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Abstract. Stratospheric aerosol plumes from the 2022 Hunga eruption were observed by the first-ever ultraviolet (UV) 355
nm Doppler and High Spectral Resolution Lidar (HSRL) on board the European Space Agency’s Aeolus satellite. Independent
measurement of extinction and co-polarized backscatter coefficients for particles are shown, capturing the Hunga plumes up
to ~ 28 km in altitude by 24 January 2022. Global map of L2A product are produced for latitudes band up to [35° S—10° N].
They are analysed with weekly average of sulfur dioxide (SO;) concentration and sulfate aerosol (SA) optical depth (OD) from
spaceborne measurement. A plume composed of optically thick patches with high SA OD above 0.025 is captured above 26
km in altitude. It exhibits high UV signal extinction up to ~ 350 Mm !, scattering ratio (SR) up to ~ 40, local optical depth
(LOD) above 0.2, and lidar ratio (LR) above 100 sr. These SA long-lived patches are observed drifting South and transported
West. Two branches separate by mid February 2022: a southern tale at ~ 25 to 27 km in altitude around latitudes [30° S—15° S]
and a northern tale at ~ 23 to 25 km in altitude around latitudes [15° S—10° N]. The Aeolus LR and LOD reach lower values
for the aging branches, i.e. below 80 sr and 0.04 respectively. A short-lived plume with low SA OD and high SO, concentration

is observed at lower altitudes ~ 18 to 22 km with less strong UV scattering properties, and appears to disaggregate quickly.

1 Introduction

The ESA Aeolus satellite was successfully operated between 22 August 2018 and 30 April 2023 carrying the Atmospheric
LAser Doppler INstrument (ALADIN), the first Doppler Wind Lidar in space, which was emitting ultraviolet (UV) laser pulses
at 355 nm in off-NADIR mode ~ 35° (Reitebuch et al., 2024). Aeolus flew in sun-synchronous orbit at =~ 320 km in altitude
with revisit time of 7 days (i.e. =~ 15 orbits per day, a global coverage being achieved each week with ~ 105 orbits) and crossing
the equator at local solar times of ~ 06:00 (descending node) and =~ 18:00 (ascending node). The ALADIN lidar comes with
High Spectral Resolution (HSR) capacity, then measuring the signal from molecules (Rayleigh channel) and particles (Mie
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channel) with the possibility to distinguish both contributions. The instrument was initially designed to provide wind speed at
global scale from the Earth’s surface up to the lower stratosphere (= 25 km to 30 km in altitude) (Flamant et al., 2008; Dabas
et al., 2008), but it was also measuring vertical profiling of thin clouds and aerosols’ optical properties with 24 range bins of
thickness from 250 m to 2 km. Both the range bin thickness and the maximum height of the measurement were adjustable. This
allowed to observe aerosol layers up to 30 km in altitude. Independent measurement of co-polarized backscatter and extinction
coefficients for particles (Flamant et al., 2008) are comprised in the Level-2A (L2A) product (Flamant et al., 2022; Trapon
et al., 2022). Coupled with the good 7-days revisit cycle, they are particularly relevant for tracking long-range transported
aerosols (Sun et al., 2026), even in the tropics and above oceans where ground-based measurement are limited. The HSR
capacity represents a real added value compared to other atmospheric lidars: the particles extinction-to-backscatter ratio, so-
called lidar ratio (LR), is then not fixed. As the LR depends on particles shape, size and microphysical properties, it is often
used for aerosol classification (Floutsi et al., 2023).

Aeolus can contribute to the observations of the reported stratospheric aerosol perturbation induced by the Hunga 2022 volcanic
eruption (Sellitto et al., 2022, 2024a). On 15 January 2022 the submarine Hunga Tonga-Hunga Ha’apai volcano (20.54° S,
175.38° W) located in southwest Pacific Ocean erupted with a high-magnitude volcanic explosion. Particles have been injected
in high altitudes up to the mesosphere ~ 50 km before falling back to the stratosphere with long-term persistence (Schoeberl
et al., 2024; Sicard et al., 2025). Spaceborne observations by the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
instrument (Winker et al., 2004) on board CALIPSO satellite (Vaughan et al., 2004) have been widely used to characterize the
early Hunga plume (Legras et al., 2022; Khaykin et al., 2022). Aerosol layers from the main plume were circumnavigating
the Earth, stabilizing around 25 km to 27 km in altitude by late January 2022 (Khaykin et al., 2022). But unlike ALADIN,
CALIOP does not have HSR. It is a two-wavelength elastic lidar operating at 532 nm and 1064 nm that detects total backscatter
and therefore does not distinguish the contributions from molecules and particles (Winker et al., 2006), hence some ambiguities
in cloud and aerosol properties. The use of a-priori information on aerosol subtype taken from other sources including models
(Winker et al., 2000) is required for the derivation of the optical properties and the LR is not constrained (Winker et al., 2004).
Efforts have been made to derive the 532 nm LR from CALIOP local optical depth (LOD) and attenuated backscatter with
iterative method using approximations, showing values above 80 sr for the early plumes at =~ 30 km height and stabilizing to
40 sr £ 20 after few weeks (Duchamp et al., 2026). The calculation assumes no vertical or horizontal gradient of LR inside the
plume, then considering uniform microphysical properties for the particles (Duchamp et al., 2026). But unusual aerosol size
distribution have been observed (Sellitto et al., 2022). It is assumed to be related to the fast conversion of sulfur dioxide (SO5)
to sulfuric acid droplets H,SO4 (Bruckert et al., 2025; Sellitto et al., 2024b) that nucleate to sulfate aerosols (SA), the process
being enhanced by abundant water (Milldn et al., 2022; Zhu et al., 2022). Balloon measurements from the Tonga volcano
Rapid Response Experiment (TR2Ex) conducted in south-west Indian Ocean at La Reunion also showed gradient in optical
properties with overall high signal in aerosol extinction, suggesting differences in shape and microphysical properties from the
top plume above 27 km altitude when compared to the inner core plume (Asher et al., 2023). Overall, these studies outline a
critical role of water vapour in the rapid SA formation, highlighting differences in SO, and SA concentrations for the different

Hunga clouds circumnavigating the Earth at different altitudes (Zhu et al., 2025). But large uncertainties have been reported in
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the assumptions of SO, plume altitude (Xia et al., 2024) and the topic remains an active area of research (Zhu et al., 2025).
Aeolus therefore provides valuable representative 355 nm LR and particles extinction coefficient in such conditions, i.e. high
altitudes with strong signal-to-noise ratio (SNR) from mainly spherical particles (Asher et al., 2023), with low depolarization
ratio below 2 % (Legras et al., 2022; Taha et al., 2022) which makes the cross-polarized component of the backscatter light
missed by Aeolus negligible. The occurrence of dense water clouds and aerosol layers from other sources is also expected to
be minimal in Upper Troposphere and Lower Stratosphere (UTLS), making the detection and tracking of the Hunga plume
with Aeolus easier. Moreover, the aerosol effective radius measured for the main Hunga plumes above 24 km altitude reached
~ 0.3 to 0.4 um (Knepp et al., 2024), making the Aeolus UV signal at 355 nm a good candidate for analysis due to its greater
sensitivity to these sub-micron particles than higher wavelengths.

In this paper, the Aeolus L2A product are briefly introduced and the ability of ALADIN to track stratospheric aerosols is
demonstrated firstly showing early observations of the Hunga aerosols with single overpasses. They are compared with ground-
based and space-borne lidars between 25 January 2022 and 01 February 2022. Then, weekly global maps of Aeolus L2A
product are shown for the ageing plumes until 06 March 2022. The maps are analysed in parallel to SO, and SA data. Two-
dimensional histograms of L2A extinction versus backscatter coefficients are presented and illustrate the particles height and
UV scattering properties over time. A final section encloses the paper, discussing the added values of the Aeolus observations
in context of the global Hunga aerosol analysis. Descriptions of the dataset used for the study can be found in the Appendix

(Al).

2 Aeolus aerosol product
2.1 The SCA and MLEsub algorithms and their quality flagging

The present study uses the Aeolus L2A product retrieved with the standard correct algorithm (SCA) and the maximum likeli-
hood algorithm (MLE). They have been processed with processor version 16, and are labelled Baseline 16. The SCA makes
use of the matching between the Rayleigh and Mie channels to invert the lidar equations (Flament et al., 2021; Trapon et al.,
2025). Among other products it provides the attenuated backscatter coefficients for molecules ,8;:;1 and particles ﬂ::n at finer
resolution referred as measurement (i.e. lidar signal accumulation down to = 6 km in the horizontal direction for the period
13 December 2021 to 04 April 2022). The two products can be added together to get the co-polar 355 nm total attenuated
backscatter B:‘; The MLE is based on optimal estimation with physically constrained minimization (Ehlers et al., 2022) and
selecting the optical properties that agree the most with a pre-defined physical state of the atmosphere, i.e. positive optical

depth and LR bounded between 2 sr and 200 sr. It comes with particulate extinction Oy, and co-polar backscatter Bp lidar

art ?
ratio L R, scattering ratio SR and local optical depth LO D given at coarser resolution of =~ 90 km and referred as observation.
The present study uses the MLE product given at sub-observation level of ~ 18 km horizontal (i.e. then corresponding to 3
consecutive SCA measurements for the period 13 December 2021 to 04 April 2022). It is referred as the MLEsub. More details
about the SCA and MLE algorithms can be found in the Level 2A Algorithm Theoretical Basis Document (ATBD) (Flamant

et al., 2022). The L2A product labelled Baseline 16 includes ready-to-use quality check (QC) for the MLEsub product. The
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is flagged valid for Rayleigh SNR above 70 and
is flagged valid for Mie SNR above 30 and

QC are based on SNR and error estimates. The MLEsub extinction Xpart

standard deviations of o, below 1.0 x 107* m~". The MLEsub backscatter 3, ,

below 1.0 x 1072 m~'sr~!. They have been gradually fine tuned by the Aeolus Data, Innovation,

standard deviations of 3,

and Science Cluster (DISC) using sensitivity test, and are designed to be restrictive. They discard up to 40 % of the profiles,
especially in low signal conditions below aerosol layers or close to the surface (Trapon et al., 2025). The validity checks are
fully described and illustrated in the Level 2A User Guide (Trapon et al., 2022). The present study applies these QC differently
depending on the used case. They are not applied when focusing on single overpasses crossed with reference measurements
by other lidars (i.e. section 3.1) and when using weekly global map (i.e. section 3.2.1). This allows to keep as many valid bins
as possible for the cross validation with referenced measurement, and to make the identification of the aerosol global distribu-
tion with global map easier. But they are applied with two-dimensional histograms of L2A extinction versus backscatter (i.e.
section 3.2.1, Appendix A2.2) as the objective is to provide qualitative statistics from quality assured product. Additionally,
2 thresholds are applied for the global map and the two-dimensional histograms: the particles-free regions of the atmosphere
are discarded removing the bins where MLEsub SR <= 2, and the bins where MLEsub LR get too close to the lower limit
of 2 sr and upper limit of ~ 200 sr are discarded (i.e. removal of bins where LR <= 3 sr and where LR >= 199 sr, assum-
ing a non-perfect minimization). The ready-to-use L2A cloud screening (see details in Appendix Al.4) is applied for every

conditions.
2.2 Aeolus range bin settings and Tonga specific band

The Aeolus vertical profiling correspond to 24 range bins for which the thickness can be adjusted. Multiple Range Bin Settings
(RBS) can be defined at the same time per orbit, for Rayleigh and Mie separately (ESA). This allowed to quickly set specific
RBS during Near-Real-Time operation for specific areas of interest within geographical boxes, e.g. increasing the resolution in
the troposphere above Cabo Verde to further study the Saharan Air Layer or extending the top height to observe the disruption
of the quasi-biennial oscillation (QBO) (Reitebuch et al., 2024). Aeolus upper limit was limited to a maximum of 30 km
because of practical signal detection for reliable wind data with primary Rayleigh measurements, the laser signal strength
and SNR becoming too low in upper atmosphere. Such RBS adjustment was achieved on 24 January 2022 at 00:00:00 UTC,
i.e. moving the top bin measurement to the maximum of 30 km height (i.e. including both Rayleigh and Mie channel) for all
longitudes in a latitude band [35° S—0° N] (see Fig. 1, dotted red) referred as Tonga band, and setting the 24 range bin thickness
to 1.25 km up to 28 km height and 1 km above. The objective was to capture the Hunga stratospheric aerosols during their
descent in altitude. These settings have been extended to the band [35° S—10° N] (see Fig. 1, solid red) on 31 January 2022
at 00:00:00 UTC. The present study uses these two settings of the Tonga band. An update has been done on 14 March 2022
at 00:01:00 UTC following routine monitoring of the plume altitude. The top height bin was set to 26 km altitude and the
following settings have been applied for the band [35° S—10° NJ: 1 km thickness below 13.5 km altitude, 1.25 km thickness
between 13.5 km and 21 km altitude, and 1.5 km thickness above. On 02 May 2022 at 00:22:09 UTC these settings have been
extended to the band [35° S—20° N] until 19 March 2023. These final settings are not used in the present study, but offer the

opportunity to study the long term impact of the Hunga aerosols.



125

https://doi.org/10.5194/egusphere-2026-2575
Preprint. Discussion started: 26 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

60°N

: | — Aeolus 25.01.2022
50°N T 4 Aeolus 29.01.2022
Aeolus 31.01.2022

40°N Aeolus 01.02.2022
—— Aeolus Tonga Band

30°N @ OPAR

20°N 9 4 / ) ,. ) Hunga Tonga volcano

10°N

0°
10°S
20°S
30°S
40°S
50°S

60°S
180° 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°

Figure 1. Aeolus Tonga latitudes band (i.e. red) and ground tracks of Aeolus ascending overpasses on 29 January 2022 (i.e. orange, from
00:08:32 UTC to 00:17:26 UTC), 31 January 2022 (i.e. cyan, from 04:53:48 UTC to 05:05:13 UTC) and 01 February 2022 (i.e. yellow,
from 06:37:22 UTC to 06:48:26 UTC). The ground tracks of CALIOP closest overpasses with ascending orbit for 29 January 2022 (i.e.
orange, from 21:07:32 UTC to 21:17:12 UTC), 31 January 2022 (i.e. cyan, from 01:02:09 UTC to 01:14:33 UTC) and 01 February 2022
(i.e. yellow, 03:18:15 UTC to 03:30:39 UTC) are shown with dotted lines. The blue Marble collection is used for background map (courtesy:
https://visibleearth.nasa.gov/, last access: 02 February 2026). The locations of OPAR (i.e. blue) and Hunga Tonga volcano (i.e. rose) are

overimposed over the background map.
3 Results
3.1 Aeolus early detection of the Hunga aerosols in late January 2022

3.1.1 Cross validation with ground-based lidars

The early evolution of the aerosol plume has been successfully observed with facility 4 days after the eruption (Baron et al.,
2023) and several aerosol layers have been captured from 19 January 2022 to 27 January 2022. The layer referred as N6 in
Baron et al. (2023) and observed with clear signal maximum at 19.3 km altitude on 25 January 2022 has been selected to be
crossed with Aeolus as the ascending overpass comes with limited geolocation offset (i.e. ~ 705 km). This allows to validate

the aerosol optical properties and height from the L2A product with independent measurement.
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Figure 2. Aeolus cloud screened MLEsub (3, on 25 January 2022 (a) and cross of 2D profiles above La Reunion, with LiO3S and Li1200

Klett retrievals for MLEsub ﬁpm (b) and MLEsub Qg (€) with standard deviations shown as error bars.

Figure 2 shows Aeolus MLEsub 355 nm co-polarized Bpm for a total of 315 consecutive profiles of ~~ 18 km each in the
horizontal direction, for ascending section from = [-40° N-65° E] to = [10° N-54° E]. Ground track of the orbit is shown
in Figure 1 (i.e. green). The cloud mask is applied and helps removing dense water clouds observed between 5 km to 15 km
altitude. It does not remove a dense layer clearly observable in 3 range bins from ~ 18 km to ~ 20.5 km height between -27°
N and -7° N (i.e. Fig 2a, black box), and attributed to the Hunga aerosol layer. Several studies reported high SO, concentration
with aerosol effective radius ~ 0.2 pum for this layer (Asher et al., 2023; Taha et al., 2022). The cross of Aeolus MLEsub (i.e.
Fig. 2b-c, violet) with Li1200 (i.e. Fig. 2b-c, blue) and LiO3S (i.e. Fig. 2b-c, red) for both ﬁpm and Xt

solid agreement. The MLEsub profile 96 (i.e. Fig.2a, violet), which comes with ﬁpm of £ 2.0 x 1072 km~'sr~! and Xt of

at 355 nm reveal

~ 0.1 km™? for the range bin from 18 km to 19.25 km with maximum column value SR of 3.2, indeed matches nicely the
ground-based retrievals, despite the geolocation offset. The Aeolus profile 96 correspond to day time 14:14:38 UTC and the
signal accumulation was done between = 02:00 and ~ 15:00 UTC. MLEsub SR, LOD, and LR are equal to 3.2, 0.11, and
47.5 sr respectively for the range bin from 18 km to 19.25 km. The LR value matches the reported estimation of 46 sr by

Baron et al. (2023), and derived on same day with the lidars for the in-core layer at 19.3 km in altitude.



145

150

155

160

https://doi.org/10.5194/egusphere-2026-2575
Preprint. Discussion started: 26 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3.1.2 Visual comparison with space-borne CALIOP

Figure 3 shows cloud screened Blac: given at resolution ~ 6 km horizontal for the active Tonga band (i.e. Fig. 1, red) with
top height bin up to 30 km altitude for the dates 29 January 2022, 31 January 2022, and 01 February 2022 (i.e. Fig. 1, solid
lines orange, cyan, and yellow respectively). The closest CALIPSO overpass (i.e. Fig. 1, dotted lines orange, cyan and yellow

respectively) has been selected for each Aeolus ascending section. Figure 3d-f shows B:;:”S - for the same Tonga band. Both

Aeolus and CALIOP capture well a layer above East Pacific on 29 January 2022 between =~ 24 km and 28 km in altitude
covering a large area from latitudes -20° N to -5° N. The layer appears to be stratified with southern edge located in higher

height showing column maximum value SCA ﬂzz of ~5.0x 1073 km~!sr~! and CALIOP 6:2:‘;2 of ~3.0x1073 km~tsr—!,

On 29 January 2022 the instruments ALADIN and CALIOP captured a layer with elongated northern tale up to the equator and

. . . tt tt - .
with comparable column maximum value in SCA ﬂz)t and ﬁ:‘ot HS 5 of ~6.0x1073 km~!sr~!. A similar feature is captured on 01

February 2022 above the South West Pacific Ocean (Fig. 4c and Fig. 4f), and transported toward West. High SA concentration
have been reported for these plumes above & 24 km altitude because of moister air and active conversion from SO, (Zhu et al.,
2025). Table 1 summarizes the mean of MLEsub £

part? apart >

SR, LOD, and LR measured for these layers after applying a
conservative MLEsub SR threshold of 5. The column maximum value are indicated in parenthesis and the scores with applied
QC flags are indicated in bold. One should note the varying extinction and scattering properties of the layers despite relatively

close mean MLEsub 3_ . If compared to the averaged scores, the plume on 31 January 2022 and 01 February 2022 exhibits

part

high MLEsub column maximum value SR of 37.1 and «_, . of 317.8 Mm™!. This suggests heterogeneous optical properties

part
as confirmed by the different pattern observed in Fig. 3a-f: the northern elongated tale exhibits higher values in attenuated
backscatters. Interestingly, we do observe opposite behavior for the plume observed on 29 January 2022 as the southern and
compact branch comes with higher backscatter (i.e. Fig. 3a). It is also important to note the deviation of these optical properties

when compared to the early SO, plume observed above La Reunion in lower altitudes.
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Scores for MLEsub SR>5 3, [Mm~'st™'] o, [Mm™'] SRI] LOD|] LR [sr]

2.6 (6.8) 75.8 (317.8) 134 (37.1) 0.1(0.4) 34.8(143.4)
29.01.2022

2.6 (6.8) 96 (317.8) - - 31.2 (135.1)

2.6(6.5 60.7 (232.3 10 (21.9 0.07 (0.3) 223 (1269
31.01.2022 ©) ( ) @19 ©3) ( )

2.6 (6.5) 60.7 (232.3) - - 22.3 (126.9)

2245 33.6 (157.2 8.4 (15.6 0.04 (0.3) 15.1 (106.1
01.02.2022 (4.5) ( ) 15.6) 0.3) ( )

2.2 4.5) 33.6 (157.2) - - 15.1 (106.1)

Table 1. Summary of the statistics of the mean and maximum values for the stratospheric plumes’ optical properties retrieved from Aeolus

MLEsub. The maximum values are indicated in parenthesis. The scores with applied QC are indicated in bold.
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sections in the Tonga band on 29 January 2022, 31 January 2022 and 01 February 2022 (a-c), and

closest sections on same days (d-f).

3.2 Spatio-temporal evolution of the Hunga optical properties until March 2022
165 3.2.1 Aerosol global distribution two weeks after the eruption

Aeolus featured a 7-days orbital repeat cycle to achieve a full global coverage of the Earth. The satellite completed ~ 15 orbits

per day and ~ 105 orbits per week for the entire mission lifetime, returning to the same ground track every week to ensure
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consistent global wind and aerosols measurements. This weekly cycle offers the opportunity to have a detailed view of the
global Hunga aerosol distribution over time. The present study proceeds with 6 consecutive weekly datasets of Aeolus L2A
product and using the optical properties derived from the MLEsub. It covers the period from 24 January 2022 00:00:00 UTC to
06 March 2022 00:00:00 UTC, focusing on the active Tonga band (i.e. [35° S—0° N] for the first week until 31 January 2022,
and [35° S—10° N] afterwards). This allows to keep RBS consistency with maximum height measurement up to 30 km altitude.
Global map are derived from the L2A product as following: for every vertical profile, and only above 18 km altitude, the
range bin with column maximum value of MLEsub SR is determined as indicator of the centre of mass of the Hunga aerosol

plume. The aerosol retrievals measured for these very range bins, e.g. 3

part> Qpart and SR are then assigned for each profile

of ~ 18 km horizontal, and represented with a dot on worldmap. Figure 4a shows the global map of the column maximum
value SR for the first week from 24 January 2022 00:00:00 UTC to 30 January 2022 00:00:00 UTC over all longitudes. The
particles-free regions with SR below 2 appear as white. Figure 4b shows the height, i.e. upper limit of the range bin, where
the column maximum value SR has been identified. The quality assured IMS SA OD and IMS SO, product for both daytime
and nighttime swaths are averaged for the same period. Each weekly average map then correspond to the arithmetic mean of
14 swaths. They are shown respectively with Fig. 4c and Fig. 4d. Several observations can be made and are summarized as

follows:

1. The valid Aeolus maximum column values SR above 18 km and pointing to the Hunga in-core plume mainly appear in
latitude [-30° N- -10° N] and longitudes [70° E-160° W]. Three main branches with specific SR order of magnitudes
can be observed: a southern branch with SR values above 8 (i.e. Fig. 4a, red box), a northern West branch with SR
between 5 to 8 (i.e. Fig. 4a, violet boxes), and localized northern East branch with lower SR below 5 (i.e. Fig. 4a, blue

boxes).

2. The three branches occupy differentaltitudes, i.e. the northern East branch showing lower altitudes ~ 18 km to 22 km
(i.e. Fig. 4b, blue boxes) than the southern branch with ~ 26 to 28 km (i.e. Fig. 4b, red box). The northern branch
matches = 24 to 26 km (i.e. Fig. 4b, violet boxes).

3. The southern branch matches nicely the high values of IMS SA OD up to 0.025 (Fig. 4c, light orange to red), revealing
compact SA patches for longitudes [90° W-60° E].

4. The IMS SO, map shows dominant blue color code for the these SA patches (i.e. Fig. 4d), then confirming a low

concentration of SO, and suggesting a conversion to sulfate that has already been completed.

5. The IMS SO, map reveals higher SO, concentration up to ~ 2.0 ppbv (Fig. 4d, light green to orange) for the northern East
branch which exhibits lower MLEsub S R and matches lower altitudes ~ 18 to 22 km. This corroborates the observations
made at La Reunion on 25 January 2022 in Fig. 1 where the in-core plume shows column maximum value SR, oare a0

Qpa At = 19.3 km altitude.

6. The SO, plume appear to be localized in a band [25° S-5° S] and is mainly distributed over south Africa and East
Atlantic, confirming the results by Boichu et al. (2023).
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Figure 4. Acolus weekly global map of column maximum value SR above 18 km altitude (a) and their corresponding height bin (b) for the
period 24 January 2022 00:00:00 UTC to 30 January 2022 00:00:00 UTC. The marker size in the (a) and (b) are chosen randomly and do not
correspond to their footprint. The weekly average of IMS SA OD and IMS SO; for daytime and nighttime swaths are respectively shown in
(c) and (d).

For every column maximum value S R shown in Fig. 4a, the corresponding ,Bpm and oy, measured for the the same range bin
are selected. Figure 5 shows a two-dimensional histogram of logIO(aPart) versus loglO(ﬁpm) with height bin shown by varying
colours. The LR ranges are indicated with solid lines in diagonals. Three dominant regimes in altitude can be identified: low

altitude from ~ 18 km to =~ 22 km (Fig. 5, blue box), mid altitude between ~ 24 km to ~ 26 km (Fig. 5, violet boxes), and

10



205

210

215

https://doi.org/10.5194/egusphere-2026-2575
Preprint. Discussion started: 26 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

high altitude above 26 km up to ~ 28 km (Fig. 5, red box). They exhibit respective LR ranges: ~ 5 sr to ~ 60 sr for the low
altitude regime, wide range from ~ 5 sr to ~ 80 sr for the mid altitude regime, and above 100 sr for the high altitude regime.
The IMS SA OD and SO, concentration are shown with varying colours with similar two-dimensional histograms in Figs. A4a
and A5a. They are determined by calculating the minimum geographical distance with the Aeolus profiles, and assuming the
Earth being a perfect sphere with radius of 6371 km. Figure A4a points to high IMS SA OD above 0.015 (i.e. light red to
yellow) for both the mid altitude and high altitude regime. Both regimes then seem to correspond to SA plumes distributed in
different height, as seen with Fig. 4c. Figure A5a points to high IMS SO, concentration above 0.8 ppbv (i.e. yellow) for the
low altitude regime below ~ 22 km.

MLEsub @ art vs.

2.8 30
24 Jan. - 30 Jan. 2022
2.6 - S
. , e P
'_.'E o®
= 126
o ©

N
N
Height bin [km]

MLEsub log10(a
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0.8 30 20
0.6 % 100
200
0.4 ‘ : 18

0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1
MLEsub IoglO(ﬁpart[Mm'lsr'l])

Figure 5. Two-dimensional histograms of Aeolus L2A «,, versus f3,,, for every range bin where the column maximum value SR is
detected. The L2A QC, cloud mask, and SR threshold of 2 are applied. The panel corresponds to the week for the period 24 January 2022 to
30 January 2022. The height bin are shown by varying colours.

3.2.2 Long-range transport of aging plumes

The weekly map of Aeolus, indicating the centre of mass of the Hunga aerosols with maximum column value SR, and presented

in Fig. 4a covers the week from 24 January 2022 to 30 January 2022. It can be reproduced for the 6 consecutive weeks from 24
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January 2022 to 06 March 2022 (see Fig. 6a-f). Similarly, the corresponding height bin and LOD are shown with Figs. 7a-f,
8a-f. The weekly average of IMS SA OD and IMS SO, can also be reproduced until 06 March 2022 (see Figs. Ala-f, A2a-f).
Finally, the two-dimensional histograms of logIO(apm) versus logIO(ﬂpan) measured by Aeolus for each week are presented
with Fig. A3a-f (height bin shown by varying colours), Fig. Ad4a-f (IMS SA OD shown by varying colours), and Fig. ASa-f
(IMS SO, concentration shown by varying colours). This offers the opportunity to track the SA and SO, plumes previously
identified during their zonal and meridional transport, and to assess the evolution of their height and optical properties over
time. Figure Ala-f then show the southern SA patches observed in late January 2022 above ~ 26 km in altitude up to ~ 28
km: the compact patches with higher SA OD above 0.015 (i.e. orange to red) appear to quickly drift West and South (Fig.
Ala-c), completing a full Earth circumnavigation by mid February (i.e. Figs. Alb, Al1d). They quickly stabilize in lower height
between = 25 and 27 km in altitude (Fig. 7a-f, light orange and Fig. 8a-f, red) in latitudes [25° S— 15° S], and appear to
stay at this in altitude until 06 March 2022. A two branches separation can be seen by mid February 2022 and Figure 7a-f
shows a clear vertical distribution between the southern and compact SA patches and northern elongated tales that disperse
between ~ 23 and 25 km in altitude (i.e. light green) up to the equator in latitudes [15° S— 10° N]. FigureA2a-f confirms a
quick disaggregation of the SO, plume by mid February 2022, corroborating the results by Carn et al. (2025) and Sellitto et al.
(2024b), and it’s trace in Fig. 7a-c (i.e. light blue) with in altitude below ~ 22 km in altitude indeed disappears, showing a
short stratospheric lifetime. Interestingly, the southern SA patches comes with the highest Xpare (Fig. A3a-f, red) and LOD
(Fig. 8a-f, red), and retain high UV scattering properties with SR above 8 until 06 March 2022 (Fig. 6a-f, light blue to orange).
Figures A3, A4, AS show the evolution of the 3 dominant regimes identified in Fig. 5 (i.e. dominant blue associated to the SO,
plume below 22 km in altitude, dominant red associated to SA compact patches above 25 km in altitude, and dominant yellow
to green associated to SA residuals between 23 to 25 km in altitude). The red regime of LR values above 100 sr and high Xpart
above 150 Mm ™! points to the leading edges of the SA compact patches above ~ 27 km in altitude and cannot be observed by

below 100 Mm ™", and lower

LR below ~ 80 sr which converge below ~ 60 sr over time. Figure 8a-f shows how the LOD of the southern SA patches

February 2022 (i.e. Fig. A3b). The yellow to green regime of SA residuals exhibits lower o,
rapidly stabilize below 0.04 (Fig. 8a-f, red). These decreasing trends of the SA LR and LOD over time are in line with findings
by Duchamp et al. (2026). Moreover, the L R lower values point to coarse mode and suggest that after a quick increase in size,
the high sedimentation rate of the SA plume is stabilizing over time as they stay at altitudes between = 24 to 26 km during the
long-range transport with relatively stable optical properties. This agrees with the aerosol effective radius derived from solar
occultation with Stratospheric Aerosol and Gas Experiment III (SAGE III) on board the International Space Station (ISS) and
reported in Khaykin and Bourassa (2025): two peaks of =~ 0.3—-0.4 nm can be respectively observed at distinct altitudes ~ 24
and = 26 km by February 2022.

12
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4 Discussions and conclusion

The study highlights observations of the Hunga 2022 stratospheric aerosols by the ALADIN instrument, the first UV Wind
Doppler lidar with HSR capacity in space, on board the Aeolus satellite and using the L2A product derived with the SCA
and MLEsub algorithms. Orbit sections intersecting the Hunga plumes in the southern equatorial region [35 °S—10° N] on
late January 2022 are selected, and the independent measurement of backscatter and extinction coefficients for particles are
compared with reference atmospheric lidars. Several Hunga plumes are observed: the cross-comparison of MLEsub profiles of
~ 18 km horizontal with ground-based lidars Li1200 and LiO3S at La Reunion on 25 January 2022 reveals a plume between
~ 18 and ~ 21 km in altitude in latitudes [26 °S— 5 °S]. The extinction-to-backscatter LR of 47.5 sr measured by Aeolus for
the centre of mass of the Hunga plume, i.e. the most optically thick region identified with maximum column value SR of 3.1,
agrees well with the reference lidars. Other plumes are observed until 01 February 2022 above the Pacific Ocean and at higher
in altitude ~ 25 km to 28 km: both CALIOP on board the CALIPSO satellite and ALADIN onbaord Aeolus capture well

optically thick aerosol layers distributed between latitudes [25 °S—0°]. Aeolus measured higher @, and LR with maximum

art
values of 317.8 Mm~! and 135.1 sr when compared to the plume observed above La Reunion.

The zonal and meridional evolution of these aerosol plumes are shown in the present study until 06 March 2022, valuing the
Aeolus coverage and using weekly global map. The map are produced for SR, LOD, and height where the centre of mass
of the plume is detected. They are analysed for the first time in parallel with weekly average of sulfate-specific OD and SO,
concentration derived with the RAL/IMS scheme from collocated instruments IASI, AMSU and MHS on board Eumetsat
MetopB spacecraft. The map reveal a short-lived plume with low IMS SA OD and high IMS SO, concentration above south
Africa in latitudes [25 °S — 10 °S] in late January 2022. Aeolus measures SR and LR below 5 and 60 sr respectively, with
height of ~ 18 to 22 km. For the same period, the global map show SA plumes in higher altitudes from = 24 km to 28 km in
altitude, mainly distributed in latitudes [30 °S — 15 °S]. It is composed of optically thick and compact SA patches with IMS
SA OD up to 0.025, and low IMS SO, concentration below 1.0 ppbv then assuming a conversion from SO; to sulfate that has
been completed almost entirely. The SA long-lived patches are observed drifting south and transported west, circumnavigating
the Earth every two weeks. During their rapid transport westward (= 50° longitude per week) and southward (= 5° latitude per
week until late February 2022), they retain characteristic optical properties: strong UV signal extinction up to =~ 350 Mm~!
and SR up to 40, and high LR above 100 sr. The most optically thick plume appears to stay compact and stabilize at high
altitude =~ 25 to 27 km in latitudes [30° S—15° S] with LR below 80 sr. Interestingly, part of the plume also disperse as far as
the equator at lower altitude of ~ 23 to 25 km and spread over large areas in latitudes [15° S—10° N], reaching more modest
SR below 8 and LR below 60 sr.

The sulfate plume sedimentation was assumed to be more pronounced on certain latitudes in previous studies (Legras et al.,
2022)). The present study confirms this hypothesis showing lower height of SA patches that disperse in the northern branch
[15° S—10° NJ with higher sedimentation rate. The fast transport of the Hunga aerosols towards the southern pole (Khaykin
et al., 2022; Kloss et al., 2025) and the plume two branches separation by February 2022 (Sellitto et al., 2022), date on
which the SO, signal is not observable contrary to SA (Sellitto et al., 2024b), can also be confirmed. Additionally, the vertical

16



280

285

290

295

300

305

310

https://doi.org/10.5194/egusphere-2026-2575
Preprint. Discussion started: 26 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

gradient of UV LR measured by Aeolus is an important findings. It suggests unequal microphysical properties of the sulfate
particles that compose the main Hunga plumes, the higher LR values above 100 sr in the early top filament up to =~ 28 km
in altitude pointing to fine mode. The top edge plume is characterized by strong UV absorption (i.e. o . up to 350 Mm ™!,

LOD above 0.2) and scattering (i.e. 8

part

part

up to 6.0 Mm~1.sr~!, SR up to 40) capacities. This is consistent with the reported
unusual characteristics and particles size distribution for the Hunga early plumes (Asher et al., 2023; Duchamp et al., 2026).
The decrease around lower values (e.g. LR below 60 sr, LOD below 0.04, SR below 8) with lower height around = 24 km
to 26 km in altitude also argue in favor of a stabilization of the merging and growth processes of the sulfate aerosol particles
as suggested in Zhu et al. (2025). The study then supports the hypothesis that oxidation of SO, to sulfuric acid (H,SOy), that
may nucleate to sub-micron sulfate aerosols (Kremser et al., 2016), was more pronounced in the plumes top edge above ~ 26
km in altitude. Interestingly, the low altitude plume around ~ 18 km to 22 km corresponding to high IMS SO, and low IMS
SA concentrations exhibits significantly less strong UV scattering properties (i.e. ﬂpan below to 2.0 Mm~t.st=1, SR below
5). The role of water vapour in the different plumes could be analysed further as it influences the oxidation of SO, as shown
by Bruckert et al. (2025). Moreover, hypothesis regarding the atmospheric conditions can be put forward: constant easterly
winds depending on latitudes and altitudes affect the dispersion of the different plumes. The Aeolus Level 2B wind product
(de Kloe et al., 2023; Rennie et al., 2020) can be used to study the zonal winds and their evolution over time. The Hunga case
study highlights how valuable spaceborne atmospheric UV lidars are when observing sub-micron aerosols in the poorly known
equatorward stratosphere, with overall good SNR and revisit time. Both horizontal and vertical sampling, and cloud masking,
are important points for new missions such as EarthCARE (Illingworth et al., 2015) and Aeolus-2 (Berceau et al., 2025) as
they affect the identification of the centre of mass of the plumes, as seen with aerosols from the Ruang eruption (Khaykin et al.,

2026).

Data availability. The study includes Aeolus L2A aerosol products prepared by the Aeolus Aeolus Data Innovation and Science Cluster
(DISC) (involving ESA, DLR, DoRIT until 2025, ECMWEFE, KNMI, CNRS until 2022, TROPOS, S&T, ABB, and Serco) and the Payload
Data Ground Segment (PDGS) through the reprocessing activities. The corresponding dataset of 2022 is part of the fourth reprocessing,
labelled Baseline 16 and covering October 2018 to April 2023. The Aeolus L2A products are available through the ESA MAAP explorer at
https://explorer.maap.eo.esa.int/ within the collection « Aeolus L2A Products ». The data of Li1200 (https://doi.org/10.25326/714) and LiO3S
(https://doi.org/10.25326/713) are available at the National data and services centre for atmosphere AERIS at https://www.aeris-data.fr. The
RAL (Rutherford Appleton Laboratory) Infrared/Microwave Sounder (IMS) data are available at https://doi.org/10.5281/zenodo.7102472
(Siddans and Legras, 2022) (last access:25 January 2026). CALIOP data V4.51 are available at https://asdc.larc.nasa.gov/project/CALIPSO/
CAL_LID_L1-Standard-V4-51_V4-51 (NASA/LARC/SD/ASDC) (last access:10 October 2025).
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Appendix A
Al Data
Al.l OPAR

The Observatory of Atmospheric Physics in Reunion (OPAR) is located in southwest of the Indian Ocean at La Reunion
island where three ground-based lidars are operated since 2013 on a high altitude site (Maido mount, 2160 m a.s.1, [21.079°
S--55.383° E]): the Rayleigh Raman lidar (Li1200), the stratospheric ozone lidar and the tropospheric ozone lidar (LiO3T)
(Gantois et al., 2024). The Li1200 provides vertical profiles of temperatures and water vapour ratio (Véremes et al., 2019)
such as Rayleigh-Mie scattering at 355 nm. The aerosol extinction and backscatter coefficients can therefore be derived from
the signals (Gantois et al., 2024) up to 40 km altitude with vertical resolution of 15 m. The LiO3S comes with DIfferential
Absorption Lidar (DIAL) technique and measures ozone (O3) concentration in the stratosphere between the tropopause and
~ 45 km altitude (Godin-Beekmann and Garnier, 2003). Aerosol extinction and backscatter can also be retrieved from the
elastic scattering at 355 nm (Gantois et al., 2024). The LiO3T also measures O3 concentration in the troposphere with DIAL
technique between 6 and 25 km (Duflot et al., 2017). Vertical profiles of aerosol extinction and backscatter can be retrieved
from elastic scattering at 532 and 1064 nm. The two-component Klett inversion method (Klett, 1985) is used for the derivation
of aerosol extinction and backscatter profiles for the three instrument (Gantois et al., 2024). The present study maskes use of

the Li1200 and LiO3S aerosol profiles acquired on 25 January 2022.
Al1.2 CALIOP

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) was operated between April 2006 and June 2023 on board
the CALIPSO satellite (Vaughan et al., 2004; Winker et al., 2010) flying at ~ 700 km altitude. The CALIOP instrument is
a lidar with two wavelength 532 nm and 1064 nm, and with a polarization channel. Among other products it measured the

. tt
total attenuated 532 nm backscatter for molecules and particles ﬁtaot .

molecules and particles BZ:E; , with native resolution of 179.6 m vertical between =~ 20.2 km and 30.1 km in altitude, and =~

333 m horizontal. The CALIOP lidar Level 1B (L1B) data product version 4.51 (V4.51) has been used. The 532 nm V4.51

as the perpendicular attenuated 532 nm backscatter for

data product relies on the calibration techniques explained in Kar et al. (2018) and Getzewich et al. (2018). The parallel-only
. att|| . . . att L att

attenuated 532 nm backscatter for partlgtltes and molecules 6@’532 is derived by subtracting ﬁtot,532 from /Btm,532 to enable a

comparison with Aeolus 355 nm SCA .

Al13 IMS

The RAL (Rutherford Appleton Laboratory) and Infrared Microwave Sounder (IMS) scheme (Siddans, 2019) enables quanti-
tative retrieval of sulphate-sepecific aerosol optical depth (Sellitto and Legras, 2016) and SO, concentration in parts per billion
by volume (ppbv) from three instruments on board the MetOp platform: the Infrared Atmospheric Sounding Interferometer

(IASI), the Advanced Microwave Sounding Unit (AMSU), and the Microwave Humidity Sounder (MHS). The RAL/IMS
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makes use of optimal estimation with signal acquired in the mid infrared region between 1100 and 1200 cm~! (Clerbaux et al.,
2009), and assuming a uniform vertical mixing ratio. Both quality controlled products are referred as IMS SA OD and IMS
SO; in the present study. They comes with a 0.25° regular grid in latitudes and longitudes. Both daytime and nighttime swaths

have been used to calculate weekly average map.
Al.4 Aeolus ready-to-use cloud mask

The L2A product labelled Baseline 16 includes a cloud mask based on model data from the European Centre for Medium-

Range Weather Forecasts (ECMWF). A total cloud backscatter 3

o« 15 estimated via a simple parametrization using cloud

liquid and ice water content taken from the Auxiliary Meteorological Data (AUX_MET) and a threshold is applied. The
cloud mask therefore helps to discriminate aerosols from the clouds predicted by the ECMWF short-range numerical weather
prediction (NWP) forecast, and is given at the coarser resolution observation of ~ 90 km, then corresponding to 15 consecutive
SCA measurements and 3 consecutive MLEsub profiles for the period 13 December 2021 to 04 April 2022. As described
with the Egs. (8.1) and (8.2) of the L2ZA ATBD (Flamant et al., 2022) shown below with Eqs. Al and A2, the extinction

coefficients for liquid water clouds « and ice clouds ¢ in m~! are firstly calculated according to the Mie theory as

water
explained in Kokhanovsky (2004). Liquid and ice water content LW C' and IW C, respectively in kg/kg, are extracted from
the AUX_MET. Liquid and ice water effective radius, r.yw and r.w respectively in m, liquid and ice water density at 0 °C’
prw and prw respectively equal to 999.8395 kgm 2 and 916.7 kgm 3, and air density p in kgm ™3 :

3 LWCp

= — Al
Oéwaler 2 Te,LWpLW ( )
_31IWCp (A2)
e 2 rewpw

The air density p is derived from nominal pressure p in hPa, temperature 7" in K, and specific gas constant for dry air R
equal to 287.058 JK~'kg~!, as shown with Eq. (8.3) of Flamant et al. (2022):

p

=27 (A3)

p

reLw 18 calculated with Eq. A4 below adapted from the parametrization of Eq. (5) of Marseille and Stoffelen (2003) which
has been adopted from the ECMWF forecast model (i.e. stating that the mean droplet size in low-level clouds is smaller than

in high-level clouds), with P the air pressure in hPa:
rerw = (—3.8 x 1072P +43.8 x 1079) (A4)
re1w 18 derived from Eqgs. A5 and A6 below adapted from Eqgs. (35) and (14) of Wyser (1998):
rerw = 377.4 4 203.3B + 37.91B% + 2.3696 B3, (A5)

<(273 - T)S) x logIWCp)

log(10)

B=-2+10x10"3 (A6)
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1

The total cloud backscatter 3, in m~ sr~! is derived from total extinction being the sum of «

water a0d @, and using a

constant L R equal to 20 sr:

aW' + aice
Bo == (A7)

The bins are considered contaminated by clouds if 3, is superior to a threshold of 1.0 x 10~7 m~'sr~! which was deter-
mined by the L2A development team with sensitivity test. The cloud mask helps discarding all bins that include signal from
water or ice clouds. Examples of the cloud screening removal are given in (Trapon et al., 2022) in section 4.8. In this study, the

cloud mask was applied to the following L2A product: SCA /B?;I and MLEsub « LR, SR and LOD.

part? /B part?
A2 Result

A2.1 IMS weekly average map
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Figure Al. Weekly average of IMS SA OD for daytime and nighttime swaths. The time progresses from right to left. The panels a-f
correspond to the 6 weeks of the period from 24 January 2022 to 06 March 2022.
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to the 6 weeks of the period from 24 January 2022 to 06 March 2022.
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A2.2 Aeolus two-dimensional histograms
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Figure A3. Two-dimensional histograms of Aeolus L2A a,,, versus B, for every range bin where the maximum column value SR

is detected. The height bin is shown by varying colours. The L2A QC, cloud mask, and SR threshold of 2 are applied. The panels a-f
correspond to the 6 weeks of the period from 24 January 2022 to 06 March 2022.
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detected. The IMS SA OD is shown by varying colours. The L2A QC, cloud mask, and SR threshold of 2 are applied. The panels a-f

Figure A4. Two-dimensional histograms of Aeolus L2A «,,, versus 3, for every range bin where the maximum column value SR is

correspond to the 6 weeks of the period from 24 January 2022 to 06 March 2022.
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Figure AS. Two-dimensional histograms of Aeolus L2A a,, versus 3, for every QC flagged range bin where the maximum column value
SR is detected. The IMS SO is shown by varying colours. The L2A QC, cloud mask, and SR threshold of 2 are applied. The panels a-f
correspond to the 6 weeks of the period from 24 January 2022 to 06 March 2022.
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