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Abstract The exceptionally violent eruption of the Hunga Tonga-Hunga Ha'apai volcano (HTHH) of 15
January 2022, in the South Pacific, was associated with a powerful blast that injected gases, steam and aerosol
to unprecedentedly high altitudes. This article details unique observations of the young volcanic plume from
ground-based lidars at Reunion (21°S, 55°E). Two lidars, operating at wavelengths of 355 and 532 nm, recorded
the plume overhead from 19 January until 28 January providing the vertical structure and the optical properties
of the plume. A series of thick stratospheric plumes between 36 and 18 km altitude have been characterized
along time, with aerosol optical depth as high as 0.84 at 532 nm and negative Angstrom exponents for the

main layers down to —0.8 + 0.8. The diversity of plumes properties is explained by the injection heights of the
volcanic material as well as stratospheric dynamics and chemistry.

Plain Language Summary In January 2022, the Hunga Tonga-Hunga Ha'apai (HTHH) underwater
volcano exploded in the southern Pacific (20.5°S, 175.4°W). Eruption metrics of this outbreak is to be
compared to historic climate impacting volcanic events of the past century (e.g., Mount Pinatubo). Based on
laser remote-sensing observations of the HTHH plume, its early structural and optical properties were assessed
during its passage over Reunion (21°S, 55°E). Our results show record-breaking optical characteristics for such
high altitudes, deep in the stratosphere between 18 and 36 km. In particular, peak values of aerosol optical
thickness which represents the opacity of the atmosphere, were never recorded as high. Moreover, although this
property is expected to decrease with increasing wavelength of the light spectrum, the thickest aerosol layers
we recorded show a different optical behavior. They are opaquer in the visible spectrum around 532 nm than in
the UV at 355 nm. This is likely to be link to the specific size distribution of these volcanic particles, driven by
an unusual stratospheric chemistry resulting from the presence of large amount of water vapor. These findings
are original and essential observations to question our understanding of such atmospheric processes and to help
improve global climate models.

1. Introduction

Knowledge about climate response to large injections of aerosols in the stratosphere comes from observations and
modeling of (a) historic volcanic eruptions (e.g., Robock, 2015) that occurred periodically (Delmas et al., 1992;
Tejedor et al., 2021) and (b) extreme wildfires generating pyroconvection processes able to inject carbon-rich
aerosols into the lower stratosphere (Khaykin et al., 2020; Yu et al., 2019). Only three major eruptions have
occurred in the 20th century: Mount Agung, El Chichon and Mount Pinatubo. All three were characterized by a
Volcanic Explosivity Index (VEI) >5 and followed by a significant and durable decrease of the tropospheric and
surface temperatures (Angell, 1993; Robock & Mao, 1995). The most recent was the eruption of Mount Pina-
tubo in 1991, abundantly documented through observational and modeling studies (Boville et al., 1991; DeFoor
et al., 1992; Gobbi et al., 1992; Graft et al., 1993; McCormick et al., 1995; Minnis et al., 1993). However, it is
still difficult to model quantitatively the amount of volcanic material injected to match observations (Dhomse
et al., 2020; Guo et al., 2004; McCormick & Veiga, 1992).
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To improve the accuracy of climate models, observations should provide reliable altitude of plumes which is
critical for aerosol residence time and atmospheric stability (Krishnamohan et al., 2019), as well as reliable
optical properties, crucial for direct radiative effects. These observations can be jointly provided by satellite and
ground-based stations measurements used in complementarity.

The aftermath of the eruption of the HTHH volcano is under extensive scrutiny since it occurred in the South
Pacific (20.5°S, 175.4°W), on 15 January 2022. Its shallow underwater caldera has contributed to an extremely
powerful blast triggering a phreatoplinian eruption (Yuen et al., 2022). The blast, estimated to range between 100
and 200 MT of TNT equivalent (Vergoz et al., 2022) generated a pressure wave recorded all around the globe
(Amores et al., 2022; Podglajen et al., 2022) and a worldwide Tsunami (Carvajal et al., 2022). On the atmospheric
side, the disturbance generated by the expulsion of water, ash and gas went as high as piercing the stratopause
(Carr et al., 2022; Proud et al., 2022). While its VEI of almost 6 and the stratospheric perturbation induced
certainly place this event in the same league as the very large eruptions recorded in the 20th century (Khaykin
et al., 2022; Poli & Shapiro, 2022), the climatic impact of this event is somewhat unforeseen. As expected know-
ing the literature on volcanic impact on climate, the aerosol-only radiative impact is a surface cooling effect (Zhu
et al., 2022). Yet, Sellitto et al. (2022) assessed that this well know umbrella effect is counterbalanced by the
water-vapor warming effect within the atmosphere. This volcanic event is then a surprising outlier, warming the
climate in a landscape of cooling major volcanic eruptions.

Following the westward zonal wind flow in the stratosphere, the volcanic material injected above the tropopause
rapidly headed toward the Indian Ocean, stably centered around the 20°S latitude belt. Directly in the path of
the plume, 12,800 km away from the Tonga archipelago, the French overseas territory of Reunion (21°S, 55°E)
stands in the southwest of the Indian Ocean as its highest peak. This island hosts the Atmospheric Physics Obser-
vatory of Reunion (OPAR) from where we sampled the early evolution of the aerosol plume just 4 days after the
eruption, while it was still weakly dispersed according to satellite observations (Legras et al., 2022). Such early
observations have not been possible for past remarkable geophysical events of the 20th century: for HTHH, this
data set will help to understand the key processes occurring in the fresh plume.

Two lidars have been operated for stratospheric aerosol measurements every night during the first overpass of the
plume: from its arrival on 19 January, until 28 January. This sampling allows to assess both the vertical structures
and the optical properties of the plume as it progresses zonally. Such data made it possible to constrain Mie mode-
ling to draw some conclusions on the evolution of the particle size during the volcanic plume passage.

In the following, the technical aspects inherent to lidar systems and inversion protocol are shortly presented in
Section 2. We then discuss the plume vertical structure in Section 3. The evolution of the plume optical properties
are then examined in Section 4, before the discussion concluding this paper.

2. Instruments and Methods
2.1. OPAR Lidars

Within OPAR, the Maido Observatory (Baray et al., 2013) is a facility located on the Maido mount (2,160 m
above the mean sea level—AMSL, lee side on the tropical island). Aerosol observations are performed routinely
at Maido Observatory since 2013 thanks to two lidar systems: the LiO,T and the Li1200. The Li1200 is dedi-
cated to the measurement of water vapor in the troposphere and of aerosol in the troposphere and stratosphere
(Dionisi et al., 2015; Véreémes et al., 2019). It is based on two 30 Hz pulsed Nd: YAG lasers emitting at 355 nm
with an energy per pulse equivalent to 800 mJ after beams-recombination. The reception system is composed of
a 1,200 mm parabolic mirror (7.2 m effective focal length) and Licel electronics, which allow to record profiles
every 1 min, with a vertical resolution downgraded to 15 m. The LiO,T is dedicated to the measurement of ozone
in the troposphere, and of aerosol in the troposphere and stratosphere (Duflot et al., 2017). The aerosol channel of
the LiO;T is based on a 30 Hz Nd: YAG laser emitting 532 nm pulses of 250 mJ, and a reception system composed
of a 500 mm parabolic mirror (1.5 m focal length) and an optical fiber (1 mm diameter). The profiles are recorded
every 2 min with a vertical resolution of 7.5 m.

For both lidar systems, the profiles are averaged over 5 min and 50 m before the retrieval of aerosol optical
properties. Note that stratospheric measurements being above the overlap factors of both systems, they are not
impacted.
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Figure 1. The time-altitude curtain of aerosol extinction coefficient at 532 nm is plotted (a) from 19 to 28 January. The layers are named from N1 to N8, corresponding
to every night of observation showing a significant aerosol burden. Concomitant wind profiles are shown (b) from radiosondes (as pale gray lines, whilst a thick red line
shows their average), and the output of ERAS is superimposed (dashed black line). The color in (b) informs on the direction of the wind.

2.2. Retrieval of Optical Properties

In the stratosphere, the ratio of the total volume backscatter and the volume molecular backscatter coefficients is
often used. Named scattering ratio (SR), a value of 1 corresponds to the molecular background and greater than
1 to an aerosol perturbation. Also, aerosol layers transported in the stratosphere are often sandwiched between
aerosol-free air parcels, whose optical behavior follows the Rayleigh scattering framework. Using the transmit-
tance method described in the literature (Chazette et al., 1995; Platt, 1973), it is then straightforward to compute
the AOD of a stratospheric layer. The derived AOD is thereupon used as an input for an iterative Klett inversion
method (Klett, 1985) to retrieve simultaneously the vertical profile of aerosol extinction coefficient (AEC) and
the lidar ratio (LR). LR is namely the ratio of the aerosol extinction to backscatter coefficients, often ranging
from 5 sr to slightly over 100 sr. It is often used to classify aerosol types (Chazette et al., 2016; Mallet et al., 2022;
Miiller et al., 2007) as it provides indications such as the size (lower LR being link to coarser particle size) and
the absorption properties (the higher LR the more absorbent) of aerosols.

The available literature documenting lidar-derived properties above Reunion is scarce. Duflot et al. (2011)
presented tropospheric LR values at 355 nm in the south-western Indian Ocean for marine aerosols (26 + 6 sr)
and a biomass burning plume (48 + 12 sr). The present study shows for the first time LR and Angstrom exponent
(AE) values retrieved by lidar over Reunion during a volcanic eruption event.

3. Structures of the Stratospheric Aerosol Plumes

Figure 1 shows the AEC of the different aerosol layers which overflew Reunion during the second half of January
2022 (Figure 1a). Each layer is named from N1 to N8.

Figure 1b shows the wind profile from local radiosondes and as reanalyzed by the European Center for
Medium-Range Weather Forecast (ECMWF) through the ERAS product at 0.25° resolution (Hersbach
et al., 2020). We used an inverse-distance weighted average from the nine grid points surrounding Mount Maido
to have collocated profiles, and proceeded to average these during the period of measurement.

The inverse comma shape noticeable on Figure 1a is typical of early observations of volcanic plumes trans-
ported over long distances (Chazette et al., 2012). Even if the HTHH eruption sequence presents several pulses
(Podglajen et al., 2022), the event remains short (~20 hr). This shape results from a strong vertical gradient of
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Figure 2. Lidar observations at 355 nm during 19 January (a—c) and 21 January (d—f). For both nights, the aerosol optical depth time series is displayed (a—d). The

aerosol extinction coefficient (a,) time-alti
missing parts are screened cloudy profiles.

tude curtain is plotted with a logscale colorbar (b—e) and the corresponding averaged profile is represented in red (c—f). The

zonal wind bending the eruptive column through its transport in the stratosphere. Indeed, routine radiosondes in
Reunion (Figure 1b) show a mainly zonal wind direction in the stratosphere with peak wind speed of 15 m s~!

around 18-20 km, a value which triples to 40-45 m s~! at the altitude of the highest observed layer (35 km).

This high wind velocity in the mid-stratosphere (Legras et al., 2022) also explains the precocious arrival of the
layer N1 sampled during the night of 19 to 20 January, between 33 and 36 km. It made the journey in 108 hr

1, a value which corresponds to Figure 1b, suggesting a stable flow

at an average cruising velocity of ~33 m s~
along the way. These particles reached an impressive altitude which, to our knowledge, was never observed by

ground-based instruments for a volcanic plume.

4. Temporal and Vertical Evolutions of the Aerosol Optical Properties

Although N1 is optically thin (max AEC ~ 0.03 km~" at 355 nm, see Figures 2a—2c¢) in contrast to the layers arriv-
ing afterward (especially N2 and N3, see Figures 2d-2f), it is still a significant aerosol load for the stratosphere,
knowing that the AEC typical background is not exceeding 10~* km™! at these altitudes (Vernier et al., 2011).

Given its relatively low AEC, N1 was not easily observed from passive remote sensors onboard satellites. Never-
theless, it could be tracked by the Ozone Monitoring and Profiler Suite (Taha et al., 2022) on NASA's S-NPP
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Table 1

Geometrical and Optical Characteristics of the Plume

Layers

(January

night)

Altitude range

(peak) (km)

2
(nm)

AOD (max)

AEC peak (max)
(km™")

SR peak (max)

Lidar
ratio (sr)

Angstrom
exponent

N1 (19)

N2 (21)

N3 (22)

N4 (23)

N5 (24)

N6 (25)

N7 (26)

N8 (27)

33-36 (34.1)

27-30 (29.7)

24-28 (26.8)

21-23 (22.1)

20-22 (21.3)

19-21 (19.3)

18-20 (19.1)

18-20 (19.1)

355
532
355
532
355
532
355
532
355
532
355
532
355
532
355
532

0.01 £ 0.01 (0.03)
0.44 + 0.10 (0.59)
0.60 + 0.15 (0.84)
0.31 + 0.09 (0.43)
0.41 + 0.10 (0.55)
0.01 £ 0.01 (0.04)
0.01 + 0.01 (0.04)
0.03 + 0.02 (0.05)
0.03 + 0.01 (0.05)
0.08 + 0.01 (0.10)
0.05 + 0.01 (0.06)
0.01 £ 0.01 (0.03)

0.01 £ 0.01 (0.03)
0.31 + 0.03 (0.41)
0.45 + 0.05 (0.66)
0.30 + 0.09 (0.41)
0.43 + 0.14 (0.63)
0.03 + 0.04 (0.12)
0.03 + 0.04 (0.13)
0.06 + 0.06 (0.18)
0.06 + 0.07 (0.19)
0.09 + 0.03 (0.16)
0.06 + 0.02 (0.11)
0.02 + 0.02 (0.06)

22+1.0(3.9)
58 +3.6(12)
80 + 9.0 (107)
272 + 33 (404)
45 + 13 (61)
150 + 50 (218)
3.0+ 3.1(10)
6.7 +9.0 (29)
42 +37(11)
10 + 11 (34)
3.6+ 0.8 (6.4)
74 + 1.8 (16)
1.6 + 0.5 (2.6)
27+13(53)
1.5+ 0.1 (1.6)
22+01(24)

129 + 74
30+2
69+ 11
33+6
5 +7
29+5
57+ 15
35+7
63+11
46 + 10
65+9
44 + 8

-0.8+0.8

-0.7+0.9

0.0+3.5

00+1.8

1.2+0.6

Note. AOD stands for Aerosol Optical Depth, AEC for Aerosol Extinction Coefficient and SR for Scattering Ratio. The
values given are night averaged with associated standard deviations. The maximum is also added in parentheses as well as
the altitude where the peak can be found. Note that for N1, N7, and N8 at 532 nm as well as for N8 at 355 nm, only attenuated
SR are provided for insufficient signal reasons.

satellite. The spaceborne lidar CALIOP onboard CALIPSO (Winker et al., 2003) also observed this tenuous layer
between 35 and 40 km during its orbit between Australia and New-Zealand 15 January at 1500 UTC (CALIOP
orbit N1, 2022; Sellitto et al., 2022, Figure S1 in Supporting Information S1). According to CALIOP, this layer
shows linear particle depolarization ratio around 30%. At Reunion, only the 355 nm lidar offered a sufficient
signal to assess the extinction, AOD and LR of N1 (Figures 2a—2c).

On Figures 2b and 2c the bulk of N1 appears around 34 km. The lidar-derived LR is surprisingly high (129 sr),
and the associated uncertainty (74 sr) highlights the difficulty of obtaining a trustworthy characterization of
this layer. Nonetheless, this value is indicative of a fine aerosol with probable absorption capabilities. While the
ash and ice component of the initial plume stayed local and dissipated within few hours according to Sellitto
et al. (2022), a mixture with remaining fine ash cannot be excluded for this high-altitude layer.

Two days later, N2 is located between 27 and 30 km (Figures 2d—2f). It is exceptionally thick, both geometrically
(2-3 km) and optically, with a night-averaged AOD over 0.4 at 355 nm and a maximum AOD reaching 0.84 at
532 nm (Table 1). To our knowledge, this is unprecedentedly observed in the stratosphere. It doubles the value of
0.4 measured at Mauna Loa Observatory 90 days after the Pinatubo eruption (Antufia et al., 2002). Accordingly,
the peak value of SR up to 404 at 532 nm (107 at 355 nm) should also be noted as what could be the greatest
stratospheric perturbation by aerosol ever recorded at that altitude. N2 is stratified, presenting an increasing
aerosol density with altitude. It is eventually caped at 30 km with a drastic decrease in extinction of four orders
of magnitude within a few hundred meters.

The LR at 532 nm (69 + 11, see Table 1) is characteristic of volcanic sulfates (Lopes et al., 2019 and references
therein). At 355 nm, the LR is substantially lower (30 + 2) and does not comply with the majority of the previous
findings showing comparable LR for volcanic sulfates at these two wavelengths.

A cloud-free context permitted a night-long monitoring of N3, another dense layer between 24 and 28 km
presenting values of AEC reaching 0.41 km~! at 355 nm (Table 1). Even if they share remarkable values of AEC
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and AOD and close LR estimates, N2 and N3 are distinct. The different timing of passage, and their contours
argue in favor of two independent layers (Figure 1a). This separation is also corroborated by CALIOP (Legras
et al., 2022), which sampled that double layer several times between 16 and 19 January. Also, unlike N1, all
the following layers share near zero CALIOP-derived depolarization values indicating spherical aerosol shapes
(Legras et al., 2022).

N3 seems to end with the beginning of N4 appearing lower in altitude (~22 km, Figure 1a). N4 is a stack of thin
layers, followed the subsequent nights by N5 to N8 which tend to be lower in altitude and eventually decrease in
terms of AOD. Table 1 covers in detail the properties of the plume.

As expected from Figure 1, the stratospheric AOD is extremely variable during the plume overpass. It ranges
between almost four orders of magnitude with background values around 10~ and maxima over 0.5 at both wave-
lengths. Interestingly, the maximum AOD is reached at 532 nm, rather than at 355 nm, as expected for most aerosol
types. This implies a negative AE. It is very rare to find negative AE, only a few articles document such values and
exclusively for large dust particles of pure dry volcanic ash (e.g., Fernindez et al., 2019; Lopes et al., 2019; Rizzolo
et al., 2017). Sicard et al. (2012) reported near zero AE associated with fresh sulfates aerosols after Eyjafjalla-
jokull eruption above Spain, nevertheless the significantly negative AE recorded above Reunion are surprising.
AERONET measurements (Holben et al., 1998) at the Maido station also show negative AE between 380 and
500 nm and even between 440 and 675 nm on 22 January as displayed in Figure S1 in Supporting Information S1.

The relatively high uncertainty on the computation AE with respect to AOD uncertainties for close wavelengths is
also to be noted. A computation of these potential errors is proposed in Figure S2 in Supporting Information S1.
The uncertainties for our estimates are reported in table 1 and correspond to AOD uncertainties below 35% for
N2 and N3.

AE are plotted with their corresponding LR at 355 nm in Figure 3a. This graphic presentation highlights distinct
aerosol clusters in the LR/AE plane. Taking into account the uncertainties in these values, only N6 stands out.
We can still note a linear trend of the AE over time, which is also corroborated by collocated AERONET records
at Maido (Figure S1 in Supporting Information S1). Known to be inversely proportional to the particle size
(Schuster et al., 2006), the lidar-derived AE tends to indicate an aerosol size distribution driven by coarse mode
(N2-N5), followed by a value (1.2, N6) more typical of average ash free volcanic particles (Sellitto et al., 2017).
However, previous findings on the size distribution of the layers N4 and N5 (Kloss et al., 2022) show that the size
distribution is driven by a fine mode populated by submicron particles. Furthermore, AERONET also attribute
the majority of the columnar AOD to the fine mode (see Figure S2 of Sellitto et al., 2022).

To investigate these un-precedented results, we used a Mie code to test the reproducibility of such values.
Our hypotheses were as follows:

1. Spherical particles, as mentioned in earlier HTHH studies (Legras et al., 2022; Taha et al., 2022)

2. A monomodal lognormal size distribution often reported by in situ measurements on stratospheric balloons,
and defined by its modal radius and dispersion (Chazette et al., 1995)

3. An aerosol mixture with the properties of sulfates particles that is, a real/imaginary part of the refractive index
of 1.44/-5.1073, respectively.

These hypotheses can be supported by the LR retrieved at 532 nm (~65 sr) which are coherent with the literature
for volcanic aerosol driven by the presence of sulfates (Prata et al., 2017). However, the LR at 355 nm being
almost two time smaller than what can be expected from the literature, this particle typing with LR is arguable.

The AE is given in Figure 3b against the modal radius and the dispersion of the lognormal size distribution. The
modal radius and dispersion values matching with observations detailed in Table 1 (LR and AE) are contoured for
the plumes N2-N6 where aerosol populations could exist under the previous hypotheses. One can note that above
a modal radius of 0.3 pm, a monomodal sulfates mixture can have a negative AE. This latter result is presumably
highlighting a shift between the extinction and scattering efficiencies at 355 and 532 nm for the N2 and N3 layers.
On top of explaining the measured negative AE, this also helps to understand the low LR values at 355 nm. The
extinction efficiency of a sulfate aerosol with a modal radius of 0.3-0.4 pm (~355 nm) is relatively lower at this
wavelength compared to backscattering, decreasing the LR.

The plume sampled above Reunion being likely to comply with our hypotheses, we conclude that the mean radius
of the particle tends to decrease by a factor of 2 from ~0.4 to ~0.2 pm while the monomodal size distribution
gets more and more dispersed, the dispersion increasing from ~1.1 to ~1.8. Finally, given the dispersion values
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Figure 3. Scatterplot (a) of the Angstrom exponents (AEs) and lidar ratio at 355 nm for N2-N6. Lognormal dispersion and corresponding particle radius cross-section
of AE (b), following Mie calculations for sulfates. The contours in (b) are constrained by the uncertainties and standard deviations values given in Table 1.

associated to N6, the tail of the plume probably does not comply with the monomodal hypothesis but could be a
bimodal lognormal size distribution driven by fine mode (considering the AE values above 1).

5. Discussion and Summary

Lidar measurements performed over Reunion during the first passage of the stratospheric aerosol plume emanat-
ing from the HTHH volcano eruption show a plume structure marked by a very wide altitude range (18-36 km)
over time.

The highest aerosol layer (N1) is observed as high as 36 km, a record-breaking altitude for ground-based lidar
observations that is to be linked to the exceptional magnitude of this eruption. The altitude of the plume was
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decreasing with time as it passed over Reunion due to strong wind gradients in the stratosphere, bending the
initial eruptive column.

N1 presents aerosol optical properties which are specific to this eruption. In fact, the underwater caldera of the
volcano and the power of the blast could have initially lifted water and gases suffering rapid thermodynamics
changes that could result in a complex mixing of aerosol including non-spherical particles such as ashes and ice
crystals (Khaykin et al., 2022; Sellitto et al., 2022). Hence, we cannot determine the nature of aerosol based solely
on lidar measurements at 355 nm. However, the N2-N6 layers turned out to be well sampled by both lidars. The
synergy between these measurements allows to infer their optical properties more extensively.

First, the AOD values recorded above Reunion are, as far as we know, the highest ever recorded in the stratosphere
(0.83 at 532 nm, peak SR of 403). Following the LR values, especially at 532 nm (~65 sr), as well as the known
typical optical properties of volcanic aerosol, we expected to have observed a majority of sulfate particles. The
unprecedented low AE (down to ~—0.8) values can be explained by Mie theory computations with monomode
lognormal size distributions of sulfate particles, with radii exceeding 0.3 pm in most of the cases (N2-N4). Our
calculations show that these radii tend to decrease while the dispersion on the lognormal tend to increase. This
also explain the relatively low LR at 355 nm and its tendency to increase inversely with modal radii of aerosols.

These unusual characteristics for volcanic aerosols likely result from the fast conversion of SO, to H,SO, (Carn
et al., 2022; Zhu et al., 2022) in presence of a high water vapor availability (Vomel et al., 2022). This fast chem-
istry in the fresh plume with the higher layer being the wetter ended with the AE increasing tendency over time
and altitude. Note that the relatively high uncertainty on the AE associated with such a close pair of wavelengths
(355/532 nm, see Text S2 in Supporting Information S1) is compensated for layers N2 and N3 by low AOD
uncertainties. As a result, it interestingly demonstrates that these layers have a greater efficiency to extinct the
visible light than the UV light.

To conclude, this study presents original observations of an exceptional volcanic event resulting in an unprece-
dented aerosol burden at those altitudes. Considering the lidar-derived optical aerosol properties, we can assess
some microphysical properties of the volcanic aerosol layers and explain their unusual optical behavior. This data
set is also continuing to grow as observations are routinely made, it will constitute an opportunity to follow up
on the long-term evolution of this stratospheric plume and bring constraint on aerosol modeling following such
a rare event.

Data Availability Statement

The data used in this study are publicly accessible via this webpage: https://geosur.osureunion.fr/geonetwork/srv/
eng/catalog.search#/metadata/f2c35798-47b7-433c-8927-46¢f7babca83. The L2 ready-to-use data set in netCDF
format is available through this link: https://doi.org/10.5281/zenodo.7790283.
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