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Abstract.

The stratospheric cloud and aerosol lidar instrument Liraan (LIdar pour la Recherche Antarctique Aérosol et Nuages) has
been operated at the French Antarctic station Dumont d’Urville since 1989. Following a major upgrade conducted between
2022 and 2024, this paper presents the instrument configuration and its scientific capabilities. Liraan now enables the retrieval
of backscatter coefficients at 355 nm, 532 nm and 1064 nm and depolarization ratios at 355 nm and 532 nm. The new config-
uration is described in detail, along with an improved data inversion algorithm, which is further used as input to a dedicated
microphysical retrieval methodology. A unified 532 nm lidar time series spanning 1991 - 2025 at Dumont d’Urville is also
presented for the first time. Finally, 2025 multispectral lidar measurements are used in a case study of volcanic aerosol size

distribution retrieval.

1 Introduction

Monitoring the southern polar stratosphere has been an active area of research over the last 50 years, particularly since the
identification of the ozone hole in the 1970s and 1980s (Farman et al., 1985). Understanding the mechanisms governing strato-
spheric ozone chemistry rapidly became a major scientific priority and brought increased attention to stratospheric processes.
In parallel, the development of spaceborne instruments has led to important scientific breakthroughs, particularly in regions
with scarce instrumental coverage such as the polar middle and upper atmosphere.

Following the discovery of the ozone hole, Polar Stratospheric Clouds (PSC) were quickly identified as crucial microphysical
precursors to the ozone chemistry (McCormick and Trepte, 1986; Poole and McCormick, 1988; Solomon, 1999). Soon after the
Montreal Protocol, a stratospheric aerosol and cloud lidar was installed at the French Antarctic station Dumont d’Urville (DDU
- 66°40 S, 140° E) in 1989. It was among the first stratospheric lidars deployed in Antarctica, after those at Syowa (Iwasaka
et al., 1985; Iwasaka, 1986) and Amundsen-Scott stations (Fiocco et al., 1992). Similar systems have since been installed
in McMurdo, Rothera and Davis stations (Adriani et al., 1992, 2004; Innis and Klekociuk, 2006; Simpson et al., 2005), with
some instruments relocated between stations to maintain operations (Snels et al., 2019, 2021; Cairo et al., 2023). The DDU lidar

provides the longest continuous measurement record of this type in Antarctica and has contributed to stratospheric studies for



25

30

35

40

45

50

55

https://doi.org/10.5194/egusphere-2026-2958
Preprint. Discussion started: 22 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

several decades (Stefanutti et al., 1991, 1995; Bergeret et al., 1998; David-Beausire et al., 1998; David et al., 2005, 2010, 2012;
Godin et al., 2001; Santacesaria et al., 2001; Guzzi et al., 1999; Jumelet et al., 2009, 2020; Septlveda et al., 2021; Tencé et al.,
2022; Tencé et al., 2023).

Over the past three decades, knowledge of PSCs has considerably improved, largely driven by the advent of spaceborne
observations: CALIOP aboard CALIPSO has provided an unprecedented global, vertically resolved three-dimensional view of
PSC occurrence, composition, and seasonal variability (Pitts et al., 2009, 2011, 2013, 2018). Scientific efforts to understand
PSC microphysical types, formation pathways, and interannual variability are synthesized in Tritscher et al. (2021) and have
helped to better constrain chemical-microphysical interactions and improve the representation of PSC processes in chem-
istry—climate models. At DDU, a climatology based on 2007-2020 lidar measurements, compared with CALIOP observations,
has contributed to these studies (Tencé et al., 2023). Despite significant progress in understanding PSC-related mechanisms,
important questions remain regarding the stratospheric aerosols on which they strongly depend. Significant uncertainties persist
concerning the abundance, composition, and radiative—chemical impacts of stratospheric aerosols. The comprehensive review
by Kremser et al. (2016) highlighted the remaining gaps in our understanding of background aerosol variability and its response
to natural and anthropogenic perturbations. More recent in situ observations have reported unexpectedly high fractions of car-
bonaceous aerosols in the lower stratosphere, challenging the traditional view of the Junge aerosol layer (Katich et al., 2023;
Martinsson et al., 2019). Such findings raise important questions regarding aerosol composition of stratospheric aerosols, par-
ticularly their potential influence on heterogeneous chemistry and PSC formation, with implications for the expected recovery
of the ozone layer.

In recent years, new challenges have emerged concerning the consequences of stratospheric perturbations. Stratospheric
cloud fields are strongly influenced by variations in aerosol loading, whether driven by volcanism or by the transport of
biomass burning aerosols from mid-latitudes. A notable example is the 2020 Australian wildfires (Solomon et al., 2022), whose
aerosols penetrated the polar vortex and have been extensively studied. These events were well captured by lidar observations
at DDU, where a layer of carbonaceous aerosols persisted in the stratosphere for nearly two years (Tencé et al., 2022). These
aerosols disrupted stratospheric cloud fields, contributed to ozone anomalies, and raised key questions regarding their long-term
sedimentation and the limits of current observational capabilities in discriminating between sulfate (volcanic) and carbonaceous
(biomass-burning) particles. A multispectral lidar with depolarization capability is a particularly well-suited ground-based
instrument to address these questions. The 2022 Hunga eruption further highlighted the diversity of stratospheric perturbations,
with unprecedented injections of water vapor and aerosols in the upper stratosphere (Khaykin et al., 2022; Millan et al., 2022;
Kloss et al., 2022). These events underscore the importance of monitoring episodic aerosol injections, together with dedicated
modelling efforts to assess their chemical and radiative impacts in a changing climate.

Recent assessments of ozone recovery indicate a gradual return toward pre-1980 levels, consistent with the effectiveness
of the Montreal Protocol (WMO, 2022). Updated projections suggest that Antarctic springtime ozone concentrations are ex-
pected to return to 1980 levels by the middle of the 21st century, although substantial interannual variability remains, and
uncertainties persist regarding the vertical structure of recovery and a potential slowdown due to chemistry climate interac-

tions (WMO, 2022). Dynamic variability, including sudden stratospheric warming events, volcanic perturbations, and wildfire-



60

65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2026-2958
Preprint. Discussion started: 22 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

triggered aerosol injections continue to modulate ozone depletion processes through their impacts on temperature and chemical
composition in both the gas and condensed phases. This highlights the need for sustained monitoring of ozone and stratospheric
processes through aerosol and clouds observations.

In this context, and after the success of the 2006 - 2023 CALIPSO mission boarding the 532 nm CALIOP lidar (Winker
et al., 2009), the EarthCARE mission was launched in 2024, carrying four instruments: a cloud profiling radar, a multispectral
imager, a broadband radiometer and an atmospheric lidar (ATLID). ATLID is a high spectral resolution lidar (HSRL) operating
at 355 nm and including a polarization channel. Its HSRL capability enables direct separation of Mie and Rayleigh scattering
and provides high-quality measurements for a spaceborne lidar. The combination of high sensitivity, depolarization capability,
and direct retrieval of the lidar ratio makes ATLID an optimal tool for the study of fine stratospheric aerosols. The wide range
of available lidar products is described in Donovan et al. (2024); van Zadelhoff et al. (2023). The first studies exploiting ATLID
stratospheric measurements are now emerging (Khaykin et al., 2026, e.g.,) and demonstrate very good performance. ATLID can
be considered a successor to and an improvement over CALIOP, offering promising perspectives for the coming decade. The
synergy between EarthCARE observations and ground-based measurements at DDU opens new opportunities for constraining
stratospheric aerosol properties, PSC microphysics, and their role in polar ozone chemistry.

Maintaining the long-term scientific relevance of the DDU lidar requires regular maintenance and periodic instrumental
upgrades. Liraan (Lldar pour la Recherche Antarctique Aérosol et Nuages, Lidar for antarctic aerosol and cloud research, in
English) was first installed in 1988 and began operations in April 1989. The system has since undergone major upgrades in 1991
and 2002-2004 to include ozone measurements (later discontinued) and to improve lidar performance, with an increasing focus
on aerosol detection. Details of the original configuration and previous upgrades can be found in Sacco et al. (1989); Stefanutti
et al. (1991) and David et al. (2012). This paper presents the latest major update of the instrumental setup, carried out between
2022 and 2024. The main modifications include the replacement of the laser source to enable simultaneous emission at 355, 532
and 1064 nm, and the installation of a UV-dedicated polychromator incorporating polarization and Raman detection channels.
The modernisation of Liraan is essential to preserve its long-term measurement record and to address evolving scientific needs
in stratospheric studies.

Section 2 describes the new instrumental configuration of the DDU lidar system. Section 3 presents data preprocessing, the
lidar inversion methodology, and the associated uncertainty analysis. The method for retrieving aerosol size distributions from
Liraan measurements is then introduced. The results section presents a 532 nm scattering ratio time series spanning 1991-2025
at DDU, along with time series and profiles of scattering ratios at 355 nm, 532 nm and 1064 nm and depolarization ratios at
355 nm and 532 nm derived from 2025 observations. Finally, advanced retrievals linking optical properties to microphysical

parameters are illustrated through two 2025 case studies.

2 Instrumental set-up

Initially designed for winter campaigns during its early decades of operation, Liraan is now operated year-round at night,

subject to weather conditions. Typical measurement sessions last around 1h30 with extended sessions up to 8h depending on
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the season and the interest of the sounded atmospheric scene. A schematic of the lidar system is shown in Figure 1, and the

current section provides more details about the instrument architecture.
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Figure 1. Detailed description of the hardware configuration and main parameters of Liraan.

2.1 Emission

95 Liraan is a multispectral Rayleigh-Mie lidar operating in the UV, visible and infrared spectral ranges. The source is a Nd:YAG
laser (Lumibird Qsmart-850), optically pumped by a flashlamp operated at 629 V and Q-switched using external synchroni-
sation electronics. The fundamental emission wavelength is 1064 nm, with second and third harmonics generated to produce
simultaneous emission at 355, 532 and 1064 nm. The laser emits 6 ns pulses at a repetition rate of 10 Hz. The energy distribu-
tion among the three wavelengths is controlled by adjusting the temperature of the harmonic generator crystals, resulting in a

100 total pulse energy of approximately 500 mJ. A high-reflectivity laser mirror (Rays > 98%), optimised for angles of incidence
between 0° and 50° and covering the 350-1100 nm spectral range, redirects the laser beam toward the atmosphere at a nominal

incidence angle of 45°.
2.2 Telescope

A co-located 810 nm diameter Newton telescope collects backscattered photons from atmospheric molecules and particles. A

105 field stop diaphragm of 4 mm diameter results in a full-angle field of view of 1.7 mrad. The secondary mirror introduces an
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approximately 10% transmission loss due to central obscuration. Full geometrical overlap (overlap factor of 1) is achieved at

an altitude of approximately 1.5 km.
2.3 Chopper

The backscattered light collected by the telescope passes through a mechanical chopper wheel located at the focal plane. The
chopper blocks intense signals from low altitudes to prevent detector saturation. The chopper wheel rotates at 400 revolutions
per second, corresponding to a period of 2500 us.

An opto-Schmitt sensor detects the position of the slits and provides a high output signal when the optical path through
the wheel is clear. A switching signal is then generated to synchronise the lidar system and trigger laser emission and data
acquisition. The laser trigger delay is adjusted using dedicated timing electronic device. This delay defines the lidar blind zone,

currently around Skm.
2.4 Reception units

On the reception end, a first dichroic mirror separates the UV from the visible and IR wavelengths, which are then guided to
the two different receiver units.

The visible/IR receiver unit contains two dichroic beamsplitters. The first directs the 532 nm signal through a narrowband
filter and onto a polarizing cube, which splits the beam into parallel and perpendicular polarization components (532, and
532 respectively) with respect to the laser polarization. Both components are detected by photomultiplier tubes (PMT). The
607 nm and 1064 nm signals transmitted by the first beamsplitter are separated by a second one, filtered by narrow bandpass
filters, and detected by a PMT and an avalanche photodiode (APD), respectively.

In the UV polychromator, a beamsplitter separates the 355 nm and 387 nm signals, which are then directed onto a narrowband
filter. The 355 nm channel is further split into parallel and perpendicular polarization components using a polarizing cube. Each
component (355, 3551, 387) is then detected by a photomultiplier.

Except for the 1064 nm channel, all detectors are Hamamatsu H10721 series PMTs, which are compact modules with in-
tegrated high-voltage power supplies. The signals from these PMTs are recorded using photon-counting (PC) channels. The
387 nm channel is detected by a different PMT (Hamamatsu R9880U), operated at high-voltage and recorded in both photo-
counting and analog modes. The 1064 nm signal is detected by an APD (Excelitas E39056EH series) cooled using a thermo-
electric cooler (TEC). The TEC can lower the APD temperature down to 0°C to improve its sensitivity in the infrared range.
The APD signal is sampled simultaneously by a 16-bit analog-to-digital converter (ADC) and a photon-counting recorder.
These two acquisition modes are combined to extend the dynamic range of the lidar: when strong signals from low-altitude
clouds exceed the photon-counting saturation limit, they can still be accurately recorded using the analog channel.

All signals are time resolved with a sampling interval of 400 ns, corresponding to a range resolution of 60 m. A total of
2048 bins are recorded, corresponding to a maximum altitude of 122.8 km. Signals are integrated over 1801 laser shots (3 min)

before being stored.
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Access to the instrument for maintenance is highly constrained and requires careful planning, therefore upgrades are a
continuous process. This article presents the main recent upgrades of Liraan, as well as those planned for the upcoming field
campaigns. A dedicated power supply for the PMTs of the low-intensity channels was installed in early 2026 and will increase
the signal to noise ratio (SNR) of polarization and Raman channels, while also allowing higher emitted energy without causing
the saturation of high-intensity channels. A motorised mirror mount for the emission mirror is planned for installation in 2027

and is expected to improve the transmitter-receiver alignment.

3 Data processing

This section introduces the data processing steps used to retrieve optical properties from raw lidar measurements, along with
the associated uncertainty assessment. The relevant parameters are the backscatter ratios at 355, 532 and 1064 nm, denoted
R3s5, Rs32 and Rygga respectively, and the aerosol depolarization ratios at 355 and 532 nm, denoted 355 acr and 0532 aer
respectively. Here we define the backscatter ratio as the ratio of the total backscatter coefficient (8, acr) to the molecular
backscatter coefficient (8 mol, see equation 1). The depolarization ratio is defined as the linear particle depolarization ratio,

i.e., the ratio of the perpendicular to the parallel particle backscatter coefficients (8 aer, 1 and 8 acr,//» S€€ €quation 2).

_ B)\,QET + ﬁk,nwl

R @))
A 5)\.,mol

5)\,ae7' = 6)\7(167,7L (2)
B)\,aer,//

3.1 Pre-processing steps

Lidar measurements acquired at DDU are primarily processed using a Klett inversion algorithm. Although Raman channels at
387 nm and 607 nm are available, their use is limited to specific cases with high enough SNR. Hardware upgrades are planned
for future field campaigns to improve the SNR of Raman channels.

Raw measurements are acquired as 3-minute files and subsequently integrated over 15-minute intervals, which are appro-
priate for stratospheric dynamics. Longer integrations of 90-minute are also performed to improve the SNR and reduce the
uncertainties associated with the retrieved optical parameters. The integrated signals are then corrected for background sky
noise by subtracting the mean signal at high altitudes, typically between 60 and 120 km.

As shown in Figure 1, 355 nm and 532 nm measurements are each acquired with co-polarized and cross-polarized channels,
which are recombined to obtain the total signal. This recombination requires gain calibration between both channels, involving
the selection of an aerosol-free reference altitude zy and the use of molecular depolarization factors at 355 and 532 nm. The
interference filters used for the 355 nm and 532 nm channels have full widths at half maximum (FWHM) of 2 nm and 1 nm,
respectively. The corresponding molecular depolarization factors are dmor1,355 = 10,86 X 10~3 and Omol,532 = 4,24 x 1073

(Kong et al., 2023). The total lidar signal at wavelength A can be written as follows:
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Pxr =Py, +KPx 1 (3)

Where the gain K is computed in aerosol-free region zy:

Py,//(20)
Py 1 (20)

Cross-polarized channels are corrected for crosstalk using equation 5. The measured signals in the parallel and perpendicular

K= 5mol,k (4)

channels are denoted P,/ and P 1 m, respectively. Pollution from the perpendicular to the parallel channel can be rea-
sonably considered negligible, so that Py ,, = P/, . Conversely, pollution from the parallel to the perpendicular channel,
denoted §¢ is not negligible and depends on both the optical alignment and the specifications of the polarization beam-splitter
cubes. This parameter can be estimated using an aerosol-free reference altitude, 2, and the molecular depolarization ratio. The

corrected perpendicular signal can be expressed as follows:

_ Pxim—0dcPy

Py, = 5
AL . @)
Where the crosstalk correction parameter dc is computed as follows:
Py, 1 ,m(20) _5
PA,//(ZO) mol
oc = 6
1- (Smol ( )

Since this correction method is based on measured signals, the results may vary slightly depending on the year, season,
instrumental conditions and overall SNR. The choice of the aerosol-free region needed used in the calibration also contributes
to this variability. For both the 355 nm and 532 nm channels, the estimated §¢ values are on the order of 10~* to 10~°, and
can therefore be considered negligible.

A saturation correction is generally not required for Liraan measurements, as saturation effects are prevented at the emission
stage. However, in some cases such as increased emitted energy, a lower chopper cutoff altitude, or the presence of strong tro-
pospheric clouds, a desaturation procedure may be applied. In this approach, a correction factor € (see equation 7) is optimised
to restore the signal profile. This factor is determined so that the corrected signal matches the expected Rayleigh signal in an

aerosol-free region of strong signal, typically in the upper troposphere.

PA,m

Py=—2m
A 1—6P)\7m

(7

The optimisation results in € values that tend toward 0 for most measurements, and reach values on the order of 1 x 1072 to

2 x 10~2 when significant saturation is observed.
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Multiple scattering effects are neglected in Liraan measurements processing. This assumption is valid for the optically thin
stratospheric aerosol and cloud layers commonly observed at DDU, but may induce biases under conditions of dense PSC
presence.

Finally, ozone absorption along the lidar path must be accounted for. Ozone extinction is significant at 532 nm within the
Chappuis band. It is also considered at 355 nm, located between the Hartley and Chappuis bands, while it is neglected at 1064
nm (Serdyuchenko et al., 2014, Fig. 2). Ozone absorption cross-sections at 355 nm and 532 nm are taken from Serdyuchenko
et al. (2014). At 355 nm, the temperature dependence of the cross-section is considered for temperature ranging from 193 K
and 293 K. Daily ozone concentration profiles above DDU are obtained from the Microwave Limb Sounder (MLS) satellite

instrument. The correction is applied to the lidar signal Py through a transmission factor Co, 5 defined as:

Cog ) = €270 ®
with
7051 (2) :/0'03,)\(2/)7103(2/)d2:/ ©)

0

where 00, is the ozone absorption cross-section at wavelength A, and no, is the ozone number density.
3.2 Lidar inversion

Once the pre-processing steps are completed, a Klett-Fernald inversion algorithm is applied, following the numerical formalism
described in Fernald (1984). The main limitation of this method lies in the assumption of the lidar ratio L R, defined as the ratio
of the extinction to the backscatter coefficient (LR = %, in sr). Although the lidar ratio can be estimated based on temperature
and altitude, and thus on the type of clouds or aerosols (Chen and Chiang, 2002; Winker et al., 2009), it remains a strong
assumption. The method also relies on a reference altitude at which the extinction and backscatter coefficients are known,
typically chosen in an aerosol-free region where molecular properties are computed from local temperature and pressure
profiles (Nicolet et al., 1982). Temperature and pressure profiles are obtained from daily radiosonde launched at DDU (operated
by Météofrance) and extended above the burst altitude using ERAS hourly profiles interpolated to the DDU location.

An iterative procedure is implemented to reduce sensitivity to the assumed values of LR and z..¢. Each lidar profile is
evaluated over a wide range of lidar ratios LR and reference altitudes z,.¢. The resulting backscatter ratio profiles are then
compared using two independent criteria presented hereafter, and the optimal set of (LR, 2,.y) values is retained. The tested
LR values span a realistic range for stratospheric clouds and aerosols, from 10 to 140 sr (Reichardt et al., 2004; Korshunov
and Zubachev, 2013; Haarig et al., 2018, e.g.,). Reference altitudes z;.. are selected between 20 and 30 km, excluding regions

identified as aerosol or cloud layers. The inversion quality is evaluated based on the following two criteria:

— Deviation of R, from unity: regions outside identified aerosol or cloud layers are expected to exhibit a backscatter ratio

R, = 1. For these altitudes, denoted z,., a score is computed as Z Ry —1].

Znc
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— Consistency of R across scattering layers: if the extinction of a scattering layer is correctly accounted for in the inver-
sion, R values above and below the layer should be similar. For identified layers, the difference between these values is

computed as a second score.

The first criterion is used to optimise 2., while the second is used to constrain LR. The joint minimization of both scores
yields the final (LR, z..y) values for the inversion of each lidar profile. This approach is particularly relevant for extended
lidar scenes, as it results in a more robust and homogeneous inversion. However, given the typically low SNR of stratospheric
signals and the diversity of atmospheric conditions, automated procedures should be considered with caution. In some cases,
the algorithm may converge toward values that compensate for other sources of bias, such as errors in layer detection, signal
saturation, minor lidar misalignment, or very low SNR. This behavior highlights the importance of robust signal preprocessing,
as described in section 3.1. When the optimisation fails or yields unrealistic results, the (LR, z,.s) values can be overridden
through manual input.

Once the scattering ratio is obtained, the linear aerosol depolarization ratio J,e, is computed using equation 10, from the
molecular depolarization d,,,, the backscatter ratio R, and the volume depolarization d,,. To avoid ambiguity as the literature may
feature other definitions, the linear aerosol depolarization ratio is defined here as the ratio of the perpendicular to the parallel
aerosol backscatter coefficients. The volume depolarization ratio is defined as the ratio of the gain-corrected perpendicular

signal to the parallel signal.

R6y0pm, — I (dy + 1)
R(1+46m)—(6,+1)

3.3 Error estimation

Uncertainties in optical properties derived from lidar measurements are notoriously difficult to assess, due to the combination
of multiple sources arising from both instrumental and methodological aspects of the inversion. In this paper, we consider these

main sources of uncertainties, listed below in order of decreasing significance:

— Instrumental and statistical noise: all sources of uncertainty affecting the raw lidar signal measurements;
— Inversion parameters and assumptions;
— Atmospheric parameters: temperature and pressure profiles.

For PMTs allocated channels, instrumental and statistical uncertainties are primarily driven by photon-counting noise follow-
ing Poisson statistics, leading to a rapid degradation of the SNR with altitude. At high altitudes, particularly in the stratosphere,
the low number of detected photons results in large relative uncertainties, which can be further amplified by the inversion pro-
cedure. The standard deviation os(z) of the signal S(z) is therefore given by the quadratic sum of the Poisson uncertainty and
electronic noise, and can be expressed as follows, where o is the standard deviation of the signal in high-altitude regions

used to estimate the mean background:
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0%(2) = 5(2) + 02ee (11)

For the APD allocated 1064 nm channel, an analog detection channel is used, which does not follow Poisson statistics. The
standard deviation of the 1064 nm analog signal is estimated empirically and modeled as a linear function of the mean signal

according to:
0»%1064(2) =AX 51064(Z)+BO (12)

where S1g64(z) is the mean 1064 nm signal at a given altitude. The coefficient A represents the multiplicative noise term
associated with statistical fluctuations of the detected carriers and the effective gain of the detection chain, and is therefore
expected to be independent of altitude and atmospheric conditions. The additive term B accounts for signal-independent
noise contributions, including electronic noise and digitization effects, and is estimated from the temporal variance of the
background signal measured in an altitude region free of atmospheric returns. Both parameters are derived from a global fit
over a broad range of altitudes, excluding saturated and cloudy regions, and are assumed to be constant for a given instrumental
configuration and integration time.

For each channel, the standard deviation is propagated through the pre-processing steps described in the previous section,
including integration, background, crosstalk and saturation corrections. A Monte-Carlo method is then implemented: 200
signals are simulated according to S;(z) = S(z) + € (z) where € (z) ~ N (0,03). Each of these signals is individually inverted,

resulting in a set of 200 backscatter ratio profiles (Rrange stat)- The statistical uncertainty is then estimated as

OR,stat (Z) = U(Rrange,stat)(z) (13)

The uncertainty in the backscatter ratio associated with the Klett inversion parameters is mainly driven by the choice of the
lidar ratio values assigned to the identified scattering layers and the clear-sky reference altitude. A similar method is applied to
both parameters. Starting from the optimised value LR,; obtained as described in the previous section, additional inversions
are computed by varying the lidar ratio within the range [LRopt;i — 20; LRopsi + 20] while keeping all other parameters fixed.

This results in a set of backscatter ratio profiles (Ryange,1.r) and the associated uncertainty is defined as

1 .
AR,LR(Z) - 5 ‘maX(Rrange,LR) - mln(Rrange,LR)I (14)

Similarly, for zr, inversions are computed for reference altitudes within the range [Zyer,opti — 1K1m; Zrer opti + Lkm]. The

associated uncertainty is defined as

1 .
AR,zrcf (Z) = 5 |maX(Rrange,zrcf) - mln(chmge,zrﬁf)‘ (15)

Temperature and pressure profiles are used to compute the molecular contributions to the backscatter and extinction coeffi-

cients. To estimate the uncertainty in the backscatter ratio associated with these atmospheric parameters, a method similar to

10
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that used for LR and z,¢¢ is applied. Inversions are performed with temperature profiles offset by +4K and pressure profiles
offset by £5%. The resulting uncertainty is denoted AR atm(z).

The parameter ranges explored for the uncertainty estimation (£20 sr for LR, &1 km for z,. ¢, =4 K for temperature, and
+5% for pressure) were chosen empirically to reflect realistic variability in each parameter.

Finally, error sources are considered independent and the total error on R is written as follows:

OR = J]%,stat + A??LR + A%ZT 7 + A%atm (16)

e

In this paper, the depolarization ratio refers to due; = 5“7/*/ and is therefore only properly defined in the presence of

aerosol or clouds, as B, // tends to O under molecular conditions. Moreover, in presence of dense aerosol layers or clouds,

_ Baer,L . Baer,L+Bmol, L

Baer,// >> 6mol,// and ﬂaer,l >> Bmol,l_» so that, 5aer = Baer.y/ ~ Baer.//+Bmol,/;

. . . .. P .
estimated by propagating the uncertainty of the ratio P—/i/ and can be expressed as follows:

= dyo1. The uncertainty in d,, is therefore

os op 2 op,, 2
aer __ i 17
6(167“ <PJ_)+(P//> ( )

The previous assumption is not valid for thin aerosol layers. In such cases, the propagation of uncertainties in equation 2 can

be approximated as

R

_ 18
aer 0—5uol R)\ _ 1 ( )

as

where o, , is the uncertainty on the volume depolarization ratio as expressed in equation 17.

ol
Figure 2 shows the distribution of the uncertainties (in %) associated with scattering ratios at 355 nm (a, Ag,;.), 532 nm (b,
ARj;s,,), and 1064 nm (¢, AR, ). as well as depolarization ratios at 355 nm (d, As,,, ,.,) and 532 nm (e, As,, ;,,), derived
from all DDU measurements acquired between April 2024 to October 2025. This figure shows that scattering ratio uncertainties
span a wide range of values. They are primarily driven by altitude and the magnitude of scattering ratio, and exhibit similar
patterns across all wavelengths. Uncertainties are generally higher at 355 nm than at 532 nm. The infrared channel exhibits
higher R values; although the overall pattern remains similar, a larger variability is observed for strong signals.
Depolarization ratio uncertainties also mostly depend on J,., values and altitude. Scattering layers with significant depolar-

ization typically display uncertainties between 10% and 70%. The uncertainty As__ increases rapidly with altitude above 17,5

aer

km, as the SNR of the perpendicular channels decreases.

4 Particle size distribution estimation

Combining optical properties at different wavelengths is commonly used for particle classification and microphysical retrievals.
Using a multi-wavelength (UV - visible - IR) lidar configuration, particle size distributions can be retrieved from a set of

observables under appropriate assumptions. The methodology applied in this study has been described in detail in Jumelet et al.
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Figure 2. Distribution of estimated errors, in percentage, associated with scattering ratios at 355 nm (a, Agrg;5), 532 nm (b, Ary,,), 1064

nm (¢, AR, yg4), depolarization ratios at 355 nm (d, As ) and 532 nm (e, As,, 53,) derived from all measurements from April 2024 to

aer,355

October 2025. The (x, y) space is discretized into hexagonal bins and the color of each bin represents the mean altitude of the samples within

the bin. Bins containing fewer than five points are omitted

(2008) and applied to liquid PSC particles observed in the Arctic in Jumelet et al. (2009). As a short summary, the retrieval of
a lognormal particle size distribution, characterized by three parameters (total number concentration in cm 2, mode radius in
wm and geometric standard deviation) relies on 6 input variables: aerosol backscatter coefficients at 3 wavelengths (UV, visible
and IR) and their associated uncertainties, estimated following the approach described in section 3.3. A two-step procedure is
considered.

First, a box model computes the equilibrium chemical composition under given environmental conditions (pressure, tem-
perature, total H NOs, total HoO volume mixing ratios) for a wide range of particle size distributions. The corresponding
refractive index is then derived. In this study, only liquid particles are considered (depolarization below 5% and stratospheric
temperature above 195 K) allowing the use of Mie theory to compute the backscatter coefficients associated with each distri-
bution.

Second, these solutions are compared with DDU measurements to identify the best match. A cost function is computed and
minimized over the look-up table to define a cluster of possible solutions, that is filtered around 1 sigma of the median before
identification of the cost function minimum. This filter mitigates the high non-linearity of the optical model, aiming at the most

probable solution. Accurate uncertainty estimates are critical in this approach.
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A unimodal size distribution is assumed here, although the methodology can handle multimodal distributions provided that
one mode is prescribed. This assumption is generally valid at the latitude of DDU outside major recent volcanic eruption
events, as stratospheric particles observed above the station typically result from long-range transport from mid-latitudes.
During transport, larger particle modes are efficiently removed by sedimentation within days to weeks, while relatively stable
temperature conditions above DDU support the assumption of quasi-steady microphysical processes. Examples of applications

using Liraan measurements can be found in the next section.

5 Results

In this section, we present measurements obtained with the new lidar configuration along with the reprocessing of previous
measurements, as the updated processing has been applied retroactively to the entire DDU dataset. Figure 3 shows the resulting
time series of backscatter ratio at 532 nm from February 1991 to October 2025. This figure highlights the unique long-term
record acquired with the instrument, which, to our knowledge, remains the only continuously operated stratospheric lidar
over this 35-year period in Antarctica. It also shows that the measurement frequency has significantly increased since the first
decade of observations. On top of a more sustained observational schedule, a growing scientific interest in stratospheric aerosol
perturbations has led to the implementation of continuous summertime operations.

Figure 3 presents the complete reprocessed lidar measurements archive, illustrating the recent increase in perturbation events
in the Antarctic stratosphere, especially with the Australian 2020 wildfires (Tencé et al., 2022; Khaykin et al., 2020) and the
exceptional Hunga eruption in 2022, whose impact has been extensively documented (Khaykin et al., 2022; Mill4n et al.,
2022; Kloss et al., 2022; Zhu et al., 2025). Liraan sampled the Hunga stratospheric aerosol plume for approximately two years,
providing an extensive observational record of a single stratospheric event from a ground-based site. The present article does
not include further analysis on the Hunga event, as it will be the subject of a dedicated study.

Figure 4 presents the 2025 time series of Liraan measurements at DDU for the five variables introduced previously: Rgss,
Rs32, R1064, Oaer,355 and daer 532. The color scales for 4 a, b and ¢ are fixed between 1 and 2.5 to highlight differences between
the UV, visible, and infrared channels, although this reduces the contrast between aerosol and background conditions at 355 nm
and 532 nm. Similarly, both depolarization color scales are fixed from 0 to 10%. This time series is based on 15 min integrated
measurements, enabling fine-scale observation of aerosol layers.

The 2025 polar stratosphere has been impacted by the Ruang volcanic eruption (Khaykin et al., 2026), and its aerosols are
clearly detected at 355, 532, and 1064 nm since October 2024 (see Figure 3). The main plume altitude decreases in early
2025, in accordance with polar stratosphere dynamics. Ruang aerosols exhibit a stable optical signature throughout the year;
no significant depolarization is observed, and scattering ratios are approximately of 1.15, 1.2 and 1.75 at 355, 532, and 1064
nm, respectively. Between mid-June and August, a few PSCs are observed with stronger optical signatures and depolarizing

ice crystals.

13



355

360

365

https://doi.org/10.5194/egusphere-2026-2958
Preprint. Discussion started: 22 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

] \ ‘ | ' | ki ]

| i " ‘ :
I‘!‘\\Ill IE‘ i AL HiILl i |5 K ]
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2003

2008 2009 2010 2011

18

2021 2022
o o .- f |ml
v | e g g

2025
Figure 3. Time series of 532 nm backscatter ratio acquired at DDU between February 1991 and October 2025. The time scale is not linear

and depends on the number of available measurements. Each individual profile is integrated over 15 minutes. Dashed red vertical lines delimit
the different years. White vertical bands indicate periods where at least one day separates two consecutive measurements. White brackets

and labels highlight significant stratospheric perturbations.

Depolarization at 355 and 532 nm shows consistent behaviour, with background values close to zero for non-depolarizing
aerosol layers up to 20 km and noisier signals above this altitude. This behaviour is expected due to low SNR conditions and
the definition of the depolarization ratio itself.

Figure 5 shows backscatter ratio (Fig. 5a) and depolarization ratio (Fig. 5b) profiles for 4 April 2025 (dashed lines) and 17
August 2025 (solid lines). On both dates, depolarization values are close to zero, consistent with molecular values dyo1,355
and o1 532- On 4 April 2025, the aerosol layer extends from 8.5 to 21 km, with peak backscatter ratio values of 1.15, 1.22
and 1.78 at 355, 532 and 1064 nm, respectively. On 17 August 2025, the aerosol layer extends from 8 to 15.8 km, with peak
backscatter ratio values of 1.1, 1.18 and 1.78 at 355, 532 and 1064 nm, respectively. These optical properties are consistent
with aged volcanic sulfate aerosols, clearly standing out from background aerosol conditions.

As an illustration of the microphysical retrieval capabilities of the lidar, these scattering properties are used to apply the
particle size distribution procedure described in section 4. Two look-up tables are constructed for the layers identified on the
profiles shown in Fig. 5a and b, with temperature and altitude respectively set at (223.4 K, 14.1 km) and (202.2 K, 13 km).
MLS measurements above DDU indicate H2O concentrations of 4.1 ppm on 4 April 2025 and 2.4 ppm on 17 August 2025
and H N O3 concentrations of 2.8 ppb on 4 April 2025 and 2.3 ppb on 17 August 2025. The input parameters and results of the

aerosol size distribution retrieval are summarised in Table 1.
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Figure 5. Backscatter ratios Rsss, Rs32, Rioea (a and b; blue, green, and red, respectively) and depolarization ratios daer,355 and daer,532 (C;

blue and green, respectively) profiles acquired at DDU on 4 April 2025 (dashed lines) and 17 August 2025 (solid lines).

The median radii retrieved for 4 April 2025 and 17 August 2025 are 0.3 pm and 0.24 um, respectively, suggesting a decrease
over four months of atmospheric transport. The particle concentration remains relatively stable, although slightly higher values
are observed in August, consistent with the enhanced backscatter coefficients measured by the lidar. The increase in the surface
area and the volume densities, respectively A and V, is expected as temperatures decrease during winter. On 17 August 2025,
the temperature of 202.2 K at 14.3 km remains above the PSC formation threshold temperature TyaT, confirming the aerosol
nature of the observed layer.

The retrieved size distribution parameters are consistent with expected values for stratospheric aged volcanic aerosol plumes.
To our knowledge, the only other microphysical estimate for the 2024 Ruang eruption was published in Dodangodage et al.
(2025) and reports an average median radius of 0.127 um. This value is significantly lower than our estimations and closer to
expected background stratospheric aerosol conditions. However, direct comparison between these results remains difficult, as
the observations in Dodangodage et al. (2025) were performed in April and June 2024 between 0.86°S and 12.46°N, and the

median radius is derived from fitting aerosol infrared transmission spectra using satellite observations from the Atmospheric
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Date 04/04/2025 | 17/08/2025
z[km] 14.1 13
Bass[m™t.sr™] | 1.30.1077 | 1.59.1077
Apyys %] 86 115
Bsza[m™t.sr™] | 4.86.107% | 4.63.107%
Apy [%] 46 42
Brosa[m™t.sr™t | 1.11.107% | 1.36.107%
g, 064 [%)] 20 18

T[K] 223.4 202.2
P[hPa) 123.1 133.6
N [em™3] 2.9(0.87) 6.7(1.8)
r [um] 0.30(0.03) | 0.24(0.02)
o 1.16(0.07) | 1.22(0.07)
A [pm?*.cm™3] 3.54 5.45
V [um®.cm™3] 0.38 0.49

Table 1. Optical, atmospheric and retrieved microphysical parameters of aerosol observed at DDU on 4 April 2025 and 17 August 2025. N,
r and o are the number concentration, median radius and geometric standard deviation of the retrieved lognormal distribution, respectively.

A is the surface area density and V the volume density. The standard deviation of N, r and ¢ are given in parenthesis.

Chemistry Experiment (ACE). More than one year of atmospheric transport and chemical evolution separates the two retrievals.
Nevertheless, such microphysical estimates at high southern latitudes remain scarce and may provide valuable reference con-

straints for future studies.

6 Conclusions

The stratospheric aerosol and cloud lidar operated at the French Antarctic station Dumont d’Urville has been successfully
upgraded over a series of campaigns conducted between 2022 and 2025. Improvements to the laser source, receiving optics,
detectors, and acquisition system now allow the retrieval of backscatter coefficients at 355, 532 and 1604 nm along with
depolarization ratios at 355 and 532 nm. The instrumental configuration and data processing are described in detail in sections
2 and 3, respectively.

In section 5, a unique 532 nm scattering ratio time series spanning 1991 - 2025 is presented for the first time (Fig. 3). This
figure highlights the value of long-term ground-based lidar observations such as Liraan at DDU. Maintaining such systems
over several decades is inherently challenging, particularly in Antarctica, where logistics are complex and access is limited to

a restricted summer window of operation each year. Operating a lidar in Antarctica requires a rigorous organisation with the
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French polar institute IPEV (Paul-Emile Victor) and technical interventions typically extend over multiple campaigns. Further
improvements are expected in the coming months, primarily aimed at increasing the signal-to-noise ratio of low intensity
channels, such as cross-polarization and Raman channels.

Under these harsh environmental conditions, sustained effort and regular instrumental updates are required to preserve the
integrity of the long-term record and the homogeneity of the time series, which is critical for climatological and trend studies
(Tencé et al., 2023). In this context, Figure 3 documents the variability of PSC seasons and major stratospheric perturba-
tions over the past three decades, but also highlights the work and dedication of all the researchers, engineers, operators and
technicians who contributed to maintain this lidar since the 1990s.

The first multispectral measurements obtained with the new lidar configuration are presented as time series and vertical
profiles in Figures 4 and 5, featuring stratospheric aerosol plumes associated with the recent Ruang volcanic eruption. These
observations, representative of moderate volcanic perturbations, are used to demonstrate the aerosol size distribution retrieval
methodology based on three simultaneously emitted wavelengths. The comprehensive set of optical and microphysical prop-
erties derived from the instrument, together with collocated ozone measurements in both profile and total column, further
establishes Dumont d’Urville as a key observation site for monitoring air masses originating from lower latitudes. This three-
wavelength capability opens new perspectives for the characterization of stratospheric aerosols and clouds in a region where
observational coverage remains limited, while the multiple recent stratospheric perturbations featured in Figure 3 strongly call
for monitoring activities.

Detailed characterisation of optical properties is used in particle classification and speciation. Additional microphysical
properties can help investigate the temporal evolution of stratospheric aerosol plumes and air masses at the edge of the polar
vortex. They also provide valuable links between lidar observations and other passive ground-based or spaceborne instruments,
as well as modelling tools, through local validation and improved parametrizations at these latitudes.

While deriving trends in major volcanic activity with stratospheric impact remains challenging, wildfire-related perturbations
are expected to become more frequent in the coming decades (Di Virgilio et al., 2019; Dowdy et al., 2019; Jones et al., 2022;
Katich et al., 2023). Instruments capable of resolving speciation between sulfate carbonaceous aerosol therefore represent key
assets to contribute to future studies in this field.

The limited ground-based instrumental coverage in polar regions makes spaceborne observations essential. The recent launch
of EarthCARE, carrying the high spectral resolution lidar ATLID operating at 355 nm, marks a major advance in data quality
and is expected to support a wide range of aerosol and cloud studies over the coming decade. Studies on the direct comparison
between Liraan observations at DDU and ATLID have started and could and could help build up a strong regional inventory of
optical and to some extent microphysical properties.

The new configuration deployed between 2022 and 2024 is now fully operational, still supported by IPEV both in funding and
logistics. The DDU lidar is well positioned to extend this long-term dataset initiated in 1989, and to support future investigations

on the polar stratosphere.
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Data availability. The Dumont d’Urville lidar instrument is part of the NDACC international network and data are publicly available on-
line at the NDACC/NOAA data archive (https://www-air.larc.nasa.gov/missions/ndacc/, last access: 12 May 2026; Jumelet, 2022). ERAS
reanalysis data are available on the Copernicus Climate Data Store at https://doi.org/10.24381/cds.bd0915c6 (Hersbach et al., 2018).
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