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Chlorine peroxide reaction explains
observed wintertime hydrogen chloride in
the Antarctic vortex
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Jens-Uwe Grooß 1 , Rolf Müller 1, John N. Crowley 2 & Michaela I. Hegglin 1,3,4

It is well established that the drastic ozone loss in the Antarctic stratosphere, commonly known as the
ozone hole, is primarily driven by gas-phase and heterogeneous chemical processes.While chemistry
transport models generally reproduce observed ozone depletion well, they fail to capture the rapid
early-winter decline of hydrogen chloride. We here examine the impact of the heterogeneous reaction
between chlorine peroxide and hydrogen chloride forming HOOCl, followed by its photolysis.
Incorporating this reaction and an additional hypochlorous acid loss pathway into a chemical
mechanism significantly improves model agreement with observed levels of several chlorine
compounds in the lower polar vortex stratosphere. This revised mechanism increases simulated
ozone partial columndepletion by over 15%between early July andmid-September 2011. Laboratory
confirmation of these proposed reactions is needed to validate the mechanism.

The discovery of extensive, lower stratospheric ozone depletion in the
Antarctic spring, commonly known as the ozone hole1,2, came as a complete
surprise although chlorine-catalysed ozone depletion in the mid-
stratosphere had been discussed before3. Nevertheless, after its discovery,
the main processes leading to the formation of the ozone hole were rapidly
established4–7 and currentmodels reproduce the rapid depletion of ozone in
the Antarctic spring8.

However, model simulations do not fully reproduce the temporal
evolution of the relevant chemical compounds both in latitude and altitude.
In particular, discrepancies between observations and simulations of
chlorine compounds in the polar stratosphere have been found9–12. This
discrepancy in hydrogen chloride has been consistently reported across four
independent models11,12, suggesting a systematic issue. At the onset of the
Polar Stratospheric Cloud (PSC) period, the heterogeneous reaction
between chlorine nitrate (ClONO2) and HCl to form Cl2 and HNO3 typi-
cally leads tonear-completeClONO2depletion and amoderate reduction in
HCl, as ClONO2 mixing ratios in early winter are typically much smaller
thanHClmixing ratios. Both initial depletions are typically well reproduced
by models. However, observations indicate a further depletion of HCl to
very low values after this step which is not reproduced by state-of-the-art
models. Several potentialmissing processes to explain this discrepancy have
been explored. Wohltmann et al. highlighted the HCl discrepancy during
early winter and suggested a temperature reduction for calculations of the
HCl solubility in the liquid aerosol11,13. However, this hypothetical process

should cause a removal of gas-phase HCl and a dissolution into the liquid
aerosol with decreasing temperatures, which has not been observed, not
even for temperatures between 182 K and 186 K12. Further hypotheses
include N2 ionisation from galactic cosmic rays, photolysis of particulate
HNO3, and decomposition of particulate HNO3 by othermechanisms12. So
far, no convincing explanation for the observed HCl depletion has been
found. A detailed analysis suggests that themissing processes are associated
with temperatures low enough for heterogeneous chlorine activation on
PSCs or cold aerosols, as well as available sunlight12.

Here, we investigate a process involving chlorine peroxide (Cl2O2) and
HOOCl that thus far has not been implemented in global simulations. This
process has been considered only in a few simple chemical box model
simulations14 based on laboratory studies conducted onhalide ice surfaces15.
The potential role of HOOCl in stratospheric chemistry was discussed by
Warneck16, butwas largely ignored in subsequent studies. In the earlywinter
vortex, after the heterogeneous reaction between HCl and ClONO2 has
completely depleted ClONO2, the available active chlorine in the form of
ClO or Cl2O2 may interact with the PSCs. We therefore have investigated
the impact of the heterogeneous reaction

Cl2O2 þHCl ! HOOClþ Cl2 ðR1Þ

which has been previously proposed based on laboratory measurements of
this reaction on ice surfaces14,15.
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The HOOCl product may be photolysed to form OH + ClO

HOOClþ hν ! OHþ ClO ðR2Þ

Besides its photolysis, the direct decomposition of HOOCl into HCl+O2 is
also discussed which would not have any net effect on HCl14. This com-
petitive effect would reduce the effective photolysis rate. We do not pursue
this further here as the photolysis rate itself is not known.

Our simulations with heterogeneous reaction R1 and the photolysis
reaction R2 resulted in substantial increases in model hypochlorous acid
(HOCl) as a result of the reaction HO2+ClO. Especially for near zero HCl
mixing ratios in the dark polar stratosphere, the heterogeneous reaction
with HCl cannot further deplete HOCl which contrasts with observations
shown below. Therefore an additional HOCl sink (its self-reaction)

HOClþHOCl ! products ðR3Þ

was incorporated as a gas-phase reaction in the model with the products
H2O and Cl2O. This reaction would reduce HOCl mixing ratios also in the
polar night. Cl2O is decomposed to Cl and ClO in the model.

The reference simulation which represents the state-of-the art Ant-
arctic polar chemistry scheme and uses a very similar model setup as our
previous study12 is labelled as CLaMS Ref. The simulation uses currently
recommended reaction kinetics17. The simulation that additionally includes
reactions R1 and R2 is labelled CLaMS A and the simulation that includes
reactions R1, R2 and R3 is labelled CLaMS B. As these reactions have not
been characterised in laboratory experiments, we make the following
assumptions: The heterogeneous reaction R1 was considered here only on
liquid aerosol and its reaction probabilitywas set to be identical to that of the
reaction ClONO2+HCl with a temperature-dependent uptake coefficient
calculated from the solubility of HCl in the liquid aerosol18,19. This choice is
somewhat arbitrary, but potentially the exact numbermay be not critical, as
often the heterogeneous reactions are not rate limiting in reaction chains.

HOOCl has been detected in laboratory experiments by IR spectro-
scopy and its photolysis has been reported for UV light of wavelengths
between 365 nm and 405 nm20. As the absorption cross sections of HOOCl
are unknown, we assume a photolysis frequency identical to that ofHOCl as
also suggested by DeHaan et al.14. The rate constant for reaction R3 has also
not been measured to our knowledge, but quantum chemical calculations21

suggest reaction rate constants for the products ClO+Cl+H2Oand for the

products Cl2O + H2O for temperatures ≥300 K. Here we assume an addi-
tional reactionR3with the products ClO+Cl+H2O (assuming immediate
decomposition of Cl2O to ClO + Cl) and the reaction rate constant of
3 ⋅ 10−15 cm3s−1. This number is below the 300 K value from theoretical
calculations21 (4.8 ⋅ 10−15 cm3s−1), but above the value extrapolated to 200 K
(1.4 ⋅ 10−15 cm3s−1). Sensitivity simulationswith respect to the choice of these
kinetic parameters are shown in Figures S1 to S5 of the supplementary
information. Inour simulation theHOOClmixing ratios reach theorder of 1
ppb(v for the times in earlywinter whenHClmixing ratios deplete to almost
zero. Otherwise HOOCl is typically well below 0.1 ppbv.

Results
With the above described chemistry setups Ref, A, and B, global CLaMS
simulations were performed for the period from May to October 2011, a
time period for which MLS, MIPAS, and ACE-FTS observations were
available. In addition to these simulations, we also show a chemical box
model simulation over this period that best represents the mean develop-
ment of chlorine compounds in the vortex core at altitudes of the greatest
HCl discrepancy. Using the box model, one can not only document the
changes induced by chemistry, but also investigate the sensitivity with
respect to the kinetic parameters at low numerical cost (compare supple-
mentary information). For that purpose, about 8200 air parcel trajectories
were calculated starting between 550 and 600 K potential temperature
within the polar vortex core (defined as equivalent latitude22 south of
Φe = 75°S). Along those trajectories, CLaMS chemistry was simulated and
then one example trajectory was chosen in which the development of HCl,
ClONO2, andHOCl along the trajectory is closest to the mean of the global
model simulation. The air parcel described by this example trajectory starts
at 550K and descends down to about 435 K potential temperature in early
September. The box-model results for the simulations CLaMS Ref, A and B
along this trajectory are shown in Fig. 1. The HCl depletion in the simula-
tions CLaMSA and B continues in early June unlike in CLaMSRef. It is also
evident that in simulation A, HOCl acts as a temporary chlorine reservoir
instead of HCl in June to August. In simulation B, HOCl mixing ratios are
reduced by the HOCl self reaction R3 with the consequence of increased
active chlorine and a somewhat earlier onset of ozone depletion.

Development of hydrogen chloride in polar stratospheric winter
In Fig. 2, the 3-dimensional model simulations of HCl as well as the
observations are shown averaged in the coordinate system of equivalent

Fig. 1 | Box model results along an example tra-
jectory highlighting the impact of the proposed
chemical mechanism. Shown are the trajectory
temperature and simulated mixing ratios of HCl,
ClONO2, ClOx (=ClO+ 2Cl2O2+ 2Cl2), HOCl, and
O3 for the different suggested chemical mechanisms
from the CLaMS simulations Ref (red), A (grey
dashed), and B (orange). In the top panel, the tem-
perature 195 K is indicated as a dotted line repre-
senting the typical threshold of the onset of
heterogeneous chemistry.
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latitudeΦe and potential temperature. The figure showsHClmixing ratio in
various slices as a function of equivalent latitudeΦe, potential temperature θ
and time, both for theMLS observations and for the simulations Ref and B.
Thisfigure illustrates the details of the temporal evolution of theHClmixing
ratios both in latitude and altitude over the entire simulation period. It is
evident that the HClmixing ratio over the vortex lifetime and especially the
evolution of HCl mixing ratios in the vortex core at the 500 K level is
reproduced much better by simulation B with the reactions R1, R2 and R3
included. Figure 3a shows the vortex core average of the HCl observations
and simulations on the 500 K level. The simulations A and B are able to
reproduce the HCl depletion steps from June to August in contrast to
CLaMS Ref. The HCl variability within the vortex core at this level, repre-
sented by the range of one standard deviation of themodel results within an

equivalent latitude-potential temperature bin, is also comparable with the
corresponding range encompassed by the standard deviation of observa-
tions (see also Figure S4a in the supplementary information).

The chlorine deactivation in late September and early October takes
place about one week too early in CLaMS A and B. This is likely due to
somewhat lower simulated ozonemixing ratios than observed, as especially
the low ozone mixing ratios trigger the chlorine deactivation into HCl23.
This also causes deviations in other chlorine species which is however not in
the focus of this study.

Chlorine nitrate
As the largest discrepancy between observed and simulated HCl in Fig. 2
occurs around 500 K potential temperature, we compared the time

Fig. 2 | Comparison of the development of HCl observed by MLS and simulated
by CLaMS. HCl mixing ratios are averaged in equivalent latitude/potential tem-
perature bins. The left panel column shows CLaMS results for May to November
2011 from the reference simulation Ref, the middle panel column shows the cor-
responding simulations B with the added reactions R1-R3. The right panel column
shows the corresponding MLS observations. The top panel row shows the vortex-

core average for equivalent latitudes pole-ward of 75°S as a function of time and
potential temperature. The middle panel row shows the time development on the
500 K potential temperature level. The bottom two panel rows show snapshots of
this average for 20 June and 20 July 2011, respectively. White lines on the panels
indicate the cuts or borders displayed in the other panels of this figure.
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evolution of vortex core averagemixing ratios of chlorine nitrate (ClONO2)
at this level with observations byMIPAS (see Fig. 3b). The initial decrease in
HCl in May due to the reaction ClONO2+HCl is captured by all simula-
tions.However, the continueddepletion steps ofHCl from lateMay through
August are only reproduced in simulations A and B. MIPAS data also
indicate a steadyClONO2 increase from June to September. This increase in
ClONO2 is not present in the reference simulation, but is better reproduced
for the simulations A and B. In the boxmodel simulation in Fig. 1, ClONO2

mixing ratios remain near zero throughout the polar winter except for
occasional increases in both HCl and ClONO2 during September. These
increases correspond to intermediate temperature rises, which temporarily
reduce the heterogeneous reaction rate for HCl+ClONO2, allowing both
species to increase briefly. The ClONO2 increase is shown in Fig. 3b. In
September andOctober, the large variability of ClONO2 is also visible in the
standard deviation of the model results. None of the simulations is able to
reproduce themagnitude of the observed average ClONO2 increase in early
October. The difference reaches about one standard deviation of the model
results. It is important to note that MIPAS observations are typically una-
vailable within PSCs. This likely biases theMIPAS averages high, as the data
reflect predominantly regions with higher temperatures and consequently
higher ClONO2 levels compared to the simulations.

Chlorine monoxide
A comparison of the simulations with chlorine monoxide (ClO) observa-
tions is complicatedby theClOdiurnal cyclewithmaximumvalues typically
around local noon and near zero values during night. For the comparison
presented here, the CLaMS chemistry was thus calculated along trajectories
ending at the time and location of individual MLS observations. In Fig. 3c,
we show that the simulations with the new mechanism show much better
agreementwithobservedClOespecially throughoutAugust andSeptember.
Figure 3c also shows the simulated active chlorine ClOx (=ClO
+2Cl2O2+2Cl2) from the model versions as dashed lines. As there are no
direct available observations of ClOx, the good agreement between ClO
observations with CLaMS B implies that the much higher levels of active
chlorine in CLaMS B are more realistic than those in Ref.

Hypochlorous acid
A comparison of the model results with hypochlorous acid (HOCl)
observations from ACE-FTS shows the effect of the postulated HOCl self-
reaction R3 most clearly. Because of the sparse geographical coverage of
ACE-FTS, the CLaMS results were interpolated to the satellite’s observation
locations. InFig. 4, dailyHOClmixing ratios averagedwithin the vortex core
are shown as well as the corresponding model results. If more than one

Fig. 3 | Vortex core average model results and corresponding observations.
Shown are mean mixing ratios in the vortex core (Φe > 75°S) on the 500 K isentrope
for HCl, ClONO2, ClO andO3 for the different model settings. Observations ofMLS
andMIPAS are shown as blue lines or symbols. The red line and symbols correspond
to the reference simulations CLaMSRef. CLaMS simulationsA andB are shownwith
grey dashed lines and orange colors, respectively. The orange shaded region shows
the ± 1 standard deviation range of simulation B. Panel a shows HCl and panel

b shows ClONO2. In panel c, colored dots show the average is over ClO observations
with solar zenith angle below 92° and corresponding simulations for the same times
and locations. The dashed lines show CLaMS ClOx (= ClO+ 2 Cl2O2 + 2 Cl2). For
the sake of clarity, not all available simulations are shown in all panels. Panel d shows
the corresponding ozone mixing ratios from MLS observations and the CLaMS
simulations.

https://doi.org/10.1038/s43247-025-02499-4 Article

Communications Earth & Environment |           (2025) 6:496 4

www.nature.com/commsenv


observation per day is available, the vertical bar shows the standard devia-
tion from all diurnal observations.

As seen in Fig. 4, CLaMS A significantly overestimates the ACE-FTS
HOCl mixing ratios. By including the HOCl self reaction, CLaMS B
reproduces better the elevated HOCl observations in the polar winter
stratosphere, for example from early July to late August in the vortex edge
region (not shown).WhenACE-FTS observations return to high equivalent
latitudes, there are about 200 ppbv on 20 and 21 August, approximately
reproduced by simulation CLaMS B. Afterwards the simulation CLaMS
B overestimates HOCl suggesting an underestimation in the HOCl
sink. This could be improved by a slower reaction R1 (see Figure S5 in the
supplementary information), but this is not in the focus of this study.
The reference simulation Ref does not show significantly elevated HOCl
values since HOCl would immediately react heterogeneously with the
still availableHCl.Generally, observationsof elevatedHOClmixing ratios in
the winter polar vortex have been published both by ACE-FTS and
MIPAS24,25. ACE-FTS reports large HOCl mixing ratios in the Antarctic
lower stratosphere withmaximumvalues even on the order of 500 pptv24. A
climatology of HOCl from the early phase of Envisat-MIPAS, when the
instrument operated with higher spectral resolution, also shows elevated
HOCl levels in the polar stratosphere25. The proposed mechanism would
therefore possibly also help to explain the polar stratospheric HOCl
observations.

Ozone depletion
The box model simulation (Fig. 1) indicates that the incorporation of the
new reactionsR1,R2, andR3 results in additional ozonedepletion, however,
this effect is not large due to the low amount of available sunlight in mid-
winter in the polar vortex core. As expected for the Antarctic8,23, ozone is
nearly completely depletedby spring,with the simulationsA andB reaching
minimum ozonemixing ratios about one week earlier than in the reference
simulation because of the enhanced chlorine activation.

Theobservedozonedevelopment at the 500 K level, shown inFig. 3d, is
generally well reproduced in the global 3-dimensional simulations, poten-
tially with a slight over-estimation of ozone depletion. Theminimum of the
average vortex core ozone in simulations A and B at this level is about 0.4
ppm smaller than in the reference simulation and compares better with the
MLS observations, likely because of a better simulation of active chlorine.

To investigate the effect of the proposed chemistry across the full depth
of the polar vortex we also calculate depletion in a partial ozone column.
Figure 5 presents the simulated ozone depletion between 380 K and 550 K

potential temperature both for the vortex core (Φe > 75°S) and the entire
vortex(Φe > 61°S).

In the vortex core, the maximum partial ozone column depletion in
simulationBon2October amounts to 185DU, that is 7.7%more than in the
reference simulation and 2.4% more than in simulation A. Because of
mixing processes and ongoing ozone depletion in the reference simulation
where simulationB reachedalreadynear-zero ozone, the difference between
the simulations later in October is smaller. When averaging the model
results over the entire vortex (Φe > 61°S), these effects are reduced. The
maximum partial ozone column depletion in simulation B amounts to 169
DU on 12 October, that is 2.9% more than in the reference simulation and
0.4%more than in simulationA. The proposed chemistry of CLaMSB does
alter the timing of ozone depletion, with over 15%more ozone column loss
in the vortex core between early July andmid September (Fig. 5c). InAugust
and September, the impact of the proposed reactions on simulated ozone
loss inCLaMSA is lowbecause of less available active chlorine, due toHOCl
being an interim reservoir as explained above. The simulated vortex core
partial ozone column for the potential temperature range 380–550 K on 2
October 2011 is reduced from 23.0 DU in CLaMS Ref to 12.2 DU and 8.7
DU for CLaMS A and B, compared to the passive ozone tracer partial
column of 195 DU. Thus on this day the partial ozone column is 47% and
62% below the that of CLaMS Ref, respectively (compare Fig. 5e, f). When
averaging over the entire vortex area (Φe < 61°), the impact of the proposed
additional reactions is lower than in the vortex core (compare Fig. 5d, f).

Conclusions
The model simulations reported here demonstrate that the previously
reporteddiscrepancybetweenHClobservations and simulations in the early
winter polar vortex in the stratosphere can be resolved by incorporating a
heterogeneous reaction of chlorine peroxide with HCl on PSCs with
HOOCl as a photo-labile, gas-phase product. Including this reaction and the
HOCl self-reaction, simulations of HCl, HOCl, ClO, and ClONO2 are
broughtmuch closer to observations thanpreviouslypossible.The impact of
the proposed mechanism on polar ozone loss is moderate as the main
differences to simulations with established chemistry schemes occur in the
polar night and twilight. However, between early June and mid September,
over 15% more column ozone loss is simulated. The simulated remaining
partial column ozone on 2 October 2011 including this mechanism is then
62% lower than in the reference simulation in which the maximum ozone
columndepletion is reached later. Thesenumbers refer to the year 2011with
a stratospheric chlorine loading of slightly over 3 ppbv. Since the signs for
the long-termrecovery fromtheozonehole due todecreasing chlorine levels
are currentlymost evident in September26,when simulationsAandB showa
substantial increase in active chlorine (ClOx) with respect to simulation Ref
(Fig. 3c) and the impact on the ozone column is largest (Fig. 3e), the pro-
posed reactions may also be relevant for understanding the recovery of the
ozone hole.

Neither the uptake coefficient for the heterogeneous processR1nor the
kinetics of the HOCl self-reaction R3 (either as a gas-phase or a hetero-
geneous process) have been investigated in detail in laboratory studies.
Similarly, absorption cross sections forHOOClhavenot beenmeasured and
are assumed to be the same as those of HOCl. We conclude that, while the
addition of R1 - R3 in model simulations of the evolution of chlorine
compounds improves the agreement with observations, laboratory mea-
surements of the proposed heterogeneous and gas-phase reactions are
required to strengthen confidence in the chemical scheme put forward here.

Methods
CLaMS model description
We present simulations of the Chemical Lagrangian Model of the Strato-
sphere (CLaMS). CLaMS is a Lagrangian chemistry-transport model that is
described elsewhere27–29. Here we use the model setup that was also used
previously12 with updates regarding the initialisation and the most recent
recommendations for chemical kinetics17. Briefly, the initialisation and the
lower andupper boundary are derived fromAura-MLS andEnvisat-MIPAS

Fig. 4 | Vortex core HOCl comparison. Similar to Fig. 3, HOCl observations by
ACE-FTS are shown. The corresponding CLaMS results are evaluated at the ACE-
FTS observation points. The circles show the diurnal average within the given
equivalent latitude range. Vertical bars show the standard deviation of the daily
observations. Between late-May and mid-July, there are no observations within the
given equivalent latitude range. The measurement accuracy of ACE-FTS in this
altitude is about 0.1 ppbv24.
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observations. The global simulation has a horizontal resolution of 100 km
south of 40°S and 300 km north of 40°S latitude. The vertical model coor-
dinate is set to hybrid potential temperature ζ, which is equal to potential
temperature above about 300 hPa and corresponds to pressure levels below
with a smooth transition30,31. The simulation has 32 vertical levels from the
Earth’s surface up to 900 K potential temperature with a vertical resolution
of about 900m in the lower stratosphere.Due to themixing formulation, the
number of Lagrangian air parcels is variable, on average the simulation
consists of 435 thousand air parcels. A Lagrangian PSC simulation for NAT
and ice is also included32. The simulations are for the period from1March to
31 October 2011, when MLS, MIPAS and ACE-FTS observations are
available. The initialisation of the simulations for all chemical species is
identical to that shown previously12 except for ozone, HCl and ClONO2.
Ozone and HCl are initialized here using the MLS version 5 data within
± 2.5 days mapped to the initial time 1May 2011 12:00 UTC using CLaMS
backward and forward trajectories and combined to a grid of 2° latitude and
6° longitude. Similarly MIPAS version 8 ClONO2 data is mapped to the
initialisation time. The underlying meteorological wind and temperature

data are from ERA5 reanalyses33 in 1° × 1° horizontal resolution and full
vertical resolution with vertical velocities based on heating rates34.

CLaMS box-chemistry model. As CLaMS is a Lagrangian Model, it is
also possible to use it as a box-chemistry model instead of for a global
simulation. To do that, theCLaMS trajectorymodule is used to determine
the trajectory fromone ormore starting points. Using the initial chemical
composition for these points, the CLaMS chemistry module calculates
the change of chemical composition along individual trajectories. The
influence of mixing or boundary emissions cannot be considered in this
boxmodel setup. This setup is used here to show a typical development of
chemical composition as well as to demonstrate the sensitivity with
respect to different assumptions of reaction rate parameters. This model
setup was also used to calculate the ClO mixing ratios at the time and
location of an individual observation as described in the next section.

CLaMS results at observation locations. The Lagrangian character of
CLaMS was used to derive the direct comparison with observations in space

Fig. 5 | Simulated chemical column ozone loss. Shown is the partial ozone column
loss (simulated ozone minus passive ozone) between potential temperatures of
380 K and 550 K versus time for equivalent latitudes (a) south of 75°S and b south of

61°S for the CLaMS simulations Ref, A and B. Panels c, d show the corresponding
percentage difference of the simulationsA and Bwith respect to Ref. Panels e, f show
the corresponding percentage difference of the simulated partial ozone itself.
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and time. For that, we consider two cases for chemical species with and
without substantial diurnal variation due to photo-chemistry, respectively.
For slowly varying chemical species, we calculate backward or forward
trajectories starting at the observation location and time up to the closest
model output time-step, that is 12:00 UTC at the day of observation. Then
the model output is interpolated to the trajectory location to obtain the
corresponding simulatedmixing ratios. For chemical species with substantial
diurnal variation like ClO, the chemistry needs to be taken into account. We
therefore calculate backward trajectories starting at the observation location
and time up to the last model output time-step. The chemical composition is
then similarly interpolated to the trajectory location to obtain a box model
initialisation. The CLaMS box-chemistry model is then calculated along
these trajectories to obtain the corresponding simulated mixing ratios at the
observation time.

MLS version 5 data
TheHCl observations by theMicrowave Limb Sounder (MLS) on board the
Aura satellite35 are themain data set used in this study.MLSobserves in limb
viewing geometry on the so-called A-train orbit, circling the earth 15 times
daily covering latitudes from 82°S to 82°N. Unlike in a previous study12 we
use here themost recentMLS version 5 data of HCl and ozone36. These data
are used formodel initialisationandalso for comparisonwith the simulation
results. In the lower stratosphere the vertical resolution is about 3 km and
the accuracy of HCl observations is about 0.2 ppbv. The accuracy of ozone
observations in the lower stratosphere is about 8%.Unfortunately, theHOCl
observations by MLS which would be very interesting for this study are
reported to be of sufficient quality only above 10 hPa.We also useMLSClO
data with a systematic uncertainty of 0.25 ppbv above 100 hPa. However in
the dark cold polar vortex core, the active chlorine typically resides in
chlorine peroxide Cl2O2. We therefore show only ClO data within sunlight
for solar zenith angles less than 92°.

MIPAS version 8 data
In addition toMLS,we alsouseClONO2measurements from theMichelson
Interferometer for Passive Atmospheric Sounding (MIPAS) on Envisat.
MIPAS operated between 2002 and 2012 and observed in limb geometry on
about 15 orbits per day spanning the latitude range from 87°S to 89°N. In
particular, we use ClONO2 mixing ratios employing the retrieval version 8
by the KIT Institute of Meteorology and Climate Research (IMK) in
cooperation with the Instituto de Astrofísica de Andalucía (IAA), which are
supposed to be the final set (Gabriele Stiller, personal communication,
2025). The used vertical observations modes are labelled
V8R_CLONO2_261 and V8R_CLONO2_561. The vertical resolution in
the lower stratosphere is about 3-4 km and the accuracy of the ClONO2

observations, derived from correlative measurements, is about 0.05 ppbv37.
It is difficult to retrieve gas-phase mixing ratios from the infrared spectra in
the presence of PSCs due to optical interference. For the frequently occur-
ring optically thickPSCs, a retrieval of gas-phasemixing ratios fromMIPAS
spectra is likely impossible. Therefore, data gaps due to PSCs are often
present in the cold Antarctic stratosphere.

ACE-FTS version 5.2 data
The Atmospheric Chemistry Experiment – Fourier Transform Spectrometer
(ACE-FTS) on the SCISAT satellite is a Fourier transform spectrometer with
high spectral resolution (0.02 cm−1) operating from a wavelength of 2.2 to 13.3
μm employing a Michelson interferometer38. Since 2004, it has observed
around 30 profiles per day in solar occultation with the majority of the
measurements in high latitudes. Unlike the limb scanning geometry,
the coverage of the solar occultation method provides observations at specific
latitudes only. The vertical resolution is about 3-4 km. Here we present version
5.2 data for HOCl., which is presently a non-validated research product24.

Data availability
The satellite data from MLS, MIPAS, and ACE-FTS are publicly available
upon registration https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_MLS_

Level2, https://imk-asf-mipas.imk.kit.edu, https://databace.scisat.ca/level2.
Data from the presented CLaMS simulations are available by https://doi.
org/10.26165/JUELICH-DATA/DNGQOQ and on the SDL Climate Sci-
ence Data Repository under https://datapub.fz-juelich.de/slcs/clams/polar_
hcl_depletion.

Code availability
TheCLaMSmodel code can be downloaded fromhttps://jugit.fz-juelich.de/
clams/clams-git.git.
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