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Abstract. Polar stratospheric clouds (PSCs) are an important component of ozone chemistry in polar regions.
Studying the ozone-depleting processes requires a precise description of PSCs on a long-term basis. Although
satellite observations already yield high spatial coverage, continuous ground-based measurements covering long
time periods can be a valuable complement. In this study, differential optical absorption spectroscopy (DOAS)
instruments are used to investigate the occurrence of PSCs based on the so-called colour index (CI), i.e. the colour
of the zenith sky. Defined as the ratio between the observed intensities of scattered sunlight at two wavelengths,
it provides a method to detect PSCs during twilight even in the presence of tropospheric clouds. We present data
from instruments at the German research station Neumayer, Antarctica (71° S, 8° W), as well as Kiruna, Sweden
(68°N, 20° E), which have been in operation for more than 20 years. For a comprehensive interpretation of
the measurement data, the well-established radiative transfer model McArtim is used and radiances of scattered
sunlight are simulated at several wavelengths for different solar zenith angles and various atmospheric conditions.
The aim is to improve and evaluate the potential of this method. It is then used to infer the seasonal cycle and
the variability of PSC occurrence throughout the time series measured in both hemispheres. A good agreement
is found to satellite retrievals with deviations particularly in spring. The unexpectedly high signal observed in
the DOAS data during springtime suggests the influence of volcanic aerosol. This is also indicated by enhanced
aerosol extinction as seen from OMPS (Ozone Mapping and Profiler Suite) data but is not captured by other PSC
climatologies. The presented approach allows the detection of PSCs for various atmospheric conditions not only
for individual case studies but over entire time series, which is a decisive advance compared to previous work
on the PSC detection by ground-based instruments. Apart from the interannual variability, no significant trend is
detected for either measurement station. The averaged PSC relative frequency amounts to about 37 % above the
Neumayer station and about 18 % above Kiruna.
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1 Introduction

The discovery of the Antarctic ozone hole in the 1980s
increased scientific interest in polar stratospheric clouds
(PSCs). The cloud particles provide surfaces for heteroge-
neous reactions which convert halogen reservoir species into
radicals and are thus an important component of the catalytic
ozone destruction in the polar stratosphere (e.g. Solomon
et al., 1986; McElroy et al., 1986).

Polar stratospheric clouds appear as nacreous clouds par-
ticularly above Antarctica and near large longitudinal moun-
tain ranges in the Northern Hemisphere, e.g. the mountains
of Scandinavia. They typically form at altitudes of about 20
to 25 km in the winter polar stratosphere where temperatures
drop below the formation threshold. However, due to nucle-
ation barriers, temperatures below the existence temperature
are necessary for the formation of PSC particles. Over the
course of the winter, the altitude of PSC layers systemati-
cally decreases, corresponding to the changing temperature
profiles (von Savigny et al., 2005). In general, PSCs are dis-
tinguished based on their particle composition and charac-
teristics. They are composed of supercooled ternary solution
(STS), nitric acid trihydrate (NAT) and/or ice particles, rang-
ing from about 0.3 up to > 10 um (Tritscher et al., 2021, and
references therein).

The expected climatic changes in the stratosphere might
have an impact on the occurrence of PSCs. For example, vari-
ations in stratospheric water vapour affect ozone as well as
stratospheric temperatures (Shindell, 2001). Thus, it is espe-
cially important to monitor PSCs on a long-term basis.

Although satellites already provide measurements of PSCs
since the launch of the SAM-II (Stratospheric Aerosol Mea-
surement II) instrument on board the Nimbus 7 satellite (Mc-
Cormick et al., 1982), consistent measurement time series
also from ground-based instruments are important. Since li-
dar stations are often influenced by tropospheric clouds, dif-
ferential optical absorption spectroscopy (DOAS) measure-
ments are a valuable complement to the other data sets.

The time series presented in this work comprise data from
two stations in both hemispheres (Neumayer, Antarctica, and
Kiruna, Sweden) and spanning over 20 years of almost con-
tinuous observations. The two measurement stations and the
different data sets used in this study are introduced in the fol-
lowing section. The method is based on the so-called colour
index (CI), which is defined as the ratio of radiances at two
different wavelengths and was first introduced by Sarkissian
et al. (1991). Especially at high solar zenith angles (SZAs),
PSCs can strongly influence the atmospheric radiative trans-
fer. Thus, they can be detected even by ground-based in-
struments measuring zenith-scattered sunlight. Depending
on the altitude, optical properties and the considered wave-
lengths, PSCs can enhance or decrease the measured radi-
ances compared to the non-PSC case. The method is detailed
in Sect. 3. For a quantitative interpretation, measurements
need to be compared to radiative transfer simulations. Here,
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the radiative transfer model McArtim (Deutschmann et al.,
2011) is used to investigate the advantages and disadvantages
of different wavelength pairs for the calculation of the CI
(Sect. 3.1). A specific aspect that is investigated in this study
is the effect of whether PSCs are localised (such as lee wave
PSCs) or horizontally extended. The influence of additional
tropospheric cloud layers is also studied. The comparison to
measurement data is given in Sect. 3.2. Based on the findings
of the above-mentioned studies, the method is applied to de-
tect PSCs above both stations. Section 4 discusses the typical
features of the PSC seasonal cycle and compares the results
with satellite retrievals (Sect. 4.1). The main part comprises
a detailed analysis of the measurement time series from the
two stations (Sects. 5 and 6). Thereafter, in Sect. 6.1 the in-
fluence of volcanic aerosol on the data is discussed. Conclu-
sions can be found in Sect. 7.

2 Instrumentation

In this study, ground-based DOAS instruments were used to
detect PSCs. Originally, these instruments were designed to
retrieve information on the abundance of trace gases such as
NO,, BrO and OCIO. Here, only the differential slant column
densities (DSCDs) of the oxygen collision complex O4 are
used for filtering tropospheric cloud events. The algorithm is
detailed in the Appendix A. The detection of PSC cases is
based on the CI calculated for selected wavelengths of the
measured spectra.

We present data from two measurement stations. One
DOAS instrument is located at the German research station
Neumayer on the Ekstrom ice shelf in the Atlantic sector of
the Antarctic continent about 71° S and 8° W. The set-up con-
sists of two temperature-stabilised spectrometers in the UV
(320 to 422 nm) and visible (397 to 653 nm) spectral range.
It has been almost continuously operating since 1999, and a
detailed description can be found in Frief3 et al. (2001, 2005).
At the end of 2002, a change in the instrument set-up led to a
change in the light throughput of the spectrometer. Although
set up as MAX (Multi AXis)-DOAS, only zenith looking
measurements are considered in this study.

The other instrument is a zenith-sky DOAS in Kiruna,
Sweden, at about 68° N and 20° E. It was set up in Decem-
ber 1996. The detector system was moved inside the institute
building in 1999, which led to a stable air temperature and
thus also more stable instrument operation. Due to techni-
cal issues, there are no usable data for the winter seasons
between 2006 and 2013, after which a new detector system
was installed that has lower detector noise. The temperature-
stabilised spectrometer measures in the UV spectral range
from 267 to 397 nm. Details on the instrument are given in
Otten et al. (1998), Bugarski (2003) and Gottschalk (2013).

The wavelength calibration is conducted once for each
data set, i.e. for each spectrometer, using the spectrum of
a mercury lamp (in case of the Neumayer DOAS) or a sun

https://doi.org/10.5194/acp-22-15925-2022



B. Lauster et al.: Polar stratospheric clouds from ground-based zenith DOAS observations

spectrum (in case of the Kiruna DOAS). For the presented
application, no radiometric calibration is needed. Deviations
throughout the time series are negligible. Moreover, there is
no indication of instrument degradation for either instrument,
as seen from an examination of the spectra and negligible
interannual variations during the summer months. Further-
more, all spectra are corrected for an instrumental offset and
thermally induced dark current.

For a comprehensive interpretation of the measurement
data, radiative transfer simulations are needed to investi-
gate the effect of PSCs on the spectra for different particle
properties and cloud scenarios. Here, the well-established
Monte Carlo radiative transfer model McArtim developed
by Deutschmann et al. (2011, version of 21 April 2014) is
used to compute the radiances at different wavelengths. The
details of the different parameter settings are introduced in
Sect. 3.1.

In addition, meteorological data from ECMWF (European
Centre for Medium-Range Weather Forecasts) are consid-
ered in the vicinity of the measurement stations. Data sets
are compiled from ERA-Interim (Dee et al., 2011) for the
period before 2019 and ERA-5 (Hersbach et al., 2020) for
the remaining time period because these data sets were read-
ily available. Data are averaged in the area from 70 to 71° S
and 8 to 10° W for the Neumayer station, as well as 67 to
69° N and 19 to 21° E for the Kiruna station. Data are further
averaged on a half-daily basis, i.e. the 00:00 and 06:00 UTC
output is associated to sunrise measurements while the 12:00
and 18:00 UTC output is associated to sunset measurements.

Moreover, satellite retrievals of the PSC occurrences are
used for a comparison to the DOAS measurements. In this
study, we focus on the PSC climatologies from CALIOP
(Cloud Aerosol Lidar with Orthogonal Polarization) and
MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding). CALIOP is a polarisation-sensitive lidar system
onboard CALIPSO, which has been in orbit since 2006. The
precise measurements of cloud and aerosol profiles with a
horizontal resolution below 5km (Thomason et al., 2007)
allow the investigation of PSCs from 4km above the re-
ported tropopause height (Pitts et al., 2009). MIPAS oper-
ated from 2002 to 2012 onboard Envisat and yields informa-
tion on PSCs from infrared emission spectra (Spang et al.,
2016, 2018). The limb sounder has a resolution in the hor-
izontal domain of about 300 km along the line of sight and
30 km perpendicular to the line of sight (Fischer et al., 2008).
Generally, the satellite data enable the measurement of the
PSC altitude and composition. Here, data on the occurrence
of PSCs are obtained from both satellite instruments and
sampled in the vicinity of the measurement stations, i.e. for
the Neumayer station data points within 68 to 73°S and 0
to 20° W are considered and likewise for the Kiruna station
data are taken from 66 to 71° N and 10 to 30° E.
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3 Methodology

Polar stratospheric clouds lead to changes in the sky colour
during twilight. This observation is used to identify PSCs us-
ing the so-called colour index (CI) which is the ratio of mea-
sured radiances

_ I (A1)
I(X2)

at two wavelengths A1 > A;. The method takes advantage
of the fact that scattering by particles has a characteristic
wavelength dependency (Sarkissian et al., 1991; von Savigny
et al., 2005). Moreover, variations of the CI observed during
twilight can be attributed to particle scattering in the strato-
sphere as most tropospheric clouds are in darkness at so-
lar zenith angles above 90°. Nevertheless, thick tropospheric
cloud layers still have an effect on the PSC signal.

It is important to choose the wavelengths such that these
are not strongly influenced by Fraunhofer lines or molecu-
lar absorption in the Earth’s atmosphere. To avoid strong ab-
sorption by ozone, only wavelengths larger than 330 nm are
considered. In this study, the CI is calculated for the ratios
of intensities at 390 to 340 nm in the UV as well as 610 to
444 nm in the visible spectral range. Measured intensities are
averaged in a &1 nm bin around the respective wavelengths.

Previous studies used intensity ratios of 550 to 350 nm
(Sarkissian et al., 1991) or 680 to 385nm (Enell et al.,
1999, 2002). In those cases, the progression of the CI with
SZA was analysed and a peak at about 93 to 94° was found
if PSCs were present above the instrument (Kiruna, Sweden).
In Sarkissian et al. (1991) and Enell et al. (1999), the CI was
normalised to its value at SZA = 90° to compensate for pos-
sible tropospheric cloud effects. However, in a later study
(Enell et al., 2002) this was found not to be beneficial. The
same finding could be confirmed in the current study.

A recent publication by Gomez-Martin et al. (2021) like-
wise uses the CI to infer PSC cases above the Belgrano II
Antarctic research station. They use the position of the CI
maximum to retrieve information on the PSC layer altitude.
However, high temporal resolution of the measurements and
special PSC conditions are needed to be able to infer the CI
maximum with sufficient accuracy (see Sect. 3.1).

For this study, the CI is averaged between 93.0 and 94.5°
SZA and correlated to ECMWF temperature at 50 hPa pres-
sure level. The example of one year of data exhibits a distinct
seasonal cycle (Sect. 4). To identify PSCs, a CI threshold is
defined in Sect. 3.2 based on the findings of the comparison
of the CI with temperature and from the radiative transfer
simulations which are discussed in the following.

Cl 6]

3.1 Radiative transfer simulations using McArtim

Radiative transfer simulations are a key technique to eval-
vate the changes of the CI for various PSC scenarios.
Using the Monte Carlo radiative transfer model McArtim
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(Deutschmann et al., 2011, version of 21 April 2014), ra-
diances are computed for the wavelengths 340, 390, 444
and 610nm. The atmosphere in this model is represented
by a pressure and temperature profile on a pre-defined
altitude grid. The data are taken from the climatology
given in Rozanov et al. (2017) and considered at 75°S.
Also, ozone (O3) volume mixing ratios are provided up to
100 km altitude. The absorption cross-section is taken from
Serdyuchenko et al. (2014) and corresponds to a temperature
of 223 K. Due to the pristine location of the stations, further
trace gases are neglected. Simulations are run for a detector
at ground level with an opening angle of 0.3° and an eleva-
tion angle of 90° (zenith direction). The ground albedo is set
to 0.8 (partially snow and/or ice covered). For each scenario,
a series of simulations is calculated for different SZAs from
70 to 95° in steps of 0.5° (SZA > 90°) or 1° (SZA < 90°).

The scattering phase function P(#) describing the angu-
lar scattering probability of a photon is only dependent on
the scattering angle 6 in case of spherical aerosol particles.
It can be approximated by the Henyey—Greenstein function
with an asymmetry parameter g = 0.7 corresponding to par-
ticle sizes in the range of 0.3 to 10 um (Laven, 2021). Fur-
ther parameters in the simulations include the single scatter-
ing albedo (w = 1; Liou, 2002) and the Angstrém exponent
(a = 2; Angstrom, 1930).

McArtim is capable of 3D simulations. Nevertheless, due
to the large horizontal extent of typical (non-lee wave) PSCs,
the computation of a 1D scenario is chosen here as the “stan-
dard” configuration. This means that the simulation is per-
formed on a 3D sphere, but the atmosphere and the PSC layer
are horizontally homogeneous. The corresponding light path
geometry is illustrated in Fig. 1a. While the station lies al-
ready in the shadow for SZA > 90°, photons may still tra-
verse the PSC layer. Note that in the homogeneous case,
the light always first traverses the PSC layer from above,
whereas for other geometric configurations such as a hemi-
spheric PSC layer (Fig. 1b) or a local PSC (Fig. 1c) the pho-
tons can reach the PSC also directly from below before being
scattered into the line of sight of the instrument. Here, the
horizontal extent and altitude of the PSC layer are decisive.
Therefore, additional simulations with different expansions
beyond the measurement site are considered. The impact of
the geometric configuration and extent of the PSC layer is
discussed at the end of this section.

Figure 2 depicts the simulation result of the “standard”
configuration for the CI in the UV (390 to 340 nm; upper
panel) and visible (610 to 444 nm; lower panel) spectral
range. The PSC layer is simulated at a height Apsc =20 to
22 km for different optical depths (at 1 um) as given in the la-
bel. The scatter of the values as indicated by the 2o range, i.e.
twice the standard deviation which should contain more than
95 % of all calculated spectra of a scenario, can be attributed
to the noise introduced by the Monte Carlo method.

If no PSC layer is present (tpsc = 0), an increase in CI is
observed for SZA between 80 and 90°, which fits well with
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the every day experience of red sunsets/sunrises explained
by the extinction due to Rayleigh scattering and ozone ab-
sorption in the atmosphere. At larger SZA, direct sunlight is
scattered downward from high altitudes leading to a slight
decrease in the CI.

In the presence of PSCs, different additional effects can be
observed depending on the chosen spectral range of the CI.
At SZA > 90°, the CI is reduced in the UV (upper panel)
in the presence of a PSC. In the visible spectral range (lower
panel), the effect depends on the optical thickness of the PSC
layer. Here, a maximum is observed at approximately 93 to
95° for an optical depth of about 1072, Low radiances at
610nm lead to a reduced CI for optically thicker PSC lay-
ers.

Furthermore, the altitude of the PSC layer impacts the ob-
served signal (Fig. 3). It can be seen that PSCs at higher al-
titudes exhibit more prominent features. Layers at 12km to
14 km altitude or below, however, would hardly be suscepti-
ble to real measurements.

Influence of tropospheric clouds

Moreover, tropospheric clouds influence the measured spec-
tra of scattered sunlight. To qualitatively describe their effect,
Fig. 4 compares a simulation with and without a tropospheric
cloud. The tropospheric cloud layer is described by a 1km
thick layer at 3 to 4 km altitude with an optical depth of 5.
Although the optical depth of tropospheric clouds can reach
higher values, the impact is already clearly visible. The im-
portant parameter here is that the cloud is located directly
above the measurement station and thus influences the light
path between the PSC and the instrument. Cloud shadows
with a gap above the instrument seem to have little influence
(not shown). In both spectral ranges, the CI is enhanced in the
case of an additional tropospheric cloud layer in the simula-
tion. The effect is meanwhile larger at SZA < 90°. Neverthe-
less, this has to be considered when looking at CI variations
in measurement data also for SZA > 90°. On the one hand,
PSCs might remain undetected in the UV when the enhance-
ment due to tropospheric clouds is so large that the CI re-
duction in the presence of PSCs is completely compensated.
On the other hand, tropospheric clouds affect the CI even in
cases without PSC layer, which in turn could affect the sensi-
tivity to optically thin PSCs in the visible spectral range since
they cannot be readily distinguished from the non-PSC case.

Influence of the PSC horizontal extent

The horizontal extent of the PSC is impacting the simula-
tions, as pointed out by Laura Gomez-Martin and Daniel
Toledo (personal communication, 2021). In order to inves-
tigate this effect, 3D simulations (Fig. 5) are performed ac-
cording to the schematics in Fig. 1. Hereby, a PSC with a
confined extension of 2° x 2° (compare to Fig. 1c) matches
the result of the publication by Gomez-Martin et al. (2021).
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(a) Homogeneous PSC layer

(b) Hemispheric PSC layer

15929

(c) Local PSC layer

Figure 1. Scheme of different geometric configurations. The shadow indicates the area which cannot directly be “hit” by photons from the
sun for SZA > 90°. The “standard” configuration refers to the homogeneous PSC layer (a). The effect of different other configurations is

detailed at the end of Sect. 3.1.
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Figure 2. Simulation result for “standard” configuration (for details
see text). Different colours correspond to different optical depths
tpsc (at 1 um) of the PSC layer (hpgc = 20 to 22 km). The shading
of the 20 range indicates the noise of the results. The light grey
shaded area depicts the SZA range (93.0 to 94.5°) which is used in
the analysis of the measured spectra.

Interestingly, a PSC of this area leads to enhanced CI also in
the UV which is the opposite signal to what is found with
a homogeneous PSC layer. In the visible, the CI maximum
is further amplified. Additionally, the clear relationship be-
tween the height of the PSC layer and the position of the
CI peak with respect to the SZA (see Fig. B1) allows us to
obtain information on the layer altitude for these PSC con-
ditions. The 3D (1° hemisphere) simulation considers a PSC
which extends from about 1° off the station towards the pole
(compare to Fig. 1b). Note that the sun geometry is set such
that the sunlight traverses the atmosphere from the Equator.
It yields similar results to the confined PSC case. However,
extending the hemispheric geometry to 5° off the station, the
result shows some intermediate version between the confined
PSC and homogeneous PSC cases. This can be explained by
the fact that 5° corresponds to a distance between the sta-
tion and the edge of the PSC layer of approximately 555 km

<= 2n RE - %), for which, at an SZA of 95°, the photons
originating from the sun are just able to “hit” the PSC layer
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Figure 3. Simulation result (normalised CI) of different PSC layer
heights hpsc (tpsc = 0.05) for horizontally extended clouds. The
colour index (CI) is normalised to the result without PSC layer for
better comparison.
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Figure 4. Simulation result (normalised CI) with a tropospheric
cloud layer shown for the non-PSC case (pgc = 0.00) and a PSC
layer (tpgc = 0.05) at Apgc = 20 to 22 km. Dashed lines represent
simulations with a tropospheric cloud layer at 3.0 to 4.0 km (AOD
= 5) compared to unaffected simulations (solid lines).
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Figure 5. Simulation result (normalised CI) for different 3D ge-

ometries (compare to Fig. 1). Details are given in the text. The PSC
layer is described by tpsc = 0.05 and hpgc = 20 to 22 km.

from below. For an even larger PSC extent, e.g. 10°, the sim-
ulations yield basically the same results as for the homoge-
neous PSC layer. According to Noel et al. (2008) this is not
unlikely for the Antarctic instrument where the PSC area can
extend to about 65° S during mid-winter.

Overall discussion

Generally, the PSC layer altitude, optical depth and horizon-
tal extent are the main drivers of CI variations for a given
simulated wavelength ratio. A modified Angstrém exponent
is changing the optical depth, i.e. for &« = 0 the extinctions
are slightly lower. However, the effect of changing the pa-
rameter settings remains small for both spectral ranges. For
example, the influence of the considered scattering phase
function is investigated by running simulations with different
asymmetry parameters g of the Henyey—Greenstein phase
function as well as a computed Mie phase function. The Mie
phase function is calculated by a MATLAB routine (Mét-
zler, 2002) based on the formalism of Bohren and Huff-
man (1983) using a complex refractive index m = 1.33931 +
7.29i x 107'°, single log-normal particle size distribution
n(r) at r = 1 um with a standard deviation of 30 %, and a to-
tal number of particles of N = 10000. Results are presented
in the Appendix (Figs. B2 and B3). Additionally, the effect
of different atmospheric pressure and temperature profiles is
examined. Other parameter changes, such as in the surface
albedo, are not shown, but the effects are negligible.

To conclude, although the CI is not absolutely calibrated,
systematics can be observed which allow the detection of
PSCs from measured spectra. Thereby, the CI behaviour de-
pends on the chosen wavelength ratio and the characteristics
of the PSC layer like its altitude, optical depth and horizontal
extent. Tropospheric clouds can influence the analysis, while
other parameters are of less importance. The simulation re-
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sults for horizontally extended PSCs are compared to mea-
surement data in the following to verify the applicability of
the method for this type of PSC.

3.2 Comparison between simulations and
measurements

Based on the knowledge obtained from the radiative transfer
simulations, a CI threshold can be defined for the detection
of PSCs from the measured spectra. In order to do so, for
each year the minimum (in the UV) or maximum (in the vis-
ible) CI averaged between 93.0 and 94.5° during the summer
months is determined. For the Neumayer station the months
from February until April are considered, whereas for the
Kiruna station the value is retrieved from the months July
to October. The threshold values are then averaged over the
complete time series whilst taking into account instrumental
changes. This means that an average threshold value is de-
duced for the period 1999 to 2002 and 2003 to 2021 for the
Neumayer station as well as 1997 to 2006 and 2013 to 2021
for the Kiruna station. The error is given by the standard de-
viation of the annual thresholds. It should be noted that for
the Kiruna data twice the standard deviation is taken for the
new detector system since 2013 due to the lower detector
noise. Considering an averaged CI threshold allows for equal
treatment of all years in the time series.

Data can then be categorised into PSC cases and non-
PSC cases according to the measured CI between 93.0 and
94.5° SZA and the respective threshold value. The mean CI
behaviour is compared to the simulation results in Fig. 6a
for one year of data from the Neumayer station. Hereby, the
1D simulations with horizontally extended PSCs are chosen
since these are expected in the Antarctic vortex. It shows
a good overall agreement. Particularly in the visible spec-
tral range, results also match the findings in Sarkissian et al.
(1991) and Enell et al. (1999, 2002). The averaged PSC cases
may thereby correspond to a PSC layer with an optical depth
of 0.005 to 0.01 in the altitude range of 20 to 22 km. How-
ever, the observed signal could also originate from higher
PSC layers with lower optical depths and vice versa since the
simulations yield similar results for these cases. In any case,
the exact determination of the PSC characteristics is not pos-
sible since the average value over the entire annual cycle is
investigated.

Nevertheless, the comparison between simulations and
measurements indicates a good applicability of this method
to retrieve PSC cases from the measured spectra. A similarly
good agreement is also found for the Kiruna station (Fig. 6b),
giving confidence that the method is not only applicable for
the persistent PSCs in the Antarctic but also the more vari-
able conditions in the Arctic.
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(a) Neumayer DOAS
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Figure 6. The average Cl is depicted for the baseline (red) as well as
PSC (blue) and non-PSC (greenish) cases for the measurements at
both stations. For the Neumayer station (a), the upper panel shows
data in the UV and the lower panel in the visible spectral range.
The baseline refers to data from February to April, while for the
Kiruna station (b) it refers to data from July to October. Shading
indicates the lower to upper quartile values of the data. Additionally,
simulation results are depicted (dashed lines) for different optical
depths tpgc at hpgc = 20 to 22 km. Here, shading indicates the 2o
range of the results.

4 Discussion of the seasonal cycle

The correlation between CI and temperature is depicted in
Fig. 7 (UV) and Fig. 8 (visible) for the Neumayer DOAS and
in Fig. 9 for the Kiruna DOAS. The vertical dashed lines in-
dicate the temperature thresholds for the formation of NAT
(Type I) and ice (Type II) PSCs. The thresholds are taken
from Larsen (2000) considering 10 ppbv HNO3 (for NAT
PSCs) and 5 ppmv HO. Variations of about 20 % in the mix-
ing ratios of either gas correspond to £1K in the temper-
atures. The CI thresholds for the classification of PSC and
non-PSC cases are indicated by a horizontal line.

A distinctive seasonal cycle is seen for either station. It
is observed that PSCs form at altitudes above 20 km, where
temperatures first drop below their existence temperature.
The cloud layers then shift downwards, where temperatures
remain cold even towards springtime. Thereby, continuous
reformation of PSC particles is happening in the course of
the winter. However, the radiative transfer simulations indi-
cate only very low sensitivity of the CI to PSC layers at alti-
tudes of about 12 to 14 km or lower.
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Figure 7. Colour index (CI) in the UV of the year 2007 for the
Neumayer measurements. Data are plotted against ECMWF tem-
perature at 50 hPa and colour-coded for the respective month of the
measurement. The temperature thresholds for the formation of Type
I and II PSCs are indicated by the dashed lines. The histograms de-
pict the distribution of data points for the CI (left panel) and the
temperature (bottom panel). Light grey distributions correspond to
the unfiltered data; dark grey distributions represent the data filtered
for tropospheric clouds, i.e. high O4 DSCDs as detailed in the Ap-
pendix A. Likewise, the unfilled circles indicate data points that may
be cloud-contaminated. The blue shaded area comprises the PSC
cases. The error margin of the CI threshold is shaded in turquoise.
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Figure 8. Colour index (CI) in the visible of the year 2007 for the
Neumayer measurements. Data are represented as in Fig. 7. Note
that PSC cases in the visible are characterised by an increased CI as
opposed to a CI decrease in the UV.

Moreover, it should be doubted whether the existence of
PSCs as late as October or even November at the Neumayer
station is reasonable considering the sedimentation of PSC
particles (e.g. Tritscher et al., 2021). Not only does sedimen-
tation move existing PSC layers to lower altitudes until the
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Figure 9. Colour index (CI) in the UV of the year 2017 for the
Kiruna measurements. Data are represented as in Fig. 7, but no tro-
pospheric cloud filter was applied.

particles eventually evaporate, but the resulting denitrifica-
tion and dehydration in the polar stratosphere prohibits ref-
ormation of new PSC layers despite low temperatures.

Nonetheless, investigations of the sensitivity of the CI to
different PSC properties as discussed in detail at the exam-
ple of the simulation results will cause an under- rather than
an overestimation of the detected PSC cases. It is, however,
possible that particles of similar optical properties add to the
PSC detection.

In the case of the Kiruna data set, many presumed PSC oc-
currences in spring (March/April), where temperatures above
the station are high, additionally indicate another reasoning
for the observed signal, namely the influence by volcanically
induced aerosol particles. This is discussed in more detail in
Sect. 6.1.

At the example of the Neumayer data, two further aspects
can be studied: firstly, how the presented approach compares
between the UV and visible spectral range and, secondly,
how tropospheric cloud layers affect the retrieval. In the vis-
ible spectral range, the CI values suggest fewer PSCs during
mid-winter. However, it is likely that optically thick PSCs
remain undetected by this method as discussed in the previ-
ous section and thus lead to an underestimation of the PSC
occurrence for that spectral range.

Because tropospheric clouds generally enhance the CI in
both spectral regions, opposing effects are expected. The ap-
plied cloud filter algorithm is detailed in the Appendix A.
In the UV, the filter has no effect on the CI threshold where
the minimum CI during the summer months determines the
threshold value. However, there is a masking effect of tropo-
spheric clouds to PSC cases. On the contrary, the influence
in the visible is mainly on the derived CI threshold which is
higher for the unfiltered data and thus reduces the sensitiv-
ity of this method to optically thin PSC layers. In both cases,
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cloud filtering leads to an underestimation of the detected
PSC cases. Nonetheless, the course of the seasonal cycle is
not affected by tropospheric cloud contamination.

In conclusion, the reduced (in the UV)/increased (in the
visible) CI values during mid-winter can likely be attributed
to PSC particles, whereas for early spring possibly other
“residual” particles lead to enhanced scattering at high alti-
tudes since there is no indication for instrumentally induced
artefacts. As pointed out above, the latter will be discussed in
Sect. 6.1 exemplarily for the Kiruna data. While the seasonal
cycle is discussed here at the example of an individual year,
the main findings apply also more generally as can be seen
from the investigation of the entire time series (see Figs. 11
and 12 for Neumayer and Kiruna, respectively).

4.1 Comparison to satellite data

For a comparison to satellite data, the relative frequency of
PSC signals in the measurements is calculated on a monthly
basis for each DOAS instrument. Additionally, the number
of PSC sightings in the vicinity of the measurement sta-
tions (68 to 73°S and 0 to 20° W for Neumayer as well as
66 to 71°N and 10 to 30°E for Kiruna) is retrieved from
the CALIOP and MIPAS PSC climatologies, and the relative
frequency is calculated for the respective months to obtain
the same quantity as derived from the DOAS measurements.
Most months have 15 or more days of satellite observations
within the considered area around the ground-based stations,
providing good data coverage for determining the PSC rel-
ative frequency. Due to the large measurement domains of
MIPAS, however, only one or two data points are given per
day, while CALIOP can provide more than 300 profiles daily.

The resulting comparison of one year of data for both
stations is presented in Fig. 10a (Neumayer) and Fig. 10b
(Kiruna). All data sets exhibit a distinct seasonal cycle.

The CALIOP data for the location of the Neumayer station
show the highest PSC occurrence during July with nearly
100 %, while MIPAS as well as the UV data suggest high
occurrences even towards September and October. Gener-
ally, there is reasonable agreement between all four data sets.
Specifically, it should be noted that PSC sightings could devi-
ate significantly within the sampling area, although the sam-
pling of the satellite data is restricted to a 300 km x 300 km
area around the measurement station. Moreover, because of
the differences in the measurement platforms and data re-
trievals, perfect agreement is not to be expected. Obviously,
the visible spectral range detects fewer PSCs, especially from
June to August. However, the overall tendency of the sea-
sonal cycle is in good agreement to the data retrieved in the
UV spectral range. As such, this figure summarises well the
most important observations so far: the sensitivity of the vis-
ible spectral range to PSCs is lower than that of the UV spec-
tral range for the approach used in this work. In general, the
data (especially in the UV) agree well with the satellite re-
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Figure 10. The occurrence of PSCs is depicted for the DOAS in-
struments (blue, red) as well as CALIOP (black solid) and MIPAS
(black dotted) data above (a) the Neumayer station in the winter of
2007 and (b) Kiruna in the winter of 2017/2018.

trievals. However, higher PSC occurrences are observed by
the DOAS instrument towards springtime.

For the comparison at Kiruna, only CALIOP data are cho-
sen since there is no temporal overlap between CALIOP, MI-
PAS and the DOAS data. Nonetheless, there is a good agree-
ment between the CALIOP retrieval and the PSC occurrence
from the DOAS instrument with an absolute maximum in de-
tected PSC cases in January as seen from Fig. 10b.

The comparison looks similar also for other years. While
the occurrence of PSCs is underestimated in the DOAS data
during early winter, the UV data of both stations show par-
ticularly high PSC occurrences in early spring.

5 Time series of the PSC occurrence above
Neumayer, Antarctica

Figure 11 shows the distribution of the PSC relative fre-
quency on a biweekly basis for the complete measurement
time series of the DOAS instrument at the Neumayer sta-
tion. For each two-week period, at least 10 valid measure-
ments are available, which corresponds to about 36 % of the
possible sample rate of two measurements per day. Most of
the time, however, the data coverage is higher, which ensures
good statistics in the frequency calculation. The colour con-
tours indicate the temperatures which are important for the
formation of PSCs: below 196.0K at 50hPa NAT (Type I)
PSCs form in the polar stratosphere, for even colder temper-
atures (< 188.5 K at 50 hPa) ice particles (Type II PSCs) can
exist. In the UV spectral range, a high PSC occurrence is
found throughout the winter season with a seasonal cycle as
discussed in Sect. 4. Unexpectedly elevated PSC frequencies
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Table 1. The average PSC relative frequency in % above the Neu-
mayer station for each winter season from May to November. Data
are given for both spectrometers as indicated.

Year  Average PSC
rel. frequency
(%)

uv Visible

1999 30£7 18+

9 6
2000 63+], 3348

10 4
2001 49+ 2644
2002 29+ 1543
2003 2045 2148

11 4
2004 30+ 11+
2005 38+ 244]

2006 3248 16£8

9 7
2007 4247, 14+
2008  36+0 2047
2009 29+ 301!

2010  49+16 3749
2011 24+15  294)0
7 8
2012 38+) 1148
2013 33£§ 2148
2014 438 1642
2015 45400 1845

2016 38+ 12402
2017 165 20!
2018 35+, 33£l0

2019 34+l 1648
2020 49+ 16+]
2021 40£)  15£]!

are found for many years even in late October and beginning
of November. In the visible spectral range, the fact that opti-
cally thick PSC layers result in reduced CI, and thus remain
undetected, leads to lower PSC occurrences.

On average, for the complete time series, the relative fre-
quency of PSC detections amounts to about 37 % in the UV
and 21 % in the visible spectral range. The yearly averages
calculated between May and November are given in Table 1.
There is no significant trend throughout the measurement pe-
riod. Also, the ECMWEF temperature at 50 hPa indicates no
temperature trend at the instrument location.

Several years feature specific atmospheric conditions
which are discussed individually. In 2002, a stratospheric
sudden warming led to a vortex split in September of that
year (Charlton et al., 2005; FrieB et al., 2005). The rapid in-
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Figure 11. Biweekly relative frequency of PSCs in the UV (solid) and visible (dotted) spectral range for each year from May to November
above the Neumayer station. In the background, the temperature ranges important for PSC formation are indicated by the blue shading. Data
are plotted from the ECMWEF subset (at 50 hPa) sampled in the vicinity of the measurement station.

crease in temperature and thus reduced PSC sightings are
also reported by the DOAS data (see respective panel in
Fig. 11). Similarly, in 2019 the sudden warming of the strato-
sphere (Lim et al., 2020) led to a reduced PSC occurrence
above the station.

Aerosol particles induced from volcanic plumes enhance
the stratospheric background aerosol and can influence the
retrieval, possibly leading to higher than usual levels in the
PSC relative frequency in spring 2015 following the Calbuco
eruption in southern Chile (Begue et al., 2017). A more de-
tailed discussion is given at the example of the Kiruna data
set in Sect. 6.1.

Atmos. Chem. Phys., 22, 15925-15942, 2022

While the error on the calculated CI can be assumed to be
small (< 1 %), tropospheric cloud contamination is an impor-
tant factor of uncertainty. To estimate the error, the analysis
for the Neumayer station data is also done with an applied
cloud filtering (see Appendix A). In Sect. 4 it is discussed
that the cloud filter leads to an underestimation of the PSC
occurrence. For the entire time series, the retrieved PSC rela-
tive frequency is about 20 % higher in the UV when applying
the filter. In the visible, the influence is slightly smaller. Here,
cloud-contaminated spectra increase the CI threshold which
counterbalances the higher number of otherwise falsely iden-
tified PSC cases.

https://doi.org/10.5194/acp-22-15925-2022
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6 Time series of the PSC occurrence above Kiruna,
Sweden

The time series of PSC occurrences above Kiruna is shown in
Fig. 12. The data gaps and greater uncertainties make it diffi-
cult to interpret the data for the years prior to the detector ex-
change in 2013. Afterwards, yearly cycles with smaller errors
can be observed. However, the detected number of PSC cases
is quite variable due to the more unstable Arctic vortex. It
can be seen from the shading that temperatures seldom reach
below the formation thresholds for PSC particles above the
station. It should be noted that the vortex minimum temper-
ature can deviate highly from the temperatures in the vicin-
ity of the measurement station, and thus moving air masses
could still transport PSCs into the area without maintaining
the cold temperature. Furthermore, wave-induced PSCs are
an important contributor to total PSC occurrence in the Arc-
tic.

On average, a PSC relative frequency of about 18 % is de-
tected above Kiruna. This is about half of the value observed
for the Antarctic measurements. Despite the very different
measurement locations and meteorological conditions, also
in Kiruna no trend is seen in the PSC occurrence (compare
Table 2).

High PSC-like signatures are also found towards spring-
time (e.g. 2014/15, 2018/19 or 2019/20). This feature appears
even more often than what is observed from the Neumayer
data set. Hereby, a comparison to ECMWF or also MERRA2
(Gelaro et al., 2017) data shows reduced total ozone columns
above Kiruna during those spring seasons. It indicates that
possibly particles similar to those of PSCs provide a sur-
face for heterogeneous reactions and in turn impact the ozone
chemistry.

Lidar measurements at the ALOMAR station in Norway
were used to analyse stratospheric background aerosol and
characterise its seasonal cycle in a study by Langenbach
et al. (2019). Although slightly enhanced values are found
in April, there is no indication of a temporal coincidence to
the DOAS signal. For this, also the high aerosol values from
August to October should be detected in the presented DOAS
retrieval but are not. Natural seasonal variation of the strato-
spheric background aerosol can thus be excluded as a possi-
ble explanation of the springtime signature.

Another, more fitting, explanation for the observed signa-
tures are volcanically induced aerosol particles. A discussion
on the coincidence of volcanic eruptions and the DOAS sig-
nal is presented in the next section.

6.1 Influence of volcanic aerosol

The observed PSC-like signatures above Kiruna are espe-
cially found in years with preceding volcanic eruptions in
the tropics or the Northern Hemisphere. To get an idea on
how the volcanic plumes are transported into high north-
ern latitudes, satellite data are investigated. In Fig. 13 the
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Table 2. The average PSC relative frequency in % above Kiruna
for each winter season from November to May.

Year Average PSC rel.
frequency (%)
1996/1997 11£13
1997/1998 17412
1998/1999 16+]3
1999/2000 13413
2000/2001 10£26
2001/2002 1614
2002/2003 53+ld
2003/2004 IRESS
2004/2005 35416
2005/2006 1240

[new detector system deployed]

2013/2014 1541
2014/2015 8+8
2015/2016 2248
2016/2017 15+8
2017/2018 15+5
2018/2019 1245
2019/2020 26+]
2020/2021 10£8

aerosol extinction coefficient measured by OMPS (Ozone
Mapping and Profiler Suite)-LP is shown (Malinina et al.,
2021). OMPS is onboard the Suomi national polar-orbiting
partnership (SNPP) satellite launched in late 2011 by NASA,
and its limb profiler (LP) is used to retrieve information on
stratospheric aerosols (Seftor et al., 2014). It is a very sensi-
tive sensor due to the long light path, the measurement ge-
ometry and the usage of the forward scattering peak.

From the longitudinally averaged aerosol distributions, the
volcanic plumes can be tracked and a rough estimate on
their effect on the northern high latitudes can be inferred.
Three eruptions in particular are likely observed by the
DOAS instrument. These are the Kelut eruption on 13 Febru-
ary 2014 (7.55° S, 112°E) together with the Sangeang Api
eruption (30 May 2014; 8.2°S, 119.07° E) marked by the
yellow arrow in Fig. 13, the Ambae eruptions on 6 April
and 27 July 2018 (15.4°S, 167.84° E; blue arrow) and the
Raikoke eruption on 22 June 2019 (48.3° N, 153.4° E; purple
arrow). For all cases, the OMPS-LP data show high extinc-
tion values in the 30 to 60° latitude band and a high PSC-like
signature is found during springtime the following year.

Atmos. Chem. Phys., 22, 15925-15942, 2022
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Figure 12. Biweekly relative frequency of PSCs in the UV spectral range for each year from November to May above Kiruna. In the
background, the temperature ranges important for PSC formation are indicated by the blue shading. Data are plotted from the ECMWF

subset (at 50 hPa) sampled in the vicinity of the measurement station.

Another large eruption was Calbuco on 22 April 2015
(41.19°S, 72.37°W). It is the only large eruption in the
southern mid-latitudes. However, it does not show up in the
DOAS data from Kiruna, which is not surprising given the
long interhemispheric exchange times. Nonetheless, a very
high PSC occurrence was detected in the southern hemi-
spheric winter of the respective year above the Neumayer
station as indicated in Sect. 5. Volcanic aerosol particles may
have led to this unusual enhancement.

All eruptions except the Calbuco eruption took place in
the tropics or the Northern Hemisphere where a strong dis-
persion linked with the seasonal cycle favours the distribu-
tion of volcanic aerosol particles by the Brewer—Dobson cir-
culation in the atmosphere (Kloss et al., 2020). The visual
inspection of the vortex position (via the potential vorticity
at 475 K potential temperature from ECMWF) indicates that
enhanced signals correspond to phases where the vortex lies

Atmos. Chem. Phys., 22, 15925-15942, 2022

above Kiruna, which could be explained by the compression
of air inside the vortex and thus increase in aerosol extinc-
tion. On the contrary, wildfires (e.g. July—August 2015, num-
ber 5 in Fig. 13) exhibit no signatures in the DOAS measure-
ments due to the different particle size distribution compared
to volcanic aerosol or PSC particles.

7 Conclusions

The CI method yields the possibility of retrieving informa-
tion on PSCs on a statistical basis from ground-based spec-
troscopic measurements for data sets acquired in both hemi-
spheres.

This study presents the PSC occurrence for more than
20 years of data measured by DOAS instruments at the
Antarctic research station Neumayer as well as a measure-
ment station in Kiruna, Sweden. The spectra of zenith-

https://doi.org/10.5194/acp-22-15925-2022
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Figure 13. Monthly mean aerosol extinction coefficient (Extggg) distribution from the OMPS-LP satellite instrument. The black triangles at
the bottom of each panel represent volcanic eruptions and biomass burning events. Coloured arrows indicate the events which are important

to this study. Adapted from Malinina et al. (2021).

scattered sunlight enable the detection of PSCs by investi-
gating changes in the CI during twilight. Thereby, the CI be-
haviour is dependent not only on the selected wavelengths
but also on the PSC properties like the extent, altitude and
optical density of the cloud layer. This is examined in de-
tail with the help of radiative transfer simulations using the
model McArtim. It shows that, depending on the chosen
wavelength ratio, an enhancement or reduction of the CI at
high SZA (> 90°) is found in the presence of PSCs. For the
special conditions of a localised PSC, the CI can even be used
to infer the PSC altitude (see Gomez-Martin et al., 2021).
However, the more common appearance of horizontally ex-
tended PSC layers drastically reduces the signal dependency
on the PSC altitude. Nonetheless, the presented approach al-
lows for a consistent investigation of PSC occurrences above
the measurement stations. The impact of optically thick tro-
pospheric clouds thereby leads to an underestimation of the
detected PSC frequency.

The data show no trend in the frequency of PSC sightings.
However, PSCs are observed twice as often above Neumayer
(37 %) as above Kiruna (18 %). It reflects the different mete-
orological conditions of Antarctic and Arctic measurements.
Generally, a reasonable agreement is found to the satellite re-
trievals of CALIOP and MIPAS, with the largest deviation in
the beginning and end of the respective winter season.

The unexpectedly high PSC-like signatures during spring-
time which are observed mostly for the Kiruna data set could
be explained by induced volcanic aerosol particles in the
stratosphere after large eruptions in the tropics or the North-
ern Hemisphere of the preceding year. Other stratospheric
aerosol with size distributions similar to PSC particles leads

https://doi.org/10.5194/acp-22-15925-2022

to similar signatures in the CI and thus influence the applied
method. Nonetheless, the approach gives an indication of the
PSC occurrence measured from ground-based spectroscopic
instruments, which yields a good complementary data set to
other retrievals.

Moreover, the existence of particles in the polar strato-
sphere during springtime might have implications on the
ozone chemistry and is not yet fully captured by the strato-
spheric aerosol climatologies from satellite data. While an
extensive study of the composition of those aerosol particles
is not possible with the DOAS instruments, the easy to apply
method enables the detection of PSCs not only for individual
days but over entire measurement series, which is a decisive
advance compared to measurements with limited temporal
coverage, e.g. satellite observations.

Appendix A: Tropospheric cloud filter algorithm

Optically thick tropospheric cloud layers impact the mea-
sured radiances and thus the CI. Hereby, the cloud condi-
tions can be spatially and temporally highly variable, which
makes it difficult to find suitable parameters for their identifi-
cation. A cloud detection and classification scheme based on
MAX-DOAS observations was developed by Wagner et al.
(2014, 2016). It has the advantage that the influence of the
atmospheric state can be directly attributed to each spec-
trum. Furthermore, the proposed algorithm classifies various
types of cloud scenarios. However, the approach cannot di-
rectly be applied to observations at high latitudes since the
increased surface albedo affects the atmospheric radiative

Atmos. Chem. Phys., 22, 15925-15942, 2022
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Figure A1. (a, ¢) Distribution of the O4 DSCDs in the UV (upper) and visible (lower panel) spectral range for an analysis period in 2007.
The median is indicated by a vertical line. (b, d) O4 DSCDs in the UV (upper) and visible (lower panel) spectral range (1999-2018) are
correlated to ECMWEF cloud fraction data. The ECMWF data are averaged in the vicinity of the Neumayer station and the cloud cover below
4 km altitude is considered. The filter threshold (black line) is defined as the 75th percentile of the O4 DSCDs, considering only data points

where the ECMWEF cloud fraction is < 0.6.

transport (see Wagner et al., 2016). Moreover, the existing
cloud classification schemes are optimised for SZA < 80°,
which is not appropriate for this study. Nevertheless, espe-
cially thick tropospheric clouds are of interest, and therefore
amodified cloud filtering scheme based on O4 measurements
is used.

The concentration of the oxygen collision complex Oy is
proportional to the square of the O, concentration. There-
fore, the O4 concentration can be well estimated because
variations due to pressure and temperature fluctuations are
small. Measurements of the O4 absorption, e.g. expressed
as slant column density (SCD), can then be used to iden-
tify changes in the atmospheric radiation transport and thus
cloud conditions, as proposed in Wagner et al. (2014). The
observed O4 absorption depends on the light path, which in
turn changes due to cloud properties and viewing geometry.
Optically thick clouds will generally lead to a large increase
in the O4 SCDs. Similarly, fog or snow at the surface might
lead to extended light paths and, likewise, enhanced O4 ab-
sorptions.

The O4 SCDs are retrieved using the differential optical
absorption spectroscopy (DOAS) principle (Platt and Stutz,
2008). It should be noted here that in the DOAS analysis a
reference spectrum is considered to eliminate strong Fraun-
hofer lines in the measured spectrum. Therefore, the analysis
yields not an absolute value but the differential slant column

Atmos. Chem. Phys., 22, 15925-15942, 2022

density (DSCD) of Og4. Nevertheless, within the period of
time where a fixed reference spectrum is considered, it is pos-
sible to retrieve information on cloud conditions (for details
see below).

The spectral analysis of O4 is accomplished for each
time period with fixed reference using the DOASIS soft-
ware (Kraus, 2003). The absorption bands of O4 at 360 nm
in the UV and 477 nm in the visible spectral range are used
for the two spectrometers at the Neumayer station, respec-
tively. Data are filtered for RMS < 2 x 1073 to assure good
fit results. Due to instrumental effects or external influences
(e.g. failure of the cooling system) eventually a new refer-
ence spectrum has to be chosen for separate time periods and
the analysis is adapted accordingly. To harmonise the time
series, the frequency distribution of O4 DSCDs is computed
for each analysis and the median is taken as offset between
the analyses. Examples are given in Fig. Ala and c. Time
periods with fewer than 60 data points are dropped from the
data set, because a statistical analysis would not be reason-
able. However, this affects only one winter month and about
12 % of the entire time series.

The resulting O4 DSCDs are compared to the ECMWF
cloud fraction data below 4km altitude to exclude high-
altitude cloud layers (or even PSCs). The correlation is
shown in Fig. Alb and d. The ECMWF data are insuf-
ficient for identifying individual cloud-affected spectra as
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the spatio-temporal variability of tropospheric clouds can be
rather high. Moreover, the geometric cloud cover is provided,
whereas enhanced O4 DSCDs are an indicator for optically
thick clouds. Nevertheless, a statistical comparison enables
the definition of a threshold on the O4 DSCDs which is then
used to filter out tropospheric cloud events from the data.

In order to do so, the 75th percentile of O4 DSCDs is
calculated considering only data points where the ECMWF
cloud fraction is smaller than 0.6. Data exceeding this thresh-
old are considered to be contaminated by optically thick tro-
pospheric clouds, which reduces the number of valid data
points by about 40 % to 60 %. As a consequence, high CI
values are mostly filtered as expected.

The analysis with applied cloud filter is then used to es-
timate the error introduced by tropospheric cloud layers to
the retrieval of PSC occurrences using the CI method (see
Sect. 5).

For the Kiruna data set, no cloud filter is applied as no
clear correlation between the O4 DSCDs and ECMWEF cloud
fraction data is found. Because tropospheric clouds are less
critical for the investigation of the CI threshold in the UV, no
alternative filter is applied.

Appendix B: Additional figures

This section provides further results of the radiative transfer
simulations.

In Fig. B1 the height dependency of the CI in case of a
confined PSC (2° x 2°) is shown. The influence of different
horizontal extents of a PSC layer is discussed in the respec-
tive subsection of Sect. 3.1.

Figure B2 depicts the different Henyey—Greenstein (with
asymmetry parameter g) and the calculated Mie scattering
phase functions. Details on the computation are given at the
end of Sect. 3.1. The effect of changing the simulation pa-
rameters is depicted in Fig. B3.
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Figure B1. Simulation result (normalised CI) for different PSC
layer heights hpsc (tpgc = 0.05). The PSC is confined in a 2° x 2°
area.
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