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Abstract. A record-breaking stratospheric ozone loss was observed over the Arctic and Antarctica in 2020. Strong ozone
depletion occurred over Antarctica in 2021 as well. The ozone holes developed in smoke-polluted air. In this article, the impact
of Siberian and Australian wildfire smoke (dominated by organic aerosol) on the extraordinarily strong ozone reduction is
discussed. The study is based on aerosol lidar observations in the North Pole region (October 2019 - May 2020) and over
Punta Arenas in southern Chile at 53.2°S (January 2020 - November 2021) as well as on respective NDACC (Network for
the Detection of Atmospheric Composition Change) ozone profile observations in the Arctic (Ny—Alesund) and Antarctica
(Neumayer and South Pole stations) in 2020 and 2021. We present a conceptual approach how the smoke may have influenced
the formation of polar stratospheric clouds (PSCs) which are of key importance in the ozone-depleting processes. The main
results are as follows: (a) The direct impact of wildfires smoke (below the PSC height range, at 9-12 km height) on additional
ozone reduction seems to be similar to the impact of the well-known volcanic sulfate aerosol effects. Smoke particle surface
area (SA) concentration of 5-7 ym? cm™2 (Antarctica, spring 2021) and 6-10 zm? cm~3 (Arctic, spring 2020) was correlated
with a smoke-related additional ozone loss in terms of ozone partial pressure of 0.4-1.2 mPa (30-50% of the total ozone loss,
Antarctica) and 2-3.5 mPa (again 30-50%, Arctic) at heights from 9-12 km. (b) Within PSCs (14-23 km height range), we found
indications that smoke was able to slightly increase the PSC particle number and surface area concentration. In particular, a
smoke-related additional ozone loss of 1-1.5 mPa (10-20% contribution to the total ozone loss) was observed in the central
15-20 km PSC height range over Antarctica in September-October 2020 and 2021, however, independent of the strength of
the smoke pollution, i.e., for smoke particle number concentrations ranging from 10 to 100 cm ™3 (a factor of 3-10 above the
stratospheric aerosol background level). A similar amount of 1-1.5 mPa smoke-related ozone loss was estimated for the PSC

height range over the Arctic in spring 2020. Satellite observations indicated an additional mean column ozone loss (deviation
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from the long-term mean) of 26-30 Dobson units (9-10%, September 2020, 2021) and 52-57 Dobson units (17-20%, October
2020, 2021) in the smoke-polluted latitudinal Antarctic belt from 70°-80°S.

1 Introduction

Since the summer of 2017, three record-breaking wildfire events occurred, specifically, the Canadian wildfire storm on 12-13
August 2017, the strong, long-lasting Siberian fires in July and August 2019, and the Black Summer fire season of 2019-2020
in southeastern Australia. These events caused major perturbations of the stratospheric aerosol conditions in the Northern
Hemisphere (NH) (Khaykin et al., 2018; Peterson et al., 2018; Yu et al., 2019; Hu et al., 2019; Ohneiser et al., 2021) as well
as in the Southern Hemisphere (SH) (Ohneiser et al., 2020, 2022; Khaykin et al., 2020; Kablick et al., 2020). The Canadian
wildfire storm led to the largest smoke contamination of the lower stratosphere over Central Europe and the European continent
for more than six months in 2017-2018 (Ansmann et al., 2018; Baars et al., 2019; Das et al., 2021). Siberian fires caused an
unexpected, dense Arctic smoke layer which was observable over the North Pole region for almost one year (Ohneiser et al.,
2021). The Black Summer fire season was finally responsible for the highest smoke-related stratospheric pollution levels ever
measured around the globe (Peterson et al., 2021). The January 2020 mean aerosol optical thickness (AOT) for the latitudinal
belt from 20°S to 70°S even exceeded its maximum monthly mean AOT observed after the eruption of Mount Pinatubo (Hirsch
and Koren, 2021) and significantly influenced the radiation budget in the SH (Hirsch and Koren, 2021; Yu et al., 2021; Stocker
et al., 2021; Fasullo et al., 2021; Heinold et al., 2021).

Record-breaking ozone depletion was detected over the Arctic (DeLand et al., 2020; Inness et al., 2020; Wohltmann et al.,
2020, 2021; Manney et al., 2020) as well as over Antarctica (Stone et al., 2021; Rieger et al., 2021) in the smoke-polluted
stratosphere during the spring seasons of 2020 (March-April in the NH and September-October in the SH). First evidence
for an impact of smoke on ozone depletion was found over the High Arctic during the MOSAiC (Multidisciplinary Drifting
Observatory for the Study of Arctic Climate) expedition 2019-2020 (Ohneiser et al., 2021; Voosen, 2021). Lidar observations
of smoke layering and ozone profiling with sondes were performed aboard the icebreaker Polarstern in the North Pole region
during the auntumn, winter and spring seasons of 2019-2020 (see Fig. 1 regarding lidar and ozonesonde stations used in this
study). A much clearer and unambiguous indication for an influence of smoke on ozone reduction was then obtained in the
SH in September-December 2020 by comparing our lidar observations of Australian smoke profiles at Punta Arenas (53.2°S),
Chile, at the southernmost tip of South America, with respective stratospheric ozone observations at the NDACC (Network for
the Detection of Atmospheric Composition Change) ozonesonde stations at Lauder (45°S), New Zealand, and the two Antarctic
Neumayer (70.6°S) and South Pole stations (Ohneiser et al., 2022). Also Yu et al. (2021), Stone et al. (2021), and Rieger et al.
(2021) concluded that the extraordinarily strong ozone loss over the SH polar region in 2020 was probably partly related to the
occurrence of Australian smoke in the stratosphere.

It is well known that strong ozone depletion is linked to the development of a cold and long-lasting Polar vortex and
associated extensive formation of polar stratospheric clouds (PSCs) (Tritscher et al., 2021). PSCs play a key role in the chain

of processes leading to the activation of chlorine and bromine components that destroy ozone at sunlight conditions. Most of



55

60

65

70

75

80

85

https://doi.org/10.5194/acp-2022-247 Atmospheric
Preprint. Discussion started: 12 April 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

the conversion of halogen reservoir species into reactive forms takes place on the surface of liquid PSC particles. The impact
of background and volcanic sulfate aerosol on PSC, halogen activation, and ozone depletion processes is extensively studied
and well known and implemented in climate and ozone forecast models (e.g., Solomon, 1999; Solomon et al., 2015; Zhu et al.,
2018). In contrast, the role of wildfire smoke particles in these ozone-depleting processes is unknown and not considered in
these models. Our knowledge about the chemical, microphysical, and morphological properties of the aged organic, probably
glassy aerosol particles after long range transport around the globe for months or even years is rather poor. Hence, it is unknown
how efficient these particles can serve as sites for heterogeneous chemical reactions to produce active halogen components and
further chemical processes that lead to a prolongation of the lifetime of the active halogen components (Solomon et al., 2022).
It is also unknown how efficiently the smoke particles can act as nuclei in PSC formation processes.

In order to integrate smoke-related ozone-depleting processes in existing chemistry climate modeling environments, all as-
pects of this new atmospheric phenomenon need to be explored in detail in upcoming research projects including laboratory
studies, airborne in-situ observations, and modeling efforts. The relevance for the required effort is given by the expectation
that the number of major fire storms will increase in the twenty-first century due to progressing climate change (Liu et al.,
2009, 2014; Abatzoglou et al., 2019; Dowdy et al., 2019). Hence, we need to consider the smoke-ozone-relationship accurately
in models and in the climate change debate. Furthermore, to evaluate the achievements of the Montreal Protocol (Wilka et al.,
2021; Feng et al., 2021; Stone et al., 2021), all ozone-loss-relevant influences need to be carefully considered in the analysis
on long-term ozone time series. The 1987 Montreal Protocol, and its subsequent amendments during the 1990s, mandated the
decrease and eventual cessation of the worldwide production of ozone-depleting substances (ODSs) such as chlorofluorocar-
bons (CFCs) (Wilka et al., 2021). Within the past few years, ever stronger evidence for global ozone stabilization and a nascent
Antarctic ozone recovery has emerged (e.g., Solomon et al., 2017; Weber et al., 2022). Therefore, it is important to identify
any deviation from the signatures indicating the long-term healing of the ozone layer and to consider all impacts on ozone
depletion in respective modeling studies (Solomon et al., 2022; Bernath et al., 2022).

In this article, for the first time, we systematically investigate the impact of smoke on ozone depletion in the polar strato-
sphere. We continue and extend the discussion we began in our previous and foregoing publications on the link between aerosol
vertical layering and altitude-dependent ozone losses up to 20-25 km height (Ohneiser et al., 2021, 2022). The smoke-ozone
data analysis is based on the aerosol measurements with two multiwavelength lidars aboard the icebreaker Polarstern and at
Punta Arenas and regular ozone profile observations at Ny-Alesund (78.9°N) in the Arctic and the Neumayer and the South
Pole station on the Antarctic continent (see Fig. 1). For an appropriate smoke characterization, we recently developed a wildfire
smoke conversion method to derive number and surface area concentrations from the measured stratospheric smoke particle
backscatter and extinction profiles (Ansmann et al., 2021).

The paper is organized as follows. In Sect. 2, we compare the impact of different stratospheric aerosol scenarios (background
aerosol, volcanic disturbed aerosol conditions, wildfire-smoke-polluted stratosphere) on PSC formation which is of key impor-
tance in the ozone-depleting processes. We introduce a conceptual approach how the smoke may influence PSC formation and

thus PSC properties. After a brief description of the instruments (lidar, ozonesondes) and data analysis methods in Sect. 3, we
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continue with the presentation of the main findings regarding the Arctic 2020 and Antarctic 2020 and 2021 ozone depletion

seasons in Sect. 4. The summary and conclusion section 5 outlines the main findings and provides an outlook of next steps.

2 The impact of different stratospheric aerosol scenarios on PSC formation

Goal of this section is to provide a short overview of different stratospheric aerosol scenarios regarding their impact on PSC
formation. The presented information is required to be able to follow the discussion of findings and observations presented in
Sect. 4. In the focus is the hypothetical approach how smoke particles may get involved in PSC formation and ozone depleting
processes. As shown in the sketch in Fig. 2, we can distinguish three main stratospheric aerosol scenarios: clean background
conditions, volcanic events with enhanced sulfate aerosol levels, and situations with high concentrations of wildfire smoke
particles (dominated by organic particles). The properties of the aerosol and of the PSCs developing in these aerosols are

discussed in the following Sects. 2.1, 2.2, and 2.3.
2.1 Clean stratosphere

Tritscher et al. (2021) provides an overview of the aerosol conditions and PSC formation processes in the lower stratosphere at
aerosol background conditions. In an undisturbed, clean stratospheric environment, supercooled binary solution (SBS) droplets
consisting of water and sulfuric acid predominantly nucleate homogeneously and form the stratospheric background aerosol.
Observations show that more than 50% of these sulfate particles within the polar vortex region contain insoluble meteoritic
substances (Curtius et al., 2005; Weigel et al., 2014). The particle number concentration is of the order of 5-10 cm™2, the
median radius of the lognormal size distribution (accumulation mode) close to 100 nm, and the corresponding effective radius
about 150 nm (Deshler et al., 2003; English et al., 2011; Zhu et al., 2018). Under volcanic quiescent and smoke-free conditions,
these stratospheric particles cause a 532 nm AOT of around 0.005 (Sakai et al., 2016). The respective mean 532 nm particle
extinction coefficient is around 0.1-0.3 Mm~! in the height range from 15-25 km (Sakai et al., 2016; Baars et al., 2019;
Ohneiser et al., 2022).

Strong ozone depletion in polar regions requires the development of a cold, stable, and long-lasting polar vortex with tem-
peratures below 195 K and the formation of extended PSC fields. Upon cooling, the SBS droplets start to grow by uptake
of additional H2O as a consequence of the decreasing water vapor pressure of the HoO-HsSO, solutions. A rapid change in
particle composition takes place at around 7i.. + 4 K, when the droplets have become sufficiently dilute so that small amounts
of nitric acid (HNOj3) can condense into the acidic liquid (Koop and Carslaw, 1996; Koop et al., 1997). Ti.. is the frost point
temperature (usually <190 K). Around Ti.. + 3 K, the weight percentage of HNO3 in the HoO/H5SO4/HNOg droplets (also
termed supercooled ternary solution, STS, droplets) exceeds that of HoSO4 (Carslaw et al., 1994). This temperature is called
TsTs, below which particle volume increases significantly. The STS droplet median radius increases to around 300 nm (Jumelet
et al., 2008) and the effective radius to 400 nm at these aerosol background conditions. The surface area increases by a factor

of around 10 compared to the one for the SBS size distribution.
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Figure 2 illustrates the transition from the background aerosol droplets to the PSC liquid droplets. Our focus is on the liquid
PSC particles. Heterogeneous chlorine and bromine activation takes place to about 90% on the surface of the STS droplets
(Carslaw et al., 1994; Kawa et al., 1997; Solomon, 1999; Wegner et al., 2012; Kirner et al., 2015), much less on NAT (nitric
acid trihydrate) and ice particles. Extensive chemical loss of polar O3 in both hemispheres is, however, always accompanied by
an extensive removal of HNOj (denitrification) by the gravitational settling of NAT particles that are able to grow to large sizes
(Solomon, 1999; Fahey et al., 1990, 2001). Dehydration moderates chemical loss of polar ozone as well. Efficient dehydration
results from gravitational settling of ice cyrstals (Tritscher et al., 2021).

The sketch in Fig. 2 also indicates the inclusion of insoluble meteoritic particle fragments in the SBS and STS droplets
by small dots. The particle number concentration of the liquid PSC particles forming from the SBS particles remain at the
low number concentrations of 5-10 cm~3. The strong increase of the particle surface area of the PSCs, however, leads to an
increase of the halogen activation potential by an order of magnitude compared to background aerosol conditions. Orographic
influences (e.g., triggering mountain wave evolution) and specific meteorological features are responsible for the year to year
varying PSC characteristics and the strength of the springtime ozone depletion and for the differences between ozone reduction
over the Arctic and Antarctica. The PSC volume over Antarctica is about a factor 5-8 higher than over the Arctic (Pitts et al.,
2018).

The stratospheric background particles also initiate NAT particle nucleation and ice formation via heterogeneous nucleation
on preexisting foreign nuclei such as the meteoritic material (Curtius et al., 2005; Engel et al., 2013; Hoyle et al., 2013). In the
presence of ice, NAT nucleation on ice surfaces is suggested to be the most likely nucleation mechanism, however, this is only
valid for mountain wave PSCs with extreme NAT supersaturations (Luo et al., 2003). Ice crystals form at temperatures a few
degrees below Ti.., though ice may form heterogeneously from STS droplets in the presence of ice nuclei such as meteoritic
material (Engel et al. 2013). During strong mountain wave events characterized by high cooling rates, PSCs are predominantly
formed by homogeneous ice nucleation for which supercooling of about 3—4 K below T;, is required (Carslaw et al., 1998;
Dornbrack and Leutbecher, 2001; Noel et al., 2009). This can be followed by deposition nucleation of NAT on the ice particles
(Luo et al., 2003). Heterogeneous ice nucleation on preexisting NAT particles is another reasonable pathway (Koop et al.,
1997b; Voigt et al., 2018). Furthermore, Bogdan et al. (2011) showed that fumed silica, possibly representative of meteoritic

smoke particles, is suitable for inducing heterogeneous freezing of ice under stratospheric conditions.
2.2 Volcanically perturbed stratosphere

Figure 2 shows how the emission of volcanic sulfate aerosol impacts the STS droplet population. The increase in aerosol particle
and PSC particle number concentration is symbolized by three instead of one particle (stratospheric background scenario). It
is well documented that volcanic sulfate particles can significantly influence ozone depletion by increasing the particle surface
area available for the activation of ozone-destroying halogen components (Hofmann and Solomon, 1989; Portmann et al., 1996;
Solomon, 1999; Dhomse et al., 2015). Strong volcanic eruptions inject large amounts of SO5 into the lower stratosphere. SO5

is converted to HoSO4/H5O aerosol within the first three months after injection with maximum conversion rate about six weeks
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after the eruption. Then the volcanic perturbation declines with an e-folding decay time of about 90 days for minor eruptions
(Haywood et al., 2010; Begue et al., 2017) to 14-16 months for major eruptions (Ansmann et al., 1997; Sekiya et al., 2016).

Ozonesonde and satellite observations showed enhanced midlatitude and Antarctic ozone losses following the large volcanic
eruptions of Mount Pinatubo in 1991 and El Chichon in 1982 (Hofmann and Oltmans, 1993; Solomon et al., 2005). We
documented the impact of the Pinatubo aerosol on ozone depletion in the winter and spring seasons of 1992 and 1993 over NH
midlatitudes based on lidar and ozonesonde observations at Leipzig and Lindenberg (53°N), Germany, respectively, and found
a maximum ozone loss of 30% in the strongly polluted lower stratosphere characterized by particle surface area concentrations
of 25-35 m? cm~3 (Ansmann et al., 1996). Recent modeling studies indicated that even minor eruptions such as the eruption
of the Chilean Calbuco volcano in April 2015 can cause significant ozone reduction (Solomon et al., 2017; Ivy et al., 2017,
Stone et al., 2017; Zhu et al., 2018). This is surprizing because of the rather low contribution to the stratospheric AOT at 532 nm
with a maximum value of 0.007 (Begue et al., 2017), just a factor of 2 more than the stratospheric aerosol background AOT
and a factor of 30 less than the maximum Pinatubo-aerosol-related AOT.

In the sketch in Fig. 2 (volcanic aerosol), we assume pure volcanic sulfate particles without any insoluble particle fragments
(such as fine ash) (Muser et al., 2020; Zhu et al., 2020), which could contribute to the PSC formation process (NAT and ice
nucleation) via heteorogenous nucleation pathways. Sulfate aerosol originating from minor to moderate volcanic eruptions
such as the Sarychev (2009), Calbuco (2015), and Raikoke (2019) eruptions shows an accumulation mode with enhanced

3. a median radius of about 150 nm, and an effective radius around 200 nm

number concentrations ranging from 20-100 cm™
(Mattis et al., 2010; Zhu et al., 2018). In contrast, after the major Pinatubo eruption, the particle number concentrations was
below 10 cm~3, and the median and effective radius were high with values of 300-400 nm and 400-600 nm, respectively
(Ansmann et al., 1997; Deshler et al., 2003). The sketch in Fig. 2 shows the scenario of a minor volcanic eruption with a high
particle number concentration (compared to background conditions). When these numerous volcanic particles are involved in
PSC formation, the particles may grow up to about 180-250 nm median radius instead of 300 nm (background case). As a
consequence, the overall PSC surface area (liquid particles) available for heterogeneous chemical processes may increase by

a factor of 1.2-3.5 for particle number concentrations from 20-100 cm~3

compared to the background aerosol scenario (10
particles per cm~3). This was demonstrated to be the case after the Calbuco volcanic eruption in 2015 as shown in respective

model simulations by Zhu et al. (2018).
2.3 Wildfire-smoke-polluted stratosphere

Figure 2 (bottom panel) shows how wildfire smoke may disturb the STS droplet evolution in PSCs. In contrast to the impact of
sulfate aerosol (background and volcanic conditions), our knowledge about the influence of wildfire smoke on ozone depleting
is very poor. As mentioned already, neither the physical and chemical properties of the aged stratospheric smoke particles (after
traveling around the globe for several months or even years) nor the potential of these aged smoke particles to influence PSCs
evolution and change the PSC properties, and thus halogen activation and ozone depletion are well enough understood. The
found coincidence of layers with strongly enhanced smoke pollution levels and significant ozone loss was the motivation to

elucidate the potential role of smoke particles in more detail.
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2.3.1 Smoke transport from the fire source to the polar region

Before we focus on the potential impact on the ozone layer, let us briefly review how the smoke is transported from the fire
sources to the polar regions. Figure 3 provides a schematic overview of the main smoke lifting and transport pathways from the
burning areas up to the stratosphere and then within the stratosphere to the high latitudes. Efficient lifting of fresh fire smoke to
the upper troposphere and lower stratosphere via strong pyrocumulonimbus (pyroCb) convection (Fromm et al., 2010) occurs
within a short time period of 30-120 minutes. Only a small fraction of the smoke particles serve as cloud condensation nuclei
and ice-nucleating particles in the cloud towers and a low amount of precipitation is produced in these cloud towers so that
only a small fraction of the smoke is scavenged (Rosenfeld et al., 2007). Most of the smoke particles are exhausted through the
anvil to the upper troposphere and lower stratosphere (UTLS).

After entering the lower stratosphere, self-lifting processes cause further ascent of the fire smoke layers (Khaykin et al.,
2020; Kablick et al., 2020; Torres et al., 2020; Ohneiser et al., 2020). Smoke particles considerably absorb solar radiation and
warm the air masses which then ascend. The potential of smoke to ascend over several months by solar heating is an important
aspect that significantly prolongs the residence time of wildfire smoke in the stratosphere (Peterson et al., 2021; Ohneiser et al.,
2022). Khaykin et al. (2020) showed that the Australian smoke ascended from 17 to 35 km within 40 days. Ohneiser et al.
(2022) reported ascent velocities of 500 m per day of an Australian smoke layer observed over Punta Arenas for more than a
week in January 2020. Torres et al. (2020) found ascent rates of 300 m per day for dense Canadian smoke plumes in the NH
stratosphere in the summer of 2017.

During the long-term travel around the globe the smoke disperses over all mid and high latitudes within a few weeks as
reported for Canadian smoke in 2017-2018 (Baars et al., 2019; Das et al., 2021). The Australian smoke reached Antarctica
already at the end of January 2020. A homogeneous layer developed in February-May 2020 (Rieger et al., 2021; Tencé et al.,
2022), several months before the polar vortex (illustrated by a filled blue circle in Fig. 3) formed. Smoke particles were observed
in the height range from the upper troposphere to about 25 km height for about two years (2020-2021) and thus influenced PSC
formation typically taking place between 14 and 24 km height.

In the case of Siberian wildfire smoke in July-August 2019 (involved in ozone depletion over the Arctic in 2020), the smoke
reached the UTLS region without the assistance by deep cumulonimbus convection. Self-lifting processes in the middle and

upper troposphere caused the smoke to ascend towards the tropopause within several days (Ohneiser et al., 2021).
2.3.2 Chemical composition and aging

A brief summary of known properties of aged smoke is given by Ansmann et al. (2021). Smoke particles from forest fires
are largely composed of organic material (organic carbon, OC) and, to a minor part, of black carbon (BC). The BC mass
fraction is typically <5% (Dahlkétter et al., 2014; Yu et al., 2019; Torres et al., 2020), Biomass burning aerosol also consists
of a complex mixture of organic species including phenolic compounds, organic acids, aromatic molecules, and humic like
substances (HULIS) which represent large macromolecules (Lin et al., 2010; Graber and Rudich, 2006; Laskin et al., 2015;

Hems et al., 2021). The particles and released vapors within biomass burning plumes undergo chemical and physical aging
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processes during long-range transport. The original structures of the lifted irregularly shaped carbonaceous particles remain
widely unchanged when they enter the dry stratosphere via fast pyroCb lifting (Haarig et al., 2018; Ohneiser et al., 2020).
Most of the freshly emitted biomass burning particles are fractal-like aggregates consisting of a BC-containing core with an
OC coating (China et al., 2013). After months of travel in the stratosphere, during which the particles undergo further chemical
aging and photo-reaction processes (Hems et al., 2021), the smoke particles seem to be compact and spherical (Baars2019,
Ohneiser2020). When self-lifting in the troposphere comes into play, aging of smoke (condensation of gases on the smoke
particle surfaces) occurs already on the way towards the tropopause. These particles are already compact and spherical in
shape before they reach the lower stratosphere (Ohneiser et al., 2021).

At conditions of the UTLS, it can be assumed that the organic species in the biomass burning particles are in a solid (glassy)
state (Koop et al., 2011; Shiraiwa et al., 2017; Knopf et al., 2018). The solid phase state is the likely explanation for the long
chemical lifetime against multiphase oxidation (Arangio et al., 2015; Knopf et al., 2011; Li et al., 2020; Li and Knopf, 2021).
Furthermore, heterogeneous oxidation of glassy organic aerosol particles likely increases their ability to take up water (Slade
et al., 2017) and thus contribute to PSC formation and heterogeneous ozone-depleting reactions such as the hydrolysis of NoOg5
(Solomon et al., 2022). The coated BC particles show most likely a perfect core-shell structure after months to years within
the stratosphere as suggested by Dahlkétter et al. (2014). This shape feature is indicated in Fig. 2 (wildfire smoke) by the
onion-like structure (black BC core, green OC shell).

2.3.3 Potential smoke impact on PSC formation

Wildfire smoke aerosol also shows an accumulation mode (Ohneiser et al., 2021; Ansmann et al., 2021), with number concen-

trations in the order of 50-100 cm 3

, similar to the Calbuco volcanic aerosol (as symbolized in Fig. 2), and an effective radius
of 200 nm, however, sometimes even up to 250-300 nm (Haarig et al., 2018; Ohneiser et al., 2020, 2022). Regarding the path-
ways of the smoke impact on ozone depletion, we hypothesize the following (as illustrated in Fig. 2): The glassy organic smoke
particles are able to serve as sink for HoO, H3SO,4, and HNOj3 (via condensation of gases on the particles). We further assume
that the smoke particles, if coated with a water or a sulfuric-acid solution, are then able to influence PSC formation processes
in the same way as volcanic sulfate aerosol. This approach was also selected by Yu et al. (2021) and supported by Solomon
et al. (2022). Several observations corroborate this assumption. Schill et al. (2020) found an increasing fraction of sulfate on
smoke particles with increasing residence time in the middle and upper troposphere. Solomon et al. (2022) concluded from a
strong decrease of reactive nitrogen species with increasing stratospheric aerosol extinction, caused by the Australian smoke,
over southern midlatitudes that hydrolysis of N3Oy to form HNOj3 took place on the surface of the smoke particles in a manner
that is similar to sulfate particles. A prerequisite for these heterogeneous chemical reactions is that the smoke particles are able
to take up water on their surfaces. The open question remains to what extent this assumption, that volcanic sulfate particles and
the aged stratospheric smoke particles influence PSC formation in a very similar way, holds in reality. This question needs to
be answered in future laboratory work.

For completeness, since the smoke particles are glassy or have at least a solid core part, they may even act as nuclei for NAT

and ice crystal formation in PSCs. Under cirrus cloud conditions, solid organic particles can serve as ice-nucleating particles
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(Murray et al., 2010; Knopf et al., 2018). However, how solid smoke particles impact PSC formation and heterogeneous chem-
ical reactions is not well known and must be clarified in future laboratory and field studies in combination with comprehensive

modeling efforts.

3 Aerosol lidar and ozonesonde data

Figure 1 provides an overview of the lidar stations (Polarstern, Punta Arenas) and ozonesonde sites (Ny—;\lesund, Neumayer
station, South Pole station). Based on the aerosol and ozone profiles measured at these stations, the impact of smoke on the
ozone depletion is analyzed. Also indicated are the major fire regions in central eastern Siberia and Southeastern Australia,
the sources for the stratospheric aerosol over the High Arctic and the southern mid- to high latitudes. The most intense fires

occurred from mid July to mid August 2019 (Siberian fires) and from 28 December 2019 to 5 January 2020 (Australian fires).
3.1 Aerosol lidar products

Raman lidar observations in the SH were performed at the campus of the University of Magallanes (UMAG) at Punta Arenas
(53.2°8S, 70.9°W) from November 2018 to November 2021 in the framework of the DACAPO-PESO (Dynamics, Aerosol,
Cloud And Precipitation Observations in the Pristine Environment of the Southern Ocean) campaign (Radenz et al., 2021).
The main goal of DACAPO-PESO was the investigation of aerosol—cloud interaction processes in rather pristine, unpolluted
marine conditions.

As part of the one-year MOSAIC (September 2019 to October 2020), two advanced lidar instruments, a multiwavelength
Raman lidar (Engelmann et al., 2021; Ohneiser et al., 2021) and a High Spectral Resolution Lidar (HSRL) (Eloranta, 2005),
were operated continuously aboard the drifting German icebreaker Polarstern (Knust, 2017). Both lidar systems are polarization
lidars and thus permit detailed monitoring of cloud phase and aerosol morphological features. The ice breaker was trapped in
the ice from October 2019 to May 2020 and drifted through the Arctic Ocean at latitudes mainly between 85°N and 88.5°N for
seven and a half months (Engelmann et al., 2021). The MOSAIC expedition provided for the first time the unique opportunity
to perform lidar observations north of 85°N over the entire winter half year. This part of the Central Arctic is not covered
by any regular lidar measurement, neither with ground-based systems nor with the spaceborne CALIPSO lidar which covers
latitudes <81.8°N only.

At Punta Arenas as well as aboard Polarstern, multiwavelength Raman lidars of the Polly type (POrtabLle Lidar sYstem)
(Engelmann et al., 2016) were used for aerosol profiling (Polly, 2022). The lidar instrument, the measurement channels, and the
methods to derive the smoke optical properties such as particle backscatter and extinction coefficient, extinction-to-backscatter
ratio (lidar ratio), and linear depolarization ratio were presented in previous publications (Ohneiser et al., 2020, 2021, 2022).

For our study here, we used the 532 nm backscatter coefficients and the measured stratospheric smoke lidar ratios. By
multiplying the backscatter coefficients with a characteristic smoke lidar ratio of 85 sr, height profiles of the 532 nm extinction
coefficient up to 30 km height were obtained. The extinction coefficients were then converted into particle number and surface-

area concentrations by means of a recently introduced conversion scheme for aged stratospheric smoke (Ansmann et al., 2021).
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Table 1 shows the lidar products and typical uncertainties in the computed values. The derived particle number concentration
ns5o considers the optically active particles with radius >50 nm. Deshler et al. (2003) and Zhu et al. (2018) showed for in-situ
measured balloon-borne size distribution considering particles with radius >50 nm that the total particle concentration of the
lognormal size distribution (accumulation mode) is underestimated by a factor of about 1.5-2.

3 was recommended

As discussed in Ansmann et al. (2021), for aged smoke, a conversion factor of 1.75 Mm ,um2 cm™
to convert the 532 nm extinction values into surface-area concentrations. This holds for size distributions characterized by
effective radii of 220-250 nm. However, we assume that the effective radius shifted towards 200 nm after several months of
travel in the stratosphere (as a result of sedimentation and removal of the largest smoke particles). For an effective radius

around 200 nm, a conversion factor of 2.5 Mm ym? cm—3

is more appropriate in the conversion.

In our ozone-related study, we present winter season (PSC season) mean profiles of the particle number and surface area
concentration. To obtain these mean profiles, we averaged the available daily backscatter coefficient profiles, in the first step,
before we computed the PSC season mean extinction profile and from this, by applying the conversion parameters, the re-
spective mean surface area and particle number concentration nso of the smoke particles. nso considers particles with radius
>50 nm.

In Sect. 4.3, we show High Spectral Resolution Lidar (HSRL) observations to corroborate that the persistent stratospheric
aerosol layer over the Arctic was a smoke layer and not a volcanic-sulfate-dominated aerosol layer as suggested in several
publications (see, e.g., Kloss et al., 2021). The HSRL is part of the ARM (Atmospheric Radiation Measurement) mobile
facility AMF-1 (https://www.arm.gov/capabilities/instruments/hsrl) and was operated side by side with the Polly instrument

aboard the Polarstern during the MOSAIC expedition. Similar to the Raman lidar Polly, the HSRL system provides vertical
profiles of AOT, particle backscatter coefficient, depolarization ratio, and lidar ratio at 532 nm (Eloranta, 2005; HSRL, 2022).

3.2 NDACC ECC ozonesonde profiles

Under the umbrella of NDACC a large number of stations are operated that regularly launch ozonesondes to measure the ozone
partial pressure up to about 35 km height. Measurements are performed since more than 30 years. All data in recent decades
are from electrochemical concentration cell (ECC) ozonesondes, which have a precision of 3%—5% and an overall uncertainty
in ozone concentration of about 10% up to 30 km (Wilka et al., 2021). As shown in Fig. 1, we use the ozone profiles of Ny-
;\lesund, Norway (78.9°N, 11.9°E), Neumayer station, Antarctica (70.62°S, 8.37°E), and the South Pole station, Antarctica
(90°S). Ozone data are collated by the World Ozone and Ultraviolet Data Centre (WOUDC) (WOUDC, 2022).

The strongest ozone reduction caused by activated chlorine and bromine components occurs during the Arctic spring months
of March (Mar) and April (Apr) and the Antarctic spring months of September (Sep) and October (Oct). In order to study the
impact of wildfire smoke on ozone depletion over Antarctica, we computed the deviation of the September-October mean
ozone profile O3(z,Sep-Oct,y) for the years y =2020 and 2021 from the respective long-term (2010-2019) mean ozone
profile Os3(z,Sep-Oct, 2010-2019). The ozone deviation is given by:

AO3(z,Sep-Oct,y) = O3(z,Sep-Oct,y) — O3(z,Sep-Oct, 2010-2019) . (1)

10
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We used the ozone profiles measured at the Neumayer station and the South Pole station to compute the two-month mean ozone
profiles O3(z,Sep-Oct,2020) and O3(z,Sep-Oct,2021) and the long-term mean ozone profile O3(z,Sep-Oct,2010-2019).
The mean (Neumayer + South Pole) ozone profiles represent well the ozone conditions over Antarctica.

In the same way, we computed the two-month mean ozone anomaly from the Ny-Alesund ozonesonde data in the case of

the Arctic ozone hole in 2020:
AO3(z,Mar-Apr,2020) = Os(z,Mar-Apr,2020) — O3(z,Mar-Apr,2010-2019) . 2)

In order to highlight the record-breaking ozone losses in 2020 on the column ozone values, we calculated the deviation of the
profile-mean (0-35 km) and monthly mean ozone particle pressure O3 co1(m,y) from the respective long-term monthly mean

(2000-2019):
A03.,(:01(77% y) = O3,col(m; y) - OB,col(ma 2000'2019) . (3)

Besides the impact of stratospheric aerosol, the temperature plays an important role in the ozone-destroying processes (Rex
et al., 2004; Solomon et al., 2015). The potential to convert reservoir into active halogen species is closely related to the
available overall PSC volume (Rex et al., 2004) which, in turn, depends on ambient temperatures. To consider temperature
effects on the observed ozone loss, we computed the two-month mean deviation of the stratospheric temperature conditions
(and profile structures) during the main PSC seasons (January-February in the Arctic, July-August over Antarctica) for y =

2020 and 2021 from the respective long-term means 7'(z, Jan-Feb,2010-2019) and T'(z, Jul-Aug, 2010-2019),

AT(z,Jul-Aug,y) = T(z,Jul-Aug,y) — T(z,Jul-Aug,2010-2019) (€))]
and
AT(z,Jan-Feb,2020) = T'(z,Jan-Feb, 2020) — T'(z,Jan-Feb,2010-2019) . (5)

The temperature profiles were measured together with the ozone partial pressures with the NDACC ozonesondes.

4 Results
4.1 Arctic and Antarctic column ozone anomalies from 2000-2021

Figure 4 provides a first glimpse of the record-breaking ozone depletion over Antarctica and the Arctic in 2020. The monthly
mean column ozone anomaly AQO3 ¢1(m,y) from the respective long-term monthly mean (2000-2019) as defined in Eq. (3) is
shown. The ozonesonde observations at the Neumayer and South Pole stations are used in Fig. 4a and Ny-Alesund observations
in Fig. 4b. Typical variations in the column mean ozone partial pressure around the climatological monthly mean values are
£0.5 mPa over Antarctica and +1 to =2 mPa over the Arctic. A long period with negative ozone anomalies were observed over

Antarctica from September 2020 continuously up to the end of 2021. This long period coincides with the strong stratospheric
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perturbation by wildfire smoke originating from the record-breaking Australian bushfires (Black Summer fires, dark grey area
in Fig. 4a) (Ohneiser et al., 2022). The ozone holes in 2020 and 2021 belong to the strongest (regarding ozone reduction) and
largest (regarding the covered area with very low ozone amount) observed during the last 40 years (Krummel and Fraser, 2021;
Stone et al., 2021).

Two further events of stratospheric aerosol perturbation are indicated by light grey columns in Fig. 4a. The impact of
the Chilean Calbuco volcanic eruption in April 2015 caused an ozone anomaly of —0.3 mPa (from the 2010-2019 monthly
means, shown as horizontal line) in September and October 2015. The Australian Black Summer wildfires in 2019-2020 led
to anomalies of —0.7 to —0.8 mPa. In contrast, the Black Saturday fires in February 2009 (Siddaway and Petelina, 2011) had
no impact on the ozone layer (see light grey column from Februray 2009 to December 2009 in Fig. 4a). Compared to the
Australian Black Summer smoke pollution level, the Black Saturday aerosol load was an order of magnitude lower (Peterson
etal., 2021).

The moderate ozone variations over Antarctica shifted towards positive deviations during the last decade in line with the
expected progression of the healing of the Antarctic ozone layer as a consequence of the strong reduction of industrial CFCs
(in agreement with the Montreal Protocol) (Stone et al., 2021; Rieger et al., 2021). This shift is indicated by the horizontal line
in Fig. 4a.

As shown in Fig. 4b, compared to the Antarctic monthly mean ozone anomalies, the respective ozone deviations from the
long-term, climatological monthly means are much stronger over the Arctic (at Ny—Alesund). Furthermore, a clear trend in
the ozone anomalies towards positive values as a result of decreasing CFC levels is not visible in the Arctic ozone data. The
largest negative monthly mean ozone deviation of about 3 mPa was observed in March 2020. Wohltmann et al. (2020) reported
a near-complete local reduction of Arctic stratospheric ozone. The ozonesonde measurements in the most depleted parts of the
polar vortex showed ozone losses up to 93-96% at 18 km height mid of March 2020. Inness et al. (2020) confirmed that ozone
columns over large parts of the Arctic reached record low values in March and April 2020. The minimum ozone column value
of close to 200 Dobson units (DU) was observed on 18 March 2020.

The Arctic stratosphere was highly polluted with wildfire smoke, mainly from 8 and 18 km height, during the PSC period
(January-March 2020). Major Siberian fires occurring in July-August 2019 were most probably responsible for the aerosol
burden (Ohneiser et al., 2021). Volcanic aerosol originating from the Raikoke volcanic eruption in June 2019 may have con-
tributed to the stratospheric perturbation by about 10%. The period with strongly enhanced stratospheric aerosol pollution
levels (August 2019 to May 2020) is indicated by a dark grey column in Fig. 4b. The light grey column (from August 2017
to May 2018) indicates the period with stratospheric smoke from the Canadian fires in August 2017 (Baars et al., 2019). A

noticable impact of the Canadian smoke on ozone depletion is not visible.

12
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375 4.2 Ozone depletion over Antarctica in 2020 and 2021: smoke as the major stratospheric component
4.2.1 OMI observations of spatial ozone anomalies in September and October 2020 and 2021

In Fig. 5, we show the column ozone anomaly pattern over the southern part of the SH in September and October 2020 and 2021.
Here we used the Ozone Monitoring Instrument (OMI) on NASA’s Aura satellite. The instrument provides daily measurements
of total column ozone with a global daily coverage of most of the Earth atmosphere. Note that this satellite product includes

380 both tropospheric and stratospheric ozone. Figure 5 highlights the deviation of the strong ozone hole conditions in 2020 and
2021 from average ozone depletion conditions over Antarctica in September-October 2010-2019. Extraordinarily strong ozone
reduction (blue to black colors) was observed over the entire Antarctic continent in October of both years. Krummel and Fraser
(2021) emphasized the similarities in the 2020 and 2021 ozone hole metrics that were quite striking regarding size, depth,
persistence, and temporal patterns. Fig. 5 corroborates this statement.

385 Table 2 provides values for the latitudinal (70°-80°S) averaged ozone anomalies in September and October 2020 and 2021.
The column ozone values in October 2020 and 2021 deviated by —50 to —60 Dobson units (DU) from the long-term October
means, or in relative units by 17-20% from the June mean (2010-2019, 70°-80°S) column ozone amount of 280 DU. The
2010-2019 June ozone values may be regarded as the ozone reservoir available for depletion in September and October. This
additional ozone loss of 17-20% is to a large extent linked to the strong stratospheric aerosol perturbation by the Australian

390 bushfire smoke.

The results for 2020 in Table 2 are in good agreement with the findings of Rieger et al. (2021). They discussed column
ozone observations in the 13-22 km layer (averaged over the latitudes from 60°-90°S) for the time period from 2012-2020.
Negative ozone anomalies of 20-25 DU from the 2012-2019 October column ozone mean value occurred in October 2020.
This corresponds to a relative additional ozone depletion of 14-17% (related to the respective 13-22 km column ozone value

395 for June (2012-2019) of around 145 DU).
4.2.2 Vertically and temporally resolved ozone anomalies (2019-2021) over the Neumayer station

Fig. 6 provides a vertically resolved view on ozone depletion in 2020 and 2021. The ozone profiles of the Neumayer station are
used. The deviation of each individual ozone sounding, O3(z,t) at time ¢, from the long-term monthly mean O3(z,m,2010 — 2019)
is shown. Base and top heights of the wildfire smoke layer as measured over Punta Arenas (Ohneiser et al., 2022) are given
400 as grey and black circles. We assume that the smoke was homogeneously distributed over the southern part of the SH in the
winter of 2020 (about 6 months after smoke injection) so that the observations at the southernmost tip of South America are
also representative for the aerosol conditions over the Antarctic continent. This assumption is in good agreement with aerosol
extinction observations for the latitudinal belts from 30°S-60°S and from 60°S-90°S presented by Rieger et al. (2021). These
authors showed how fast the smoke became distributed over the SH extratropics (30°-90°S). We concluded from their presen-
405 tations that the smoke extinction values in the 30°-60°S belt were approximately 20% higher than the ones in the 60-90°S zone
in June-August 2020 and that the aerosol observations at Punta Arenas at 53.2°S can be regarded to represent well the smoke

pollution at the highest southern latitudes.

13



410

415

420

425

430

435

440

https://doi.org/10.5194/acp-2022-247 Atmospheric
Preprint. Discussion started: 12 April 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

As can be seen, strong negative ozone anomalies (of up to 3-5 mPa partial pressure) are visible between 15 and 23 km height
from September-December 2020 and from September-November 2021. Negative ozone deviations (blue colors) dominate in
the height range above 14 km from August 2020 to the end of the year 2021. PSCs fully developed in smoke polluted air in
both years.

4.2.3 Vertical distributions of smoke properties, ozone and temperature anomalies, and PSCs

We discussed already a potential impact of wildfire smoke on ozone depletion over Antarctica in the spring of 2020 in Ohneiser
et al. (2022). In Fig. 7, we continue with our data analysis and extend the discussion to the ozone depletion season in 2021.
Aerosol, ozone, temperature, and PSC information is presented. Height profiles of the mean particle surface area (SA) con-
centration and particle number concentration nsg (measured at Punta Arenas) for the winter seasons (June-August 2020 in a,
June-August 2021 in d) are shown together with September-October mean ozone deviations from the long term means, com-
puted by using Eq. (1). Neumayer and South Pole ozonesonde data are considered here. PSCs (height ranges in ¢ and f) mainly
developed in July and August. The shown frequency of PSC occurrence was retrieved by using the CALIPSO V4 classification
scheme (CALIPSO, 2022; Pitts et al., 2009). All CALIOP data for the Southern Hemisphere during the winter seasons 2020
and 2021 were downloaded and the number of PSC entries obtained with the CALIPSO V4 classification were then computed
as a function of height. Below 13 km height cirrus clouds are frequently misclassified as PSC, therefore the PSC height range
is shown down to 13 km only.

We added temperature deviations from the 2010-2019 mean temperature profiles (Eq. 4) for the July-August period (main
PSC season) in Fig. 7c and f. The temperatures were measured with the Neumayer and South Pole ozonesondes. Rex et al.
(2004) observed a clear correlation between the overall Arctic PSC volume (area covered by PSCs times vertical extent of the
PSC cloud layers) and temperature in the 14-24 km height range and thus a clear link between temperature and ozone loss
strength. The modeling studies of Solomon et al. (2015) indicate that a cooling of the polar air mass by 1 K (at temperatures
below 192 K) may cause an additional ozone loss in the order of 0.5-1 mPa (Arctic) and around 0.5 mPa (Antarctica) in the
15-20 km height range.

We also indicate stratospheric background aerosol conditions in Fig. 7a and d based on long-term lidar observations at
Lauder, New Zealand, from 1992 to 2015 (Sakai et al., 2016). During volcanic quiescent times (unperturbed conditions),
particle extinction coefficients at 532 nm wavelength can be as low as 0.1 Mm~! (Sakai et al., 2016; Baars et al., 2019;
Ohneiser et al., 2021, 2022) and corresponding minimum stratospheric background AOT values are around 0.0025 and 0.005
for the height ranges from 15-30 km height and from the tropopause (at about 10 km) to 30 km height, respectively. These
background extinction levels were converted into SA and nso values (dashed-dotted grey line in Figs. 7a and d) by using
conversion factors for typical background sulfate particle size distributions with an effective radius around 0.15 gm (Wandinger
et al., 1995; Jiager and Deshler, 2002, 2003).

According to Deshler et al. (2003), the ns( values (particle number concentrations considering particles with radius >50 nm
only) are a factor of 1.5-2 lower than the total particle number concentration (considering all particles, i.e., also particles with

radius <50 nm) at background and perturbed stratospheric conditions. According to the dashed-dotted line in Figs. 7a and d,
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clean background conditions are characterized by n5o values of 2-5 cm ™ and SA concentrations of 0.3-1 zm? cm~3 from 14-
23 km height (main PSC height range). These numbers are in good agreement with balloon-borne observations over Laramie
(41°N), Wyoming (Deshler et al., 2003) during volcanic quiescent times in the late 1970s (Hofmann and Solomon, 1989) and
in the late 1990s (Deshler et al., 2003).

As can be seen in Fig. 7a, the smoke SA concentrations were as high as 10-15 ym? cm™2 in the 9-12 km height range
(below the main PSC height range) over Antarctica in the winter of 2020 and between 1 and 10 ym? cm™2 in the main PSC
region from 14-23 km height and thus roughly an order of magnitude higher than during clean background periods. The particle
number concentration 7 increased from background values of 2-5 cm ™3 to 10-50 cm™? in the central PSC height range from
15-20 km. Since the total particle number concentration is about a factor of 1.5-2 higher than the ns5( values, up to 100 particles

per cm?®

were available to influence PSC formations and properties. As discussed in Sect. 2.2 and pointed out by Zhu et al.
(2018), a significant increase in PSCc particle number concentrations (STS droplets) can sensitively increase the overall PSC
particle surface area concentration.

A pronounced additional ozone loss (Fig. 7b, negative deviation of the September-October ozone concentration from the
long-term September-October mean, Eq. 1) was found in the PSC height range in 2020. Since the temperatures in Fig. 7c did
not deviate much from the climatological means during the main PSC months July and August in 2020, we hypothesize that
this additional ozone loss is exclusively attributed to the exceptionally polluted conditions. The smoke obviously influenced
the evolution of PSCs and was thus responsible for the large additional ozone loss in the height range from 14-23 km height
via the PSC formation pathway.

In the lower height range (9-12 km height, below the main PSC layer), an expected clear correlation between the smoke SA
concentration and an additional ozone loss was, however, not found in 2020. The reason may be related to specific meridional
ozone transport and tropospheric-stratospheric exchange processes in 2020. A clear relationship between smoke occurrence
and negative ozone anomaly at PSC-free conditions (9-12 km) was found in 2021, only (Fig. 7d-f).

Compared to the winter months of 2020, the smoke particle number and surface area concentrations were lower by a factor
of 2 during the next winter season in 2021. However, the values were still a factor of 3-6 above the aerosol background level in
2021. A remarkably clear correlation between the smoke SA and ns5g concentrations and the additional ozone loss was found
for the height range covering the non-PSC layer (9-12 km) as well as the PSC layer (14-24 km). However, this strong additional
ozone loss is also correlated with temperature anomalies of —0.6 K to —1 K (14-16 km) and —1 K to —2.6 K (16-23 km).
The negative temperature anomalies of, e.g., —0.8 K to —1.8 K in the 15-20 km height range may explain most of the ozone
anomaly of around —1 mPa when considering a 0.5 mPa ozone reduction per Kelvin according to the simulations of Solomon
et al. (2015). Because a clear knowledge of the temperature impact on ozone loss is missing for Antarctic PSC conditions, it
remains an open question to what extent the temperature decrease (compared to the July-August 2010-2019 mean), on the one
hand side, and the wildfire smoke impact, on the other hand, contributed to the overall additional ozone loss of 1-2 mPa in the
PSC height range. As mentioned above, rather similar ozone hole characteristics were found in both the 2020 and 2021 spring

seasons in a clearly smoke-polluted stratosphere. This point will be further discussed in Sect. 4.5.
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At heights below the PSC layer (9-12 km), especially around the smoke maximum at 12 km height, there is still a remarkable
correlation between smoke SA concentration (6-7 pum? cm™3) and addition ozone loss of 0.4-1.2 mPa. Temperature effects
should be of minor relevance below the PSC height range.

To evaluate the importance of an apparent smoke-related ozone reduction of 0.4-1.2 mPa (9-12 km) and 1-1.5 mPa (15-
20 km) the following numbers are useful. Under volcanic widely quiescent stratospheric aerosol conditions (2010-2019) the
ozone partial pressure in the central 15-20 km PSC height range dropped from values of 11.5-14.5 mPa (May-June 2010-
2019 mean, Neumayer + South Pole stations) to values around 4 mPa (September-October 2010-2019 mean), and thus by
7.5-10.5 mPa (i.e., on average by 65-72%). According to this, a smoke-related further ozone loss of 1-1.5 mPa as found in
September-October 2020 corresponds to a relative additional ozone reduction by 10-20%. Regarding ozone depletion in the
PSC-free environment (9-12 km), below the PSC layer, the ozonesonde climatologies indicate that the ozone partial pressure
dropped, on average (2010-2019), from values of 3-6 mPa to 2-5 mPa. The ozone reduction was typically 0.7-1.2 mPa in the
9-12 km height range in 2010-2019. Thus the additional smoke-related ozone loss of 0.4-1.2 mPa reflects a smoke contribution
of 30-50% to the overall 2021 ozone depletion in the 9-12 km height range.

These numbers are in good agreement with Table 2 and also with the study of Rieger et al. (2021). Our analysis of satellite
column ozone observations for the latitudinal belt from 70-80°S revealed an additional, smoke-related ozone depletion contri-
bution of 10-17 % in 2020 and 10-20% in 2021. The found consistency between the different studies corroborates also that our
two-station study (Neumayer and South Pole) is quite representative for the smoke-related impact on ozone depletion over the
entire Antarctic continent. It further demonstrates that the Punta Arenas aerosol observations are appropriate to describe the

smoke-related stratospheric aerosol perturbation over Antarctica in 2020 and 2021.
4.3 Ozone depletion over the Arctic in 2020: smoke as the major stratospheric component
4.3.1 Smoke identification by HSRL and Raman lidar observations

A first discussion of a potential impact of the strong stratospheric aerosol perturbation over the Arctic in 2019-2020 on the
record-breaking Arctic ozone hole in March-April 2020 was given in Ohneiser et al. (2021). Before we can deepen this discus-
sion, we need to clarify that wildfire smoke was the dominating aerosol component throughout the entire stratospheric aerosol
layer up to 18 or even 20 km height. Ohneiser et al. (2021) left the question open whether smoke or sulfate aerosol originating
from the Raikoke volcanic eruption (Kloss et al., 2021) was prevailing at heights >13 km. Because of too noisy Polly lidar
signals, wildfire smoke could unambiguously be identified up to 13 km height only.

Figure 8 shows the observations with the continuously running HSRL over the Polarstern (85-88.5°N) in January and Febru-
ary 2020 (HSRL, 2022). The smoke layer is clearly visible between 8 and 16 km height (light blue layer, aerosol traces reached
up to 20 km height). PSCs developed mainly above 18 km height. Cirrus virga often developed and were typically found
between 2-10 km height. Cirrus formation was triggered by heterogeneous ice nucleation on the smoke particles (Engelmann
et al., 2021). Artic haze (also in dark red) dominated the lidar backscatter signals in the lowest part of the troposphere (Engel-
mann et al., 2021).
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Figure 9 presents a comparison of the Polly lidar (in a) with the HSRL observations (in b, 7-8 February 2020) in terms of
particle optical properties. Both lidars were operated side by side aboard the Polarstern vessel during the MOSAiC expedition.
The 24 h mean backscatter profile in Figure 9a indicates a pronounced aerosol layer from 8-16 km and enhanced backscatter
values (above background) up to 20 km height. By using a rather large vertical signal smoothing length of 4000 m we were
able to cover the height range up to 15 km with extinction-to-backscatter ratio (lidar ratio) observations. Polly values of the
lidar ratio of around 70 sr (532 nm) and 50 sr (355 nm, not shown here) indicate smoke particles as the main optically active
aerosol component. Volcanic particles would produce lidar ratios around 45 sr at both 355 and 532 nm wavelengths (Mattis
et al., 2010). The Polly results are corroborated by the HSRL data analysis in Fig. 9b. The height profile of an increasing
aerosol optical thickness (AOT, red noisy profile), directly obtained from the measured pure Rayleigh signals, is compared
with several AOT profiles obtained by the integration of the measured 532 nm particle backscatter coefficient from 8 km to
height z multiplied by a given lidar ratio, which was varied between 20 sr and 80 sr. The best match with the directly observed
AOQOT was found for a typical smoke lidar ratio of 70 sr. This corroborates our general hypothesis that wildfire smoke dominated

throughout the entire layer up to 20 km with a 10% Raikoke sulfate contribution (Ohneiser et al., 2021).
4.3.2 Vertically and temporally resolved ozone anomalies (2019-2020) over Ny-z&lesund

The impact of the Siberian wildfire smoke on the formation of the record breaking ozone depletion in the Arctic in the spring of
2020 is visualized in Fig. 10. The deviation AOs3(z,t) of each individual ozone sonde observation O3(z,t) at time ¢ from the
long-term monthly mean ozone partial pressure Os(z,m,2010 —2019) is shown. The ozone profiles of the Arctic Ny-Alesund
ozonesonde station (78.9°N), about 800 km south of the Polarstern during the winter and spring months in 2020, are used
here. Base and top heights of the main wildfire smoke layer as measured over the Polarstern during the MOSAiC campaign
(Ohneiser et al., 2021) are given in this height-time display as gray and black circles.

As can be seen, negative ozone deviations (blue colors) prevailed since the summer of 2019. Rather strong negative deviations
were then measured between 15 and almost 25 km height in March and April 2020. According to Wohltmann et al. (2021), the
Arctic stratospheric winter 2019/2020 was the coldest winter ever observed in the Arctic stratosphere and showed the lowest
ozone mixing ratios ever measured in the Arctic polar vortex. The vortex-averaged ozone loss was one of the largest ever
observed in the Arctic. The strong ozone depletion remained visible (blue colors in the smoke height range) even during the
summer of 2020 when meridional ozone transport usually replenished the ozone layer over the Arctic and compensated for the
spring time ozone losses. However, obviously ozone depletion occurred over large parts of the NH so that such a replenishment

was not possible.
4.3.3 Vertical distributions of smoke properties, ozone and temperature anomalies, and PSCs

In Fig. 11, we present our findings regarding aerosol, ozone, temperature, and PSC conditions over the Arctic, in a similar way
as for the Antarctic ozone depletion events in Fig. 7. The smoke layer did almost not overlap with the main PSC layer >17 km.
The rather strong additional ozone loss of up to 10 mPa around 18 km height over Ny-Alesund can be easily explained by

the extraordinarily strong temperature deviation of —8.5 K from the long-term January-February (2010-2019) mean. However,
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by using the temperature dependence of about 1 mPa ozone reduction per Kelvin as discussed in Sect. 4.2.3, again a residual
ozone loss of 1-2 mPa can be attributed to the smoke occurrence.
A clear impact of smoke is visible in the height range below the PSC region (at 9-12 km height). Surface area concentrations

of 6-10 ym? cm™3

are correlated with an additional ozone loss of 2-3.5 mPa. These values represent an additional ozone
reduction of further 50% when related to the November 2010-2019 ozone mean values and 30% when related to the March-
April 2010-2019 ozone mean values.

It is interesting to note in this context, that Inness et al. (2020) also found a strong negative ozone anomalies (3-4 mPa) at
heights around 10-11 km (200 hPa). Their study was based on Copernicus Atmosphere Monitoring Service (CAMS) reanalysis
data (available for the years 2003-2020). Furthermore, Manney et al. (2020) reported MLS (Aura Microwave Limb Sounder)
observations and mentioned that chlorine activation and ozone depletion began earlier in 2019 than in any previously observed
winter over the Arctic with evidence of chemical ozone loss starting already in November 2019. Active chlorine then persisted

as late into spring. Peak chlorine activation, and thus peak ozone loss, occurred at lower altitudes in 2020 than in other years

(2003-2020) except during the cold year of 2011.
4.4 Comparisons of Arctic and Antarctic smoke layers

Two summarizing figures are presented in this and the next section. Figure 12 allows a comparison of the stratospheric smoke
conditions over the Arctic in 2020 and Antarctica in 2020 and 2021. Very similar layering structures were observed over both
polar regions with maximum aerosol values just above the tropopause. The SA concentration and related ns5y values of the
Australian smoke were clearly above the background aerosol level up to 23 km height in June-August 2020 and 2021 so that
PSC formation fully occurred in a smoke-polluted environment in the two winter seasons of 2020 and 2021. The PSC height
ranges are given in the left part of Fig. 12. In contrast to the SH smoke conditions, the main Siberian smoke layer was found at
lower heights, did not overlap much with the main PSC layer, and smoke SA and ns values reached background levels already
at about 18 km height.

Several SA values of volcanic sulfate particles are shown for comparison in Fig. 12. The high SA concentrations of 10-

20 pm? cm~3

were observed over northern Germany at 53°N in 1993 during the second winter and spring months after the
Pinatubo eruption (Ansmann et al., 1996). In contrast to the first winter (1991-1992), the Pinatubo aerosol was homogeneously
distributed over the entire mid and high northern latitudes (up to the North Pole) in the winter of 1992-1993. Values of 1-
5 pm? cm~3 were observed over mid and high southern latitudes several months after the Chilean Calbuco volcano (Begue
et al., 2017; Zhu et al., 2018). Even this minor volcanic eruption causing stratospheric 532 nm AOTs of up to 0.007 (compared
to 0.25-0.3 after the Pinatubo eruption) had a noticeable impact on ozone depletion over Antarctica in the spring of 2015

(Solomon et al., 2015; Zhu et al., 2018; Stone et al., 2021).
4.5 Correlation between smoke levels and ozone anomalies

To further illuminate the impact of Australian and Siberian smoke on ozone destruction in the stratosphere, correlations between

the smoke SA concentration and the observed additional ozone loss are presented in Fig. 13. The same smoke and ozone data
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as shown in Figs. 7 and 11 are used. We added two data pairs for volcanic perturbed, PSC-free conditions (big black circles,
Calbuco and Pinatubo-related ozone loss values) (Zhu et al., 2018; Ansmann et al., 1996). The Calbuco-related ozon loss was
simulated for 70°S in September 2015 and constrained to satellite observations of Calbuco aerosol optical properties (Zhu
et al., 2018). In the case of the Pinatubo scenario, we analyzed Ny-Alesund ozone profile data for March-April 1993 and
computed the ozone deviation from the long-term (March-April, 1998-2008) mean ozone profile and interpreted the found
negative ozone anomalies as the contribution of Pinatubo volcanic aerosol to the observed ozone loss in the spring of 1993.
The volcanic-induced ozone depletion over N y-fAlesund was very similar to the ozone depletion values observed over Germany
(Lindenberg, near Berlin) (Ansmann et al., 1996).

As can be seen in Fig. 13, at heights below the main PSC layer (closed triangles in Fig. 13), we found a clear increase of the
additional ozone loss with increasing SA concentration for the Antarctic observations in 2021 and the Arctic observations in
2020, reasonably in line with the influence of the Calbuco and Pinatubo volcanic aerosol in PSC-free air. For the Antarctic ob-
servations in 2020, we did not find any correlation for the lowermost stratospheric region. Potential reasons for the uncorrelated
behavior were mentioned in Sect. 4.2.3.

A clear impact of the smoke on ozone depletion via the influence on PSC evolution and properties (PSC formation pathway)
was found for the Antarctic winter and spring seasons in 2020 (open red triangles in Fig. 13). In the PSC winter of 2020, the
temperatures were close to the climatological mean and thus had no significant impact on the additional ozone loss. However,
instead of an expected increase of the additional ozone loss with increasing smoke SA and corresponding n5¢ concentration
(causing an expected increase in PSC particle SA concentration) we found an almost SA-independent ozone anomaly of 0.8-
2 mPa for SA values from 1-10 me cm™3 or, in terms of nsg, from about 10 to 100 cm 2. Note, that SA concentrations of
close to 1 um? cm~2 in Fig. 13 correspond to smoke aerosol levels still a factor of >3 above stratospheric background level.

The reason for this behavior remains unclear. One could argue that the found nsg-independent ozone depletion is the result of
the combination of two compensating effects. Because temperature steadily decreases from 13 to 23 km in the winter months,
the conditions for the development of PSCs become increasingly favorable with height. The ability of the smoke particles to
influence PSC formation most probably increases with increasing favorable conditions for PSC evolution as well. However, this
vertically increasing efficacy of smoke particles being involved in PSC formation processes is compensated by the decrease in
the smoke burden with height as shown in Fig. 12a so that the overall impact on ozone depletion via the PSC formation pathway
seems to be height- or nsp-independent. It should be emphasized that this is our hypothesis. Maybe even other compensation
and also saturation effects occurred in the complex heterogeneous chemical processes on the PSC particles.

A similar un-correlated behavior between smoke SA concentration and negative ozone anomaly as in 2020 was also found for
the 2021 Antarctic data (orange open triangles in Fig. 13). In both years, the particle number concentration nsq was significantly
above background level (a factor of 4-12 in the winter of 2020, a factor of 3-7 in the winter of 2021). The similarity in the
correlation results for 2020 and 2021 suggest that smoke influenced ozone depletion via the PSC formation pathway in both
years.

Finally, the Arctic results (open blue triangles in Fig. 13) remain to be briefly discussed. The strong difference to the Antarctic

correlation results (open orange and red triangles) provides a clear view on the impact of the Arctic temperature anomalies (of

19



610

615

620

625

630

635

640

https://doi.org/10.5194/acp-2022-247 Atmospheric
Preprint. Discussion started: 12 April 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

up to 9 K below the long-term 2010-2019 mean in the 15-23 km height range) on ozone reduction of up to 10 mPa. Currently,
it is not possible to accurately correct for these temperature effects to estimate the remaining smoke impact on ozone depletion
in the PSC height range above 14 km. As mentioned, if we assume a value of 1 mPa ozone pressure decrease per 1 K cooling
(Solomon et al., 2015), the drop in temperature by 8.5 K from the long-term mean at 18 km height explains 8.5 mPa of the

observed 10 mPa ozone reduction. The remaining 1.5 mPa of ozone loss may then be related to the smoke impact.

5 Conclusion and outlook

Two major fire events in Siberia in July-August 2019 and Australia in December 2019 to January 2020 caused record-breaking
stratospheric smoke pollution over both polar regions in 2020. In this study, we presented for the first time, to the best of our
knowledge, a systematic study of the impact of wildfire smoke on ozone depletion in the polar stratosphere over the Arctic and
Antarctica. The study was the continuation of previous investigations started by Ohneiser et al. (2021, 2022). Our analyses were
based on complex height-resolved observations of smoke particle number and surface area concentrations (aboard Polarstern
and at Punta Arenas) and Arctic and Antarctic ozone, temperature and PSC profiling as well as on OMI satellite observations
of column ozone in the latitudinal belt from 70°-80°S in the winter and spring seasons of 2020 and 2021.

Clear indications for a smoke impact on PSC formation, halogen activation, and ozone depletion was found over Antarctica
in the height range > 13 km in the two consecutive years of 2020 and 2021. The data analysis revealed a smoke-related
additional ozone loss over high southern latitudes of 1-1.5 mPa (10-20%), independent of the strength of the smoke pollution,
i.e., for particle number concentrations from 10-100 cm~3 (factor of 3-10 above stratospheric aerosol background level). The
extremely unusual atmospheric conditions over the High Arctic in the winter and spring seasons of 2019-2020 with temperature
deviations of up to 9 K from the long-term mean made it impossible to properly quantify the impact of wildfire smoke on PSC
formation and subsequent ozone depletion at high northern latitudes. Our PSC-related studies suggest that rather strong fire
storms (even stronger than the Austrilian fire storms) combined with lifting of thick smoke layers clearly above 20 km may
lead to a complete depletion of the ozone layer over Antarctica during the spring season.

Clear indications for an impact of smoke on ozone depletion for PSC-free conditions (9-12 km) were observed as well.

3 were correlated with a smoke-related addi-

Smoke particle surface area (SA) concentrations in the range of 5-10 ym? cm™
tional ozone loss of 0.4-1.2 mPa (30-50% contribution to the total ozone loss, Antarctica, 2021) and 2-3.5 mPa (also 30-50%
contribution to the total ozone loss, Arctic, 2020).

Satellite observations were used to highlight the ozone depletion on a spatial scale. The satellite data, showing the strong
smoke-related ozone over entire Antarctica, were in good agreement with the aerosol and ozone profile studies. The derived
additional column ozone loss (deviation from the long-term mean) ranged from 26-30 Dobson units (9-10%) in September
2020 and 2021 and 52-57 Dobson units in October 2020 and 2021 in Antarctic latitudinal belt from 70°-80°S.

Our study may be regarded as a first step and a motivation for further studies on the impact of smoke on ozone depletion.

This will include airborne in situ observations, remote sensing, laboratory studies as well as atmospheric modeling in this

new field of atmospheric science. Many aspects, especially those related to the chemical composition and microphysical and
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morphological properties of the aged smoke particles (after traveling around the globe over months and even years and known to
impact ) need to be investigated in detail. The ability of aged smoke particles to influence heterogeneous chemical processes,
cirrus and PSC formation is another important topic of investigations. The relevance for these new studies is given by the
expectation that extraordinarily strong wildfires as a consequence of climate warming (higher temperatures, longer droughts)
may occur more often in the future. There is a clear and strong need to accurately consider the impact of wildfire smoke on
ozone depletion in the ozone-layer-healing and future-climate-change debate. The full importance of strong wildfires need to

be well considered in upcoming Intergovernmental Panel on Climate Change (IPCC) reports.

6 Data availability

Polly lidar observations (level 0 data, measured signals) are in the PollyNet database (Polly, 2022). All the analysis products
are available upon request (info@tropos.de). MOSAIC HSRL data is available at http://www.arm.gov/data. Specific analysis
products derived from Polarstern HSRL observations can be obtained on request (eloranta@wisc.edu). Basic HSRL overviews
are avialble at HSRL (2022). The ozone and temperature data from regular NDACC ozonesonde launches at Ny—Alesund,
Neumayer and South Pole station can be downloaded at the NDACC website (NDACC, 2021) and are available through the
World Ozone and Ultraviolet Data Center (WOUDC, 2022). Satellite ozone observations were downloaded from the OMI data
base available at OMI (2022). Finally, CALIOP observations of PSCs were used (CALIPSO, 2022).
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Table 1. Overview of Polly observational products and characteristic (typical) relative uncertainties in the determined and retrieved properties.
Basic smoke parameters measured with lidar are the particle backscatter coefficient and lidar ratio at 532 nm wavelengths. From these data,
extinction coefficients are calculated and converted to surface area and number concentration profiles of the smoke particles. In addition, the

ozone partial pressure measured with NDACC ozonesondes and used in our study is listed.

Parameter Uncertainty
Particle backscatter coefficient [Mm ™! sr™"] <10%
Particle lidar ratio [sr] 10-30%
Particle surface-area concentration [um?* cm™?] 35%

Particle number concentration (radius >50 nm) [em ™3]  50%

Ozone partial pressure [mPa] 5-10%

Table 2. Monthly mean column ozone anomalies (i.e., deviations from the long-term September and October 2010-2019 mean column ozone
values) plus standard deviations for September and October 2020 and 2021. Averaged values for the latitudinal belt from 70°-80°S are given.
Relative ozone deviations are related to the respective long-term, monthly mean June (2010-2019, 70°-80°S) column value of 280 Dobson

units (DU).

Month additional rel. additional
ozone loss  ozone loss
September 2020 26+14 DU 94+5%
October 2020 52421 DU 1948%
September 2021 3018 DU  11+6%
October 2021 57+£28 DU 20+10%
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Figure 1. Global map showing the two lidar sites (aboard the icebreaker Polarstern during the one-year MOSAIC expedition and at Punta
Arenas in southern Chile during the three-year DACAPO-PESO campaign, explained in Sect. 3.1), the regions with major wildfires (Siberia,

Australia), and the ozonesonde sites at Ny-Alesund, Neumayer, and South Pole station used in the present study. Arrows show the main
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Figure 2. Formation of PSC particles (STS droplets) for three different aerosol scenarios (clean background, volcanic aerosol, wildfire
smoke). Three aerosol particles symbolize an increase in aerosol particle number concentration (volcanic and smoke scenarios) which leads
to an increased STS droplet number concentration and, on average, smaller STS droplets (compared to background conditions). Insoluble
meteoritic particles (small dots, background aerosol) may be immersed within the background sulfate and STS droplets. Smoke particles are

shown as BC-core-OC-shell structure with Ho0/H2SO4 coating (white sphere). By HNO3 uptake all STS droplets grow to large sizes (see

text for more explanations).
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Figure 3. Key processes of the vertical and meridional transport of wildfire smoke from the emission sources to the polar regions.
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Figure 4. (a) Column ozone anomaly expressed as difference between the monthly mean, vertical mean ozone partial pressure (0-35 km
height) from the respective climatological (2000-2019) monthly mean (Eq. 3). Ozone profiles measured at the Antarctic Neumayer and
South Pole stations are considered in the top panel. (b) Same as (a), but based on ozone profiling at the Arctic Ny—Alesund station. Dark grey
columns mark the time periods with strong stratospheric aerosol perturbations after the major Australian fire events (Black Summer, in a)
and Siberian fires (in b). Light grey columns indicate time periods after the Australian fires in 2009 (Black Saturday, in a) and the Calbuco
volcanic eruption in April 2015 (in a), and the Canadian fires (in b, period of influence from August 2017 to January 2018). The horizontal

line in (a) emphasizes the change in average ozone level, possibly caused by the healing of the ozone layer during the last years.
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Figure 5. (a,c) September and (b,d) October 2020 and 2021 column ozone deviations (monthly means in Dobson units) from the respective
September and October 2010-2019 column ozone means. Observations of the Ozone Monitoring Instrument (OMI) aboard the NASA Aura

spacecraft are used (OMI, 2022). Both years are similar regarding the additional ozone loss pattern over Antarctica (green, blue and black

colors). In panel d, Punta Arenas (53.2°S), the Neumayer (70.6°N) and the South Pole stations are indicated by yellow stars.
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Figure 6. Deviation of each individual ozone profile from the respective long-term (2010-2019) monthly mean ozone profile. Measurements
at the Neumayer station (70.6°S) are used. The base (grey dots) and top heights (black dots) of the Australian smoke layer measured with
Polly at Punta Arenas on a daily basis indicate the smoke-polluted height range. Gaps in the lidar data after December 2019 are caused by

cloudy weather and instrumental problems.
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Figure 7. (a) Winter (June-August) mean profiles of the particle surface area (SA) concentration and number concentration nso (particles
with radius >50 nm) estimated from lidar observations at Punta Arenas in 2020. Horizontal bars indicate a SA retrieval uncertainty of 35%.
Background aerosol estimates are given as a grey dashed line, based on lidar observations at Lauder, New Zealand (Sakai et al., 2016).
Dotted line segments indicate extrapolations. (b) Additional ozone loss for September-October 2020, i.e., absolute ozone deviations from
the respective long-term September-October (2010-2019) mean profile (see Eq. 1). (c) PSC height range (restricted to heights >13 km)
and relative vertical distribution of the PSC frequency of occurrence (in arbitrary units) from CALIOP observations and mean temperature
deviations (dashed line) for the main PSC months July-August 2020 from the respective July-August long-term mean profile (calculated with
Eq. 4). Ozondesonde data collected at the Neumayer and South Pole stations are used (averaged) in the ozone and temperature calculations.

(d)-(f) same as (a)-(c) except for 2021.
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Figure 8. UTLS aerosol layer (light blue layer, 8-16 km) over the North Pole region in (a) January 2020 and (b) February 2020. A few PSCs
are visible above 18 km in January and between 15 and 20 km in February. Cirrus (in red) formed in the lower part of the UTLS smoke layer
and produced long virga (in red). Below 3 km, Arctic haze prevailed. The range-corrected 532 nm backscatter signal observed with a High

Spectral Resolution Lidar aboard Polarstern is shown (HSRL, 2022).
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Figure 9. (a) Particle backscatter coefficient (light green, 532 nm, 500 m vertical signal smoothing) and corresponding lidar ratio (dark green
circles, 4000 m vertical smoothing, smoothing range is indicated by vertical bars) determined from the Polly observations on 7 February
2020, 00:00-24:00 UTC. Horizontal bars indicate one standard deviation uncertainty. (b) Profile of particle optical thickness (thick red
profile) from 8 km up to height z as directly measured with the HSRL at 532 nm (aerosol_ot) and, alternatively calculated from the integral
(intBS) of the independently measured backscatter coefficients (above 8 km height up to height z) multiplied by seven different lidar ratios
from 20-80 sr. The best match is obtained for a typical wildfire smoke lidar ratio of 70 sr. HSRL signal profiles are averaged for the time

period from 7 February 00:00 UTC to 8 February, 05:50 UTC.
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Figure 10. Deviation of each individual ozone profile from the respective long-term (2010-2019) monthly mean ozone profile. Measurements
at the Ny-Alesund (78.9°N) station are used. The base (grey dots) and top heights (black dots) of the Siberian smoke layer measured with
Polly aboard Polarstern on a daily basis indicate the smoke-polluted height range.
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Figure 11. (a) Winter (January-February) mean profiles of the particle surface area (SA) concentration and number concentration nsg (par-
ticles with radius >50 nm) estimated from lidar observations aboard Polarstern in 2020. Horizontal bars indicate a SA retrieval uncertainty
of 35%. Background aerosol estimates are given as a grey dashed-dotted line. (b) Additional ozone loss for March-April 2020, i.e., absolute
ozone deviations from the respective long-term March-April (2010-2019) mean ozone profile (see Eq. 2). (c) PSC height range (restricted to
heights >13 km) and relative vertical distribution of the PSC frequency of occurrence (in arbitrary units, from CALIOP observations) and
mean temperature deviations (dashed line) for the main PSC months January-Februray 2020 from the respective January-February long-term

mean profile (calculated with Eq. 5). Ozondesonde data collected at Ny—Alesund are used in the ozone and temperature calculations.
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Figure 12. Arctic (NP2020, North Pole, January-February 2020) and Antarctic (PA2020, PA2021, Punta Arenas, June-August 2020, 2021)
wildfire smoke layers in terms of particle surface area (SA) concentration. The background aerosol SA concentration is given as well (Sakai
et al., 2016). For comparison, SA concentrations observed a few months after the minor Calbuco volcanic eruption (small circles, derived
from satellite observations at 55°S, July 2015) (Zhu et al., 2018) and about 1.5 years after the major Pinatubo volcanic eruption (big circles,
mean SA concentrations for the height range indicated by vertical bars, 53.4°N, Germany, spring 1993) (Ansmann et al., 1996) are included.
PSC occurrence height ranges (open vertical bars to the left) for the Arctic (NP2020, blue) and Antarctic winter seasons (PA2020, red,

PA2021, orange) are given as well.
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Figure 13. Correlation between smoke particle surface area (SA) concentration and the additional ozone loss observed over the Arctic (blue,
2020) and over Antarctica (red, 2020, orange, 2021). The smoke-ozone data pairs are taken from Figs. 7 and 11. Considered are data from
9-25 km height with a resolution of 1 km (17 data pairs per scenario). Open triangles show PSC-influenced data pairs, closed triangles show
the observations below the PSC height range (Arctic, 9-13 km, Antarctica, 9-12 km). For comparison, two values (for PSC free conditions)

for volcanic aerosol scenarios are included (Calbuco, low SA conc., Zhu et al. (2018), Pinatubo, high SA conc., Ansmann et al. (1996)).
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