RF). For example, if an additional substance is used to react
with the chlorine in the aerosol and release it to the gas phase, that
substance will modify the optical properties of the aerosol resulting in
a different RF response and a change in the surface temperature
response.

Our modeling results show the tipping point of the CH4 response
to the addition of chlorine for the RCP8.5-based scenarios occurs at
90Tg Cl/year. However, this threshold will largely depend on O3 and
CH4 concentrations and other atmospheric conditions. Therefore, the
threshold should not be considered an absolute number but a general
tipping point that has to be calculated for specific atmospheric con-
ditions and chlorine injection methods.

Overall, these factors should be explored in future studies to
better understand the potential impact of this approach on a regional
scale and refine our understanding of its effectiveness to allow policy
makers to conduct a cost-effectiveness analysis before any imple-
mentation is considered.

Future research agenda
Sensitivity studies conducted here show that as we inject chlorine into
the atmosphere uniformly over the ocean, the chemistry responds in a
nonlinear manner. With RCP8.5 as the baseline, our modeling results
suggest that 90 TgCl/year additionalmolecular chlorine flux is needed
in order to obtain a decrease in CH4 burdens (lower additions lead to
an increase in methane burden). Tropospheric O3, OH, sulfate aero-
sols, and stratospheric H2O decrease with additional Cl, leading to
changes in global radiative forcing and lowering surface temperatures.
While the original goal of the approach was to reduce methane, the
unintentional outcome, especially the reduced O3, resulted in addi-
tional reductions in radiative forcing that are comparable to that of
methane itself. As proposed elsewhere8,29, mitigation of methane by Cl
addition would slow down the increase in global temperatures, how-
ever, as shown in this study, at the risk of possibly severe environ-
mental impacts.

Many questions need to be addressed in future studies to better
understand the impacts of adding chlorine to reduce methane. We
identify the following research questions as the most important to
focus on: (1) How will future emission pathways change the impact of
added chlorine? (2) What are the impacts of increased chlorine emis-
sions on air quality? (3) What are the long-term ecosystem effects of
additional chlorine emissions on acid deposition over land and ocean?
(4) What is the environmental footprint (e.g., energy cost, CO2 emis-
sions, etc.) of the production, transportation, and deployment stage
necessary to increase the atmospheric chlorine burden? (5) Multi-
model intercomparison studies should be conducted to investigate
the impacts of various increased tropospheric chlorine burdens on
atmospheric composition, climate, and the Earth system. (6) If the
positive environmental effects overweight the negative environmental
effects, how could we generate, transport, and release the quantity of
chlorine studied here? (7) Where, how much, and when should chlor-
ine emissions occur for maximum impact on climate and minimum
environmental damage? An important part of future studies will be
considerations of environmental justice.

Methods
CESM model simulation
The Community Atmospheric Model with Chemistry, version 4.0
(CAM-Chem), within the Community Earth System Model, version 1.1
framework (CESM), has been used for this study30. The current con-
figuration uses a version of CAM-Chemwith improved representations
of very short-lived halogens (Cl, Br, and I). Further descriptions of the
halogen mechanism implemented in CAM-Chem can be found in the
following references:31–34. CAM-Chem includes all of the physical
parameterizations of CAM435.

All the simulationswereperformedwith a horizontal resolution of
1.9° latitude by 2.5° longitude and 26 vertical levels, from the surface
up to ~3 hPa (~40 km). The emission and lower-boundary condition of
air pollutants and long-lived GHGs (except for CH4) follow the stan-
dardRCP8.5 scenario36.We used emission inventories ofCH4 following
Li et al.16. The sources of naturally emitted reactive halogen species are
calculated online following Iglesias-Suarez et al.37. The lower-boundary
conditions and emissions of anthropogenic chlorine species as well as
the chlorine activation and recycling processes on sea-salt aerosols are
based on Keene et al.38, Hossaini et al.15, Claxton et al.39, and Li et al.16.
The model simulations are conducted in free-running mode to enable
the feedback of atmospheric composition changes to the climate and
vice versa.

We first conducted a 60-year spin-up (1960 to 2020) to ensure a
stabilized atmospheric CH4burden. From2020onward,we conducted
a series of sensitivity cases with various emissions scenarios of addi-
tional molecular chlorine from the ocean surface worldwide. The
emissionfluxofmolecular chlorine is constant (in theunit ofmolecule/
m2/s, therefore favoring total emissions in the tropical regions) on
overall oceanic surfaces and during the entire simulation period
(starting from 2020), without imposing any diurnal cycle. In this con-
ceptual study, we do not link our modeling setup to any specific cli-
mate intervention technique method (e.g., via spraying iron salts or
marine cloud brightening via sea-salt aerosol injection). Instead, we
adopt a simplemodel setup to emit Cl2 over the global oceanic surface
and quantify the global impacts of the increased chlorine burden on
atmospheric composition and climate systems. We have taken the
following considerations into account when assuming the additional
chlorine is emitted over the ocean surface, instead of in the free tro-
posphere or over land: (1) to allow a feasible emission method that
does not require aircraft; (2) to reduce the energy cost and associated
CO2 emissions required to emit chlorine; (3) tomake full use of sea-salt
aerosol, a natural chloride-containing atmospheric species prevalent
in the marine boundary layer; (4) to reduce the potentially harmful
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effects on humans (over land); (5) to reduce the injected amount of
chlorine to the stratosphere.

Table S1 in the supplement shows the setup of the standard
simulations and sensitivity cases. The names of the sensitivity cases are
defined as the addedmolecular chlorine flux. The difference in various
species between RCP8.5 and the sensitivity cases represent the impact
of these additional chlorine sources on atmospheric composition. Two
more scenarios under the RCP6.0 case were also added to show a
possible range of the additional molecular chlorine impacts under
different climate scenarios.

MAGICC simulations
We simulate the change in surface temperature relative to 1850–1900
that results from the RCP8.5 and RCP6.0 cases and mitigation sce-
narios using a reduced-complexity model MAGICC version 640,41. This
simple climate model is divided into four boxes that are used to
represent the land and ocean in the northern hemisphere, and
southern hemisphere. Using the RCP8.5 and RCP6.0 initial con-
centrations given inMAGICC, we drive the energy-balance component
of MAGICC6 with the timeseries of surface CH4, sulfate aerosols, and
O3 computed globally and simulate the change in surface temperature
and radiative forcing for 1850 through 2050 for all future cases and
scenarios. Our aim with this methodology is to show the potential
influence that thesemitigation scenarios have on surface temperature.
Therefore, the change in surface temperature and radiative forcing
could best be defined as the global surface temperature change rela-
tive to 1850 frompossible future addition ofmolecular chlorine fluxes.

Data availability
The CESM data generated in this study have been deposited in the
Mendeley Data. https://doi.org/10.17632/md85gzkmg9.1.

Code availability
The software code for the CESM model is available from http://www.
cesm.ucar.edu/models/.
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