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Abstract. Polar stratospheric clouds (PSCs) play a critical role in the stratospheric ozone depletion processes.
The last 30 years have seen signi cant improvements in our understanding of the PSC processes but PSC
parametrization in global models still remains a challenge due to the necessary trade-off between the complexity
of PSC microphysics and model parametrization constraints. The French Antarctic station Dumont d'Urville

(DDU, 66.6 S, 140.0 E) has one of the few high latitude ground-based lidars in the Southern Hemisphere that

has been monitoring PSCs for decades. This study focuses on the PSC data record during the 2007—2020 pe-
riod. First, the DDU lidar record is analysed through three established classi cation schemes that prove to be
mutually consistent: the PSC population observed above DDU is estimated to be of 30 % supercooled ternary
solutions, more than 60 % nitric acid trihydrate mixtures and less than 10 % of water—ice dominated PSC. The
Cloud—-Aerosol Lidar with Orthogonal Polarization PSC detection around the station are compared to DDU PSC

datasets and show a good agreement despite more water—ice PSC detection. Detailed 2015 lidar measurements

are presented to highlight interesting features of PSC elds above DDU. Then, combining a temperature proxy to
lidar measurements, we build a trend of PSC days per year at DDU from ERAS (the fth generation of European
ReAnalysis) and NCEP (National Centers for Environment Protection reanalysis) reanalyses tted on lidar mea-
surements operated at the station. This signi cant 14-year trendldd PSC days per decade is consistent with

recent temperature satellite measurements at high latitudes. Speci ¢ DDU lidar measurements are presented to
highlight ne PSC features that are often sub-scale to global models and spaceborne measurements.

1 Introduction sunlight (Solomon, 1999). Denitri cation and dehydration,
mostly through the uptake of HNCand HO by PSCs and
Polar stratospheric clouds (PSCs) have been closely investthe subsequent PSC sedimentation, decreasest#iR®H0
gated for several decades, primarily due to their critical rolestratospheric concentration and hence enhance ozone dep
in stratospheric ozone chemistry. PSC particles are a combition (WMO, 2018). Despite major improvements in the re-
nation of water vapour (yD), nitric acid (HNQ) and sul-  cent years due to enhanced research and monitoring cap
furic acid (HbSQy) in different physical states and are of- bilities, some PSC-related aspects are still to be understoo

ten observed as layers featuring different chemical composiSpatial measurements brought a global point of view able

tions. They form during the winter polar stratosphere whento grasp the spatial and temporal distribution of PSC dur
the temperature decreases below speci c thresholds relateithg winter (Pitts et al., 2018). Studies highlighted the need tq
to nitric acid and water vapour freezing points. Their main take wave-induced temperature variations into account to ag
impact is to enable heterogeneous chemical reactions thaquately model PSC occurrences (Cairo et al., 2004; Hopfng
convert stable chlorine and bromine reservoirs into activeet al., 2006; Eckermann et al., 2006; Engel et al., 2013
radicals that catalytically deplete ozone in the presence of
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Tritscher et al., 2019). However, some PSC particle forma-in laboratory experiments, notably sulfuric acid tetrahydrate
tion pathways are still debated (Tritscher et al., 2021) and(SAT) or nitric acid dihydrate (NAD), but have yet to be
the adequate model parametrization of PSCs is still challengeon rmed by atmospheric observations. Studies showed that
ing. Besides, the recent stratospheric injections of aerosol®SC type identi cation depends on the history of the air
caused by volcanic eruptions and wild res also raise ques-masses due to hysteresis effects on PSC formation along the
tions on the potential interaction with PSC formation pro- temperature scale (Larsen, 2000). In addition, the tempera-
cesses and subsequent stratospheric ozone depletion (Tenttée cooling rate is an important variable driving orographic
et al., 2022; Ansmann et al., 2022; Rieger et al., 2021; Stond>SC formation in both the Arctic and Antarctic (Noel and
etal., 2021). Pitts, 2012).

Depending on pressure, temperaturgOHand HNG gas Overall, the modelling community has not been able to
phase concentrations, and possibly on the abundance déke full advantage of complex PSC classi cation schemes as
available nuclei, the three key species combine and form difmost models often have only a few variables to resolve PSC
ferent types of particles and clouds. The nuclei are generallymicrophysics. Therefore, the combination of model con-
stratospheric sulfuric acid aerosols or to a lesser extent mestraints and the high rate of unclassi ed observations (due to
teoritic material, whose role in PSC patrticles nucleation iseither instrumental concerns or unequilibrated particles) led
still a subject of discussion (Ebert et al., 2016; James et al.to some rede nition of the boundaries between the existing
2018). Water—ice crystals (ICE), nitric acid trihydrate (NAT) PSC classes rather than considering additional classes. The
and supercooled ternary solution droplets (STSs) gDH  PSC classi cation schemes previously mentioned are based
HNO3 and HbSO, are the three particle types which have on ground-based or spaceborne lidar measurements. While
been fully characterized in laboratory studies (Koop et al.,in situ measurements with balloons or stratospheric aircraft
2000; Hanson and Mauersberger, 1988; Carslaw et al., 1997are highly valuable, they remain rare. Lidar instruments, both
Ice particles can nucleate both homogeneously and heterogepround-based and spaceborne, are more appropriate to study
neously depending on the temperature and air mass historf2SCs as they provide extremely high vertical and time reso-
while NAT particles only nucleate on pre-existing particles lution data at the cost of a heavy inversion procedure (i.e. as
(Koop et al., 1995, 1997; James et al., 2018). STS dropletgompared to direct particle counters) needed to retrieve the
form by the uptake of atmospheric gas phase HN@sulfu- optical properties.
ric acid aerosols. PSCs are generally composed of a mixture Achtert and Tesche (2014) presented a comprehensive re-
of these base particles. Depending on their dominant typeview of the PSC classi cation schemes. Their study shows
of particles, different PSCs have different surface area denthat these classi cations can lead to very different outcomes
sities and chemical heterogeneous reactivities and therefor&hen applied to a single dataset. As these classi cations
different levels of halogen activation. Ice crystals are knownare often derived from a single instrument, they are likely
to be the most ef cient in chlorine activation. However, since to carry their own biases and prevent quantitative compar-
they are relatively rare, most of the chlorine activation oc-isons with other datasets carrying other biases related to dif-
curs on or in liquid particles (Abbatt and Molina, 1992; Han- ferent instrumental setups. Also, different sets of variables
son and Ravishankara, 1993; Wegner et al., 2012; Tritschehave been used to interpret the measurements and the lack
etal., 2021). The ef ciencies of STS, NAT, ICE particles and of homogeneity in lidar data processing and in the de nition
stratospheric aerosols to activate chlorine are compared asa&f some optical properties make intercomparisons between
function of temperature in Fig. 39 of Tritscher et al. (2021). different studies more dif cult. Following the conclusions of

From these three basic particle types and their combinaAchtert and Tesche (2014), we decided to consider three dif-
tions, more detailed types of PSCs were identi ed for the pur-ferent classi cations proposed by Blum et al. (2005) (here-
pose of creating classi cations based on optical properties ofafter called B05), Pitts et al. (2011) (hereafter called P11),
the pure STS, NAT and ICE blends of chemical compounds.and an updated version of P11 (Pitts et al., 2018, hereafter
The rst was published by Poole and McCormick (1988). called P18).

Since then, several classi cations have been proposed, listing These classi cations are used to analyse the lidar mea-
different types of clouds based on different sets of variablessurements conducted at the French Antarctic station Dumont
(Browell et al., 1990; Toon et al., 1990; Stein et al., 1999; d'Urville (DDU, 66.6 S, 140.0 E). DDU is located on the
Santacesaria et al., 2001; Adriani et al., 2004; Massoli et al.shore of the continent and therefore often lies at the edge
2006; Blum et al., 2005; Pitts et al., 2009, 2011, 2013, 2018) of the polar vortex. The station has hosted a stratospheric
Over the years, these schemes became more complex as STiear since 1989, making it one of the very few Antarctic
NAT and ICE base types could not explain alone the full ex- station with a long-term lidar data record. Considering the
tent of observed PSC characteristics and resulted in high proatest laser source replacement in 2005 and the continuous
portions of unclassi ed measurements (up to 30 %; Achtertmonitoring from 2006, DDU PSC dataset is compared to
and Tesche, 2014). Additionally, some of the early classi ca-the spaceborne PSC measurements conducted by CALIOP
tion schemes included thermodynamically unstable specie¢Cloud—Aerosol Lidar with Orthogonal Polarization) in the
at stratospheric conditions which were sometimes detectedicinity of the station, from 2007 to 2020. Two of the major
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roles of a ground station are to perform process studies andiameter Newton telescope. A polarizing cube at the recep-
establish decadal trends. Such trends are highly valuable béion splits the beam into two components polarized paral-
cause they re ect the evolution of the stratosphere in terms ofel and perpendicular to the laser emission for the 532 nm
temperature and chemical compositions. In this study, DDUwavelength; each component is recorded and inverted to
lidar measurements are exploited to produce a trend of PS@ain access to the depolarization ratio. In this study, we
days per year at DDU. use the aerosol depolarization value de ned as the ratio be-
Section 2 presents the data and instruments exploited itween the perpendicular and parallel particulate backscat-
this study. Section 3 introduces the PSC detection methodger coef cients. Aerosol vertical pro les will be considered
as well as the considered classi cation schemes. Section 4s Backscatter Ratio or Scattering Ratio pro les (hereafter
exposes the results of the study. First, the outcomes of thealledRt) expressed as the ratio of the total backscattering
application of the classi cation schemes B05, P11 and P1§(i.e. including Mie Scattering) to the molecular backscatter-
to the DDU lidar data record are presented and discussedng at a given altitude. The different lidar-related variables
and CALIOP and DDU PSC measurements are comparedused in this study are de ned as follows, as a function of
Then the analysis of an interesting example of a long lidarthe parallel and perpendicular molecular backscatter coef -
session is used to illustrate the unique capabilities of lidarcients ( mork and mor» respectively) and of the parallel and
measurements in characterizing very ne vertical featuresperpendicular particulate backscatter coef cientgefx and
in PSC elds. Third, lidar measurements and temperatures a¢;> respectively):
from ERAS (the fth generation of European ReAnalysis),
NCEP (National Centers for Environment Protection reanal-g. p aetk C aer? C motk € mol2 . 1)
ysis) and infrared atmospheric sounding interferometers (l1A- molk € mol,?
SlIs) are combined to produce a PSC occurrence trend from
2007 to 2020. To support the use of these temperature datﬂ
sources, they are compared to temperatures from radioson-
des launched daily at DDU. Finally, some challenges of PSC aerk C  molk
parametrization in climate models are discussed before exRk D ————
posing the main conclusions.

The parallel and perpendicular backscatter raflg 4nd
2), are de ned as

)

mol;k

C .
R, D meo"?; ©)
mol;?7
2 Data and instruments . ) o o
The linear particle depolarization ratio is de ned as

2.1 Dumont d'Urville Lidar

aer? R’? 1
U aerD - D

aerk Rk 1

An aerosol/cloud lidar system has been in operation at DD mol; )

since April 1989 in the framework of the Network for Detec-

tion of Atmospheric Composition Changes (NDACC). Orig- where o D :12"; is the depolarization ratio of the molec-
inally designed as a PSC monitoring instrument, its capay|ar background and depends on the lidar used. Depending
bilities have been extended to study aerosol/cirrus clouds iy, the width of the interference Iter used on the 532 nm
the Antarctic atmosphere, bene ting from continuous tech-channel, some lidars only detect the central Cabannes line,
nological upgrades of its different subsystems. Although theyhile other instruments also detect the shifted Raman lines.
measurement calendar focuses on the PSC season with nighthe interference Iter used for DDU lidar has a full width
time setup, recent work on aerosol plumes either originat-at half maximum (FWHM) of 1 nm bandwidth, and therefore
ing from volcanic or biomass burning activity (Tence et al., the corresponding molecular depolarization parameter is set
2022) suggests extending the measurement calendar to thg | D 0:443 % (Behrendt and Nakamura, 2002).
summertime. Figure 1 shows the amount and duration of the Finally, the total perpendicular backscatter coef cient can
lidar measurement sessions. Figure 1a shows the recent iy expressed as follows:

crease in amount of measurements triggered by the new fo-
cus on aerosol plumes detection. Figure 1b shows that while D C - D c__mol . ®)
90 min is the minimum duration of operation, sessions can 7 — ae? = mok? & aer? & oy
reach more than 6 h during winter. ol

The Rayleigh/Mie/Raman lidar operates at the 532nm Potential saturation effects in the troposphere as well as
wavelength. N vibrational Raman backscattering at 607 nm background noise at mesospheric altitudes are removed from
is also acquired. An extensive description of both the instru-lidar signals. The best time integration window is selected
mental design and inversion procedure is featured in Davidbased on the homogeneity of the scene featured on the non-
et al. (2012). The Nd:YAG laser source emits at 10 Hz fre-corrected for extinction backscattering ratio. Finally, sig-
quency with around 250 mJ emitted power in the visible. nal inversion is performed using the Klett—Fernald formal-
Backscattered photons are collected on a collocated 80 crism (Klett, 1981, 1985; Fernald, 1984) to derive individual
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Figure 1. Operation statistics of DDU lidafa) Number of measurement days per year (black line) and per winter (blue stars) from 2007
to 2020 andb) mean number (blue line) and duration (red line) of measurement sessions per month, in minutes, from 2007 to 2020. Total
number of PSC days at DDU in June, July, August and September between 2007 and 2020 (green circles).

Rt pro les. The lidar inversion at stratospheric altitudes is 2.3 |ASI temperature product

highly sensitive to the molecular density and the clear-air ref-

erence altitude. ERA5 daily meteorological data are used forrhe infrared atmospheric sounding interferometers (IASI)

data prOCGSSing and clear-air altitude is set between 28 angre a series of instruments y|ng onboard the Metop satel-

32km according to the signal dynamics. lites on a sun-synchronous orbit. They were launched in
The total uncertainty on thRr is estimated to be around 2006 (IASI-A, end of life in 2021), 2012 (IASI-B) and 2018

7% on the parallel channB up to 28 km, with details avail-  (JASI-C). Each instrument observes the Earth-atmosphere

able in Tencé et al. (2022). On the perpendicular channel andystem with scans of 2200 km. Each scan contains 30 elds

associatedR> backscatter ratio, the altitude-dependent un-of view, each eld of view containing 4 pixels. This obser-

certainty ranges from 10 % to 30 %. As for the depolarizationyation mode allows each IASI instrument to observe every

ratio (z), assuming larger uncertainties on the aerosol depoplace on Earth twice a day, at 09:30 and 21:30 UTC (Cler-

larization ratio (z) rather than on the linear volume depolar- haux et al., 2009).

ization ratio at relevant altitudes in this paper we estimate the The IASI instruments are Fourier transform spectrometers

error of around 30 % (Tence et al., 2022). that measure spectra of the Earth and atmosphere infrared
radiance between 645 and 2760 cn{3.62 and 15.5 um) in

2.2 Cloud-Aerosol Lidar with Orthogonal Polarization each pixel. The atmospheric temperature pro les can be re-

(CALIOP) trieved from the radiances observed in the carbon dioxide ab-

sorption bands at 700 and 2300 chnBouillon et al. (2022)
computed atmospheric temperatures in 10 atmospheric lay-

board the Cloud—A | Lid d Infrared Path nd ers between 750 and 7 hPa by rst selecting IASI's most sen-
aboard the Cloud—Aerosol Lidar and Infrared Path nder g4 e channels to temperature and then by using the radi-

Satellite Observation (CALIPSO) satellite. CALIPSO ies ances in these channels as input for an arti cial neural net-

on the A-train constellation and offers a precious global COV-ork (ANN). The ANN was trained using IASI radiances as
erage of .the stratosphere, reaching the Editude line in input and the matching ERAS5 temperature pro les as out-
.bOth h_em|sph§res. CALI_OP_operates at1064 and 532 nm_angut. The validation of the ANN output against ERA5 and
|fs eqm_pped wgh gAp(L):égZ(;itIO_n c_hannedl ?:Ségm 'V'O_r? In'radiosoundings observations showed very good agreement
ormation on'; et mission an SPECIlies ponveen the three datasets between 750 and 7 hPa. Bouillon
can be found in Winker et al. (2009). CALIOP measurements,, (2022) showed that daily zonal mean differences be-
have been very important for PSC studies and were used fOtRNeen IASI ANN and ERAS5 at mid and high latitudes are
the design of classi cation schemes considered in this St“dxower than 05K between 750 and 7 hPa and reach 2K at
(Pitts et al., 2011, 2018). 2hPa. Comparing IASI ANN with a global radiosoundings
archive (Analyzed RadioSoundings Archive), Bouillon et al.
(2022) found no signi cant bias and a standard deviation be-

Since 2006, the Cloud—Aerosol Lidar with Orthogonal Po-
larization (CALIOP) conducts spatial lidar measurements
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tween 1 and 2K for the Antarctic region. A 13-year time se- nary product and the 3 minraw les are summed accordingly.
ries (2008-2020) was constructed with this method, usingThis pre-processing bypasses the spatio-temporal smoothing
IASI-A observations from 2008 to 2017 and IASI-B obser- necessarily induced by blending in clear-air before or after
vations from 2018-2020. any cloud detection and leads to a better signal to noise ratio
(SNR).

Once the total backscatter ratio and particle linear depolar-
ization ratio pro les are obtained, a peak detection algorithm
As discussed in further detail in the following sections, re- is performed on both pro les to identify potential scattering
analysis temperature products are often used to complemetayers. Results are combined to produce a set of layers cor-
or replace local radiosonde measurements for both data praesponding to the peaks. For each of these layers, the rele-
cessing and interpretation of ground-based lidar measurevant parameters for each classi cation scheme are computed
ments. For this study, two reanalysis products are considered[Rt, Rk], [R2>, Rk] and Ry, +tt2]) and a type (cirrus,
the fth generation of the reanalysis product of the Europeanaerosol or one of the PSC types) is attributed to each vertical
Centre for Medium-Range Weather Forecasts (ECMWF),bin of the layer. Finally, layers that are separated by 300 m or
hereafter called ERA5, and the reanalysis produced by théess are merged, which is reasonable given the climatological
National Centers for Environmental Protection (NCEP) andreality of PSC elds we observe, the lidar vertical resolution
the National Center for Atmospheric Research (NCAR), of 60 m and the smoothing applied. Up to ve stratospheric
hereafter called NCEP. layers per pro le are retained, sorted according to their total

ERAGS is a four-dimensional variational data assimilation backscatteRt and aerosol depolarizationvalues.

(4D-Var) product fully available since January 2019. It is

based on the Integrated Forecasting System (IFS) Cy41r%.2 PSC detection by CALIOP

and provides records of the atmosphere, land surface and

ocean waves from 1979 onwards. A detailed description ofCALIOP measurements are compared to the ground-based
ERAGS can be found in Hersbach et al. (2020). The temperalidar measurements acquired at DDU. The method for this
ture product used in this study is gridded on 35 pressure leveomparison is inspired by Snels et al. (2021). The “PSC
els (from 975 to 2 hPa) and is 4daily product, meaning it Mask v2” product provided by CALIOP sorts PSC observa-
is available everyday at 00:00, 06:00, 12:00 and 18:00 UTCtions according to the P18 scheme. This product is extracted
The product is interpolated to the DDU location and the orig-in an area of 100 km around DDU, from 2007 to 2020 and
inal horizontal resolution is 0.25 0.25. Since ERA5 will ~ from June to September. For every orbital track inside this
be compared with IASI temperature data further in this pa-area, the closest pro le to the station is kept to allow an equal
per, it should be specied that ERA5 assimilates the mea-representation of each orbital track passing near DDU.
surements of IASI, among other instruments. The interpola- PSC Mask v2 has a vertical resolution of 180 m. The full
tion of ERA5 at DDU is also used to calculate the dynamic PSC detection method used by CALIOP is described in Pitts
tropopause, de ned as the lowest point between the 380 Ket al. (2018). We highlight here a few speci cities of this
potential temperature afeVj D 2 PVU (calculated fromthe method that are important for our study. To avoid detection
vorticity, the winds and the temperature from ERAS), which errors caused by signal noise, CALIOP applies a coherence
is the tropopause used throughout this study. criterion that only sorts a vertical bin as PSC if “more than

NCEP reanalysis product was made available in May 199411 of the points in a 5-point horizontal by 3-point vertical
and provides data records from 1957 onwards. Extensive dehox centred on the candidate exceed the current PSC detec-
scription of the reanalysis is available in Kalnay et al. (1996).tion threshold or have been identi ed as a PSC at a previ-
This product is available daily at 00:00 UTC and provides di- ous ( ner) averaging scale” (Pitts et al., 2018). To mimic
rect extraction of the temperature product above DDU. this criterion for a ground-based lidar, Snels et al. (2021)
imposes that at least ve consecutive bins are considered as
PSC to sort a candidate as PSC. Also, to be consistent with
the method used by Snels et al. (2021), we only consider the
vertical bins between 12 and 26 km.

A major difference between the CALIOP PSC detection
Before the inversion procedure, lidar data are rst pre- method and our method needs to be mentioned. CALIOP
processed to adequately set the integration window of theslassi es each vertical bin separately, while we only classify
individual 3 min raw les ensuring homogeneity of the lidar the layers that have been identi ed by a peak detection algo-
scene, either being dominated by clear-air or aerosol/cloudithm performed ofRt and z¢ Despite CALIOP coherence
presence. To do so, a preliminary inversion assuming no pareriterion and the noise-dependent threshold, we consider that
ticulate extinction is performed on 15min blocks to derive classifying each vertical bin separately is too sensitive to in-
a non-corrected for extinction backscattering ratio. A clearversion errors, especially in the case of a ground-based lidar
sky or aerosol/cloud presence tag is applied to this prelimi-with no horizontal coherence to be accounted for. Also, such

2.4 Reanalysis products — ERA5 and NCEP

3 Data processing and classi cations

3.1 PSC detection by DDU lidar
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a method allows the assignment of different PSC types fronto the same de nitions as in B05, even if the variables used
one 180 m bhin to another. Considering the vertical resolutionand the corresponding thresholds change. However, the BO5
of CALIOP and the scale of PSC layers, assigning a typeMIX category does not correspond to the mixed categories
A then B then back to A to three consecutive bins does notinvolved here. P11 types and thresholds are summed up in
seem realistic to us. Though the PSC detection methods argig. 2b. Two thresholds are not speci ed in Fig. 2b: the
different, both include a thickness weighting of the layers ¢ threshold between ICE and STS, which is a boundary
classi ed so the comparison is valid. decreasing linearly fromgae;stsD 0:7 % to 0% asRt in-
creases. The separation between MIX1 and MIX2 is thor-
oughly described in Pitts et al. (2009) and comes from opti-
cal calculations. This boundary sorts PSCs according to their
As described in the introduction, PSC classi cation is chal- NAT number density or volume: clouds with low NAT num-
lenging. It is, however, critical as PSC class directly trans-ber density or low NAT volume will most likely be MIX1
lates into chemical ef ciency in stratospheric ozone chem-while high NAT number density or high NAT volume will be
istry simulation. Relating thermodynamical or microphysical sorted as MIX2 (Pitts et al., 2009).
thresholds to optical ones is challenging in essence. Litera- Using spaceborne lidar measurements, a lower signal-to-
ture classi cations actually feature different and legitimate noise ratio as compared to ground-based measurements is ex-
thresholds separating some particle types, some of them wpected, counterbalanced by the sheer amount of pro les ac-
discuss hereafter. The purpose of this section is notably tauired over time, once again compared to the ground-based
provide the community with a PSC distribution for which setup. Horizontal averaging as well as a short time integration
consistency has been checked using different observationallso contribute to increase noise signi cance for spaceborne
parameters and thresholds. Applying different classi cation measurements. This is the reason why, following the recom-
schemes emphasizes the variability and, in turn, consistencynendation of Achtert and Tesche (2014), some thresholds
of our distribution. As mentioned in the introduction, the used in P11 should be adapted when applied to ground-based
classi cations B05 and P11 are considered here followingmeasurements. The adapted thresholds are shown in Fig. 2b.
the conclusion of Achtert and Tesche (2014), to which weThe Ry threshold between background and PSC layers is
had P18, the update of P11 published in 2018. lowered from 1.25 to 1.1. While Achtert and Tesche (2014)
BO5 is based on the measurements of the ground-baseadvocates the use oferstsD 0:4 % for the STS upper limit
lidar located at Esrange, Sweden, conducted between 1996 depolarization, we set it toae;sTsD 0:7 % in order to be
and 2004. BO5 relies oRk, R, and ¢, the latter being  consistent with B0O5, also considering it is a ground-based
related toRx and R, via Eq. (4). This classi cation sorts setup. P11 original value wage;stsD 3:5 %.
PSC measurements into NAT, STS, ICE and MIX, the lat- P18 is also based on CALIOP and is the update of P11. It
ter being a mixed-type one. The threshold separating PSGitill relies onRt but now considersiot» instead of aer. AS
layers from background aerosols in BOSRg& threshD 1:06. mentioned previously, P11 already usegl.» for layers de-
As for the reference properties, NAT clouds are composedection. P18 still features STS, ICE and ENH types, but P11
of non-spherical crystals and thus exhibit an important de-types MIX1 and MIX2 have been merged in a single cat-
polarization ratio (zer> 10 %) and low parallel backscatter egory, NAT-mixtures (NATmix). The main update between
ratio (Rk < 2). STS PSC are spherical liquid droplets theoret-P11 and P18 is that the latter includes three dynamically
ically producing no depolarization and a moderate parallelcomputed thresholds. Instead of having xed values, they de-
backscatter ratioRk < 5). ICE clouds, due to being domi- pend on the uncertainty of each measurement or on the abun-
nated by large ice crystals close to the granulometry of cirrusdance of relevant atmospheric speciegdnd HNQ. Such
clouds, are associated with depolarization ratios most oftemdynamic thresholds are well-adapted to a spaceborne lidar
largely above 2 % anBy between 2 and 7, or onRRt > 7. which experiences various atmospheric conditions. The three
The MIX class theoretically gathers all PSC measurementshresholds concerned ar thresh tot:?:sTS and Rr:ice.
not tting the three previously introduced types: they cover P18 types and thresholds are summed up in Fig. 2c.
several different physical or chemical states. BO5 types and In P18, measurement uncertainties are computed with
thresholds are summed up in Fig. 2a. CALIOP-based methods (Liu et al., 2006; Hostetler et al.,
P11 is based on lidar satellte measurements from2006). When adapting P18 to DDU lidar measurements,
CALIOP. This scheme relies dRt and aer While P11 uses we somewhat simpli ed the dynamic threshold®i :thresh
these two variables to sort the PSC types it is worth mentheRy boundary separating background measurements from
tioning thatRy and 10> are used to detect PSC layers PSC layers was xed &Rt threshD 1:1 as in P11, following
from the lidar pro les. P11 lists ve different types: STS, the conclusion of Achtert and Tesche (2014). The threshold
ICE, NAT-Mix1 (MIX1), NAT-Mix2 (MIX2) and Mixed- tot:? :sTsSeparating STS droplets or aerosols from NAT par-
enhanced (ENH). ENH particles are most often related taticles and ICE crystals was also xed but with a dependence
the orographic features that are not expected to be frequerdn altitude. The tot.2 :threshPro le was de ned as mea@ 1
above DDU (Tsias et al., 1999). STS and ICE correspondstandard deviation of allio.» values corresponding to back-

3.3 Classi cation schemes
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Figure 2. The three classi cation schemes considered in the paper(80®%11(b) and P1§c). The relevant thresholds are speci ed. The
two dynamic thresholds are coloured in fuchsia and the given values are only for visualization purposes.

ground and STS measurements at DDU, per 1 km vertical inpopulation. These non-equilibrium particles therefore need
terval. To do so, BO5 and P11 classi cations were used. Theto be classi ed, and it is thus expected that they represent a
tot:? :threshPr0 le, not shown here, displays a strong altitude signi cant part of observations, regardless of the classi ca-
dependency: in the stratospheric range of PSC occurrenceipn scheme.
the threshold variation range spans two orders or magnitude.
In P18, theRrce value separating NAT mixtures and , Ragyits
ENH from ICE is calculated from the nearly coincident®
and HNQG; Microwave Limb Sounder (MLS) measurements, 4.1 Two-variable classi cation
Aura and CALIPSO satellites being both on the A-train con-

stellation. From HO and HNQ total abundances, theoreti- Before discussing the distributions of PSC types at DDU
cal calculations oRt lead to a dynami®rcg threshold. ~ according to BOS, P11 and P18 classi cation schemes, we

The change oRt NAT/ICE limitation between P11 and P18 Provide statistics on CALIOP PSC detections around DDU
is signi cant: from Ry ce D 5 in P11 toRy;cg in [2.75— using the method described in the previous section and in-
4]in P18. Such a change has direct impact on classi cationSPired by Snels et al. (2021). The Concordia station, focus
outcomes. We choose to use Re;ce values provided by of the Snels et al. (2021) study, is located 1000 km deeper
CALIOP in the PSC Mask v2 product. For each DDU lidar INto the Antarctic continent, whereas DDU has a littoral po-
measurement, thBrcg value was taken from the closest sition and is often located at the edge of the polar vortex. As

CALIOP pro le in time and space in the 100 km radius area & result, PSC observations at DDU are lower than at Con-
around the station. cordia. Within a distance of about 100 km around Concordia

The wave—ice category de ned in P11 and PR§ ¢ 50)  from 2014 to 2018 and from June to September, Snels et al.
was ignored since it is not relevant above DDU. ICE Psc(2021) nds 369 available CALIOP orbits, 88 of which do

observed at DDU due to its location, and it indeed was nevef€ria, only 392 orbits are found around DDU, 299 of which
detected. do not include any PSC. This highlights the small number

Most of the published classi cations, including B05 and Of CALIOP orbits available in the domain around DDU, as
P18, feature a mixed-type category. Mixed-type clouds may/V@s also pointed out by Tesche et al. (2021, Fig. 8). Among
actually describe different physical realities: a MIX cloud these orbits, the proportion of PSC is also signi cantly lower
type layer may actually be a ne stack of chemically dif- at DDU than at Concordla.. Th|§ is |IIustrated.by F!g. 7 of
ferent layers (ner than the instrumental nal vertical reso- 1€sche et al. (2021) who identify 74115 vertical bins in a
lution of the classi cation algorithm) or it can also be the 4 4 domain around Concordia and only 7056 around
signature of particles outside the thermodynamical equilib-PDU, based on the Antarctic winters of 2012 and 2015. This
rium and actually be evolving along with temperature. ThelS @ reminder of the marginal position of DDU with respect
lidar geometry is such that only a small atmospheric air col-t0 the polar vortex and highlights the dif culty of comparing
umn is probed above the instrument and therefore high variMeasurements acquired in this area with those from CALIOP
ability is expected at stratospheric altitudes with the speed oflué to the small number of compatible measurements.
air masses and different equilibration times for PSC patrticle
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low mo D 0:00443 leads to clear dominance Rf in Rt.
Consequently, the ICE de nition in BO5 is more permissive
than in P11 and P18 to a lesser extent: some PSCs are classi-
ed as ICE in BO5 while they are considered as NAT in P11
and P18, which is consistent with the differences observed in
Fig. 3.

The PSC types distribution based on CALIOP measure-
ments around DDU and P18 scheme displays 9.9 % of rela-
tive abundance for the ICE type. As this is based on P18, the
previous remark on the role of the ICE threshold in P18 still
applies here. However, the ICE share in Fig. 3d is still higher
than in Fig. 3b. The difference most likely comes from the
point of view of both lidars and different operational con-
straints. CALIOP, being a spaceborne lidar, directly accesses
the stratosphere whereas a ground-based instrument sounds
the troposphere before reaching it. As for our system, and
for instrumental safety concerns, the system is not operated
in case of thick tropospheric cloud cover. In fact, studies in
the Arctic and the Antarctic suggest a correlation between
tropospheric cloudiness and ICE PSC occurrences (Achtert
Figure 3. PSC types distribution observed at DDU for the three €t al., 2012; Adhikari et al., 2010). Overall, the presence of
considered classi cations: BO&), P18(b), P11(c) and observed  thick tropospheric clouds is thought to help in reaching PSC-
by CALIOP extracted around DDU using P18 sche(atie enabling stratospheric temperatures. This reasoning plainly

explains the lesser ICE observations above DDU from the
ground as compared to CALIOP. Between 2007 and 2020,
CALIOP detected ICE PSC above DDU on 19 different days,

The PSC types distribution resulting from the applica- oyt of which 4 correspond to DDU measurements, suggest-
tion of DDU PSC measurements using B05, P11 and P18§ng a possible important tropospheric cover or bad weather
schemes are shown in Fig. 3. The distribution of PSC typesondition hindering operations. However, we do not con-
at DDU based on CALIOP measurements and P18 scheme igider this small sample robust enough to support the analysis.
also included in Fig. 3d. To make the comparison valid, westj||, ICE PSC occurrences are expected to remain marginal
restricted our analysis to the months of June, July, Augusgmong PSC observations at DDU as the station is located at
and September. Figure 3 globally shows a very good agreethe edge of the polar vortex and far from orographic grav-

ment between the studied classi cation schemes. FirSt, th@ty wave sources. This small ICE abundance at DDU is sup-
STS abundance is in very good agreement in all cases: beyorted by Pitts et al. (2018).

tween 27.4 % and 35.4 %. In order to compare the abundance At McMurdo Antarctic station (77.85S, 166.66 E), from

of NAT and NAT mixtures in each classi cation, the rela- 2006 to 2010, Snels et al. (2019) reported a mean distribu-
tive abundance of NAT and mixed categories was summedion of 13.8% STS, 71.6 % NATmix, 2.6 % ENH and 12 %
for each scheme, as proper comparison needs to acCOURtE. During this period, CALIOP observed approximately
for the differences in the schemes. For BO5, NAMIX 109 more STS and 10 % less NATmix and otherwise shows
types weight 64.4%. For P11, MIXIMIX2 CENH types 3 good overall agreement with the ground-based lidar. Snels
account for 70.7% of all PSC types. For the distributions et 3. (2021) compare Concordia ground-based PSC detec-
based on P18, NATmi& ENH categories make up for 61% tions to CALIOP measurements around the station from 2014
and 62.1% of the total for the datasets based on DDU lidakg 2018, This study mainly focuses on the agreement between
and CALIOP measurements reSpeCtiVely. These small diﬁer'ground_based and Spaceborne instruments and does not d|_
ences re ect the discrepancies between the ICE proportion$ect|y provide the PSC type distribution observed at Con-
in all schemes. cordia by the local lidar but still shows the distribution ob-
The ICE abundance presents an important variabilityserved by CALIOP around the station. From 2014 to 2018,
among the four diagrams. The rst reason for this variabil- the yearly occurrences of STS represent from 14 % to 38 %,
ity comes directly from the thresholds considered: as it wasNATmix from 42 % to 67 %, ENH from 5% to 11 % and
previously highlighted, the evolution &tr;ice from P11t0  |CE from 10 % to 28 %. The distribution shows a high an-
P18 is signi cant and explains an important discrepancy be-nya| variability, but we still can point out differences with
tween the resulting ICE percentages. BOS classi es a PSC appuy pSC types distribution. Both McMurdo and Concordia
ICEif aer> 2% andRyin[2, 7], orif Rt > 7. Furthermore,  measurements feature a higher proportion of ICE detections

the actual de nition ofRt asm%molm‘" consideringavery and less STS observations as compared to DDU. The 38 %
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STS share observed at Concordia in 2014 is considered to For each PSC measurement, MLS@and HNQ con-

be an outlier. This is consistent with the results of Fig. 19 of centrations are used to compute the relevant threshold tem-
Pitts et al. (2018) which show that main area of ICE occur- peratures. These temperatures are caligg, TstsandTce
rence is located inside the continent while DDU is locatedhereafterTsts relates to a change in the composition of the
on the Antarctic coast. The temperature necessary to fornmerosols and we considered a 50 % volume mixing ratio of
ICE crystals is reached less often at DDU, on the edge of thedNOj3 in the condensed phase. Figure 5 presents the distri-
vortex. bution of PSC measurements as a function of altitude and

The distribution of DDU PSC measurements in B05, P11temperature relative to the relevant type threshold.
and P18 classi cations is shown in Fig. 4 and presents where Temperature is not a variable in our PSC detection method,
the measurements are concentrated, providing another poiyet we note that most NAT mix measurements are below
of view on the classi cation thresholds. In Fig. 4a and b, the Tyar threshold within expected uncertainties related to
it is worth noting that the distribution displays an increase MLS and ERA5 data. Considering STS, it appears that tem-
slightly below the STS depolarization threshold. For BO5, peratures are above the threshold for all schemes. This is
the absence of measurements along the bottoaxis is  partly expected agstsis not associated with a discrete phys-
most likely the sign of a small crosstalk noise. Then, it ap-ical phase transition but with a continuous chemical com-
pears that most of the measurements are classi ed as MIX irposition change within the droplet. Finally Fig. 5 highlights
BO05. This is consistent with Fig. 5b from Achtert and Tescheagain that the major difference among classi cation schemes
(2014) which also exhibits high densities in the MIX classes.concerns the ICE category as the three patterns of Fig. 5g, h
Given the 10 % depolarization threshold and the relativelyand i show very different shapes. It is important to read the
low amount of NAT clouds identi ed by B05, we consider ICE related plots with caution as the densities are computed
that BO5 classi es as NAT the PSCs that are only composedrom a reduced number of points. It appears however that
of, or highly dominated by, NAT particles. Whereas P11 andP11 classi es few PSCs as ICE but those are in the adequate
P18 separate NAT mixtures into MIX1, MIX2 and NATmix temperature range while BO5 and P18 sort most of the ICE
which may include a signi cant share of STS droplets. PSCs abovécg.

As for ICE clouds, BO5 characterizes signi cantly more  Figure 5 also shows that the different types have slightly
ICE measurements as compared to P11 and P18, where theljfferent altitude domains. All classi cations agree in that
remain marginal. The relatively low number of ICE events STSs mostly form between 15 and 20 km, while ICE are usu-
we report relates to the fact that ICE PSC elds above DDU ally detected around the average 20 km altitude. AT
are more unstable than those remaining deep inside the vocategory occupies a wider domain, from 15 to 25 km. Since
tex. The optical properties of the ICE clouds observed atthis category includes mixtures, it is not surprising that its
DDU are thus expected to be closer to the respective boundrange is actually wider. As a reminder B0O5 de nes the MIX
aries of the scheme, and this overall lead to greater variabiliticategory as any measurement not belonging to any of the
in characterization among the different schemes. As an illus-other classes.
tration, we take the PSC event detected on 11 July 2011 with Finally, temperature values associated with PSC types
a depolarization ratio of 3.6 % and a total backscatter ratiogathered in Fig. 5 are derived from ERAS5 reanalyses and
of 2.3 Rk D 2:034 andR, D 9:43). BO5 classiesitas ICE are relevant for the intercomparison of the classi cation
while P11 and P18 classify it as MIX1 and NATmix respec- schemes, but they may not resolve small-scale variations or
tively. From Fig. 4b and c, we conclude that the ENH class isfeatures that are important for PSC formations pathways.
marginal at DDU and is rarely detected. Still, CALIOP clas- Also, the time of lidar PSC measurement does not exactly
si es 7.1 % of the PSC detections around DDU as ENH. This match ERA5 data and MLS #0 and HNG measurements,
is likely due to higher o> values measured by CALIOP which necessarily generates uncertainty. The relevancy of
than by DDU lidar or to a difference in theot. 7 :thresnthresh- ERAGS reanalyses in the study of PSC at DDU is reviewed
old used, as Fig. 4c shows it. in Sect. 4.3.

The distribution of PSC layers as a function of tempera-
ture and altitude was computed for BO5, P11 and P18 for4
STS, NATC mix and ICE clouds. The category NAT mix
gathers all types related to NAT particles or mixed cate-Figure 5 showed that BO5, P11 and P18 have comparable out-
gories, i.e. NATC MIX for B05, MIX1 C MIX2 C ENH for comes. The most recent scheme (P18), which also features
P11 and NATmix for P18, as it is the best way to comparethe least amount of classes, was therefore selected to report a
BO5, P11 and P18 outcomes. The distributions were comDDU PSC event as an illustration of the detection methodol-
puted using kernel density estimation, also referred to agy. The lidar time series is presented in Fig. 6a. At the cost
Parzen—Rosenblatt method, a non-parametric method useaf a reduced SNR implied by the 15 min time integration, the
to estimate probability density functions of a given sample short-scale dynamics of the PSC layers are visible. The signal
(Rosenblatt, 1956; Parzen, 1962). The distributions for eaclis horizontally smoothed on a 30 min window. The measure-
classi cation scheme and PSC type are shown in Fig. 5. ments shown in Fig. 6 are obtained on 28 August 2015 from

.2 Sample PSC event of interest: 28 August 2015
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Figure 4. Distribution of the PSC measurements acquired at DDU between 2007 and 2020 based on the three classi cation schemes consid-
ered: BOXa), P11(b) and P18c). The number of points per bin is colour-coded and each plot is based orb@ bins grid.

Figure 5. Distribution of PSC detection at DDU from 2007 to 2020 as a function of altitude and temperature relative to the relevant thresholds
TsTts TnaT @ndTcg. Lines correspond to ST@—c), NAT C mixtures(d—f) and ICE(g—i). Columns correspond to the classi cation schemes
BO5(a, d, g) P11(b, e, h)and P14, f, i).

10:05 until 20:20 UTC. As elements of context, we presentinelapsed belowiyar and Ticg. References on the transport
Fig. Al the outputs of a chemistry—transport model availablemodel can be found in Hauchecorne et al. (2002) and on the
in the institute (REPROBUS coupled to the MIMOSA trans- chemistry module in Lefévre et al. (1994). Figure Al shows
port scheme), resolving PSC formation from the thermody-PSC ag presence at the 435, 475 and 550K potential tem-
namical equilibrium assumption and a modal size scheme foperature levels computed from ERAS reanalyses. The model
the microphysics, accounting for temperature tracers of timgproduces PSC presence at the 435 and 475K levels and no
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PSC at the 550K level above DDU, which is consistent with section, as temperature is a critical variable in threshold pro-
the lidar measurements. cesses like cloud formation.

Figure 6a also highlights the high temporal variability of
PSC layers at the DDU latitude. This high variability must be
kept in mind as well as the trade-off on the integration time
between SNR and information loss caused by the averagingiidar data processing heavily relies on accurate temperature
of potential varying atmospheric scenes due to the air massedata due to Rayleigh scattering and extinction correction to
transport. Figure 6 also underlines the contrast between thget the Mie contribution out of the raw signal. PSC char-
reality of a complex shape of the 3D PSC eld and the neces-acterization is also closely connected to temperature thresh-
sary and legitimate stance of recent classi cation schemes tolds, as shown in Figs. 6 and 7. In that regard, the choice
keep things as simple as possible. PSCs are evolving dependf temperature dataset should be done with caution. In or-
ing on their stratospheric environment. While PSC particlesder to use the most adapted temperature dataset to process
are constantly growing or shrinking, taking up®or HNG; our PSC measurements at DDU, we compare several ones in
from the gas phase or enriching it, the classi cation schemed=ig. 8, from reanalysis to satellite observations. Figure 8a
keep up with xed thresholds as temperature history has noshows the distribution of DDU radiosondes locations be-
been accounted for. On Fig. 6b, the type identi ed for the tween 15 and 25km, i.e. the stratospheric altitude range of
PSCs located at 20 km changes several times from NATmixmost PSC occurrences, from 2010 to 2020 (radiosondes were
to ICE. Since this measurement is processed with P18, it imnot equipped with a GPS before 2010). Figure 8b, ¢ and d
plies thatRt has just crossed therce threshold. The PSC  present the temperature difference between ERA5 (Fig. 8b
chemical composition may not have changed, but its optical- 1T gras rs), NCEP (Fig. 8¢ —1T ncep rs) and 1ASI
properties may have shifted it from one class to another. (Fig. 8d —1T |as1 rs) With respect to DDU radiosondes from

Figure 6a and b also illustrate the stack of ne PSC lay- June to September, from 2007 to 2020. The IASI tempera-
ers, it is especially clear between 10:00 and 15:00 UTC. Inture product provides high spatial resolution and daily tem-
the beginning of the measurement session, some of the layperature pro les included in a narrow box of 0.®ngitude
ers at the bottom of the stratosphere are interpreted as STSgdth and 0.3 latitude height centred on DDU from 2008
while the upper ones are classi ed as NATmix. Then, startingonwards. The area used to extract IASI temperature pro les
from noon and until the end of the sessi®y, increases and is delimited by a red dashed rectangle in Fig. 8a.
the PSC becomes ice dominated. This evolution is consistent Temperature pro les from DDU radiosondes were not re-
with the ERAS temperatures shown in Fig. 6¢. In the rst half tained for this climatological study for two reasons. First,
of the session the temperature of the domain between 10 antthey are launched at DDU every day around 09:00 local time,
18 km is slightly abovel|cg but then reaches this threshold and the lidar is operated at nighttime, so a discrepancy might
on a thinner domain in agreement with the lidar PSC detec-arise, especially during summer. Second, as it can be inferred
tion of Fig. 6a and b which layer becomes thinner as timefrom Fig. 8b, ¢ and d, radiosondes often burst reaching be-
elapses during the day. tween 15 and 25km in the wintertime (see Fig. A2 in Ap-

To further check the temperature evolution regardipg, pendix) and therefore do not provide the full temperature
Fig. 7a compare3,ce (sky blue dashed line) to ERAS tem- vertical pro le. Figure 8a highlights this important horizon-
peratures pro les at 11:00, 18:00 and 23:00UTC (yellow, tal transport. Figure A2 in the Appendix shows the distri-
green and black lines respectively). The ERA5 pro le at bution of the distance to DDU at which radiosondes burst,
23:00UTC is included in order to be compared to the ra-from 2010 to 2020, in summer and in winter. To illustrate
diosonde temperature launched at DDU at 23:00 UTC (bluethat such horizontal transport can have signi cant impact
line). The discrepancies between ERA5 and DDU radiosonden the temperature retrieved by radiosondes as compared
temperatures are actually associated with the drift of theto the stratospheric conditions above DDU, Fig. A3 in the
radiosonde as its altitude increases. Figure 7b and ¢ showppendix presents six examples of ERA5S temperature elds
ERAST Tce elds around DDU at 23:00UTC at 70 and over the same geographical areas as Fig. 8a. These examples
100 hPa (approximately 15 and 17 km respectively) togetheshow the variety of spatial temperature patterns experienced
with the trajectory of DDU radiosonde (black and red dots). around DDU and emphasize that radiosondes should be used
Red dots show the location of the radiosonde between 14vith caution as this important horizontal transport is often
and 18km, i.e. the boundaries of the ICE PSC detected amhot taken into account. At least during polar winter, temper-
DDU. This one example highlights the recurrent drift of the ature pro les retrieved from radiosondes should not be con-
radiosonde leading to use of reanalyses for climatologicakidered as purely representative of the launch pad location.
purposes. While ERA5 temperature between 14 and 18 km at We basically consider three temperature datasets, two are
DDU are compatible with an ICE PSC, the radiosonde tells areanalyses, ERA5 and NCEP, and the third one is an inver-
different story. Radiosonde drift is closely connected to tem-sion product out of IASI satellite radiances. Figure 8b, c and
perature uncertainties, and we discuss this point in the nexdl present an intercomparison with radiosondes launched at

DDU from June to September, from 2007 to 2020. First,

4.3 Temperature datasets

https://doi.org/10.5194/acp-23-431-2023 Atmos. Chem. Phys., 23, 431-451, 2023



442 F. Tencé et al.: 14 years of polar stratospheric clouds at DDU station

Figure 6. The 532 nm backscatter ratio of lidar measurements obtained at DDU on 28 Augusfa20T6e corresponding PSC types
according to P18 classi cation schen(i®) and ERA5 temperatures at DDU as compared to the ICE formation threSggidcalculated
from the MLS H0 of the day(c). The red dashed line indicates the dynamic tropopause computed from ERA5 data.

Figure 7. (a) 28 August 2015 DDU temperature pro les from a local radiosonde launched at 23:00 UTC (blue line), ERAS reanalyses

at 12:00 UTC (green line), at 18:00 UTC (yellow line) and at 23:00 UTC (black lifie) threshold temperature is indicated by the sky

blue dashed line; the red dashed line shows the dynamic tropopause from ERAS5. The boundaries of the ICE PSC detected at DDU from
approximately 15:00 to 20:00 UTC are shown by grey dashed l{bes) Temperature elds from ERAS5 reanalyses on 28 August 2015

at 23:00 UTC respectively at 70 hPa, approx. 17 km, and 100 hPa, approx. 15km. The trajectory of the radiosonde launched at DDU on
28 August 2015 at 23:00 UTC is shown by black and red dots. Red dots correspond to heights between 14 and 18 km i.e. the boundaries of
the ICE PSC detected at DDU.
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Figure 8. Spatial distribution of radiosonde measurements between 15 and 25km from June to September from 201@ap 2620

number of points per bin is colour-coded; the grid size is 1dM0 bins. Black dots indicate the ERA5 grid. The red dashed rectangle
delimits the area used to extract IASI temperature pro les. Difference between temperature given bylRMGEP (c) and measured

by IASI (d) as compared to radiosondes launched at DDU from June to September from 2007 to 2020. The black dashed line indicates the
dynamic tropopause based on ERAS5.

NCEP is obviously less accurate that ERA5 and IASI, bothat high latitudes for decades remains a technical and logisti-
in the troposphere and in the stratosphere. The differenceal challenge, and the focus is put on continuous monitoring.
between ERA5 and IASI seems not to be signi cant and Bad weather or thick tropospheric cloud cover hinders the
the comparison with radiosondes exhibits altitude-dependentperation of the lidar. Therefore, comparing the raw number
patterns. For ERA5LT gras rs IS positive in the strato- of PSC days per year would be strongly biased by the number
sphere and negative in the upper troposphere. For IASI, @f days on which the lidar is effectively operated each year.
positive 1T |asi rs bias is recorded below the tropopause The statistics of operations is the critical point in establish-
suggesting a dif culty in assessing the tropopause height, oing a trend here, see Fig. 1. We choose to complement the
a vertical resolution problem (the IASI dataset is a 11-layerstatistics of lidar measurements with a temperature proxy,
product between 750 and 7 hPa, whereas ERA5 has a neconsidering that PSCs form when temperature drops below
resolution). To quantify the deviation of ERA5, NCEP and Tyar. For qualitative and counting purposes, this assumption
IASI with respect to the radiosondes, the standard deviations fully valid and will be illustrated hereafter. ERA5, NCEP
of 1Teras rs, 1T ncep Rs @and 1T asi rs Was computed  and IASI temperatures are used to compile stratospheric tem-
between 15 and 25km. It reaches 1.0K for ERA5, 2.0K for perature above DDU. Using these temperatures, a number
NCEP and 1.1 K for IASI. Considering the above statementsof potential PSC days is computed, i.e. the nhumber of days
and the ner vertical resolution of the ERA5 temperature where PSCs could occur based only on temperature. The
product, we consider the use of the ERA5 temperature theaumber of PSC days per year is the variable considered in

most relevant to our study. order to circumvent the challenging issue of delimiting PSCs
both in time and space.
4.4 PSC trend estimation Mainly due to chemical kinetic concerns, PSCs generally

form a few degrees belolar (Dye et al., 1992). Using the

As mentioned in introduction, ground stations are key t0conditionT Tnar < O to state if a day is a potential PSC day
the establishment of decadal trends. Operating instruments
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Figure 9. PSC days per year at DDU from 2007 to 2020 featuring PSC detection with the DDU lidar in red triangles and with CALIOP in
black triangles. Potential PSC days per year estimated by ERAS5, NCEP and IASI based on the lidar measurements are shown with green
blue and fuchsia crosses respectively. Green, blue and fuchsia lines represent the corresponding trends. Grey arrows indicate the number
days per year where tile  TyaT < 1K criterion was satis ed and the DDU lidar was not operated.

could then lead to an overestimation of the number of PSCsspeci ¢ to DDU, it should be noted that a trend in the size or
In order to re ne the criterion, we computed for each year location of the polar vortex could also contribute to the tem-
the number of days satisfying the conditibn Tyar < 1T perature trend observed at DDU, it is however not the scope
per year, withLT ranging from 0to 10K onthe days lidar of the present study.
measurements were available. The results obtained with the If this 14-year trend is negative, it is not the case for longer
differentlT values were compared with the number of PSCtime spans: using the same method over the period 1992—
days detected by the lidar. The result lead to a similar value2020, we conclude on no signi cant trend. This is consis-
for ERA5, NCEP and IASI ofiT D 1K. Figure 9 shows tent with recent studies concluding on no signi cant trend of
the 2007-2020 PSC days per year built on ERA5 (green line)PSC occurrences on the continental scale using longer time
NCEP (blue line) and IASI (fuchsia line) based on this crite- periods (Tritscher et al., 2021). It is worth noting that David
ria, as well as the number of PSC days detected by the lidaet al. (2010) also established a local temperature trend us-
with red triangles. The grey arrows indicate the number ofing 50 years of balloon radiosoundings above DDU, conclud-
days per year satisfying tiie Tnar < 1Kcriteriawithno  ing on no signi cant temperature trend during winter. David
coincident lidar measurements. Thgar values have been et al. (2010) also concluded on a positive but statistically
computed based on the daily MLSE and HN@Q measure-  not signi cant PSC occurrences frequency trend over the pe-
ments at DDU. riod 1989-2008. Similarly, trends computed with ERA5 over
The number of PSCs detected by the lidar in Fig. 9 is con-1990-2020 show small or insigni cant warming (Bouillon,
sistently and logically below the one estimated by the tem-2021), which is consistent with the results of others stud-
perature datasets. The three datasets were considered for thes where trends were computed on a longer period (Randel
trend calculation to show that despite the discrepancies thegt al., 2016; Maycock et al., 2018). This might suggest that
all indicate an approximately similar trend. From Fig. 9, we the ozone hole recovery has been strengthening in the past
note a decreasing trend of4.6 PSC days per decade that decade.
could not have been inferred from the lidar measurements Discussing PSC estimation by models, Tritscher et al.
alone. The 14-year trend remains signi cant when its sensi-(2021) stated that the PSC volumes derived from ERA-
tivity is tested regarding thET criterion or the impact of any  Interim using thel < Tnar criteria are about 50 % overesti-
single year. Given the temperature-based criterion used, thimated as compared to the satellite PSC measurements. Such
trend means that the temperature of the stratosphere abown overestimation may be due to reanalysis uncertainties es-
DDU is experiencing an opposite trend, as PSC occurrencepecially in the calculation ofyar. Mostly, this PSC volume
directly correlate to temperature changes. evaluation assumes that PSC layers entirely Il the available
Temperature trends computed with IASI over the 2008—stratospheric volume satisfying < Tyar. This hypothesis
2020 period show signi cant warming above Dumont does not seem in agreement with our observations at DDU.
d'Urville (0.1 Kyr ! between 200 and 70 hPa, adapted from To check this above DDU, for each day with a PSC detection,
Bouillon et al. (2022), shown in Fig. A4). ERAS trends over we calculated the stratospheric range satisfying the condition
the same period show very similar results. As mentionedT  Tyar. Tnat Was calculated with the daily MLS 40 and
in Tritscher et al. (2021), the acceleration of the Brewer—HNO3 measurements. Let us call this randjgar, expressed
Dobson circulation linked to climate change counteracts thankm. We also calculated the geometrical thickness of the
expected cooling from greenhouse gases at high latitude?SC detected, calledpsc Then, we computed the differ-
The recovery of the ozone hole also advocates for a riseenceHnar Hpsc it represents the stratospheric range sat-
of polar stratospheric temperatures (WMO, 2018). Despiteisfying T  Tnar unoccupied by PSC layers. The distribution
Bouillon et al. (2022) indicating a warming trend that is not of this difference for all PSC detections at DDU from 2007
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an established correlation between ICE cloud formation and
tropospheric cloud cover should also explain the variability,
as it prevents our instrument from operating. The spaceborne
geometry always has direct access to the stratosphere with-
out any signi cant particle extinction. Investigating this cor-
relation is an interesting perspective of this work. Correlat-
ing PSC formation temperature to the three chemical classes,
ICE clouds are observed at a higher altitude than STS and
NAT clouds.

From typical lidar time series, we highlight the small-scale
features of PSC layers as well as their temporal variabil-
ity both in vertical extent and optical properties, discussing
time integration in uence (both from a ground and space ge-
ometry) when using thresholds to characterize cloud types.

Figure 10. Distribution of the thickness of the stratospheric do- Smaller local datasets are able to support class de nition by
main satisfyingT < Tnar unoccupied by PSC layers, in km, on re ning mesoscale observed behaviours. We also extensively
days when a PSC is detected at DDU. consider the sensitivity of temperature datasets as small-scale
proxies for PSC formation thresholds. Overall, we empha-
size how the local variability of the measurements acquired
to 2020 is plotted in Fig. 10. Figure 10 tends to show that theat the station closely relates to the dynamics of the vortex and
stratospheric domain satisfyiy < Tnar is larger than the  prevalence of horizontal transport at stratospheric altitudes.
actual range lled by PSC layers. Given the fact that ERAS \we compare ERA5 and NCEP reanalyses to a IASI-derived
slightly overestimates stratospheric temperature at DDU actemperature product and to local radiosondes. Related to the
cording to Fig. 8D, the discrepancy between PSC thicknesgpastal location of the station, a signi cant spatial drift of
and the stratospheric domain satisfyihg Tnar couldeven  the sondes during their ascent up to the stratosphere leads

be underestimated. us to use temperature reanalyses in lidar data processing to
ensure consistency. ERA5 proves to be the most convenient
5 Conclusions dataset to use locally, showing a satisfying agreement with

DDU radiosondes from 2007 to 2020. In the near future, the
The stratospheric DDU Rayleigh/Mie/Raman lidar is one IASI product should become an interesting option, especially
of the few instruments monitoring stratospheric aerosol andor high latitude sites: the accuracy seems to be the same as
cloud activity in Antarctica for decades. This study presentsERAS5, except in the upper troposphere.
PSC measurements acquired from 2007 to 2020. The high A temperature proxy statistically complements DDU li-
vertical and spectral characterization capabilities of lidar in-dar PSC measurement days and we built a 14-year trend of
struments remain the best suited to characterize any givenumber of PSC days per year. A signi cant slightly negative
particle population, especially at stratospheric altitudes. Op{ 4.6 PSC days per decade) trend is found between 2007
tical properties overall shape PSC classi cations, which inand 2020 and relates to an opposite trend in term of strato-
turn drive the parameterizations of PSCs in models. Overspheric temperatures for southern high latitudes which was
time, many PSC schemes were published using differentlso reported in a recent study (Bouillon et al., 2022).
species, mixtures, optical variables and separation thresh- PSC volume is often estimated in models as the strato-
olds. In this paper we analyse DDU PSC measurements usspheric volume satisfyingl' < Tyar, with acknowledged
ing three major schemes referred to as B0O5, P11 and P18&verestimation in derived volumes up to 50% (Tritscher
the rst relies on ground-based measurements and the othest al., 2021). DDU lidar measurements show that the PSC
two on CALIOP spaceborne measurements. Laying our meadetected are often signi cantly thinner than the stratospheric
surements on these schemes, a good mutual agreement emain satisfyingl < Tnyar. This should have an impact on
tween all three is established. ICE cloud ratios still vary from chemical ef ciencies of chemical compound conversion rates
one scheme to another, but these differences are directly exavolved in stratospheric ozone chemistry, but it is beyond the
plained by the design of the classi cations. DDU measure-scope of our paper.
ments are also compared to a PSC types distribution based Finally, DDU offers a privileged access to air mass en-
on CALIOP PSC measurements around DDU from 2007tries into the vortex, which has been studied recently af-
to 2020. Ground-based and spaceborne measurements agtee the 2020 Australian wild re event above DDU (Tencé
relatively well on the types distribution, showing signi cant et al., 2022). The global impact of volcanic or biomass burn-
disagreement only for the ICE and ENH types, but the rel-ing aerosols through long-range transport now attracts more
atively low number of CALIOP PSC observations at DDU scienti ¢ attention, and these events feature, especially after
location explains most of the variability. Connected to this, months of transport, optical properties that overlap the one
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of some PSC types, mainly STS. Speciation between strato-
spheric sulfate, carbonaceous aerosols and STS PSC type re-
quires extensive measurement capabilities in monitoring sta-
tions. Delving into any potential interplay between PSC and
aerosol layers also demands consolidated PSC classi cation
schemes.

Appendix A

Figure A1l. PSC surface area (p?mm 3) maps from the Reprobus model for 28 August 2015 at 43&8)K475 K (b) and 550 K(c). DDU
location is indicated by the red dots.

Figure A2. (a) Distribution of the distance between DDU and the burst location of DDU radiosondes in summer (red) and winter (blue)
from 2010 to 2020(b) Distribution of the burst height in summer (red) and winter (blue) from 2010 to 2020. Winter is de ned as the period
from June to September included, and Summer is the rest of the year.
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Figure A3. ERAS reanalyses temperature elds at 100 hPa for the domain corresponding to the radiosondes drift shown in Fig. 8.

Figure A4. IASI temperature trend at DDU from 2008 to 2020.
Adapted from Bouillon et al. (2022).
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