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Abstract. Although stratospheric ozone is recovering under the Montreal Protocol, the rapidly expanding space
industry may influence the pace of this recovery. We assess the potential for rocket-emitted chlorine, under
various launch growth scenarios, to offset the decline in chlorine from regulated Ozone Depleting Substances
(ODSs). We use the Whole Atmosphere Community Climate Model (WACCM6) nudged to meteorological re-
analyses to simulate realistic atmospheric variability. A modest (times ten) increase in chlorine emissions from
rocket launches relative to 2019 causes a near-global column ozone loss of less than 0.1 Dobson Unit (DU)
(0.04 %), while a large (times 52) increase leads to 0.6 DU (0.23 %) depletion. Local ozone decreases reach
0.4 % and 2 %, respectively, in the upper stratosphere for these scenarios. Column losses peak at high latitudes,
with strong seasonality and meteorology-driven variability in the Arctic. The impact peaks in October in the
Antarctic (0.5 and 3 DU depletion for x 10 and x 52 cases), and in April in the Arctic (generally up to 2 DU for
the x 52 case, or greater than 8 DU in cold years with meteorology such as 2010/11). Ozone depletion throughout
the stratosphere scales linearly with chlorine enhancement. Overall, while the effects of rocket-emitted chlorine
under plausible growth scenarios are small, they could partially offset the gains achieved by the Montreal Pro-
tocol and should be considered in future assessments of rocket propulsion systems and ozone layer recovery

projections.

1 Introduction

The space industry is currently expanding rapidly, especially
for commercial use (Dallas et al., 2020). As a result, new
spaceports and launch vehicle companies are being estab-
lished in historically aeronautically active nations such as the
United States and Russia, and in nations with emerging space
sectors such as China and India. In 2021, commercial space
flights by Virgin Galactic, Blue Origin, and SpaceX demon-
strated that space tourism is plausible (Ryan et al., 2022),
though the future scale of this nascent industry is uncertain.
This rapid growth needs to be accompanied by a detailed
understanding of the potential environmental impact of the

space industry, including the impact of launch-rocket emis-
sions on the ozone layer and climate.

Stratospheric ozone depletion has been a major environ-
mental issue of the past few decades, since the suggestion
in the 1970s that chlorine from chlorofluorocarbons (CFCs)
could deplete ozone at 40 km (Stolarski and Cicerone, 1974),
and especially since the discovery of the Antarctic ozone hole
in the 1980s (Farman et al., 1985). The Montreal Protocol on
ozone-depleting substances (ODSs) was signed in 1987 and
ratified 2 years later. With several subsequent amendments,
the Protocol now limits the production and consumption of
all major long-lived ODSs ultimately emitted to the atmo-
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sphere (Chipperfield and Bekki, 2024). This has resulted in
a turnround in stratospheric chlorine (and bromine) levels
and signs of ozone recovery have been detected in the upper
(Steinbrecht et al., 2017) and polar lower (Solomon et al.,
2016) stratosphere. Based on the projected decrease in halo-
gen loadings, models predict that the date when stratospheric
ozone values will return to 1980 levels will occur around the
mid-late 21st century (Chipperfield et al., 2018). However,
other pollution sources, including rocket launches, may af-
fect the rate and extent of this recovery. As the number of na-
tional and private space organizations continues to grow, and
as the cost of space travel declines, the frequency of rocket
launches is expected to rise significantly. This increased ac-
tivity could make ozone depletion from space launches a se-
rious environmental challenge, as highlighted by Ross et al.
(2009). Understanding the impact of rocket engine combus-
tion emissions and exhaust on ozone depletion is essential,
as these emissions are injected directly into the atmosphere,
including the altitudes of the stratospheric ozone layer.

Rockets can be fuelled by a range of different propellants,
which may affect the ozone layer in distinct ways. The pol-
lutants produced by rocket emissions depend on the type of
fuel used. For decades, solid propellants have played a fun-
damental role and have been widely used in the aerospace
industry. Solid rocket motors (SRMs), consist of solid alu-
minium fuel with an ammonium perchlorate (NH4ClO4) ox-
idiser with some also containing hydrocarbons. The bene-
fits of SRMs include easy storability, high reliability, and de-
sign simplicity. However, once ignited, they cannot be turned
off and are therefore typically used only in the first stage of
launch vehicles. The exhaust from SRMs contains a num-
ber of compounds of environmental concern, in particular
hydrochloric acid (HCl) and alumina particles. As a pollu-
tant emitted by rockets, reactive chlorine could enhance the
ozone-depleting catalytic cycles active in the upper strato-
sphere and polar regions.

Many studies have examined the effects of rocket fuel
emissions or single-species impacts, often focusing on emis-
sions from a limited number of injection sites (Danilin et al.,
2001b, a; Maloney et al., 2022; Popp et al., 2002; Ross et al.,
2004, 2009; Prather et al., 1990; Voigt et al., 2013). Both re-
active chlorine and alumina particulates are emitted together
in SRM exhaust wakes, compounding the ozone losses that
occur (Danilin et al., 2001a). Ryan et al. (2022) used infor-
mation on 2019 rocket launches and re-entry events to inves-
tigate the impacts of multiple rocket-emitted pollutants on
stratospheric ozone, including NO,. They found that ablative
NO, production during re-entry can have a significant effect
on stratospheric ozone, while NO, emissions from launches
were relatively less important. The ozone impacts reported in
their study were most pronounced in the upper stratosphere.
For launch scenarios considering re-entry NO, production,
a 0.5 % loss of global average column ozone has been esti-
mated, with polar losses exceeding 2 % (Larson et al., 2017).
In a recent modelling study, persistent levels of black car-
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bon were calculated after 4-6 years of rocket launch activ-
ity, with year-round ozone loss of 5-15DU in the Northern
Hemisphere (NH) and a potentially more severe Antarctic
ozone hole (Maloney et al., 2022). To support such impact
studies, rocket emission inventories have been developed, en-
compassing a wide range of pollutants — including chlorine,
NO,, H,0O, CO», black carbon, and alumina — resulting from
worldwide rocket launches (Brown et al., 2024a; Ryan et al.,
2022).

Recently, Revell et al. (2025) used the SOCOL coupled
chemistry-climate model (CCM) in free-running mode in a
series of 25-year timeslice experiments (following 10 years
of spin-up) to study the possible impact of near-future rocket
launches on the ozone layer. They investigated two sce-
narios for the year 2030 of increased emissions relative to
their benchmark 2019 inventory (Brown et al., 2024b) of
97 launches per year: an “ambitious” scenario with 2040
launches per year (x 21 increase on 2019), and a “conserva-
tive” one with 884 launches per year (x 9). They found de-
creases of 0.17 % and 0.29 % in the near-global annual mean
ozone abundance under the conservative and ambitious sce-
narios, respectively. The ambitious scenario produced up to
3 % depletion in the upper stratosphere. Ozone changes in the
lower stratosphere were largely not statistically significant
compared to the CCM variability, with the notable exception
of a large 3.9 % additional depletion in the Antarctic (60—
90° S) spring (September—October—November mean). Revell
et al. (2025) diagnosed that the rocket-induced ozone deple-
tion was mainly due to chemical loss from the emitted chlo-
rine, and circulation changes due to heating by black car-
bon particles. For reference, their ambitious scenario of 884
launches per year resulted in annual emissions of 10.13 Gg
chlorine, thereby increasing the modelled upper stratospheric
volume mixing ratio of inorganic chlorine (Cly) by around
0.2 parts per billion (ppbv).

In this paper, we use the Whole Atmosphere Community
Climate Model Version 6 (WACCMG6) (Gettelman and Rood,
2016) to assess and quantify the impact on ozone from the
potential injection of Cl, from a rocket emission inventory
(Brown et al., 2024b). We aim to extend on the work of Rev-
ell et al. (2025) by investigating the impact of rocket-emitted
Cl, under a range of scenarios and in a model constrained
(by nudging) to have realistic polar meteorology. This is im-
portant for quantifying polar ozone depletion and its inter-
annual variability, and reduces the limitations when com-
paring model simulations with small differences in forcing.
Other species, including NO,, have different sources, chem-
istry, and spatial-temporal patterns of impact. Adding them
to the same sensitivity experiments would make it harder
to attribute ozone changes and to isolate the effect of SRM
chlorine. The roles of Cl, and NO, also vary with altitude,
latitude, and season. This study focuses on the polar lower
stratosphere, where chlorine activation on polar stratospheric
clouds (PSCs) drives ozone loss and where SRM chlorine
will likely have a stronger impact. Section 2 describes our
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setup of WACCMBG6. Section 3 presents our results for long-
term global mean impacts of the rocket emissions and the
dependence on variability in polar meteorology. Our conclu-
sions are summarised in Sect. 4.

2 Rocket Emissions and Chemistry-Climate Model

We use the rocket emission inventory of Brown et al.
(2024b), which is based on 97 successful rocket launches in
the year 2019 from 18 active launch sites located at latitudes
between 30° S and 62.9° N. The inventory is compiled from
reports from governments and companies and provides the
emission mass of H,O, CO,, NO,,, Cl,,, BC and Al,O3. Here
we consider only Cl, emissions from solid rocket motors,
and do not include other rocket-emitted species. The majority
of launches with this fuel in 2019 occurred at low latitudes,
in particular from Kourou (5.2° N, 307.3°E). In our model
simulations we scale the 2019 inventory emissions and apply
the emissions each year during the model run (see Table 1).

We have performed a series of experiments with
WACCMG6 (Gettelman et al., 2019) which extends from the
Earth’s surface to around 140 km. All simulations use 88 ver-
tical levels within this domain and a horizontal resolution of
1.9° latitude x 2.5° longtitude. The model includes chemical
mechanisms for the simplified tropospheric chemistry with
detailed middle atmospheric chemistry (WACCM6 — MA),
including heterogeneous reactions on sulfate aerosols and
PSCs.

WACCM is very well established and widely used in the
international community (e.g. Solomon et al., 2016; Eyring
et al., 2016; Gettelman et al., 2019). Several previous stud-
ies have shown that WACCM®6-SD can well characterise the
spatial distribution, vertical profile, and interannual variabil-
ity driven by dynamical and chemical processes in the Arc-
tic and Antarctic stratosphere, and these studies have evalu-
ated model performance by using satellite observations (e.g.
Cuevas et al., 2022; Zhu et al., 2023; Zhang et al., 2024).

The chemical species within WACCM6 include the ex-
tended O,, NO,, HO,, Cly, and Br, chemical families, along
with CHy and its degradation products. In addition to CHy,
we also include NpO (major source of NOy), HyO (ma-
jor source of HO,), plus various natural and anthropogenic
precursors of the Cl, and Bry families. This mechanism
also includes primary non-methane hydrocarbons and related
oxygenated organic compounds. The chemical mechanism
has evolved from previous versions (e.g, Emmons et al.,
2010; Lamarque et al., 2012; Kinnison et al., 2007; Tilmes
et al., 2016; Marsh et al., 2013) and now includes a total
of 100 species, 312 chemical reactions including 91 pho-
tolysis reactions, 19 odd-oxygen reactions, 17 odd-hydrogen
reactions, 27 odd-nitrogen reactions, 36 odd-chlorine reac-
tions, 21 odd-bromine reactions, 6 odd-fluorine reactions, 17
organic-halogens reactions, 17 sulfur reactions, 12 C1 reac-
tions, 4 tropospheric aerosol and 17 stratospheric aerosol het-
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erogeneous reactions and 28 ion reactions. The source gases
(CO3, CHy, N30, ODSs) are from the CMIP6 forcing dataset
(Meinshausen et al., 2017) (see Supplement, Fig. S1) which
is constructed from a combination of direct atmospheric mea-
surements, ice core reconstructions, and industrial emission
records. The time-varying sea surface temperature and sea
ice coverage (to match the forcing meteorology) are from
Hurrell et al. (2008) and Kennedy et al. (2011).

In this study, WACCM is nudged to MERRA-2 reanalyses
(Hurrell et al., 2008; Feng et al., 2013; Molod et al., 2015)
to ensure that the model simulations have realistic lower
stratospheric meteorology, which is important for chlorine-
induced polar ozone loss. The nudging is applied only to
winds and temperature (Gettelman et al., 2019); the chem-
ical species evolve freely. We performed 4 model simula-
tions (see Table 1). The reference case (Rocketl) included all
emission sources and is based on the released WACCM6 with
a modal aerosol microphysical model (MAM4) of the Com-
munity Earth System Model Version 2 (CESM2.1.5) (Dan-
abasoglu et al., 2020). Simulation Rocket1 also includes an-
nually repeating 2019 rocket Cl, emissions. The other three
sensitivity runs were the same as run Rocketl but scaled the
2019 rocket Cl, emissions with different factors of 10, 52
or 120. The x 10, x 52, and x 120 scenarios are sensitivity
experiments, not specific projections. They are scaled from
the 2019 launch inventory, which provides a consistent ref-
erence, before rapid growth, to test ozone response under
stronger emissions and to examine the linearity of the im-
pacts. This study does not aim to predict the future of SRMs;
rather it focuses on the effect of SRM-derived chlorine when
injected into the stratosphere. Polar ozone loss is very sen-
sitive to chlorine under cold conditions, so even a relatively
small number of SRM launches may cause a clear signal in
the polar lower stratosphere. The largest assumed increases
in rocket launches are unrealistic for the near future but allow
us to test the sensitivity of model results to different levels of
chlorine. As the winds in WACCM are constrained here by
nudging, we do not investigate the impact of rocket-emitted
black carbon on ozone through changes in circulation.

In each simulation the model was integrated over 22 years
using the observed source gas boundary conditions based on
CMIP6 (see Fig. S1). The runs were nudged to the MERRA-
2 meteorology (Molod et al., 2015) from 1990-2012 to en-
sure that the simulations experienced a realistic range of me-
teorological conditions, especially at the poles. This is essen-
tial for simulating chlorine-driven polar ozone loss, particu-
larly in the more variable Arctic. The winter of 2010/11 was
included because it was an exceptionally cold Arctic win-
ter with near-record ozone depletion (Manney et al., 2011).
The first 7 years were treated as spin-up and the model years
1997-2012 were analysed for the impacts of rocket emis-
sions. This length of model run is sufficient for us to diag-
nose the targetted chlorine impact for a range of polar condi-
tions and reasonable background chlorine loading. Although
stratospheric chlorine is decreasing, and will continue to do
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Table 1. Summary of WACCM simulations with varying rocket Cl; emissions.

Simulation  Rocket launch scenario Annual number of  Mass of rocket  Description
rocket launches  emitted Cly of growth
Rocketl 2019 data from Brown et al. (2024b)* 97 0.5Gg Actual 2019
Rocket10 10 x Rocketl 970 5Gg Modest
Rocket52 52 x Rocketl 5044  26Gg Large
Rocket120 120 x Rocketl 11640 60Gg Extreme

* 2019 inventory of 65 vehicles from 11 launcher families and 97 launches.

so, we use differences in our model runs to diagnose the rel-
ative impact of additional rocket-based emissions.

3 Results

3.1 Impact on Cly distribution

Figure 1 shows the zonal mean distribution of inorganic chlo-
rine (Cl, = HCI+CIONO; +HOCI+Cl+CIO+2 x Cl,0, +
2 x Clp+0OClO+BrCl) for the reference experiment Rocket1
averaged over model years 1997-2012, and the differences
between this and the equivalent quantity from three differ-
ent rocket emission scenarios. In the reference experiment
(Fig. 1a), stratospheric Cl, peaks at about 3.3 ppbv above
5hPa in the equatorial region, and above 30 hPa in the high
latitudes. Because the long-lived chlorine source gases are
not photolysed in the lower atmosphere, the concentration of
Cl, in the troposphere is negligible. Compared to the refer-
ence experiment Rocket1, all other rocket emission scenarios
show Cl, enhancements in the stratosphere (1-~ 100 hPa)
and above (Fig. 1b—d). The rocket emissions mainly oc-
cur in the tropics and the local enhancement in the CI,
profile is clearly seen in this region. However, the Cl, in-
crease is efficiently transported to higher latitudes of both
hemispheres by the Brewer-Dobson circulation. In simula-
tion Rocket10, Cl, increases by approximately 0.03 ppbv in
the stratosphere, demonstrating that even modest (x 10) in-
creases in rocket emissions compared to 2019 levels can per-
turb the stratospheric chlorine budget. Simulations Rocket52
and Rocket120 show even stronger increases, with the former
exceeding 0.15 ppbv and the latter exceeding 0.4 ppbv in the
stratosphere. The largest increases in the modelled Cl, mix-
ing ratio occur above the stratopause due to continuing rocket
emissions at these altitudes and the decreasing air density.
The simulated increase in chlorine becomes partitioned be-
tween the Cl,, species based on the background model chem-
istry and meteorology. Hence, the increase in Cl, is dom-
inated by enhanced HCI concentrations, while increases in
reactive chlorine, particularly ClO, are also evident at high
latitudes in the upper stratosphere (~ 1-3 hPa).

Atmos. Chem. Phys., 26, 3621-3635, 2026

3.2 Impact on global ozone

Figure 2 shows the zonal mean distribution of ozone for the
reference experiment, and the differences between this and
the three rocket emission scenarios (averaged over 1997-
2012). In simulation Rocketl, ozone concentrations exhibit
the characteristic high mixing ratios in the tropical mid-
stratosphere, peaking at approximately 10 parts per million
(ppmv) between 10—15 hPa. Peak ozone concentrations grad-
ually decrease with increasing latitude, reaching a minimum
of approximately 6 ppmv at the poles. This distribution is
due to photochemical production at low latitudes followed
by transport to the poles via the Brewer-Dobson circulation.

Compared to the reference experiment, all of the addi-
tional rocket emission scenarios show an overall decrease
in stratospheric ozone, most pronounced (in terms of mix-
ing ratio) in the upper stratosphere followed by the high-
latitude lower stratosphere. These are the regions where chlo-
rine chemistry is expected to have an impact on ozone (e.g.,
Farman et al., 1985; WMO, 2022). The upper stratospheric
loss occurs through the catalytic cycle involving CIO + O
(Stolarski and Cicerone, 1974), while loss in the polar lower
stratosphere occurs through reactions involving ClO + C10
(Molina and Molina, 1987) and ClO + BrO (McElroy and
Salawitch, 1986). Note, however, that the simulations also
show small increases in O3 in the tropical mid-low strato-
sphere at 10-30hPa. Ozone depletion in the upper strato-
sphere will cause increased penetration of ultraviolet radia-
tion resulting in some ozone “self-healing” (Haigh and Pyle,
1982), which occurs in the tropical region where the radia-
tion is more intense. In simulation Rocket10, ozone deple-
tion is as large as 30 ppbv (1.6 %), concentrated at altitudes
of 1-10hPa at high latitudes. The simulations Rocket52
and Rocket120 show more substantial ozone reductions in
the upper stratosphere, with maximum decreases of over
40 ppbv (2.1 %) and 100 ppbv (5.2 %), respectively. Simula-
tions Rocket52 and Rocket120 also show a clearer signal of
the ozone impact, consistent with the clearer signal of ClI,
enhancement (Fig. 1).

Figure 3 illustrates the mean impacts on stratospheric
ozone profiles (1-100 hPa) due to rocket-emitted chlorine
in three latitude regions. Ozone depletion occurs in both
the upper and lower stratosphere. In the upper stratosphere,
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Figure 1. Latitude-height zonal mean annual mean distribution of total inorganic chlorine Cly, (ppbv) and the differences between sensitivity
simulations and run Rocketl, averaged over model years 1997-2012. (a) Cly, from run Rocketl. (b) Difference between runs Rocket10 and
Rocketl. (¢) Difference between Rocket52 and Rocketl. (d) Difference between Rocket120 and Rocketl. The dashed lines indicate the
approximate locations of the tropopause and stratopause. Note different colour scales in panels (b)—(d).

between 5 and 1hPa, the mean year-round depletion can
reach almost 5% in the polar regions in extreme scenario
Rocket120. There is a clear scaling of the magnitude of the
depletion due to different Cl, enhancements which is ex-
plored in more detail below. The upper stratospheric ozone
depletion in the near-global region is somewhat smaller than
at high latitudes but, again, increases with the Cl, scenario.
In the polar lower stratosphere, below about 30 hPa, the year-
round impact on ozone is larger in the Antarctic than the Arc-
tic, again increasing with increasing Cl,.

Ozone depletion in the polar lower stratosphere exhibits a
strong annual cycle linked to the occurrence of cold temper-
atures and the availability of sunlight. Chlorine plays a key
role in this springtime chemical ozone depletion so the im-
pact of chlorine from rocket emissions would be expected to
show similar behaviour. The winter polar vortex isolates air
at high latitudes and contributes to cold temperatures, pro-
moting the formation of PSCs. Reactions on the surfaces
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of PSCs convert reservoir Cl, species into active, ozone-
destroying radicals which cause rapid ozone loss when sun-
light returns in spring (WMO, 2019). Figure 4 illustrates the
mean annual cycle in high-latitude column ozone from run
Rocketl, and the impact of the three sensitivity simulations.
For the Antarctic run Rocketl shows a minimum mean ozone
column over this extended polar area of near 220 DU in Octo-
ber, at the end of the ozone hole period. This is also the month
of the largest impact on column ozone (—7 DU (3.3 %) in run
Rocket120). For the Arctic the maximum column of around
400 DU occurs in the springtime (April). This is also the time
of the maximum reduction in simulations with substantial
chlorine perturbations (runs Rocket52 and Rocket120).

We now repeat the analysis of Fig. 3 for the polar re-
gions and months of largest mean depletion in the lower
stratosphere, October and April (Fig. 5). Analysis of these
months shows the much stronger impact of chlorine in the
lower stratosphere in the Antarctic due to the colder and

Atmos. Chem. Phys., 26, 3621-3635, 2026
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Figure 2. Latitude-height zonal mean distribution of O3 (ppmv) and the differences between sensitivity experiments and the reference
averaged from 1997-2012. (a) O3 from run Rocketl. (b) The difference between runs Rocket10 and Rocketl. (¢) The difference between
runs Rocket52 and Rocketl. (d) The difference between runs Rocket120 and Rocketl. The dashed lines indicate the approximate locations
of the tropopause and stratopause. Note different colour scales in panels (b)—(d).
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Figure 3. Profiles of annual mean O3 depletion from 1 to 100 hPa for sensitivity simulations compared to Rocketl averaged over 1997 to
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Figure 5. Profiles of monthly mean O3 depletion (%) from 1 to 100 hPa for sensitivity simulations compared to Rocket1 averaged from 1997
to 2012 for polar regions (a) 60-90° S in October and (b) 60-90° N in April.

less variable polar meteorology. The extreme run Rocket120
produces an additional 6 % depletion in the Antarctic lower
stratosphere in October, compared to a small mean depletion
of just under 2 % in the Arctic in April.

3.3 Dependence of additional ozone depletion on
chlorine

Figures 2-5 clearly show that the amount of additional ozone
depletion from rockets increases with the magnitude of addi-
tional Cl, emitted. Figure 6 quantifies that relationship more
fully for annual mean ozone depletion in the near-global
upper stratosphere (Fig. 6a) and polar lower stratospheres
(Fig. 6b and c). In these regions the additional ozone loss de-
pends linearly on chlorine. In the upper stratosphere the addi-
tional loss of 2.2 % in run Rocket120 is caused by 0.32 ppbv
additional Cl from a scenario of x 120 the 2019 rocket in-
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ventory, i.e. a slope of 6.9 % ppbv~! Cl or 0.02 % loss per ad-
ditional increase in inventory. For the polar regions the slopes
in annual mean ozone loss versus Cly are also linear, with a
larger slope in the Antarctic than the Arctic. We also show the
polar results for the months of maximum impact (see Fig. 4).
The maximum lower stratospheric impact occurs in Septem-
ber in run Rocket120 with a 5 % depletion for an additional
0.13 ppbv Cl, in the x 120 scenario, i.e. 38 % ppbv~! CI or
0.04 % loss per additional increase in 2019 inventory. The
impact of scenarios not simulated here can simply be inter-
polated from the linear plots for perturbations smaller than
run Rocket120.

3.4 Impact of interannual meteorological variability

Springtime polar ozone depletion exhibits strong interannual
variability, especially in the NH. A strong motivation for run-
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ning WACCM in the nudged mode was to create simula-
tions with realistic stratospheric polar meteorology. Figure 7
shows the long-term seasonal variation of the total ozone col-
umn. This highlights the latitude dependence of the chlorine
impact and, especially, the significant seasonal depletion in
the polar regions. The observation-based MERRA-2 reanal-
yses (Fig. 7a) demonstrate the observed annual cycles and
interannual variability which is generally well captured by
WACCM (Fig. 7b and c, see also Fig. S2). In simulation
Rocketl, the ozone column shows the expected spatial and
temporal pattern: in the tropics (30°S-30°N), the column
remains between 280-350 DU throughout the year, with lit-
tle variation; in the mid-latitudes (30-60° N/S), it is gener-
ally higher, reaching 350-420DU, and shows a clear sea-
sonal cycle; the polar regions fluctuate most dramatically,
with column ozone dropping sharply in the Antarctic in
spring (September—October), reaching a minimum of nearly
200 DU, corresponding to a typical ozone hole event, while
the Arctic also experiences a certain degree of ozone deple-
tion in spring (March—April). The impact of polar meteorol-
ogy is evident through the small Antarctic ozone depletion
in the disturbed year of 2002 (Feng et al., 2005), and the
smaller Arctic columns in the cold winter/springs of 1996/97,
1999/2000 and 2010/11 (Chipperfield et al., 2015).
Compared to the control run, all rocket emission scenar-
ios show ozone reductions at high latitudes (Fig. 7d—f). We
have computed the decrease in polar column ozone for model
years 1997-2012 for selected emission scenarios (Fig. 8). In
the Antarctic (90-60°S), the depletion under the Rocket10
scenario is around 0.5 DU (0.12 %), for Rocket52 it is 2.5 to
3DU (0.6 % to 0.7 %), while Rocket120 reaches 6 to 8 DU
(1.4% to 1.7 %). In the Arctic (60-90°N), the interannual
variability of ozone depletion is more pronounced, with the
scenario Rocket10 showing only 0.3 to 0.5DU (0.04 % to
0.06 %), Rocket52 giving 1.5 to 3DU (0.2 % to 0.4 %), and
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Rocket120 reaching 4 to 7 DU (0.5 % to 0.84 %). In partic-
ular, in the year 2011 Arctic loss exceeds 7.5DU (0.9 %),
corresponding to a year of extreme cold and a stable po-
lar vortex, showing that Arctic ozone can be more sensitive
to rocket chlorine emissions under specific meteorological
conditions. Generally, the Antarctic displays a large, stable
signal of ozone depletion, while the Arctic shows consid-
erable interannual differences. Notably this variability can
cause Arctic springtime loss (in absolute terms) to exceed
Antarctic loss in extreme years.

A map of the mean ozone depletion in Austral spring
(September and October) is shown in Fig. 9. In the refer-
ence run Rocketl (Fig. 9a), the total ozone column in the
Antarctic spring exhibits the typical hole distribution, with
the lowest values in the core area of the polar vortex less
than 180 DU, while the surrounding collar areas reach 300-
340DU. The overall spatial distribution is consistent with
the observed Antarctic ozone hole (not shown), indicating
that the nudged WACCM6 model reproduces well the sea-
sonal evolution of ozone in polar regions. Compared to the
reference experiment, all rocket emission scenarios lead to
a decrease in Antarctic column ozone and, as expected, the
reduction increases with the amount of emissions (Fig. 9b—
d). In the scenario Rocket10, the maximum decrease in col-
umn ozone in the polar region is about 0.5 DU at the edge
of the polar vortex; in the scenario Rocket52, ozone loss
is substantially larger, with a maximum reduction of 3 DU
at the vortex edge; in the Rocket120 scenario, the decline
in polar ozone is larger still, and reaches 7DU. This shows
that that polar spring ozone is sensitive to additional chlo-
rine sources. Overall, however, this result indicates that even
large increases in chlorine-fuelled rocket launches compared
to 2019 (Rocket10) is sufficient to cause only modest losses
in polar spring ozone although this will offset to some extent
the recovery of the Antarctic ozone hole.

https://doi.org/10.5194/acp-26-3621-2026



Y. Li et al.: The impact of rocket-emitted chlorine on stratospheric ozone

(a) i
(c)

50

Latitude
=)

=50

Latitude

(e)

111 BERREARRARE X
50 A
2
3
é 0 A 0
5
-2
_50_
SRS RERREREREN &
1998 2000 2002 2004 2006 2008 2010 2012
Time

ATCO (DU)

3629

(d)

| (=)
-
ATCO (DU)

|
N

' ‘ (f)
1777 BEBRRRRAL

=
o

ATCO (DU)

-5

AN NRENNNERE

1998 2000 2002 2004 2006 2008 2010 2012
Time

-10

Figure 7. (a) Observation-based total column O3 (DU) for 1997-2012 from MERRA-2 reanalyses. (b) Difference in column ozone between
model control run (without rocket emissions) and panel (a). (¢) Latitude-time variation of total column O3 (DU) for 1997-2012 from run
Rocketl. Panels (d)—(f) show the differences in column ozone with respect to Rocket1 for simulations (d) Rocket10, (e) Rocket52 and (f)

Rocket120. Note different colour scales in panels (d)—(f).

(a) Antarctic

(b) Arctic

ATCO (DU)

1 /—\/_\/\/\/\/

= Rocket10
1 —— Rocket52
| = Rocket120

T T T T T
2004 2006 2008 2010 2012

Year

T T T
1998 2000 2002

T T T T T
2004 2006 2008 2010 2012

Year

T T T
1998 2000 2002

Figure 8. Mean annual magnitude of polar ozone depletion (DU) for 1997-2012 meteorological years for 3 rocket emission scenarios for
(a) Antarctic (60-90° S) and (b) Arctic (60-90° N) regions. Also shown as shading on each line is the range of ozone depletion, indicating

the minimum and maximum monthly values over each year.

We can use the model results to investigate the impact of
the rocket emissions on Antarctic ozone in specific years.
Figure 10 shows the column ozone impact for October 2011,
a year of relatively large depletion within the small variabil-
ity of Antarctic ozone (Fig. 6). The column loss is slightly
larger than for the long-term-mean results of Fig. 9.

https://doi.org/10.5194/acp-26-3621-2026

For the Arctic, stratospheric ozone depletion exhibits clear
interannual variability and the strongest ozone depletion
modelled here occurred in 2011 (Fig. 8). The extreme cold at-
mosphere in winter 2010/11 promoted the formation of PSCs
and enhanced the springtime chlorine-driven chemical loss of
ozone depletion (Manney et al., 2011). Figure 11 shows that
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the simulated Arctic ozone minimum (Fig. 11a) is around
239 DU total column ozone which is consistent with observa-
tions (Manney et al., 2011). In contrast to the Antarctic with
maximum loss at the vortex edge, this cold Arctic winter re-
sults in the maximum impact at the centre of the disturbed
vortex. Moreover, the column ozone depletion under these
conditions (0.9, 5.5 and 13 DU for runs Rocket10, Rocket52
and Rocket120, respectively) is much larger (almost double)
the largest depletion in the Antarctic. When averaged over
90-60° latitude the depletion is, however, similar (Fig. 8).

4 Discussion

A motivation for this study was to further investigate the im-
pact on ozone of rocket-emitted chlorine presented by Revell
et al. (2025). We now quantitatively compare our results with
that study. For reference, the annual 2019 stratospheric emis-
sions of chlorine in the inventory of Brown et al. (2024b), as
processed in our WACCM simulations, is 0.5 Ggyr~!. This
is 16 % of the overall rocket emissions from 97 launches in
that year. Assuming a 5-year stratospheric residence time of
these emissions, the mean increase in Cl, volume mixing
ratio from continuous release of these emissions would be

Atmos. Chem. Phys., 26, 3621-3635, 2026

around 2.8 parts per trillion (pptv). The peak in stratospheric
chlorine loading in the mid-late 1990s was about 3600 pptv,
of which around 3000 pptv was contributed by ODSs (Dubé
et al., 2025).

Revell et al. (2025) reported decreases of 0.17 % and
0.29 % in the near-global (60°S—60°N) annual mean col-
umn ozone abundance under their conservative (884 launches
per year) and ambitious (2040 launches per year) scenarios,
respectively. They also reported 3.9 % depletion in Antarc-
tic (60-90°S) springtime (September—October—November
mean) column ozone. These reductions can be compared
with observations of ozone changes over the past few
decades. WMO (2022) reported that the current (2017-2020)
total column ozone was about 2.3 % below the 1964—1980
reference mean in the near-global average, about 1.1 % below
the reference mean in the tropics (20° S—20° N), and about
3.6 % and 4.7 % below the reference means in NH and SH
mid-latitudes (35-60° latitude), respectively.

The results of Revell et al. (2025) are summarised in
Table 2, along with the equivalent quantities from our
WACCM sensitivity runs compared to the reference run
Rocketl. For near-global column ozone we find decreases of
0.04 %, 0.59 % and 1.3 % from runs Rocket10, Rocket52 and
Rocket120, respectively. The decreases in Antarctic SON

https://doi.org/10.5194/acp-26-3621-2026
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Table 2. Summary of ozone depletion (DU (and %)) under different scenarios in this work (compared to Rocket1) and Revell et al. (2025).

Region Revell etal. (2025) | This study

Con. (x9) Amb. (x21) ‘ Rocket10 x21 Rocket52  Rocket120
Global (60° S—-60° N) 0.56 0.95 | 0.10£0.02 023 0.594+0.04 1.340.08
(Annual) (0.17 %) (0.29 %) (0.04%) (0.09 %) 0.23 %) (0.53 %)
Antarctic (60-90° S) B39%) | 0.26+0.08 1.02 2.60+0.71 6.54+2.00
(SON) (0.20%) (0.45 %) (1.14 %) (2.79 %)

column ozone from the same runs are 0.20 %, 1.14 % and
2.79 %. Although we did not perform identical simulations
to Revell et al. (2025), our Rocket10 simulation is similar
to their conservative scenario and we can use the derived
sensitivity of our simulations to Cl (see Fig. 6) to estimate
the WACCM results for their ambitious (x 21) case. Over-
all we derive substantially smaller ozone depletion than Rev-
ell et al. (2025), for example 0.09 % for global ozone and
0.45 % for SON Antarctic ozone from an “ambitious” sce-
nario. It should be noted that we are only deriving the impact
of the chlorine emissions, while Revell et al. (2025) included
the effects of other emissions, notably the impact of black
carbon on circulation. Revell et al. (2025) also constructed

https://doi.org/10.5194/acp-26-3621-2026

a specific scenario of future rocket launches which caused
chlorine emissions at different locations to those assumed
in our simplified scaling. Nevertheless, the differences be-
tween the model simulations are large since chlorine, which
is transported globally by the Brewer-Dobson circulation, ap-
pears to be responsible for the majority of the chemical ozone
depletion. It seems that the differences between our simula-
tions are at least partly due to the magnitude of the mod-
elled chlorine perturbations from the rocket emissions. For
a given rocket scenario we find a smaller increase in Cl,
than Revell et al. (2025). For example, they show increases in
stratospheric Cl, of around 0.2 ppbv from their ambitious run
(their Fig. 3c), while we see smaller increases even from our
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Rocket52 simulation (Fig. 1). This is despite their ambitious
scenario emitting 10.13 Gg of chlorine into the stratosphere
per year, while a x 21 scenario in our WACCM setup would
emit 21 x 0.5=10.5Gg yr’l, a similar amount.

The smaller Cl, response simulated here compared to
Revell et al. (2025) may reflect differences in detail of the
location of the rocket emissions and the stratospheric circu-
lation in the respective models. For example, the spread of
the emissions through the stratosphere by the slow Brewer-
Dobson circulation, and thus their residence time in the
stratosphere, will depend on the circulation which can vary
between models. Further diagnosis of this is beyond the
scope of this paper and would need formal model-model in-
tercomparisons.

5 Conclusions

We have used a detailed CCM (WACCMO6) to study the
potential impact of rocket-emitted chlorine on stratospheric
ozone. In particular, we have investigated the potential for
future increased numbers of rocket launches, fuelled by solid
propellants, to offset recovery of the ozone layer from the ef-
fects of ODSs. The CCM is nudged towards meteorological
reanalyses from 1990-2012 to achieve realistic lower strato-

Atmos. Chem. Phys., 26, 3621-3635, 2026

spheric meteorology, in order to allow accurate quantification
of small differences in the model experiments. Different sce-
narios for the number of annual rocket launches are obtained
by scaling a reference 2019 inventory (Brown et al., 2024b).
Lower stratospheric ozone loss and column depletion are
largest at high latitudes with a pronounced annual cycle and,
in the Arctic, large meteorology-driven variability. The im-
pact on Antarctic ozone peaks in October (additional deple-
tion of 0.5 DU (modest growth in launches) and 3 DU (large
growth)), while the impact in the Arctic peaks in April (2 DU
for large growth). Although the mean impact in the Arc-
tic is much smaller than for the Antarctic, the ozone loss
shows large variability. In very cold years (e.g. exemplified
by 2010/11 meteorology), the column loss in the Arctic ex-
ceeds the Antarctic for all launch scenarios and can exceed
8DU for large growth. Ozone depletion in both the polar
lower stratosphere and upper stratosphere shows a clear lin-
ear dependence on the level of chlorine enhancement.
Overall, the estimated impact of rocket-emitted chlorine
for reasonable growth scenarios is small but does have the
potential to offset some of the gains of the Montreal Proto-
col. However, we find a smaller impact than the recent study
of Revell et al. (2025), possibly at least in part due to differ-
ent increases in stratospheric chlorine loading from similar

https://doi.org/10.5194/acp-26-3621-2026
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emission scenarios. The potential impact of chlorine needs
to be considered when deciding on propulsion systems for
future rocket launches and in projections of ozone layer re-
covery.

Data availability. WACCM is part of the Community
Earth System Model (CESM) and is obtainable via in-
formation at  https://www.cesm.ucar.edu/models  (last ac-
cess: 3 March 2026). The rocket inventory data are avail-
able at:  https://doi.org/10.5281/zenodo0.6499776  (Brown,
2024). The WACCM model version is freely available at
https://www.cesm.ucar.edu/models/cesm2  (last  access: 3
March 2026). The final model output will be available at
https://doi.org/10.5281/zenodo.17610716 (Li, 2025).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-26-3621-2026-supplement.

Author contributions. MPC conceived the overall research
study. YL and WF designed the simulations and processed the
model outputs. WE, JMCP, and TW reviewed and edited the
manuscript. All authors discussed the results and contributed to the
final version of the manuscript.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Atmospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The authors thank Laura Revell and Tim-
ofei Sukhodolov for helpful comments. The WACCM simulations
were run on the University of Leeds Aire HPC system.

Financial support. This research has been supported by the Eu-
ropean Space Agency (grant no. 4000137112/22/1-AG), the Natu-
ral Environment Research Council (grant nos. NE/V011863/1 and
NE/X003450/1), the Foundation for Innovative Research Groups
of the National Natural Science Foundation of China (grant no.
42477103), and the National Key Research and Development Pro-
gram of China (grant no. 2024YFC3711905).

https://doi.org/10.5194/acp-26-3621-2026

3633

Review statement. This paper was edited by Kostas Tsigaridis
and reviewed by two anonymous referees.

References

Brown, T. F. M.: Rocket Launch Emission 2019 Dataset, Zenodo
[data set], https://doi.org/10.5281/zenodo.6499776, 2024.

Brown, T. F. M., Bannister, M. T., and Revell, L. E.: Envision-
ing a sustainable future for space launches: a review of cur-
rent research and policy, J. Roy. Soc. New Zeal., 54, 273-289,
https://doi.org/10.1080/03036758.2022.2152467, 2024a.

Brown, T. F. M., Bannister, M. T., Revell, L. E., Sukhodolov, T.,
and Eugene, R.: Worldwide Rocket Launch Emissions 2019: An
Inventory for Use in Global Models, Earth and Space Science,
11, e2024EA003668, https://doi.org/10.1029/2024EA003668,
2024b.

Chipperfield, M. P. and Bekki, S.: Opinion: Stratospheric ozone
— depletion, recovery and new challenges, Atmos. Chem.
Phys., 24, 2783-2802, https://doi.org/10.5194/acp-24-2783-
2024, 2024.

Chipperfield, M. P., Dhomse, S. S., Feng, W., McKenzie, R. L.,
Velders, G., and Pyle, J. A.: Quantifying the ozone and ultra-
violet benefits already achieved by the Montreal Protocol, Nat.
Commun., 6, 7233, https://doi.org/10.1038/ncomms8233, 2015.

Chipperfield, M. P., Dhomse, S., Hossaini, R., Feng, W., Santee,
M. L., Weber, M., Burrows, J. P., Wild, J. D., Loyola, D., and
Coldewey-Egbers, M.: On the Cause of Recent Variations in
Lower Stratospheric Ozone, Geophys. Res. Lett., 45, 5718-5726,
https://doi.org/10.1029/2018GL078071, 2018.

Cuevas, C. A., Fernandez, R. P,, Kinnison, D. E., Li, Q., Lamar-
que, J.-F., Trabelsi, T., Francisco, J. S., Solomon, S., and Saiz-
Lopez, A.: The influence of iodine on the Antarctic strato-
spheric ozone hole, P. Natl. Acad. Sci. USA, 119, e2110864119,
https://doi.org/10.1073/pnas.2110864119, 2022.

Dallas, J., Raval, S., Alvarez Gaitan, J., Saydam, S., and Demp-
ster, A.: The environmental impact of emissions from space
launches: A comprehensive review, J. Clean. Prod., 255, 120209,
https://doi.org/10.1016/j.jclepro.2020.120209, 2020.

Danabasoglu, G., Lamarque, J., Bacmeister, J., Bailey, D. A., Du-
Vivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Gar-
cia, R., Gettelman, A., Hannay, C., Holland, M. M., Large,
W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M.,
Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Ole-
son, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes,
S., Van Kampenhout, L., Vertenstein, M., Bertini, A., Dennis,
J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinni-
son, D., Kushner, P. J., Larson, V. E., Long, M. C., Mickel-
son, S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J.,
and Strand, W. G.: The Community Earth System Model Ver-
sion 2 (CESM2), J. Adv. Model. Earth Sy., 12, e2019MS001916,
https://doi.org/10.1029/2019MS001916, 2020.

Danilin, M. Y., Ko, M. K. W., and Weisenstein, D. K.:
Global implications of ozone loss in a space shut-
tle wake, J. Geophys. Res.-Atmos., 106, 3591-3601,
https://doi.org/10.1029/2000JD900632, 2001a.

Danilin, M. Y., Shia, R., Ko, M. K. W., Weisenstein, D. K., Sze,
N. D., Lamb, J. J., Smith, T. W., Lohn, P. D., and Prather, M. J.:
Global stratospheric effects of the alumina emissions by solid-fu-

Atmos. Chem. Phys., 26, 3621-3635, 2026


https://www.cesm.ucar.edu/models
https://doi.org/10.5281/zenodo.6499776
https://www.cesm.ucar.edu/models/cesm2
https://doi.org/10.5281/zenodo.17610716
https://doi.org/10.5194/acp-26-3621-2026-supplement
https://doi.org/10.5281/zenodo.6499776
https://doi.org/10.1080/03036758.2022.2152467
https://doi.org/10.1029/2024EA003668
https://doi.org/10.5194/acp-24-2783-2024
https://doi.org/10.5194/acp-24-2783-2024
https://doi.org/10.1038/ncomms8233
https://doi.org/10.1029/2018GL078071
https://doi.org/10.1073/pnas.2110864119
https://doi.org/10.1016/j.jclepro.2020.120209
https://doi.org/10.1029/2019MS001916
https://doi.org/10.1029/2000JD900632

3634

eled rocket motors, J. Geophys. Res.-Atmos., 106, 12727-12738,
https://doi.org/10.1029/2001JD900022, 2001b.

Dubé, K., Tegtmeier, S., Bourassa, A., Laube, J. C., Engel, A., Saun-
ders, L. N., Walker, K. A., Hossaini, R., and Bednarz, E. M.:
Chlorinated very short-lived substances offset the long-term re-
duction of inorganic stratospheric chlorine, Commun. Earth Env-
iron., 6, 487, https://doi.org/10.1038/s43247-025-02478-9, 2025.

Emmons, L. K., Walters, S., Hess, P. G., Lamarque, J.-F., Pfis-
ter, G. G., Fillmore, D., Granier, C., Guenther, A., Kinnison,
D., Laepple, T., Orlando, J., Tie, X., Tyndall, G., Wiedinmyer,
C., Baughcum, S. L., and Kloster, S.: Description and eval-
vation of the Model for Ozone and Related chemical Trac-
ers, version 4 (MOZART-4), Geosci. Model Dev., 3, 43-67,
https://doi.org/10.5194/gmd-3-43-2010, 2010.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937-1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of
total ozone in Antarctica reveal seasonal CIO/NOx interaction,
Nature, 315, 207-210, https://doi.org/10.1038/315207a0, 1985.

Feng, W., Chipperfield, M. P., Roscoe, H. K., Remedios, J. J., Wa-
terfall, A. M., Stiller, G. P., Glatthor, N., Hopfner, M., and Wang,
D.-Y.: Three-Dimensional Model Study of the Antarctic Ozone
Hole in 2002 and Comparison with 2000, J. Atmos. Sci., 62, 822—
837, https://doi.org/10.1175/JAS-3335.1, 2005.

Feng, W., Marsh, D. R., Chipperfield, M. P., Janches, D., Hoffner,
J., Yi, F, and Plane, J. M. C.: A global atmospheric model
of meteoric iron, J. Geophys. Res.-Atmos., 118, 9456-9474,
https://doi.org/10.1002/jgrd.50708, 2013.

Gettelman, A. and Rood, R. B.: Demystifying Climate Models: A
Users Guide to Earth System Models, vol. 2 of Earth Systems
Data and Models, Springer Berlin Heidelberg, Berlin, Heidel-
berg, ISBN 978-3-662-48957-4, https://doi.org/10.1007/978-3-
662-48959-8, 2016.

Gettelman, A., Mills, M. J., Kinnison, D. E., Garcia, R. R., Smith,
A. K., Marsh, D. R., Tilmes, S., Vitt, F., Bardeen, C. G.,
Mclnerny, J., Liu, H., Solomon, S. C., Polvani, L. M., Em-
mons, L. K., Lamarque, J., Richter, J. H., Glanville, A. S.,
Bacmeister, J. T., Phillips, A. S., Neale, R. B., Simpson,
I. R.,, DuVivier, A. K., Hodzic, A., and Randel, W. J.:
The Whole Atmosphere Community Climate Model Version
6 (WACCM6), J. Geophys. Res.-Atmos., 124, 12380-12403,
https://doi.org/10.1029/2019JD030943, 2019.

Haigh, J. D. and Pyle, J. A.: Ozone perturbation experiments in a
two-dimensional circulation model, Q. J. Roy. Meteor. Soc., 108,
551-574, https://doi.org/10.1002/qj.49710845705, 1982.

Hurrell, J. W., Hack, J. J., Shea, D., Caron, J. M., and Rosinski, J.:
A New Sea Surface Temperature and Sea Ice Boundary Dataset
for the Community Atmosphere Model, J. Clim., 21, 5145-5153,
https://doi.org/10.1175/2008JCLI2292.1, 2008.

Kennedy, J. J., Rayner, N. A., Smith, R. O., Parker, D. E., and
Saunby, M.: Reassessing biases and other uncertainties in sea
surface temperature observations measured in situ since 1850:
1. Measurement and sampling uncertainties, J. Geophys. Res.-
Atmos, 116, D14103, https://doi.org/10.1029/2010JD015218,
2011.

Atmos. Chem. Phys., 26, 3621-3635, 2026

Y. Li et al.: The impact of rocket-emitted chlorine on stratospheric ozone

Kinnison, D. E., Brasseur, G. P., Walters, S., Garcia, R. R., Marsh,
D. R., Sassi, F, Harvey, V. L., Randall, C. E., Emmons, L.,
Lamarque, J. F., Hess, P., Orlando, J. J., Tie, X. X., Randel,
W., Pan, L. L., Gettelman, A., Granier, C., Diehl, T., Niemeier,
U., and Simmons, A. J.: Sensitivity of chemical tracers to
meteorological parameters in the MOZART-3 chemical trans-
port model, J. Geophys. Res.-Atmospheres, 112, 2006JD007879,
https://doi.org/10.1029/2006JD007879, 2007.

Lamarque, J.-F., Emmons, L. K., Hess, P. G., Kinnison, D. E.,
Tilmes, S., Vitt, F., Heald, C. L., Holland, E. A., Lauritzen,
P. H., Neu, J., Orlando, J. J., Rasch, P. J., and Tyndall, G.
K.: CAM-chem: description and evaluation of interactive at-
mospheric chemistry in the Community Earth System Model,
Geosci. Model Dev., 5, 369-411, https://doi.org/10.5194/gmd-5-
369-2012, 2012.

Larson, E. J. L., Portmann, R. W., Rosenlof, K. H., Fahey, D. W.,
Daniel, J. S., and Ross, M. N.: Global atmospheric response to
emissions from a proposed reusable space launch system, Earth’s
Future, 5, 37-48, https://doi.org/10.1002/2016EF000399, 2017.

Li, Y. The Impact of  Rocket-Emitted Chlo-
rine on Stratospheric Ozone, Zenodo [data set],
https://doi.org/10.5281/zenodo.17610716, 2025.

Maloney, C. M., Portmann, R. W., Ross, M. N., and Rosenlof, K. H.:
The Climate and Ozone Impacts of Black Carbon Emissions
From Global Rocket Launches, J. Geophys. Res.-Atmos., 127,
€2021JD036373, https://doi.org/10.1029/2021JD036373, 2022.

Manney, G. L., Santee, M. L., Rex, M., Livesey, N. J., Pitts,
M. C., Veefkind, P.,, Nash, E. R., Wohltmann, I., Lehmann,
R., Froidevaux, L., Poole, L. R., Schoeberl, M. R., Haffner,
D. P, Davies, J., Dorokhov, V., Gernandt, H., Johnson, B., Kivi,
R., Kyro, E., Larsen, N., Levelt, P. F., Makshtas, A., McEI-
roy, C. T., Nakajima, H., Parrondo, M. C., Tarasick, D. W.,
Von Der Gathen, P., Walker, K. A., and Zinoviev, N. S.: Un-
precedented Arctic ozone loss in 2011, Nature, 478, 469-475,
https://doi.org/10.1038/nature10556, 2011.

Marsh, D. R., Mills, M. J., Kinnison, D. E., Lamarque, J.-F., Calvo,
N., and Polvani, L. M.: Climate Change from 1850 to 2005
Simulated in CESM1(WACCM), J. Climate, 26, 7372-7391,
https://doi.org/10.1175/JCLI-D-12-00558.1, 2013.

MCcElroy, M. B. and Salawitch, R. J.: Reductions of Antarctic ozone
due to synergistic interactions of chlorine and bromine, Nature,
321, 759-762, https://doi.org/10.1038/321759a0, 1986.

Meinshausen, M., Vogel, E., Nauels, A., Lorbacher, K., Mein-
shausen, N., Etheridge, D. M., Fraser, P. J., Montzka, S. A,
Rayner, P. J., Trudinger, C. M., Krummel, P. B., Beyerle, U.,
Canadell, J. G., Daniel, J. S., Enting, I. G., Law, R. M., Lun-
der, C. R., O’Doherty, S., Prinn, R. G., Reimann, S., Rubino,
M., Velders, G. J. M., Vollmer, M. K., Wang, R. H. J., and
Weiss, R.: Historical greenhouse gas concentrations for cli-
mate modelling (CMIP6), Geosci. Model Dev., 10, 2057-2116,
https://doi.org/10.5194/gmd-10-2057-2017, 2017.

Molina, L. T. and Molina, M. J.: Production of chlo-
rine oxide (CI202) from the self-reaction of the chlo-
rine oxide (ClO) radical, J. Phys. Chem., 91, 433-436,
https://doi.org/10.1021/j100286a035, 1987.

Molod, A., Takacs, L., Suarez, M., and Bacmeister, J.: Development
of the GEOS-5 atmospheric general circulation model: evolution
from MERRA to MERRA?2, Geosci. Model Dev., 8, 1339-1356,
https://doi.org/10.5194/gmd-8-1339-2015, 2015.

https://doi.org/10.5194/acp-26-3621-2026


https://doi.org/10.1029/2001JD900022
https://doi.org/10.1038/s43247-025-02478-9
https://doi.org/10.5194/gmd-3-43-2010
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1038/315207a0
https://doi.org/10.1175/JAS-3335.1
https://doi.org/10.1002/jgrd.50708
https://doi.org/10.1007/978-3-662-48959-8
https://doi.org/10.1007/978-3-662-48959-8
https://doi.org/10.1029/2019JD030943
https://doi.org/10.1002/qj.49710845705
https://doi.org/10.1175/2008JCLI2292.1
https://doi.org/10.1029/2010JD015218
https://doi.org/10.1029/2006JD007879
https://doi.org/10.5194/gmd-5-369-2012
https://doi.org/10.5194/gmd-5-369-2012
https://doi.org/10.1002/2016EF000399
https://doi.org/10.5281/zenodo.17610716
https://doi.org/10.1029/2021JD036373
https://doi.org/10.1038/nature10556
https://doi.org/10.1175/JCLI-D-12-00558.1
https://doi.org/10.1038/321759a0
https://doi.org/10.5194/gmd-10-2057-2017
https://doi.org/10.1021/j100286a035
https://doi.org/10.5194/gmd-8-1339-2015

Y. Li et al.: The impact of rocket-emitted chlorine on stratospheric ozone

Popp, P. J., Ridley, B. A., Neuman, J. A., Avallone, L. M., Toohey,
D. W, Zittel, P. F., Schmid, O., Herman, R. L., Gao, R. S., North-
way, M. J., Holecek, J. C., Fahey, D. W., Thompson, T. L., Kelly,
K. K., Walega, J. G., Grahek, F. E., Wilson, J. C., Ross, M. N.,
and Danilin, M. Y.: The emission and chemistry of reactive nitro-
gen species in the plume of an Athena II solid-fuel rocket motor,
Geophys. Res. Lett., 29, https://doi.org/10.1029/2002GL015197,
2002.

Prather, M. J., Garcia, M. M., Douglass, A. R., Jackman, C. H.,
Ko, M. K. W,, and Sze, N. D.: The space shuttle’s impact on
the stratosphere, J. Geophys. Res.-Atmos., 95, 18583-18590,
https://doi.org/10.1029/JD095iD11p18583, 1990.

Revell, L. E., Bannister, M. T., Brown, T. E. M., Sukhodolov, T.,
Vattioni, S., Dykema, J., Frame, D. J., Cater, J., Chiodo, G., and
Rozanov, E.: Near-future rocket launches could slow ozone re-
covery, npj Clim. Atmos. Sci., 8, https://doi.org/10.1038/s41612-
025-01098-6, 2025.

Ross, M., Toohey, D., Peinemann, M., and Ross, P. Lim-
its on the Space Launch Market Related to Strato-
spheric ~ Ozone  Depletion, Astropolitics, 7, 50-82,
https://doi.org/10.1080/14777620902768867, 2009.

Ross, M. N., Danilin, M. Y., Weisenstein, D. K., and Ko, M.
K. W.: Ozone depletion caused by NO and H,O emissions
from hydrazine-fueled rockets, J. Geophys. Res.-Atmos., 109,
2003JD004370, https://doi.org/10.1029/2003JD004370, 2004.

Ryan, R. G., Marais, E. A., Balhatchet, C. J., and Eastham, S. D.:
Impact of Rocket Launch and Space Debris Air Pollutant Emis-
sions on Stratospheric Ozone and Global Climate, Earth’s Future,
10, €2021EF002612, https://doi.org/10.1029/2021EF002612,
2022.

Solomon, S., Ivy, D. J., Kinnison, D., Mills, M. J., Neely, R. R., and
Schmidt, A.: Emergence of healing in the Antarctic ozone layer,
Science, 353, 269-274, https://doi.org/10.1126/science.aae0061,
2016.

Steinbrecht, W., Froidevaux, L., Fuller, R., Wang, R., Anderson, J.,
Roth, C., Bourassa, A., Degenstein, D., Damadeo, R., Zawodny,
J., Frith, S., McPeters, R., Bhartia, P., Wild, J., Long, C., Davis,
S., Rosenlof, K., Sofieva, V., Walker, K., Rahpoe, N., Rozanov,
A., Weber, M., Laeng, A., von Clarmann, T., Stiller, G., Kra-
marova, N., Godin-Beekmann, S., Leblanc, T., Querel, R., Swart,
D., Boyd, 1., Hocke, K., Kimpfer, N., Maillard Barras, E., Mor-
eira, L., Nedoluha, G., Vigouroux, C., Blumenstock, T., Schnei-
der, M., Garcfa, O., Jones, N., Mahieu, E., Smale, D., Kotkamp,
M., Robinson, J., Petropavlovskikh, I., Harris, N., Hassler, B.,
Hubert, D., and Tummon, F.: An update on ozone profile trends
for the period 2000 to 2016, Atmos. Chem. Phys., 17, 10675-
10690, https://doi.org/10.5194/acp-17-10675-2017, 2017.

https://doi.org/10.5194/acp-26-3621-2026

3635

Stolarski, R. S. and Cicerone, R. J.: Stratospheric Chlorine:
a Possible Sink for Ozone, Can. J. Chem., 52, 1610-1615,
https://doi.org/10.1139/v74-233, 1974.

Tilmes, S., Lamarque, J.-F., Emmons, L. K., Kinnison, D. E.,
Marsh, D., Garcia, R. R., Smith, A. K., Neely, R. R., Conley,
A., Vitt, F., Val Martin, M., Tanimoto, H., Simpson, 1., Blake,
D. R., and Blake, N.: Representation of the Community Earth
System Model (CESM1) CAM4-chem within the Chemistry-
Climate Model Initiative (CCMI), Geosci. Model Dev., 9, 1853—
1890, https://doi.org/10.5194/gmd-9-1853-2016, 2016.

Voigt, C., Schumann, U., Graf, K., and Gottschaldt, K.-D.: Impact
of rocket exhaust plumes on atmospheric composition and cli-
mate — an overview, in: Progress in Propulsion Physics, EDP Sci-
ences, St. Petersburg, Russia, 657-670, ISBN 978-2-7598-0876-
2, https://doi.org/10.1051/eucass/201304657, 2013.

WMO: Scientific assessment of ozone depletion: 2018, World
Meteorological Organization, Geneva, Switzerland, oCLC:
1126543869, ISBN 978-1-7329317-1-8, 2019.

WMO: Scientific Assessment of Ozone Depletion: 2022, GAW Re-
port No. 278, 509 pp., WMO, Geneva, 2022.

Zhang, J., Kinnison, D., Zhu, Y., Wang, X., Tilmes, S., Dube,
K., and Randel, W.: Chemistry Contribution to Stratospheric
Ozone Depletion After the Unprecedented Water-Rich Hunga
Tonga Eruption, Geophys. Res. Lett., 51, e2023GL105762,
https://doi.org/10.1029/2023GL105762, 2024.

Zhu, Y., Portmann, R. W., Kinnison, D., Toon, O. B., Millan, L.,
Zhang, J., Vomel, H., Tilmes, S., Bardeen, C. G., Wang, X.,
Evan, S., Randel, W. J., and Rosenlof, K. H.: Stratospheric
ozone depletion inside the volcanic plume shortly after the 2022
Hunga Tonga eruption, Atmos. Chem. Phys., 23, 13355-13367,
https://doi.org/10.5194/acp-23-13355-2023, 2023.

Atmos. Chem. Phys., 26, 3621-3635, 2026


https://doi.org/10.1029/2002GL015197
https://doi.org/10.1029/JD095iD11p18583
https://doi.org/10.1038/s41612-025-01098-6
https://doi.org/10.1038/s41612-025-01098-6
https://doi.org/10.1080/14777620902768867
https://doi.org/10.1029/2003JD004370
https://doi.org/10.1029/2021EF002612
https://doi.org/10.1126/science.aae0061
https://doi.org/10.5194/acp-17-10675-2017
https://doi.org/10.1139/v74-233
https://doi.org/10.5194/gmd-9-1853-2016
https://doi.org/10.1051/eucass/201304657
https://doi.org/10.1029/2023GL105762
https://doi.org/10.5194/acp-23-13355-2023

	Abstract
	Introduction
	Rocket Emissions and Chemistry-Climate Model
	Results
	Impact on Cly distribution
	Impact on global ozone
	Dependence of additional ozone depletion on chlorine
	Impact of interannual meteorological variability

	Discussion
	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

