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Abstract. Chlorine dioxide (OClO) is a by-product of the ozone-depleting halogen chemistry in the strato-
sphere. Although it is rapidly photolysed at low solar zenith angles (SZAs), it plays an important role as an
indicator of the chlorine activation in polar regions during polar winter and spring at twilight conditions because
of the nearly linear dependence of its formation on chlorine oxide (ClO).

Here, we compare slant column densities (SCDs) of chlorine dioxide (OClO) retrieved by means of differential
optical absorption spectroscopy (DOAS) from spectra measured by the TROPOspheric Monitoring Instrument
(TROPOMI) with meteorological data for both Antarctic and Arctic regions for the first three winters in each
of the hemispheres (November 2017–October 2020). TROPOMI, a UV–Vis–NIR–SWIR instrument on board
of the Sentinel-5P satellite, monitors the Earth’s atmosphere in a near-polar orbit at an unprecedented spatial
resolution and signal-to-noise ratio and provides daily global coverage at the Equator and thus even more frequent
observations at polar regions.

The observed OClO SCDs are generally well correlated with the meteorological conditions in the polar winter
stratosphere; for example, the chlorine activation signal appears as a sharp gradient in the time series of the OClO
SCDs once the temperature drops to values well below the nitric acid trihydrate (NAT) existence temperature
(TNAT). Also a relation of enhanced OClO values at lee sides of mountains can be observed at the beginning of
the winters, indicating a possible effect of lee waves on chlorine activation.

The dataset is also compared with CALIPSO Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
polar stratospheric cloud (PSC) observations. In general, OClO SCDs coincide well with CALIOP measurements
for which PSCs are detected.

Very high OClO levels are observed for the northern hemispheric winter 2019/20, with an extraordinarily long
period with a stable polar vortex being even close to the values found for southern hemispheric winters. An
extraordinary winter in the Southern Hemisphere was also observed in 2019, with a minor sudden stratospheric
warming at the beginning of September. In this winter, similar OClO values were measured in comparison to the
previous (usual) winter till that event but with a OClO deactivation that was 1–2 weeks earlier.
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1 Introduction

It is well established that catalytic halogen chemistry is re-
sponsible for stratospheric ozone depletion in polar regions
in spring (WMO, 2018). The stratospheric dynamics are a
key meteorological driving factor of chlorine activation: to-
wards winter, the stratosphere above the poles cools down,
leading to a strong meridional temperature gradient in the
stratosphere. A balance between the temperature gradient
and the vertical wind shear with strong westerly winds leads
to the formation of the polar vortex (Lee, 2020). Antarctic
winters are generally characterized by a very stable polar
vortex, which is usually not the case for Arctic winters. In
this regard, Lee (2020) summarizes that in the Arctic, ma-
jor stratospheric warmings (defined as easterly zonal mean
winds at 10 hPa and 60◦ N) take place every other winter,
while in the Antarctic, such an event has so far only been
observed in 2002. Once the air within the polar vortex cools
down below a certain threshold (which varies with altitude),
polar stratospheric clouds (PSCs) can form, providing sur-
faces for the heterogeneous reactions of the chlorine activa-
tion (Solomon, 1999). In particular, Cl2 is released in large
amounts by the heterogeneous reaction of ClONO2 and HCl.
Once the air mass with Cl2 becomes irradiated by sunlight,
Cl2 is subsequently photolysed to atomic Cl (Solomon et al.,
1986). Atomic Cl can also result from other reactions like
between ClONO2 and liquid- or solid-phase H2O and sub-
sequent photolysis of the produced HOCl or other reactions
(e.g. Nakajima et al., 2020). Atomic Cl in turn reacts with
ozone (Stolarski and Cicerone, 1974). Because the result-
ing ClO (with or without involvement of BrO) is returned to
atomic Cl (Molina and Molina, 1987; McElroy et al., 1986)
by further reactions, a very effective ozone depletion process
takes place. Furthermore, chlorine dioxide (OClO) is a pos-
sible outcome of a reaction between ClO and BrO (Sander
and Friedl, 1989):

ClO+BrO→ Br+OClO. (R1)

The dominant loss mechanism for atmospheric OClO is its
very rapid photolysis (Solomon et al., 1990):

OClO+hν→ ClO+O, (R2)

which results in a null cycle with respect to ozone loss by
recycling odd oxygen. Thus, OClO can be used as an indi-
cator for halogen chemistry because of the nearly linear de-
pendence of OClO formation on ClO and BrO concentrations
(Schiller and Wahner, 1996) at high solar zenith angles where
the photolysis is slow enough to provide OClO abundances
above the detection limit for passive scattered light UV–Vis
measurements (Solomon et al., 1987).

PSCs are generally classified into three types: nitric
acid trihydrate (NAT), supercooled ternary solution (STS)
droplets and ice (e.g. Tritscher et al., 2021). There is an ongo-
ing discussion about the forming temperatures and processes

of the different PSC components which in turn drive the tem-
perature dependency of chlorine activation (Peter and Groß,
2012; Tritscher et al., 2021). While NAT particles that are
already formed can exist below a certain temperature TNAT,
their formation pathway is supposed to be heterogeneous and
is reported to start at about 3 K below this threshold (Peter et
al., 1991; Koop et al., 1995; Voigt et al., 2005). STS droplets
are formed at similar temperatures (around 3 K below TNAT)
(Carslaw et al., 1994). While occurring at a similar rate per
unit surface area density on different PSC-type particles, it is
attributed that the winter chlorine activation is typically dom-
inated by this (liquid) PSC type because of a usually greater
surface area density (Tritscher et al., 2021). Ice particles can
form below the ice freezing temperature TICE, serving also
as additional condensation nuclei for the formation of mix-
tures for different PSC types (Koop et al., 1995; Tritscher et
al., 2021). It is worth mentioning that besides the chlorine
activation on PSCs, a substantial onset in chlorine activation
(already at temperatures around TNAT) as caused by reactions
on cold binary sulfate aerosol has been suggested (Drdla and
Müller, 2012) but not without controversy because Solomon
et al. (2015) did not find such a contribution.

Values of TNAT and TICE are altitude-dependent, and there
is also an impact of the atmospheric concentrations of their
building species (Larsen, 2000). In our plots we consider
TNAT and TICE calculated for HNO3 concentration of 8 ppbv
and 5 ppmv for H2O, representing typical winter conditions
(Achtert et al., 2011, and references therein), and refer to
T ′NAT = TNAT− 3 K as the expected temperature for the PSC
(i.e. NAT and STS) formation.

Chlorine starts to deactivate when PSCs evaporate (tem-
perature rises above TNAT) by converting most chlorine into
the form of the reservoir species ClONO2, with concentra-
tions higher than before the activation (Müller et al., 1994).
This deactivation process takes 1 to 2 weeks depending on
the nitrate concentration (Kühl et al., 2004b). The time nec-
essary for the deactivation is basically related to the time
period and area with cold temperatures that existed before-
hand and allowing for PSC particle grow-up, which conse-
quently can sediment faster for larger particles (Mann et al.,
2003). Thus, meanwhile, ozone depletion can continue, even
at temperatures above TNAT, and chlorine activation can re-
sume on a full scale once the air is cooled again, and PSCs
are reformed. Another possibility for chlorine deactivation is
when almost complete destruction of ozone occurs, and al-
most all chlorine becomes bound in HCl and cannot be reac-
tivated, even at cold temperatures, because the necessary re-
action partners ClONO2 and HOCl are missing (Grooß et al.,
2011). The conversion of the active chlorine into HCl can be
quick: Grooß et al. (2011) reported timescales of∼ 6 h within
their model run. This pathway can be found in the Antarctic
where the vortex is stable, and cooling is persistently below
TNAT for the whole winter and spring; however it can also
occur for very cold stratospheric winters in the Arctic as was
the case for winter 2019/20 (e.g. Manney et al., 2020; Grooß
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and Müller, 2021). As Nakajima et al. (2020) showed, the
deactivation path can even depend on altitude.

For the first time, OClO was measured by Solomon et al.
(1987) by a ground-based spectrograph in Antarctica, con-
tributing to a better understanding of the extent to which
halogen chemistry is responsible for causing the recently
discovered (Farman et al., 1985) ozone hole. Shortly after-
wards (Solomon et al., 1988), OClO abundances explainable
only by heterogeneous chemistry were also measured for
the Arctic. Several other studies for both polar regions fol-
lowed (e.g. Kreher et al., 1995; Gil et al., 1996). Opportuni-
ties for global monitoring of OClO were enabled by satellite
measurements when the GOME-1 instrument was launched
in 1995 (Burrows et al., 1999). Many studies investigating
polar stratospheric chlorine activation were performed for
GOME-1 OClO data (Wagner et al., 2001, 2002; Weber et al.,
2002, 2003; Kühl et al., 2004a, b; Richter et al., 2005). Later,
measurements by SCIAMACHY, OSIRIS, OMI or GOME-
2 were also available for OClO analysis (Kühl et al., 2006;
Krecl et al., 2006; Kühl et al., 2008; Puk, ı̄te et al., 2008; Oet-
jen et al., 2011; Hommel et al., 2014; Weber et al., 2021).

The TROPOspheric Monitoring Instrument (TROPOMI)
is a UV–Vis–NIR–SWIR nadir-viewing instrument on board
of the Sentinel-5P satellite developed for monitoring the
Earth’s atmosphere (Veefkind et al., 2012). It was launched
on 13 October 2017 in a near-polar orbit and measures spec-
trally resolved earthshine radiances at an unprecedented spa-
tial resolution of around 3.5km× 7.2 km (near-nadir) at a
high signal-to-noise ratio. It has a total swath width of ∼
2600 km on the Earth’s surface, providing daily global cover-
age (at Equator) and a coverage of two to three times per day
at polar regions. The spatial resolution was further increased
to 3.5km× 5.6 km (near-nadir) starting from 6 August 2019
(Rozemeijer and Kleipool, 2019).

By means of differential optical absorption spectroscopy
(DOAS) (Platt and Stutz, 2008), OClO slant column densi-
ties (SCDs) have been retrieved from TROPOMI measure-
ments (Puk, ı̄te et al., 2021). The global spatial coverage of
TROPOMI, its high spatial resolution and its sensitivity with
a low detection limit for OClO SCDs, even at high solar
zenith angles (SZAs), enable one to assess the evolution of
chlorine activation in unprecedented detail. The detection
limit and thus the SZA threshold, for which enhanced OClO
abundances might be detected, vary from instrument to in-
strument. Further, the detection limit varies with SZA due to
a different signal-to-noise ratio; different statistical process-
ing like averaging over certain space and time intervals may
also change it. A detection limit of about 0.5–1× 1014 cm−2

has been estimated at a SZA of 90◦ for SCDs gridded on a
resolution of 20km× 20 km, which is well suited for mea-
surements in the stratosphere. We can retrieve OClO slant
column densities (SCDs) with a typical detection limit below
2×1013 cm−2 for the 20km×20 km area down to a 65◦ SZA.
Furthermore, the occurrence of OClO in the stratosphere en-

sures that no cloud filtering needs to be applied because no
shielding by tropospheric clouds is expected.

The aim of this paper is to compare the spatio-temporal
evolution of the retrieved OClO SCD dataset with mete-
orological conditions and PSC observations in both hemi-
spheres. European Centre for Medium-Range Weather Fore-
casts (ECMWF) ERA5 data (Hersbach et al., 2018) are used
in the comparison. We relate the OClO SCDs to the key me-
teorological parameters driving the chlorine activation: first,
temperature, in particular with respect to the expectation that
OClO appears to be produced when temperatures drop below
TNAT along with the expected occurrence of PSCs, and sec-
ond, potential vorticity (PV), with the expectation that OClO
is being produced within the polar vortex. PV is conserved
for a given air parcel in an adiabatic system, or, in other
words, air parcels with different PV values do not mix adia-
batically. Absolute values of PV increase in direction and to-
wards the centre of polar vortex, allowing one to distinguish
between air masses outside and inside the vortex. We also
compare OClO SCDs with CALIPSO Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) polar stratospheric
cloud (PSC) observations. In these comparisons in the first
place, the initial period of the potential chlorine activation is
of large interest, since we can see even localized activation
events. The deactivation period is also of great interest.

The article is structured as follows: in Sect. 2, the method-
ology for comparing the meteorological parameters and
the TROPOMI OClO SCDs is introduced. In Sect. 3, the
methodology for comparison of the TROPOMI OClO SCDs
with the CALIPSO PSC dataset is described. Section 4 anal-
yses the time series introduced in the previous sections. Fi-
nally, Sect. 5 draws some conclusions.

2 Relating meteorological parameters with OClO
SCDs

The ECMWF data are output to the temporal resolution of
6 h and are interpolated to the resolution of 1◦× 1◦ in lati-
tude and longitude during the dissemination process before
further processing to ensure that our local data storage possi-
bilities are not overburdened. It should be noted that a limited
resolution can lead to uncertainties with respect to the true
small-scale temperature variations. For some special moun-
tain wave events, which can lead to mountain wave PSC for-
mation (Voigt et al., 2003), consequently playing a role in
chlorine activation, deviations between ECMWF and models
that are built to resolve the topography which induces moun-
tain waves of up to around 10 K have been reported (e.g.
Kühl et al., 2004a; Maturilli and Dörnbrack, 2006; Kivi et
al., 2020).

OClO SCDs for SZAs between 89 and 90◦ during differ-
ent winters are analysed. This SZA range is motivated by a
larger ratio between the OClO SCDs and the detection limit
in this range; i.e. for a smaller SZA, the amplitude of the ob-
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served OClO SCDs decreases faster with a decreasing SZA
than the detection limit does. Similar ranges (around a SZA
of 90◦) are used in previous studies, for example, by Kühl
et al. (2004b) and Hommel et al. (2014), although, given the
better performance of TROPOMI, it would also be possible
to investigate lower SZAs. Such an investigation, however, is
beyond the scope of this study.

Time series of OClO SCD daily averages and maximum
values for a SZA between 89 and 90◦ during different winters
are obtained. The maximum OClO SCD Smax is defined as
follows:

S ∼N (µ,σ 2) (1)

Smax = P99(S)−P99(N (0,σ 2)). (2)

The 99th percentile P99(S) for OClO SCDs S of a given
day is calculated. The standard deviation σ for the OClO
SCDs is also obtained. The 99th percentile is also obtained
for the Gaussian distribution N (0,σ 2), which is parameter-
ized by zero mean and the standard deviation σ as obtained
for the OClO SCDs. Finally, the 99th percentile of the Gaus-
sian distribution is subtracted from the 99th percentile of the
OClO SCDs. It is assumed that in this way most of the sur-
plus of the random component to the maximum is removed.

The OClO SCDs are compared with meteorological infor-
mation, namely, the minimum polar hemispheric temperature
Tmin (minimum temperature for latitudes above 60◦), the area
where temperature is below TNAT and the polar vortex area.
The time series of Tmin and the area where temperature is be-
low TNAT are resolved in potential temperature (PT) for the
lower middle stratosphere. The time series of the polar vortex
area are calculated at a PT level of 475 K.

Additionally, to enable a more detailed analysis, the as-
signment of the meteorological quantities to the OClO SCDs
for 89◦ < SZA< 90◦ is obtained by a trilinear interpolation
in latitude, longitude and time to the TROPOMI line-of-sight
coordinate at 19.5 km of altitude. No radiative transfer mod-
elling is applied during the assignment. Radiative transfer ef-
fects indicate that the mass centre of the sensitivity area of the
measured OClO SCDs is expected to be located towards the
direction of the Sun from the line-of-sight coordinate. The
consideration of the radiative transfer would require a priori
constraints about the spatial variability of the OClO number
density. Given its high variability and also the dependence
of radiative transfer modelling on additional constraints on
the atmospheric state, especially also the highly variable PSC
distribution, it would introduce additional uncertainties. We
have found in sensitivity studies (see Appendix A) that this
displacement is expected to be less than 100 km, and typical
PSC concentrations do not largely affect it. It is thus below
the resolution of the applied meteorological dataset, and the
systematic effect on the performed comparison is estimated
as rather limited (variation in temperature of 1 K and below
and in potential vorticity of 5 PVU or below), therefore not
affecting the findings of the study.

The meteorological quantities (temperature and potential
vorticity) are considered here at a PT level of 475 K, which
roughly corresponds to an altitude of 19–20 km and to which
we assume the retrieved OClO SCDs are most sensitive.
Selecting this level, we follow earlier studies (Wagner et
al., 2001, 2002; Kühl et al., 2004b), where a strong anti-
correlation between minimum temperatures and OClO SCDs
has been found for this PT level. The altitude corresponds
well to the peak of the ozone number density profile at high
latitudes (Yang and Liu, 2019). At the chosen SZA range
(89–90◦), the measurements also show a very high sensitivity
to the investigated altitudes.

The obtained correlative dataset is then analysed, resolv-
ing it with respect to the different parameters (longitude, tem-
perature and potential vorticity).

For the daily mean OClO SCDs the random error typically
is negligible; thus the systematic error component (being up
to around 2× 1013 cm−2, as estimated in Puk, ı̄te et al., 2021)
can be taken as a detection limit. For the plots resolving
the OClO SCDs in longitude, the standard deviation of the
gridded mean is typically ∼ 1× 1013 cm−2 and occasionally
∼ 2× 1013 cm−2. The OClO SCDs gridded with respect to
temperature have random uncertainties below 1×1013 cm−2,
varying in a broad region around 0.5×1013 cm−2, with larger
values for days with larger temperature variability within the
89◦ < SZA< 90◦ band. The OClO SCDs resolved with re-
spect to the potential vorticity have even lower random un-
certainties (∼ 0.2× 1013 cm−2); only at the minimum and
maximum PV values can the standard deviation reach ∼ 1–
1.5× 1013 cm−2.

Given that the systematic error component is mainly domi-
nant here too, the detection limit is thus expected to be below
∼ 2.5× 1013 cm−2 with systematic error as the dominating
source of uncertainty.

3 CALIOP PSC observations

In addition, we relate the retrieved OClO SCDs with
the Level 2 Polar Stratospheric Cloud provisional version
1.10 product (Pitts et al., 2009). The PSC product, freely
provided by NASA/LARC/SD/ASDC (2016), is retrieved
from the Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) observations on Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) satellite.
From the CALIOP PSC product, we use the provided PSC
cloud mask profiles, indicating whether a PSC is detected
above a certain location as a function of altitude. The advan-
tage of the use of the PSC mask product in our opinion is that
it reduces the possibility of misinterpreting the aerosol in-
formation which would be the case if backscatter data were
used instead. We neglect the available distinction with re-
spect to different PSC types as the aim of the current study is
to check how the general existence of PSCs relates with the
OClO SCDs we have measured. We also consider the detec-
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tion sensitivity, which is provided in the PSC product where
the horizontal averaging which was necessary to detect PSCs
is provided. To be able to match an OClO SCD at a given
location which is not altitude-resolved with a single piece of
information about PSCs, we merge the PSC existence pro-
file information and the altitude-resolved detection sensitiv-
ity to a single generic quantity. This quantity, which we call
PSC evidence E in the following and which to the best of
our knowledge has not been used in the literature so far, is
calculated as a sum of the PSC signals originating from all
different altitudes at a given location:

E =
∑
i

Mi

Ai
, (3)

where Mi is a Boolean being unity if a PSC is reported in
the CALIOP data at an altitude level i more than 4 km above
the tropopause. Ai is the reported horizontal averaging being
either 1, 3, 9 or 27, corresponding to the horizontal averaging
of 5, 15, 45 or 135 km, respectively, which was necessary to
detect the PSC.

For the comparison, each CALIOP measurement is col-
located with average TROPOMI measurements within the
range of 89◦ < SZA< 90◦ on the same day that are less than
100 km away. This is done because of the larger spatial cov-
erage of TROPOMI as well as the large elimination of the
random error contribution of individual TROPOMI measure-
ments.

In addition, daily mean and maximum evidence is also
obtained from PSC evidence calculated beforehand for all
CALIOP measurement locations above 60◦ latitude. While
the collocated PSC evidence describes the PSC existence at
and near the analysed TROPOMI measurements, these two
additional parameters provide additional information about
PSC extent in the whole polar region.

Moreover, we performed a sensitivity study which re-
vealed that the PSC evidence is better suited as an indica-
tor of the presence of PSCs than the mean backscatter ratios,
especially for low-level PSCs. Details about the sensitivity
study are given in Appendix B.

4 Interpretation of the TROPOMI OClO
measurements with respect to meteorological
quantities and CALIOP PSC observations

4.1 Arctic winters

4.1.1 Winter 2017/18

The first winter (2017/18) after TROPOMI was launched was
a rather cold stratospheric winter, especially with cool tem-
perature anomalies in January until the beginning of Febru-
ary over the polar cap (Wang et al., 2019). A sudden strato-
spheric warming event has been reported for 12 February
characterized by a polar vortex split (Butler et al., 2020; Hall
et al., 2021).

For this winter, unfortunately many days of measurements
are missing due to calibration processes. The time series of
OClO SCDs daily averages for a SZA between 89 and 90◦

during this winter are plotted in Fig. 1a. The averages are
shown for all data (blue) and data within the polar vortex
with PV> 35 PVU at a PT level of 475 K (green); the maxi-
mum OClO SCD Smax is also plotted (red). In panel (b), the
latitudes of the TROPOMI pixels which contributed to the
OClO SCDs are illustrated (left axis). In this panel the size
of the polar vortex area is also plotted, defined as the area
with PV> 35 PVU at a PT of 475 K. Panels (c) and (d) pro-
vide relevant meteorological information: time series of the
(northern) hemispheric minimum temperature expressed as
the difference between temperature and TNAT as a function
of the PT. In panel (d), the area where temperature is below
TNAT is plotted, with the violet line showing the boundary of
this area.

Additionally, in Fig. 2, the temporal variation of the OClO
SCDs for 89◦ < SZA< 90◦ is presented, resolved with re-
spect to different parameters (longitude, temperature and PV)
to allow for a more detailed analysis. Panel (a) resolves the
SCDs in longitude (1◦ grid). The contours are plotted for ar-
eas with local temperature below TNAT (white), for the polar
vortex boundaries (PV> 35 PVU at a potential temperature
level of 475 K, brown) and for a maximum surface elevation
of more than 1 km above sea level (black). Panel (b) provides
the complete PV information at a potential temperature of
475 K at the place of the measurements of panel (a). Panels
(c) and (d) resolve the data with respect to temperature at the
measurement location (on 1 K grid at a PT level of 475 K),
as well as with respect to the PV (on 5 PVU grid) at the same
level. In panel (c), lines indicating TNAT, TICE and minimum
temperature (at 19.5 km altitude) are added.

Time series of the PSC evidence resolved in longitude (on
a 1◦ grid) are shown in Fig. 3b. The plots for the respec-
tive collocated OClO SCDs are shown in panel (a). The grid-
ded data are shown only for grid points where at least 100
TROPOMI measurements have contributed in order to ensure
low random error contribution. Mean and maximum PSC ev-
idence calculated for all CALIOP measurements at latitudes
for polar areas of the respective hemispheres above 60◦ is
plotted in the bottom panel (x axis), along with the daily
maximum OClO SCDs (y axis).

The date of 23 November 2017 is the first day we were
able to retrieve OClO SCDs with almost complete longi-
tudinal coverage. Although the minimum hemispheric tem-
perature is slightly below TNAT, we do not see an increase
in the OClO SCDs. However, a clear increase is observed
on 29 November 2017 above the same area. In this case,
a temperature below T ′NAT is observed locally at the mea-
surement area, as can be deduced from Fig. 2c, showing in-
creased OClO SCD values at local temperatures around and
below T ′NAT. Thus a chlorine activation process at the loca-
tions of the measurements at 89◦ < SZA< 90◦ can be ex-
pected. There is still a possibility that air masses that have
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Figure 1. Time series of daily OClO SCDs for the Arctic winter 2017/18 in comparison with the meteorological quantities. Please note that
many days of measurements are missing for this winter due to calibration processes after launch. (a) The blue line represents the mean daily
OClO SCDs for 89◦ < SZA< 90◦, the green line the mean of the measurements within the polar vortex (PV> 35 PVU at PT 475 K) and the
red line the maximum OClO SCDs (for details, see text). (b) Time series of minimum, maximum and mean latitudes of the TROPOMI pixels
which contribute to the mean OClO SCDs shown in (a) (left axis). Also shown is the polar vortex size (area where PV> 35 PVU at the PT
475 K) indicated by a black line (right axis). (c) Time series of temperature evolution in the lower stratosphere represented as a difference
between the minimum and NAT condensation temperature (TNAT) as a function of altitude (indicated by the potential temperature). Violet,
red and black contour lines indicate TNAT, T ′NAT and the ice freezing temperature TICE, respectively. (d) Time series of the size of the area
where the temperature is below TNAT as a function of the potential temperature. Zero is indicated by the violet contour line.

already been activated somewhere else have been transported
into the analysed measurement region; however the CALIOP
data (Fig. 3) also show evidence of PSC formation at lon-
gitudes around 20◦W which perfectly matches with the lo-
cation of the increased OClO SCDs on that day, providing
strong evidence of the chlorine activation at this location. For
the next available days (12–14 December 2017), even more
enhanced OClO SCDs are measured. They are observed al-
most only within that part of the polar vortex where the tem-
peratures are below TNAT. The region extends for longitudes
between 0 and 120◦ E. The region where PSCs are evident
is slightly smaller (40 and 110◦ E), suggesting that the en-
hanced OClO SCDs observed outside this region are either
caused by chlorine activation on previous days or due to mix-
ing. For the more eastern regions, still within the vortex, no
OClO can be seen, indicating that the observed OClO is still
rather fresh and is not yet well mixed with the air masses of
the whole vortex. This is not the case anymore around the
next available period after Christmas 2017, where enhanced
OClO SCDs are observed within the whole vortex and also at

temperatures well above TNAT, which corresponds to a period
of a slight vortex warming. PSCs are only evident for few
instances in this period, tending to confirm that the bulk of
chlorine activation happened earlier. A persistent polar vor-
tex exists until the first week of February, with OClO well
distributed within the polar vortex, as visible for the days
when measurements are available. The minimum tempera-
ture is also below TNAT for almost all of this time. The sea-
sonal maximum SCD in the presented data is observed at
the beginning of February 2018. However, PSC evidence is
zero for the collocated CALIPSO measurements. Mean and
maximum PSC evidence within the polar region is largely
reduced, which is plausible (because temperature has risen
above TICE, dissolving ice aerosol) with respect to the pre-
vious days for which no OClO measurements were avail-
able. Nevertheless the local temperature is around T ′NAT (i.e.
well below TNAT); thus we do not have an explanation of the
complete lack of NAT and STS PSCs for this time period.
A sudden stratospheric warming took place on 12 February
with a vortex split (Butler et al., 2020; Hall et al., 2021). At
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Figure 2. (a) Time series of the daily measured OClO SCDs for 89◦ < SZA< 90◦ resolved longitudinally (resolution 1◦, positive values –
east longitudes, negative values – west longitudes) for the Arctic winter 2017/18. Black, brown and white contour lines indicate the maximum
surface elevation of 1 km, PV 35 PVU at PT 475 K and temperature TNAT, respectively. (b) Time series of the potential vorticity at the location
of the OClO measurements shown in (a). (c) The same OClO dataset as in (a) but resolved as a function of temperature (resolution 1 K)
at a PT level of 475 K. Here the minimum polar hemispheric temperature (minimum temperature for latitudes above 60◦) at this potential
temperature level (blue line) and the values of TNAT and TICE (at 19.5 km) are also indicated. (d) Same OClO dataset as in (a) but resolved
as a function of the potential vorticity (resolution 5 PVU).

the end of the second week, the minimum temperature drops
again below TICE, before which the vortex area seems to have
stayed rather constant for a few days (Fig. 1b). Nevertheless,
the OClO values continue to decrease afterwards; the tem-
perature gradient becomes quite large within the split vortex,
which can be deduced by the increased OClO at high tem-
peratures in the temperature-resolved time series of OClO
SCDs (Fig. 2c). After this short cooling, the temperature rises
rapidly, the vortex area decreases and the OClO SCDs con-
tinue to decay. The break-up of the polar vortex is also evi-
dent in Fig. 2d, where increased OClO SCDs are still found

towards lower PV values. A second similar event, but not as
strong, is observed in the last days of February (26 Febru-
ary). Here, PSCs are also barely evident at the longitudes
(around 120◦W) at which the largest OClO SCDs are ob-
served. The vortex eventually strengthens again at the be-
ginning of March when mean zonal winds become westerly
again (Butler et al., 2020), but it has no relevance for chlorine
activation because of the high temperatures.
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Figure 3. (a) Time series of OClO SCDs for 89◦ < SZA< 90◦ being collocated to CALIOP measurements and longitudinally resolved
(resolution 1◦, positive values – east longitudes, negative values – west longitudes) for the Arctic winter 2017/18. (b) Time series of the
CALIOP PSC evidence collocated to the OClO SCDs in (a). (c) Left axis: time series of maximum and mean PSC evidence for latitudes
above 60◦ (blue and green lines, respectively), mean PSC evidence derived from the CALIOP PSC mask product scaled by 100 (black line);
right axis: maximum OClO SCDs (red line).

4.1.2 Winter 2018/19

The following winter 2018/19 has been reported as being un-
usual in terms of the polar vortex variability (Lee and But-
ler, 2020), with both a major sudden stratospheric warming
and a reformation of a strong vortex later. In terms of min-
imum temperature (see Figs. 4c and 5c; for technical expla-
nation of plots, please see the description for the previous
winter), the beginning of the winter was rather warm; the
temperatures dropped below TNAT only in December. How-
ever the mean OClO SCDs (Fig. 4a) appear to already be
slightly but consistently increased above zero during the last
days of November, with enhanced OClO SCDs above Green-
land and northern Asia (Fig. 5a). This increase however tech-
nically is still below the detection limit of 2× 1014 cm−2.
An OClO production in the area covered by the plotted SZA
range (89◦ < SZA< 90◦) can likely be excluded because no
OClO enhancements at the lowermost temperature bins in the
temperature-resolved time series of OClO SCDs are found
(Fig. 5c). This finding does not exclude that such an activa-
tion could have taken place in some other area not covered
by the SZA range investigated here. Lee and Butler (2020)
report a begin of the increase of a vertically propagating
wave activity during November, and thus local drops of the
temperature below TNAT induced by mountain waves could

have been a possibility for OClO formation because the min-
imum temperature at 600 K reaches TNAT in that period. The
CALIOP data (Fig. 6) however do not show any evidence of
PSC formation.

The mean OClO SCDs increase further at the beginning
of December a few days after the temperature dropped be-
low TNAT. This delay probably indicates that the area where
this drop occurs is small or that the drop was not sufficient to
overcome the supersaturation limit for the PSC build-up. The
OClO SCDs are increased for both the areas within the po-
lar vortex as well as for areas of lower temperature (Fig. 5).
The OClO SCDs show a clearer increase on 6 December
2018, which coincides with Tmin dropping below T ′NAT. After
a small warming, the stratospheric temperatures drop once
more (on 15 December) below T ′NAT, which coincides with a
new strong increase in the OClO SCDs on the following day.
On 16 December, the mean and maximum evidence of PSCs
(Fig. 6c) also has a clear increase above zero. For some of the
coldest days (17–24 December) the area of minimum tem-
peratures is covered by the TROPOMI measurements in the
range 89◦ < SZA< 90◦. The maximum OClO SCDs of this
season are observed on 21 December. Local PSC evidence
(Fig. 6b) above zero is also observed but only at a few lon-
gitudes (10–70◦ E) for 17–21 December, with a maximum
on 19 December. The PSC evidence clearly corresponds to
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Figure 4. Same as Fig. 1 but for the Arctic winter 2018/19.

increased OClO SCDs of around 1× 1014 cm−2 or higher
(compare Fig. 6a and b, as well as daily mean and max-
imum PSC evidence values with the timeline of the maxi-
mum OClO SCDs in Fig. 6c). On the other hand, such OClO
SCDs or those even higher do not necessarily correspond to
an observation of the PSC evidence above zero. The largest
OClO SCDs on these days are clearly limited to the area with
temperatures below TNAT, which are located eastwards of the
Scandinavian mountains and around the Ural mountains: this
could be an indication for mountain waves having enhanced
the chlorine activation process. The OClO SCDs in the rest of
the analysed polar vortex area remain lower but well above
the random uncertainty level and at or above the detection
limit. Further, these look like remnants of earlier chlorine
activation. After this cooling, the polar vortex slowly starts
to shrink (Fig. 4b) and is warmed up at the end of Decem-
ber (Fig. 4c) as the prelude for an early sudden stratospheric
warming event reported on 2 January (Lee and Butler, 2020).
The atmospheric temperatures rise above TNAT on 27 De-
cember and stay slightly above TNAT, eventually dropping
once more below it on 3 and 4 January 2019. However, the
area with temperatures below TNAT is very small for these
days. The appearance of one additional OClO peak at the be-
ginning of January can be attributed to the irregular shape
of the polar vortex and to the fact that the earlier activated
air masses are moved inside the 89◦ < SZA< 90◦ range.
This interpretation is supported by the temperature-resolved

time series of OClO SCDs (Fig. 5c) where the enhanced
OClO SCDs appear at quite warm temperatures. These en-
hanced OClO values, especially at the end of December and
in January, even appear for high temperatures (> 20 K above
TNAT). On these days, an increase of the potential vorticity
(above 50 PVU) is also observed (Fig. 5d), which indicates
that air masses are seen here which were not observed before
because they were located deep in the centre of the polar vor-
tex. Afterwards, the OClO SCDs decay until the middle of
January to values below the detection limit. In February and
March, the formation of a very strong polar vortex has been
reported (Lee and Butler, 2020), but the temperatures never
fell again below the threshold for the chlorine activation.

4.1.3 Winter 2019/20

In winter 2019/20, an exceptionally strong and cold strato-
spheric polar vortex was formed which maintained cold tem-
peratures for PSC formation and ozone destruction until the
end of March (e.g. Lawrence et al., 2020; Weber et al., 2021).
Figures 7 and 8 show the evolution of the OClO SCDs along
the cold stratospheric temperatures during the stable polar
vortex in winter 2019/20. Figure 9 illustrates the PSC ev-
idence from CALIOP observations. The hemispheric Tmin
dropped below TNAT as early as on 16 November 2019, but
increased OClO SCDs were observed on 21 November when
Tmin was already lower than T ′NAT (Fig. 7). In Fig. 8c, it can
be further seen that this increase happened exactly when the
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Figure 5. Same as Fig. 2 but for the Arctic winter 2018/19.

local temperature fell below T ′NAT. Non-zero PSC evidence
(at longitudes 30–60◦ E and a few days later 0–60◦ E) also
coincides with some of the increased OClO SCDs (Fig. 9).
In Fig. 8c, it can further be seen that the OClO SCDs show
a new enhancement when the temperatures drop below T ′NAT
at the beginning of December again. PSCs are also reported
(Fig. 9b), as evident at a few longitudes (mainly 60–90◦ E).
With temperatures staying at these low levels or even drop-
ping below TICE, the OClO SCDs almost linearly increase
until the end of the second week of January 2020. More vari-
ation can be seen in the polar mean and maximum hemi-
spheric PSC evidence which increases by an order of mag-
nitude whenever Tmin drops below TICE. This increase in the
PSC evidence however seems not to have a clear relation with
the observed OClO SCDs. From mid-January, with tempera-
tures still being low, the OClO SCDs remain nearly constant
at about 2.5×1014 cm−2 till mid-March. During that period,
on several occasions (10 and 20 February and 16 March),
air masses with slightly enhanced OClO SCDs appear to be
mixed with air from outside the polar vortex (with low PV
values) (Fig. 8d). The opposite also happens on 21–26 Febru-
ary, when enhanced OClO SCDs only appear at very high PV

values. In the last 2 weeks of March, the stratosphere starts
to heat up; there is also no evidence of PSCs in the reported
CALIOP data anymore. The OClO SCDs decrease, reaching
almost zero at the end of the month, although there is still a
small area with temperatures below TNAT at lower altitudes.

4.2 Antarctic winters

4.2.1 Winter 2018

The Antarctic winter 2018 was relatively stable and colder
in comparison to most years of the prior decade with a large
and persistent ozone hole (Klekociuk et al., 2021). This ac-
cordingly resulted in an expected development of the OClO
SCDs, as shown in Figs. 10 and 11. For most of the season,
due to the well centred shape of the polar vortex, regions with
local temperatures above the hemispheric minimum temper-
ature are observed. Only at the end of August and in Septem-
ber is the area with 89◦ < SZA< 90◦ located at regions close
to Tmin because then the more central parts of the vortex at
higher latitudes become illuminated.
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Figure 6. Same as Fig. 3 but for the Arctic winter 2018/19.

Figure 7. Same as Fig. 1 but for the Arctic winter 2019/20.
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Figure 8. Same as Fig. 2 but for the Arctic winter 2019/20.

The polar vortex starts to form in mid-April (see the devel-
opment of PV area in Fig. 10b), and temperatures drop below
TNAT in the first 10 d of May (7 May) as shown in Fig. 10c.
Shortly afterwards, the temperatures decrease below T ′NAT,
and an increase in the maximum of OClO SCDs within the
polar vortex is observed. This signal can also be well iden-
tified at the largest PV values. This OClO could have been
transported from regions further inside the vortex where it is
colder than in the investigated SZA region as the local tem-
perature bins do not yet cover the temperatures below TNAT.
An indication for a local OClO activation would however be
the PSC evidence values that were slightly above zero since
the beginning of May (Fig. 12b). These values (at longitudes
around 15◦ E–60◦W) seem however not to have a clear re-
lation with the collocated OClO SCDs (Fig. 12a) which are
larger at other longitudes (60–120◦ E) than at the collocated
longitudes. However, when the local temperatures also drop
below TNAT (starting with 20 May), clearly enhanced OClO
SCDs appear, despite the local PSC evidence being above
zero only once in these days at the end of May and at a sin-
gle longitude (10◦ E), where at the same time the polar mean
and maximum PSC evidence increases distinctively. Here the

time series of OClO SCDs resolved with respect to temper-
ature also shows larger OClO SCDs at temperatures close to
TNAT. Even “trails” with increased OClO SCDs starting at
locations with elevated surface heights (black contour lines
in the longitudinally resolved time series of OClO SCDs plot
in Fig. 11) and transported eastwards with time are observed,
indicating chlorine activation induced by a possible PSC for-
mation due to mountain wave activity. More consistent PSC
evidence in these trails is observed to start in mid-June. Local
PSC evidence increases during July and in August for almost
all collocated OClO SCD observations.

Increased OClO SCDs are, as expected, limited to air
masses with higher PV (i.e. well inside the polar vortex). The
exact PV value above which the OClO SCDs are increased
changes during the season: in May, high OClO SCDs appear
for PV above 40 PVU (it is only cold enough for chlorine
activation in the more central parts of the polar vortex). In
July, the limit decreases to 35 PVU (as the stratosphere also
cools down for air masses with lower PV values). Later, this
boundary increases again, along with a strengthening of the
polar vortex, which is attributed to rising temperatures for
given PV values. It is worth mentioning that this strength-
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Figure 9. Same as Fig. 3 but for the Arctic winter 2019/20.

Figure 10. Same as Fig. 1 but for the Antarctic winter 2018.

ening of the polar vortex in late winter and spring in the
Southern Hemisphere (SH) has been attributed to a coinci-
dental seasonal temperature increase in the subtropics (Zuev
and Savelieva, 2019), which keeps zonal temperature gra-
dients large, sustaining the development of the polar vor-
tex. The maximum OClO SCDs increase till the end of June

and mostly stay constant during July. At the beginning of
September, the maximum OClO SCDs begin to slightly de-
crease but stay at rather high levels until the last week of
September, indicating that ClO levels are high enough to en-
able an effective catalytic ozone destruction. The mean OClO
SCDs increase a bit slower till the end of July, which can be
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Figure 11. Same as Fig. 2 but for the Antarctic winter 2018, with the brown line in (a) indicating PV=−35 PVU, accordingly.

Figure 12. Same as Fig. 3 but for the Antarctic winter 2018.
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Figure 13. Same as Fig. 1 but for the Antarctic winter 2019.

Figure 14. Same as Fig. 11 but for the Antarctic winter 2019.
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Figure 15. Same as Fig. 3 but for the Antarctic winter 2019.

explained by the fact that the relationship between PV and
the OClO SCDs varies with time and that different areas of
the polar vortex (boundary) are observed. Finally, at the end
of September until the beginning of October, a rather quick
chlorine deactivation occurs, despite the fact that the tem-
peratures are still below TNAT and the polar vortex is stable.
Besides a relation with the decrease in PSC evidence as ob-
served by CALIOP (or at least PSCs descending to lower alti-
tudes not covered by the considered altitude range of > 4 km
above the tropopause) at the end of September, the mecha-
nism of chlorine deactivation as described by Grooß et al.
(2011) can also play a role: when an almost complete de-
struction of ozone occurs, almost all chlorine becomes bound
in HCl and cannot be reactivated.

4.2.2 Winter 2019

Winter 2019, however, was quite unique as a minor sud-
den stratospheric warming was observed, which was just a
bit weaker than the major sudden stratospheric warming in
2002 (Lee, 2020; Klekociuk et al., 2021). A very small ozone
hole area in September in comparison to that of 2018 has
also been reported, but the magnitude of the vortex-averaged
chemical ozone depletion was not significantly different be-
tween the years. Wargan et al. (2020) attributed most of the
smaller ozone loss to dynamics. This is in accordance with
Sinnhuber et al. (2003), who reached similar conclusions
with respect to the major stratospheric warming in 2002.

The daily mean and maximum OClO SCDs (see Fig. 13)
show a similar temporal development as in 2018 until 6
September. Clearly increased OClO SCDs at local temper-
atures below TNAT (middle May) and even more increased
OClO SCDs at local temperatures below T ′NAT (from the be-
ginning of June) are also observed (Fig. 14). From the be-
ginning of June, evidence for PSCs at the locations with in-
creased OClO SCDs is also consistently observed (Fig. 15).
After the stratospheric warming (6 September), the area
with temperature below TNAT decreases rapidly, and the
hemispheric minimum temperature rises above TNAT (at PT
475 K) by the end of the third week of September. The de-
crease and the rise are accompanied by a strong decrease of
the OClO SCDs, with a rather constant rate till the end of
September. After 6 September, the PSC evidence (both lo-
cal and the polar mean and maximum) observed by CALIOP
also becomes almost zero. At the beginning of October the
OClO SCDs decrease further at a lower rate. Interestingly,
two distinct temperature drops at lower altitudes (at PT
around 400 K) lead to two small short-term increases in the
mean and maximum OClO SCDs.

Looking at the parameter-resolved (longitude, temperature
and PT) time series (Fig. 14), one can notice that the high
OClO SCDs already appear at rather high local temperatures
and low PV values on 11 August and more clearly on several
days after 18 August. A mixing towards low PV values after
5 September can also be seen, being especially strong at the
beginning of the second week of this month, which coincides
with the sudden stratospheric warming episode. The small
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Figure 16. Same as Fig. 1 but for the Antarctic winter 2020.

Figure 17. Same as Fig. 11 but for the Antarctic winter 2020.
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Figure 18. Same as Fig. 3 but for the Antarctic winter 2020.

chlorine activation events at the beginning of October can
be well distinguished in all parameter-resolved time series
of OClO SCDs, occurring at the lowermost temperatures and
the highest PV values. We can speculate that this potential for
further chlorine activation indicates that not all ozone in the
polar vortex was destroyed by the initially activated chlorine.
This indicates that chlorine could in principle be reactivated
again if the temperatures become low enough, as is usually
the case in the Arctic.

4.2.3 Winter 2020

While so far no scientifically peer-reviewed analysis of this
winter could be found, the SH winter 2020, although with
a usual development at the beginning, has been reported by
meteorological surveys (e.g. Copernicus, 2021) as having
one of the largest, deepest and longest persisting ozone holes
of the past 40 years during the time period of October to De-
cember. The earlier months of this winter however show a
vortex development, which corresponds to typical Antarc-
tic conditions. Nevertheless, rather similar timing and levels
of OClO SCDs and PSC evidence as for August to October
2018, thus also during the deactivation period (Figs. 16, 17
and 18), are observed. During June to August, lower OClO
SCDs are observed at the coldest temperatures and at the
highest potential vortex values for this winter than in 2018.
An exception however is the already slightly increased OClO
SCDs in April (already since the middle of March, not shown
here). So far we do not have a clear explanation for this find-

ing, except increased backscatter ratios in CALIOP data in
May 2020 compared to those in previous years. For the polar
mean PSC evidence (black line in Fig. 18c), values distin-
guishable from zero can already be observed at the beginning
of May, which was not the case for the previous SH win-
ters. The local PSC evidence (Fig. 18b) has sporadic values
slightly above zero, which however seems not to be corre-
lated with the collocated SCDs (Fig. 18a). We also do not see
a clear local correlation between the backscatter ratios and
OClO SCDs when they are at low levels (see Appendix B).
The meteorological conditions plotted in Fig. 16 seem to be
similar as for the years before, with temperature well above
TNAT. At the beginning of April, the spatial distribution of
the increased OClO SCDs is also not associated with areas
of high PV within the polar vortex (Fig. 17d). The OClO
SCDs decrease to zero again in October as for the years be-
fore, largely excluding the possibility of a systematic instru-
mental effect. Note that a similar increase is also consistently
observed in the preliminary Sentinel5P Innovation activity
(S5p+I) operational TROPOMI OClO product (Mayer et al.,
2020) OClO SCD data, and the ground-based zenith sky ob-
servations at Neumayer station in Antarctica show a slightly
larger diurnal variability in April and May than for the previ-
ous two winters as shown in Puk, ı̄te et al. (2021).
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5 Conclusions

We related our new dataset of TROPOMI OClO SCDs to
meteorological parameters driving polar vortex dynamics
and thus also PSC formation and chlorine activation. OClO
SCDs are also compared directly to PSC measurements from
CALIOP on CALIPSO. The great advantage of satellite ob-
servations was exploited in the way that, in addition to the
temporal evolution of the chlorine activation, its spatial fea-
tures were also investigated. The TROPOMI OClO SCDs
are generally well correlated with meteorological parame-
ters. The most important findings are that the chlorine ac-
tivation signal appears as a sharp gradient of the OClO SCDs
once the local temperature drops approximately below T ′NAT
(3 K below TNAT), thus being in agreement with previous
research. For the Northern Hemisphere (NH), the sharp in-
crease is also well related to such a dropping of the hemi-
spheric minimum temperature (possibly because of a better
mixing of air masses within the vortex), while in the SH,
a weaker relation with respect to the hemispheric minimum
temperature is found. A relation with the lee sides of moun-
tains can also be observed at the beginning of the winters,
indicating a possible association of OClO formation with lee
waves.

The comparison of the OClO SCDs to PSC measurements
from CALIOP on CALIPSO reveals that increased OClO
SCDs in most instances coincide well with CALIOP mea-
surements where PSCs are detected. Increased OClO SCDs
however do not always coincide with enhanced PSC evi-
dence. While in many cases increased OClO SCDs without
coinciding PSC could be caused by transport or mixing and
the presence of PSCs somewhere else in the polar region, at
the beginning of winter, the observed moderate-level OClO
SCDs could not be clearly associated with the presence of
PSCs detected by CALIOP.

High OClO SCDs reaching 3×1014 cm−2 at maximum are
observed for the very cold stratospheric NH winter 2019/20
with its very stable polar vortex, thus being close to the max-
imum values found for the SH winters.

An extraordinary winter was observed in the SH in 2019,
with a minor sudden stratospheric warming at the beginning
of September. Until this event, similar OClO SCDs in this
winter were observed compared to the previous winters, but
the deactivation occurred about 1–2 weeks earlier in this win-
ter.

Further investigations are still needed with respect to the
exceptional OClO increase, which goes along with increased
backscatter ratios compared to previous winters but is not
correlated with the stratospheric meteorology in late March
and April in 2020 in the SH, where a larger OClO SCD
signal above the typical uncertainty range was observed (∼
5× 1013 cm−2), which is also observed in the S5P+I data.

Figure A1. (a) 2D box AMFs for a clear-sky atmosphere. (b) Rel-
ative OClO number density profiles used for the sensitivity studies.

Appendix A: Radiative transfer effects on the
sensitivity area of OClO SCDs

At high SZAs, direct sunlight crosses the atmosphere at very
slant paths. Afterwards (with or without undergoing addi-
tional scattering before), it is scattered along the line of sight
towards the instrument. The distribution of the light that is
detected by the instrument is expected to vary both vertically
and horizontally, depending on the scattering and absorbing
properties of the atmosphere and the ground (e.g. the air den-
sity, trace gas concentration or PSC presence and ground
albedo), of the light (i.e. wavelength) and of the solar and
viewing geometries. OClO slant column densities (SCDs)
can most directly be interpreted as OClO number densities
integrated along the light paths that contribute to the mea-
surement. Thus the contribution of a certain area to the mea-
surement depends both on the light paths that cross this area
and the OClO number density there.

We use the 3D full spherical radiative transfer model
(RTM) McArtim (Deutschmann et al., 2011; Deutschmann,
2014) to quantify the spatial sensitivity of the measured
OClO SCDs by obtaining so-called box AMFs Bi :

Bi =
Li

1hi
, (A1)

where Li is the effective light path in the 2D box i with a ver-
tical resolution 1hi , also being horizontally resolved along
the direction from the line-of-sight coordinate towards the
Sun.

Box AMFs obtained for an aerosol-free atmosphere (with
a 1 km vertical resolution and a 0.2◦ (22 km) horizontal res-
olution) at a SZA of 89.5◦ at the measurement location are
illustrated in Fig. A1a. As expected, the largest box AMFs
(effective light paths) occur near the line-of-sight position at
altitudes of around 19 km. Areas through which the light has
travelled also have increased box AMF values.

To evaluate the contribution of these areas to the OClO
SCDs, we need to multiply these box AMFs with the local
OClO number densities. To consider the variability in the
OClO distributions, we base our calculations on OClO num-
ber density profiles which are shifted in altitude. We con-
sider here two Gaussian shape profiles with a full width at
half maximum (FWHM) of 6 km and peaks at 17 or 20 km.
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Figure A2. (a, c) Simulated partial SCDs (products of the box
AMFs and the local OClO number density values) calculated for
the profile with the peak at 17 km (a) and 20 km (c). (b, d) Hor-
izontally (b) and vertically (d) integrated partial SCDs with mass
centres indicated.

The profiles are illustrated in Fig. A1b. With regard to the
horizontal variability, we assume that the OClO photolysis
rate varies linearly from 0.015 to 0.05◦ s−1 between SZAs
of 90 and 85◦, consistent with the calculations in Kühl et
al. (2004a); thus OClO decreases in the direction of the Sun
proportionally to the inverse of the photolysis rate. Note that
atmospheric dynamics could increase the gradient even fur-
ther (as typically potential vorticity decreases towards lower
latitudes), so the evaluation here would represent the largest
horizontal extension scenario.

Figure A2a and c show the obtained partial SCDs (prod-
ucts of box AMFs and local OClO number densities) calcu-
lated for the profile with the peak at 17 km (a) and 20 km (b),
respectively. Horizontally and vertically integrated SCDs are
shown on the right (panels b and d, respectively). A clear
maximum at the line-of-sight location is obtained at altitudes
slightly above the simulated profile peak, with an exocentric
distribution towards the direction of the Sun. We find that the
mass centre of the sensitivity area for this simulation is lo-
cated 100 km (for the profile with peak at 20 km) and 80 km
(peak at 17 km) from the line-of-sight coordinate.

The possible presence of PSCs in the stratosphere is sup-
posed to provide a strong effect on the scattering properties
and thus also an effect on the stratospheric OClO measure-
ments. Therefore, we have performed tests with variable PSC
amounts based on the aerosol climatology as presented in
Vanhellemont et al. (2005) inside the polar vortex. We found
that the mass centre for cases with PSCs present is now
slightly closer to the line-of-sight location. Assuming PSC
profiles with a PSC extinction that is 3 times larger than the
presented median values in the climatology, the mass cen-
tre of the sensitivity area is located 60–80 km (depending on
the assumed peak altitude) from the line-of-sight coordinate.
Thus, the effect is rather limited.

To test the effect on the comparison plots, we considered
as the measurement location the coordinate that is 100 km to-
wards the Sun from the line-of-sight coordinate, i.e. the max-
imum possible displacement of the mass centre of the sensi-
tivity distribution. We repeated the calculations with this as-
sumption for winter 2019/20 in the NH and 2020 in the SH.
The plots are shown in Figs. A3 and A4. The results for the
shifted measurement coordinate follow those with the con-
sidered measurement location at the line-of-sight coordinate
very well (as in Figs. 8 and 17). Only a shift by about 1 K
temperature between the results is observed. The shift in PV
is somehow larger near the polar vortex boundaries (due to
the larger gradient) but is still below the resolution of the PV
used in the plots (5 PVU).

For the comparison to the PSC evidence, the shift of
100 km towards the Sun also has no substantial effect (com-
pare Fig. A5 for winter 2020 in SH with the corresponding
plots in Fig. 18) despite the lower PSC evidence values in the
first half of the winter.
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Figure A3. Same as Fig. 8 but with the assumed measurement location coordinate shifted by 100 km from the line-of-sight coordinate
towards the Sun.

https://doi.org/10.5194/acp-22-245-2022 Atmos. Chem. Phys., 22, 245–272, 2022



266 J. Puk, ı̄te et al.: OClO from TROPOMI

Figure A4. Same as Fig. 17 but with the assumed measurement location coordinate shifted by 100 km from the line-of-sight coordinate
towards the Sun.

Figure A5. Same as Fig. 18a and b but with the assumed measurement location coordinate shifted by 100 km from the line-of-sight coordinate
towards the Sun.
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Appendix B: PSC evidence and aerosol backscatter
ratio in comparison to OClO SCDs

Here, we investigate how well the PSC evidence can rep-
resent PSCs in comparison to the aerosol backscatter ra-
tios for the comparison with the OClO SCDs in a case
study for months during the PSC activation period (May–
July 2020 in SH). Therefore, the mean backscattered ratio for
the same altitude range (i.e. for altitudes above 4 km above
the tropopause) and for the same collocation criteria as for
the PSC evidence (Sect. 3) was calculated from the CALIOP
data. The OClO SCDs and the mean backscatter ratios are
plotted in Fig. B1. In Fig. B2a and b, the correlation plot be-
tween the PSC evidence and the mean backscatter ratios is
shown, (a) for May–July 2020 and (b) only for May 2020.
Please note the different x and y axis scales. It is found that
in the case of low mean PSC backscatter values (in May), no
good correlation with the PSC evidence can be seen. Since
PSCs are detected by testing whether the total backscatter
ratio and/or the perpendicular backscatter are above a cer-
tain threshold at individual altitudes (Pitts et al., 2009), it is
understandable that for the mean backscatter ratios there is
no clear threshold. By also including time periods with large
PSC backscatter values, however, a more clear relationship
can be seen. Only few cases with very large mean backscatter
ratios fall out of the slope because the representation of the
PSC abundance by the PSC evidence is limited by the differ-
ent spatial averaging intervals, with the minimum being the
spatial resolution of the individual measurement. Thus, the
PSC evidence for very dense PSC clouds is underestimated.

In order to understand which quantity better relates with
the OClO SCDs, we plot the correlation between the OClO
SCDs and either the PSC evidence (Fig. B2c and d) or the
mean backscatter ratio (Fig. B2e and f). In the case of low
PSC/stratospheric aerosol levels (especially in the plots for
May 2020), there is a better relation between the OClO SCDs
and the PSC evidence: in the case of increased PSC evidence,
OClO SCDs are generally increased (distinct from zero). For
the mean backscatter ratio, the scatter of the data points is too
large to see a relation between this quantity and the OClO
SCDs for May. Given the somehow better sensitivity of the
PSC evidence for low PSC levels, we conclude that the PSC
evidence is a well-suited quantity for the detection of PSCs
from CALIOP.

https://doi.org/10.5194/acp-22-245-2022 Atmos. Chem. Phys., 22, 245–272, 2022



268 J. Puk, ı̄te et al.: OClO from TROPOMI

Figure B1. (a) Same as Fig. 18a but with data for May–July 2020. (b) Collocated mean backscatter ratios.

Figure B2. (a, b) Correlation plots between PSC evidence and the mean backscatter ratio. (c, d) Correlation plots between the OClO SCDs
and the PSC evidence. (e, f) Correlation plots between the OClO SCDs and the mean backscatter ratio. In panels (a, c, e), data for May–July
2020 are considered, and in panels (b, d, f), just data for May 2020 are included.

Atmos. Chem. Phys., 22, 245–272, 2022 https://doi.org/10.5194/acp-22-245-2022



J. Puk, ı̄te et al.: OClO from TROPOMI 269

Data availability. Data are available upon request from the corre-
sponding author.

Author contributions. JP, with the support of CB, SD, MG and
TW, performed the study and analysed the results. CB, with the sup-
port of JP and TW, retrieved OClO SCDs from TROPOMI measure-
ments. SD downloaded and maintained the local ECMWF dataset.
JP prepared the manuscript with supervision by TW and comments
by all co-authors.

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 in published maps and
institutional affiliations.

Acknowledgements. We acknowledge ESA and the
SP5/TROPOMI team for providing TROPOMI L1b data. We
acknowledge the use of ECMWF ERA5 data: we use the
modified Climate Change Service information and/or modified
Copernicus Atmosphere Monitoring Service information (for the
years 2017–2020). Neither the European Commission nor ECMWF
is responsible for any use that may be made of the Copernicus
information or data it contains. We also acknowledge NASA and
the CALIPSO/CALIOP team for the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) Lidar Level 2
Polar Stratospheric Clouds (PSC) Mask, Provisional Version 1-10
data product. These data were obtained from the NASA Langley
Research Center Atmospheric Science Data Center. Last but not
least, we thank Udo Frieß, Carl-Fredrik Enell, Uwe Raffalksi and
Andreas Richter for their fruitful comments on this paper and
their contributions to the validation of the new OClO dataset as
presented in Puk, ı̄te et al. (2021).

Financial support. The article processing charges for this open-
access publication were covered by the Max Planck Society.

Review statement. This paper was edited by Farahnaz Khosrawi
and reviewed by two anonymous referees.

References

Achtert, P., Khosrawi, F., Blum, U., and Fricke, K.-H.: Investiga-
tion of polar stratospheric clouds in January 2008 by means of
ground-based and space-borne lidar measurements and micro-
physical box model simulations, J. Geophys. Res., 116, D07201,
https://doi.org/10.1029/2010JD014803, 2011.

Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, V., Ladstatter-
Weissenmayer, A., Richter, A., DeBeek, R., Hoogen, R., Bram-
stedt, K., Eichmann, K. U., and Eisinger, M.: The global
ozonemonitoring experiment (GOME): Mission concept and first
sci-entific results, J. Atmos. Sci., 56, 151–175, 1999.

Butler, A. H., Lawrence, Z. D., Lee, S. H., Lillo, S. P., and Long,
C. S.: Differences between the 2018 and 2019 stratospheric po-
lar vortex split events, Q. J. Roy. Meteor. Soc. 146, 3503–3521,
https://doi.org/10.1002/qj.3858, 2020.

Carslaw, K. S., Luo, B. P., Clegg, S. L., Peter, T., Brimble-
combe, P., and Crutzen, P. J.: Stratospheric aerosol growth and
HNO3 gas phase depletion from coupled HNO3 and water up-
take by liquid particles, Geophys. Res. Lett., 21, 2479–2482,
https://doi.org/10.1029/94GL02799, 1994.

Copernicus web site: The 2020 Antarctic Ozone Hole Season, https:
//atmosphere.copernicus.eu/2020-antarctic-ozone-hole-season,
last access: 29 July 2021.

Deutschmann, T.: On Modeling Elastic and Inelastic Polarized Ra-
diation Transport in the Earth Atmosphere with Monte Carlo
Methods, PhD thesis, University of Leipzig, Leipzig, Germany,
2014.

Deutschmann, T., Beirle, S., Frieß, U., Grzegorski, M., Kern, C.,
Kritten, L., Platt, U., Puk, ı̄te, J., Wagner, T., Werner, B., and Pfeil-
sticker, K.: The Monte Carlo Atmospheric Radiative Transfer
Model McArtim: Introduction and Validation of Jacobians and
3D Features, J. Quant. Spectrosc. Ra., 112, 1119–1137, 2011.

Drdla, K. and Müller, R.: Temperature thresholds for chlorine ac-
tivation and ozone loss in the polar stratosphere, Ann. Geo-
phys., 30, 1055–1073, https://doi.org/10.5194/angeo-30-1055-
2012, 2012.

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of
total ozone in Antarctica reveal seasonal ClOx/NOx interaction,
Nature, 315, 207–210, 1985.

Gil, M., Puentedura, O., Yela, M., Parrondo, C., Jadhav, D. B., and
Thorkelsson, B.: OClO, NO2 and O3 total column observations
over Iceland during the winter 1993/94, Geophys. Res. Lett., 23,
3337–3340, 1996.

Grooß, J.-U. and Müller, R.: Simulation of record Arctic strato-
spheric ozone depletion in 2020, J. Geophys. Res.-Atmos., 126,
e2020JD033339, https://doi.org/10.1029/2020JD033339, 2021.

Grooß, J.-U., Brautzsch, K., Pommrich, R., Solomon, S., and
Müller, R.: Stratospheric ozone chemistry in the Antarc-
tic: what determines the lowest ozone values reached and
their recovery?, Atmos. Chem. Phys., 11, 12217–12226,
https://doi.org/10.5194/acp-11-12217-2011, 2011.

Hall, R. J., Mitchell, D. M., Seviour, W. J. M., and Wright,
C. J.: Tracking the Stratosphere-to-Surface Impact of Sud-
den Stratospheric Warmings, J. Geophys. Res.-Atmos., 126,
e2020JD033881, https://doi.org/10.1029/2020JD033881, 2021.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A.,
Muñoz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum,
I., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thé-

https://doi.org/10.5194/acp-22-245-2022 Atmos. Chem. Phys., 22, 245–272, 2022

https://doi.org/10.1029/2010JD014803
https://doi.org/10.1002/qj.3858
https://doi.org/10.1029/94GL02799
https://atmosphere.copernicus.eu/2020-antarctic-ozone-hole-season
https://atmosphere.copernicus.eu/2020-antarctic-ozone-hole-season
https://doi.org/10.5194/angeo-30-1055-2012
https://doi.org/10.5194/angeo-30-1055-2012
https://doi.org/10.1029/2020JD033339
https://doi.org/10.5194/acp-11-12217-2011
https://doi.org/10.1029/2020JD033881


270 J. Puk, ı̄te et al.: OClO from TROPOMI

paut, J-N.: ERA5 hourly data on single levels from 1979 to
present, Copernicus Climate Change Service (C3S) Climate Data
Store (CDS), https://doi.org/10.24381/cds.adbb2d47 (last access:
1 April 2021), 2018.

Hommel, R., Eichmann, K.-U., Aschmann, J., Bramstedt, K.,
Weber, M., von Savigny, C., Richter, A., Rozanov, A., Wit-
trock, F., Khosrawi, F., Bauer, R., and Burrows, J. P.: Chemi-
cal ozone loss and ozone mini-hole event during the Arctic win-
ter 2010/2011 as observed by SCIAMACHY and GOME-2, At-
mos. Chem. Phys., 14, 3247–3276, https://doi.org/10.5194/acp-
14-3247-2014, 2014.

Kivi, R., Dörnbrack, A., Sprenger, M., and Vömel H.: Far-Ranging
Impact of Mountain Waves Excited Over Greenland on Strato-
spheric Dehydration and Rehydration, J. Geophys. Res.-Atmos.,
125, e2020JD033055, https://doi.org/10.1029/2020JD033055,
2020.

Klekociuk, A. R., Tully, M. B., Krummel, P. B., Henderson, S. I.,
Smale, D., Querel, R., Nichol, S., Alexander, S. P., Fraser, P. J.,
and Nedoluha, G.: The Antarctic ozone hole during 2018 and
2019, Journal of Southern Hemisphere Earth Systems Science,
71, 66–91, https://doi.org/10.1071/ES20010, 2021.

Koop, T., Biermann, U. M., Raber, W., Luo, B. P., Crutzen, P. J.,
and Peter, T.: Do stratospheric aerosol droplets freeze above the
ice frost point?, Geophys. Res. Lett., 22, 917–920, 1995.

Krecl, P., Haley, C. S., Stegman, J., Brohede, S. M., and Berthet,
G.: Retrieving the vertical distribution of stratospheric OClO
from Odin/OSIRIS limb-scattered sunlight measurements, At-
mos. Chem. Phys., 6, 1879–1894, https://doi.org/10.5194/acp-6-
1879-2006, 2006.

Kreher, K., Keys, J. G., Johnston, P. V., Platt, U., and Liu, X.:
Ground-based measurements of OClO and HCl in austral spring
1993 at Arrival Heights, Antarctica, Geophys. Res. Lett., 23,
1545–1548, 1996.

Kühl, S., Dornbrack, A., Wilms Grabe, W., Sinnhuber, B. M., Platt,
U., and Wagner, T.: Observational evidence of rapid chlorine ac-
tivation by mountain waves above northern Scandinavia, J. Geo-
phys. Res.-Atmos., 109, 1–18, 2004a.

Kühl, S., Wilms-Grabe, W., Beirle, S., Frankenberg, C., Grzegorski,
M., Hollwedel, J., Khokhar, F., Kraus, S., Platt, U., Sanghavi,
S., von Friedeburg, C., and Wagner, T.: Stratospheric chlorine
activation in the Arctic winters 1995/1996–2001/2002 derived
from GOME OClO measurements, Adv. Space Res., 34, 798–
803, 2004b.

Kühl, S., Wilms-Grabe, W., Frankenberg, C., Grzegorski, M., Platt,
U., and Wagner, T.: Comparison of OClO nadir measurements
from SCIAMACHY and GOME, Adv. Space Res., 37, 2247–
2253, https://doi.org/10.1016/j.asr.2005.06.061, 2006.

Kühl, S., Puk, ı̄te, J., Deutschmann, T., Platt, U., and Wagner, T.:
SCIAMACHY limb measurements of NO2, BrO and OClO,
Retrieval of vertical profiles: Algorithm, first results, sensitiv-
ity and comparison studies, Adv. Space Res., 42, 1747–1764,
https://doi.org/10.1016/j.asr.2007.10.022, 2008.

Larsen, N.: Polar Stratospheric Clouds – Microphysical and optical
models, Danish Meteorological Institute Scientific Report 00-06,
Copenhagen, 2000.

Lawrence, Z. D., Perlwitz, J., Butler, A. H., Manney, G. L.,
Newman, P. A., Lee, S. H., and Nash, E. R.: The re-
markably strong Arctic stratospheric polar vortex of win-
ter 2020: Links to record-breaking Arctic oscillation and

ozone loss, J. Geophys. Res.-Atmos., 125, e2020JD033271,
https://doi.org/10.1029/2020JD033271, 2020.

Lee, S. H.: The stratospheric polar vortex and sud-
den stratospheric warmings, Weather, 76, 12–13,
https://doi.org/10.1002/wea.3868, 2020.

Lee, S. H. and Butler, A. H.: The 2018–2019 Arctic stratospheric
polar vortex, Weather, 75, 52–57, 2020.

Mann, G. W., Davies, S., Carslaw, K. S., and Chipperfield,
M. P.: Factors controlling Arctic denitrification in cold
winters of the 1990s, Atmos. Chem. Phys., 3, 403–416,
https://doi.org/10.5194/acp-3-403-2003, 2003.

Manney, G. L., Livesey, N. J., Santee, M. L., Froidevaux, L.,
Lambert, A., Lawrence, Z. D., Millán, L. F., Neu, J. L.,
Read, W. G., Schwartz, M. J., and Fuller, R. A.: Record-
low Arctic stratospheric ozone in 2020: MLS observations
of chemical processes and comparisons with previous ex-
treme winters, Geophys. Res. Lett., 47, e2020GL089063,
https://doi.org/10.1029/2020GL089063, 2020.

Maturilli, M. and Dörnbrack, A.: Polar stratospheric ice cloud
above Spitsbergen, J. Geophys. Res.-Atmos., 111, D18210,
https://doi.org/10.1029/2005JD006967, 2006.

Meier, A., Richter, A., Pinardi, G., and Lerot, C.: S5p OClO Al-
gorithm Theoretical Baseline Document V2.2, available at: http:
//www.iup.uni-bremen.de/doas/s5poclo.htm (last access: 6 Jan-
uary 2022), 2020.

McElroy, M. B., Salawitch, R. J., Wofsy, S. C., and Logan, J. A.:
Reductions of Antarctic ozone due to synergistic interactions of
chlorine and bromine, Nature, 321, 759–762, 1986.

Molina, L. T. and Molina M. J.: Production of Cl2O2 from the self
reaction of the ClO radical, J. Chem. Phys., 91, 433–436, 1987.

Müller, R., Peter, T., Crutzen, P. J., Oelhaf, H., Adrian, G. P., v.
Clarmann, T., Wegner, A., Schmidt, U., and Lary, D.: Chlorine
chemistry and the potential for ozone depletion in the Arctic
stratosphere in the winter of 1991/92, Geophys. Res. Lett., 21,
1427–1430, 1994.

Nakajima, H., Wohltmann, I., Wegner, T., Takeda, M., Pitts, M. C.,
Poole, L. R., Lehmann, R., Santee, M. L., and Rex, M.: Po-
lar stratospheric cloud evolution and chlorine activation mea-
sured by CALIPSO and MLS, and modeled by ATLAS, At-
mos. Chem. Phys., 16, 3311–3325, https://doi.org/10.5194/acp-
16-3311-2016, 2016.

Nakajima, H., Murata, I., Nagahama, Y., Akiyoshi, H., Saeki, K.,
Kinase, T., Takeda, M., Tomikawa, Y., Dupuy, E., and Jones,
N. B.: Chlorine partitioning near the polar vortex edge observed
with ground-based FTIR and satellites at Syowa Station, Antarc-
tica, in 2007 and 2011, Atmos. Chem. Phys., 20, 1043–1074,
https://doi.org/10.5194/acp-20-1043-2020, 2020.

NASA/LARC/SD/ASDC: CALIPSO Lidar Level 2 Polar Strato-
spheric Clouds presents, composition, and optical properties,
V1-10, NASA Langley Atmospheric Science Data Center
DAAC [data set], https://doi.org/10.5067/CALIOP/CALIPSO/
CAL_LID_L2_PSCMASK-PROV-V1-10 (last access: 17 April
2021), 2016.

Oetjen, H., Wittrock, F., Richter, A., Chipperfield, M. P., Medeke,
T., Sheode, N., Sinnhuber, B.-M., Sinnhuber, M., and Bur-
rows, J. P.: Evaluation of stratospheric chlorine chemistry
for the Arctic spring 2005 using modelled and measured
OClO column densities, Atmos. Chem. Phys., 11, 689–703,
https://doi.org/10.5194/acp-11-689-2011, 2011.

Atmos. Chem. Phys., 22, 245–272, 2022 https://doi.org/10.5194/acp-22-245-2022

https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.5194/acp-14-3247-2014
https://doi.org/10.5194/acp-14-3247-2014
https://doi.org/10.1029/2020JD033055
https://doi.org/10.1071/ES20010
https://doi.org/10.5194/acp-6-1879-2006
https://doi.org/10.5194/acp-6-1879-2006
https://doi.org/10.1016/j.asr.2005.06.061
https://doi.org/10.1016/j.asr.2007.10.022
https://doi.org/10.1029/2020JD033271
https://doi.org/10.1002/wea.3868
https://doi.org/10.5194/acp-3-403-2003
https://doi.org/10.1029/2020GL089063
https://doi.org/10.1029/2005JD006967
http://www.iup.uni-bremen.de/doas/s5poclo.htm
http://www.iup.uni-bremen.de/doas/s5poclo.htm
https://doi.org/10.5194/acp-16-3311-2016
https://doi.org/10.5194/acp-16-3311-2016
https://doi.org/10.5194/acp-20-1043-2020
https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_PSCMASK-PROV-V1-10
https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_PSCMASK-PROV-V1-10
https://doi.org/10.5194/acp-11-689-2011


J. Puk, ı̄te et al.: OClO from TROPOMI 271

Peter, T. and Grooß, J.-U.: Polar Stratospheric Clouds and Sulfate
Aerosol Particles: Microphysics, Denitrification and Heteroge-
neous chemistry, in: Stratospheric Ozone Depletion and Climate
Change, edited by: Müller, R., RSC Publishing, Royal Society
of Chemistry, Cambridge, UK, ISBN 978-1-84973-002-0, 108–
144, 2012.

Peter, T., Bruhl, C., and Crutzen, P. J.: Increase in the PSC-
formation probability caused by high-flying aircraft, Geophys.
Res. Lett., 18, 1465–1468, https://doi.org/10.1029/91GL01562,
1991.

Pitts, M. C., Poole, L. R., and Thomason, L. W.: CALIPSO polar
stratospheric cloud observations: second-generation detection al-
gorithm and composition discrimination, Atmos. Chem. Phys., 9,
7577–7589, https://doi.org/10.5194/acp-9-7577-2009, 2009.

Platt, U. and Stutz, J.: Differential Optical Absorption Spec-
troscopy. Principles and Applications, Series: Physics of
Earth and Space Environments, Springer, Heidelberg, 597 pp.,
https://doi.org/10.1007/978-3-540-75776-4, 2008.

Puk, ı̄te, J., Kühl, S., Deutschmann, T., Platt, U., and Wagner, T.: Ac-
counting for the effect of horizontal gradients in limb measure-
ments of scattered sunlight, Atmos. Chem. Phys., 8, 3045–3060,
https://doi.org/10.5194/acp-8-3045-2008, 2008.

Puk, ı̄te, J., Borger, C., Dörner, S., Gu, M., Frieß, U., Meier,
A. C., Enell, C.-F., Raffalski, U., Richter, A., and Wag-
ner, T.: Retrieval algorithm for OClO from TROPOMI (TRO-
POspheric Monitoring Instrument) by differential optical ab-
sorption spectroscopy, Atmos. Meas. Tech., 14, 7595–7625,
https://doi.org/10.5194/amt-14-7595-2021, 2021.

Richter, A., Wittrock, F., Weber, M., Beirle, S., Kühl, S., Platt, U.,
Wagner, T., Wilms-Grabe, W., and Burrows, J. P.: GOME obser-
vations of stratospheric trace gas distributions during the splitting
vortex event in the Antarctic winter of 2002, Part I: Measure-
ments, J. Atmos. Sci., 62, 778–785, 2005.

Rozemeijer, N. and Kleipool, Q.: S5P Mission Performance
Centre Level 1b Readme, Tech. Rep. S5P-MPC-KNMI-
PRF-L1B, issue 2.2.0, product version V01.00.00, avail-
able at: http://www.tropomi.eu/sites/default/files/files/
publicSentinel-5P-Level-1b-Product-Readme-File.pdf (last
access: 5 October 2020), 2019.

Sander, S. P., and Friedl, R. R.: Kinetics and Product Studies of the
Reaction ClO + BrO Using Flash Photolysis-Ultraviolet Absorp-
tion, J. Phys. Chem., 93, 4764–4771, 1989.

Schiller, C. and Wahner, A.: Comment on “Stratospheric OClO
Measurements as a poor quantitative indicator of chlorine activa-
tion” by J. Sessler, M. P. Chipperfield, J. A. Pyle and R. Toumi,
Geophys. Res. Lett., 23, 1053–1054, 1996.

Sinnhuber, B.-M., Weber, M., Amankwah, A., and Bur-
rows, J. P.: Total ozone during the unusual Antarc-
tic winter of 2002, Geophys. Res. Lett., 30, 1580,
https://doi.org/10.1029/2002GL016798, 2003.

Solomon, S.: Stratospheric ozone depletion: A review
of concepts and history, Rev. Geophys., 37, 275–316,
https://doi.org/10.1029/1999RG900008, 1999.

Solomon, S., Garcia, R. R., Rowland, F. S., and Wuebbles, D. J.: On
the depletion of Antarctic ozone, Nature, 321, 755–758, 1986.

Solomon, S., Mount, G. H., Sanders, R. W., and Schmeltekopf,
A. L.: Visible spectrospcopy at McMurdo Station, Antarctica, 2,
Observations of OC1O, J. Geophys. Res., 92, 8329–8338, 1987.

Solomon, S., Mount, G. H., Sanders, R. W., Jakoubek, R. O., and
Schmeltekopf, A. L.: Observations of the nighttime abundance
of OClO in the winter stratosphere above Thule, Greenland, Sci-
ence, 242, 550–555, 1988.

Solomon, S., Sanders, R. W., and Miller, H. L.: Visible and Near-
Ultraviolet Spectroscopy at McMurdo Station, Antarctica 7.
OClO Photochemistry and Ozone destruction, J. Geophys. Res.,
95, 13807–13817, 1990.

Solomon, S., Kinnison, D., Bandoro, J., and Garcia, R.: Simulation
of polar ozone depletion: An update, J. Geophys. Res.-Atmos.,
120, 7958–7974, https://doi.org/10.1002/2015JD023365, 2015.

Stolarski, R. S. and Cicerone, R. J.: Stratospheric chlorine: A pos-
sible sink for ozone, Can. J. Chem., 52, 1610–1615, 1974.

Tritscher, I., Pitts, M. C., Poole, L. R., Alexander, S. P.,
Cairo, F., Chipperfield, M. P., Grooß, J.-U., Höpfner, M.,
Lambert, A., Luo, B., Molleker, S., Orr, A., Salawitch, R.,
Snels, M., Spang, R., Woiwode, W., and Peter, T.: Po-
lar stratospheric clouds: Satellite observations, processes, and
role in ozone depletion, Rev. Geophys., 59, e2020RG000702,
https://doi.org/10.1029/2020RG000702, 2021.

Vanhellemont, F., Fussen, D., Bingen, C., Kyrölä, E., Tamminen, J.,
Sofieva, V., Hassinen, S., Verronen, P., Seppälä, A., Bertaux, J.
L., Hauchecorne, A., Dalaudier, F., Fanton d’Andon, O., Barrot,
G., Mangin, A., Theodore, B., Guirlet, M., Renard, J. B., Fraisse,
R., Snoeij, P., Koopman, R., and Saavedra, L.: A 2003 strato-
spheric aerosol extinction and PSC climatology from GOMOS
measurements on Envisat, Atmos. Chem. Phys., 5, 2413–2417,
https://doi.org/10.5194/acp-5-2413-2005, 2005.

Veefkind, J., Aben, I., McMullan, K., Förster, H., de Vries,
J., Otter, G., Claas, J., Eskes, H., de Haan, J., Kleipool,
Q., van Weele, M., Hasekamp, O., Hoogeveen, R., Landgraf,
J., Snel, R., Tol, P., Ingmann, P., Voors, R., Kruizinga, B.,
Vink, R., Visser, H., and Levelt, P.: TROPOMI on the ESA
Sentinel-5 Precursor: A GMES mission for global observations
of the atmospheric composition for climate, air quality and
ozone layer applications, Remote Sens. Environ., 120, 70–83,
https://doi.org/10.1016/j.rse.2011.09.027, 2012.

Voigt, C., Larsen, N., Deshler, T., Kröger, C., Schreiner, J., Mauers-
berger, K., Luo, B., Adriani, A., Cairo, F., Di Donfrancesco, G.,
Ovarlez, J., Ovarlez, H., Dörnbrack, A., Knudsen, B., and Rosen,
J.: In situ mountain-wave polar stratospheric cloud measure-
ments: Implications for nitric acid trihydrate formation, J. Geo-
phys. Res., 108, 8331, https://doi.org/10.1029/2001JD001185,
2003.

Voigt, C., Schlager, H., Luo, B. P., Dörnbrack, A., Roiger, A.,
Stock, P., Curtius, J., Vössing, H., Borrmann, S., Davies, S.,
Konopka, P., Schiller, C., Shur, G., and Peter, T.: Nitric Acid
Trihydrate (NAT) formation at low NAT supersaturation in Po-
lar Stratospheric Clouds (PSCs), Atmos. Chem. Phys., 5, 1371–
1380, https://doi.org/10.5194/acp-5-1371-2005, 2005.

Wagner, T., Leue, C., Pfeilsticker, K., and Platt, U.: Monitoring
of the stratospheric chlorine activation by Global Ozone Mon-
itoring Experiment (GOME) OClO measurements in the austral
and boreal winters 1995 through 1999, J. Geophys. Res., 106,
49714986, 2001.

Wagner, T., Wittrock, F., Richter, A., Wenig, M., Burrows, J.
P., Platt, U., Continuous monitoring of the high and persis-
tent chlorine activation during the Arctic winter 1999/2000 by

https://doi.org/10.5194/acp-22-245-2022 Atmos. Chem. Phys., 22, 245–272, 2022

https://doi.org/10.1029/91GL01562
https://doi.org/10.5194/acp-9-7577-2009
https://doi.org/10.1007/978-3-540-75776-4
https://doi.org/10.5194/acp-8-3045-2008
https://doi.org/10.5194/amt-14-7595-2021
http://www.tropomi.eu/sites/default/files/files/publicSentinel-5P-Level-1b-Product-Readme-File.pdf
http://www.tropomi.eu/sites/default/files/files/publicSentinel-5P-Level-1b-Product-Readme-File.pdf
https://doi.org/10.1029/2002GL016798
https://doi.org/10.1029/1999RG900008
https://doi.org/10.1002/2015JD023365
https://doi.org/10.1029/2020RG000702
https://doi.org/10.5194/acp-5-2413-2005
https://doi.org/10.1016/j.rse.2011.09.027
https://doi.org/10.1029/2001JD001185
https://doi.org/10.5194/acp-5-1371-2005


272 J. Puk, ı̄te et al.: OClO from TROPOMI

the GOME instrument on ERS-2, J. Geophys. Res., 107, 8267,
https://doi.org/10.1029/2001JD000466, 2002.

Wang, Y., Shulga, V., Milinevsky, G., Patoka, A., Evtushevsky, O.,
Klekociuk, A., Han, W., Grytsai, A., Shulga, D., Myshenko, V.,
and Antyufeyev, O.: Winter 2018 major sudden stratospheric
warming impact on midlatitude mesosphere from microwave ra-
diometer measurements, Atmos. Chem. Phys., 19, 10303–10317,
https://doi.org/10.5194/acp-19-10303-2019, 2019.

Wargan, K., Weir, B., Manney, G. L., Cohn, S. E., and Livesey,
N. J.: The anomalous 2019 Antarctic ozone hole in the
GEOS Constituent Data Assimilation System with MLS ob-
servations, J. Geophys. Res.-Atmos., 125, e2020JD033335.
https://doi.org/10.1029/2020JD033335, 2020.

Weber, M., Eichmann, K.-U., Wittrock, F., Bramstedt, K., Hild, L.,
Richter, A., Burrows, J. P., and Üller, R. M.: The cold Arctic win-
ter 1995/96 as observed by GOME and HALOE: Tropospheric
wave activity and chemical ozone loss, Q. J. Roy. Meteor. Soc.,
128, 1293–1319, https://doi.org/10.1256/003590002320373300,
2002.

Weber, M., Dhomse, S., Wittrock, F., Richter, A., Sinnhu-
ber, B.-M., and Burrows, J. P.: Dynamical control of
NH and SH winter/spring total ozone from GOME ob-
servations in 1995–2002, Geophys. Res. Lett., 30, 1583,
https://doi.org/10.1029/2002GL016799, 2003.

Weber, M., Arosio, C., Feng, W., Dhomse, S. S., Chipperfield, M.
P., Meier, A., Burrows, J. P., Eichmann, K.-U., Richter, A., and
Rozanov, A.: The unusual stratospheric Arctic winter 2019/20:
Chemical ozone loss from satellite observations and TOM-
CAT chemical transport model, J. Geophys. Res.-Atmos., 126,
e2020JD034386, https://doi.org/10.1029/2020JD034386, 2021.

WMO (World Meteorological Organization), Scientific Assessment
of Ozone Depletion: Global Ozone Research and Monitoring
Project – Report no. 58, 588 pp., Geneva, Switzerland, 2018.

Yang, K. and Liu, X.: Ozone profile climatology for remote sens-
ing retrieval algorithms, Atmos. Meas. Tech., 12, 4745–4778,
https://doi.org/10.5194/amt-12-4745-2019, 2019.

Zuev V. V. and Savelieva E.: The cause of the spring strengthen-
ing of the Antarctic polar vortex, Dynam. Atmos. Oceans, 87,
101097, 2019.

Atmos. Chem. Phys., 22, 245–272, 2022 https://doi.org/10.5194/acp-22-245-2022

https://doi.org/10.1029/2001JD000466
https://doi.org/10.5194/acp-19-10303-2019
https://doi.org/10.1029/2020JD033335
https://doi.org/10.1256/003590002320373300
https://doi.org/10.1029/2002GL016799
https://doi.org/10.1029/2020JD034386
https://doi.org/10.5194/amt-12-4745-2019

	Abstract
	Introduction
	Relating meteorological parameters with OClO SCDs
	CALIOP PSC observations
	Interpretation of the TROPOMI OClO measurements with respect to meteorological quantities and CALIOP PSC observations
	Arctic winters
	Winter 2017/18
	Winter 2018/19
	Winter 2019/20

	Antarctic winters
	Winter 2018
	Winter 2019
	Winter 2020


	Conclusions
	Appendix A: Radiative transfer effects on the sensitivity area of OClO SCDs
	Appendix B: PSC evidence and aerosol backscatter ratio in comparison to OClO SCDs
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

