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Abstract. The Joint Aeolus Tropical Atlantic Campaign
(JATAC) conducted in 2022 in Cabo Verde has provided
quantitative lidar measurements, particularly from the NASA
Langley High-Altitude Lidar Observatory (HALO) on board
DC-8 aircraft, for process-level understanding of tropical dy-
namics, as well as for satellite validation. For the first time,
the optical properties of particles (i.e. backscatter, extinction,
attenuated backscatter coefficients, and depolarization ratios)
have been measured for extended tropospheric sections col-
located with the Aeolus satellite overpasses with limited ge-
olocation and time offsets. This has contributed to the eval-
uation of the Aeolus Level-2A (L2A) aerosol optical proper-
ties product. In addition, localized aerosol profiles were mea-
sured by the ground-based multiwavelength Raman polariza-
tion and water vapour lidar PollyXT.

In this study, we assess the quality of the Aeolus L2A
product retrieved with the standard correct algorithm (SCA)
and the maximum likelihood estimation (MLE) as part of the
September 2022 dataset reprocessed with the L2A proces-
sor, version 16. The focus is given to the 355 nm aerosol
retrievals given at finer horizontal resolution, i.e. the so-
called Aeolus measurement level at &~ 18 km. They are com-
pared to the 532nm HALO airborne profiles that are con-

verted to 355 nm using the backscatter Angstrém exponent.
HALO and PollyXT polarization lidars also provide insights
into the L2A algorithm’s limitations when looking at non-
spherical particles such as Saharan dust. Even though it has
no cross-polarized component, the Aeolus measurements can
be corrected using collocated observations with such in-
struments that include both co-polarized and cross-polarized
components of the backscattered light. Moreover the cross-
validation with independent lidar measurements enables es-
timation of the lower limits for Aeolus backscatter detection.

1 Introduction

The Aeolus Level-2A (L2A) aerosol optical properties prod-
uct (Flament et al., 2021), processed from the first ultraviolet
(UV) Doppler lidar in space ALADIN (Atmospheric LAser
Doppler INstrument), has been gradually improved since its
first implementation following the launch of the mission in
2018. Initially referred to as a spin-off product, the validity
of its independent retrieval of the extinction and backscat-
ter coefficients for particles (Ansmann et al., 2009; Flamant
et al., 2008) was demonstrated using independent datasets
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for validation (Abril-Gago et al., 2022; Gkikas et al., 2023)
and scientific applications (Baars et al., 2021; Khaykin et al.,
2022).

In particular, the use of aerosol retrievals from the so-
called standard correct algorithm (SCA), developed at Insti-
tut Pierre Simon Laplace (IPSL) and Météo-France, revealed
limitations (Baars et al., 2020). This first algorithm corre-
sponds to a direct inversion of the lidar equations without
a priori conditions and is highly affected by noise (Flament
et al., 2021). The primary mission of Aeolus was to measure
vertical profiles of the Earth’s winds at the global scale, from
the surface up to the lower stratosphere. The vertical range
bins are limited to 24 and from 250 m to 2km thickness,
reaching from the ground to a maximum altitude of 30 km.
The first objective was to focus on aerosol-free regions of the
atmosphere with an atmospheric signal by molecules from
the Rayleigh channel. Because of the attenuation of the laser
beam due to the overlying molecular atmosphere, the signal-
to-noise ratio (SNR) decreases with decreasing altitude, with
the smaller values corresponding to the lowest-range bins.

Every version of the L2A processor was released typically
every six months during the operational phase of the Aeo-
lus mission. Together with the technical documentation, each
processor version forms an L2A product level labelled as
“Baseline”. A new algorithm was developed using physically
constrained optimal estimation to compensate for the noisy
signals, especially when deriving the extinction coefficients.
This new algorithm, called maximum likelihood estimation
(MLE) (Ehlers et al., 2022), was implemented through the
L2A processor labelled Baseline 15 by September 2022. The
MLE was initially processed on the coarser Aeolus horizon-
tal resolution, i.e. referred to as a basic repeat cycle (BRC)
or observation, and resulted from a signal accumulation over
~90km, to be aligned with the SCA algorithm. Later, it
was decided to provide the MLE at a sub-BRC level with
a higher horizontal resolution & 18 km. These retrievals are
labelled MLEsub within the L2A product Baseline 16. The
L2A algorithms SCA and MLE were maintained and im-
proved at Météo-France until Baseline 15, the activities being
transferred to the Leibniz Institute for Tropospheric Research
(TROPOS) by Baseline 16.

The Aeolus dataset corresponding to the 2022 Joint
Aeolus Tropical Atlantic Campaign (JATAC) has been
processed with Baseline 16 as part of the fourth repro-
cessing campaign activities conducted by the Aeolus Data,
Innovation, and Science Cluster (DISC). A summary of the
quality of Aeolus data products can be downloaded from
https://earth.esa.int/eogateway/documents/d/earth-online/
aeolus-summary-reprocessing-4-fm-b-disc-2024-04-30
(last access: 17 January 2025). The reprocessed dataset
makes it possible to assess the performance of both SCA and
newly implemented MLEsub algorithms using independent
lidar measurements. The present study focuses on cross sec-
tions of the atmosphere up to an altitude ~ 10 km observed
by the High-Altitude Lidar Observatory (HALO) (Carroll
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et al., 2022; Nehrir et al., 2018) on board NASA’s DC-8
remote sensing aircraft (Bedka et al., 2021; Nehrir et al.,
2017) flying towards the north and collocated with Aeolus
ascending overpasses above the East Atlantic Ocean. The
small geolocation offset (i.e. less than 6 km) and time offset
(i.e. less than an hour) between DC-8 flights and Aeolus
offer a unique opportunity to compare both Aeolus ALADIN
and DC-8 HALO continuous measurements of aerosol
optical properties with very close collocation. In addition,
direct profiles above Mindelo, Cabo Verde, are selected
to be compared with aerosol retrievals from ground-based
multiwavelength Raman polarization and water vapour
lidar PollyXT (Baars et al., 2016; Engelmann et al., 2016).
Combining measurements from satellite, aircraft-based, and
ground-based instruments enables obtaining a complete
picture of tropospheric aerosols. Independent retrievals of
the aerosol depolarization ratio provided by HALO and
PollyXT also help in understanding how the cross-polarized
component of the light missed by Aeolus impacts the L2A
aerosol retrievals (Gkikas et al., 2023). The Cabo Verde
region is indeed known to be affected by highly depolarizing
particles such as Saharan dust (Haarig et al., 2022; Rittmeis-
ter et al., 2017). The HALO and PollyXT observations will
support further refinement of Aeolus products and may
complement the classification database for dominant aerosol
type.

The Aeolus mission was part of the ESA Earth-
Observation Programme as a demonstrator of wind lidar
technology. In addition to the proof of concept for a first
UV Doppler lidar in space (Dabas et al., 2008), the mission
objectives include evaluation of the high spectral resolution
(HSR) capacity of the ALADIN instrument. Aeolus is indeed
able to separate the contributions from molecules and parti-
cles, contrary to elastic backscatter lidars such as CALIOP
on board NASA/CNES CALIPSO (Winker et al., 2009). This
results in no ambiguities in aerosol and cloud optical prop-
erties and no requirements for a priori hypotheses on the
extinction-to-backscatter ratio, i.e. the so-called lidar ratio. A
key advantage of the Aeolus measurement is also the simulta-
neous aerosol and wind lidar profiling. The cross-comparison
of Aeolus L2A data with independent aerosol retrievals is
in anticipation of subsequent missions such as EarthCARE
(Illingworth et al., 2015) and Aeolus-2. Moreover, the qual-
ity assessment of the Aeolus aerosol product has been mainly
achieved with localized ground-based measurement (Abril-
Gago et al., 2022; Gkikas et al., 2023; Paschou et al., 2022)
during the operational phase until successful re-entry into
Earth’s atmosphere during summer 2023. The present study
offers a unique opportunity to analyse longer atmospheric
sections up to 626 km long collocated with aircraft observa-
tion in various atmospheric conditions.

In this paper, the Aeolus L2A SCA and MLE algorithms
and JATAC are introduced. Then, the NASA HALO lidar ob-
servations performed during the Convective Processes Ex-
periment — Cabo Verde (CPEX-CV) airborne field campaign
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(Nowottnick et al., 2024) are presented. The wavelength
conversion of the HALO measurements and re-gridding to
match Aeolus sampling are described, followed by a results
section firstly showing direct profiles above Mindelo, Cabo
Verde, observed by Aeolus and HALO with ground-based li-
dar PollyXT. Then, the cross-comparison of the tropospheric
sections between Aeolus and re-gridded HALO is described.
The final section concludes the paper, summarizing the L2A
algorithm performance and sharing recommendations for fu-
ture applications. This will be appreciated by the atmospheric
science community, as Aeolus data have been gradually dis-
seminated to the public since 2021, encouraging scientific
studies using the dataset.

2 Lidar measurements above the Atlantic in the
context of the Aeolus Tropical Campaign 2022

2.1 Aeolus L2A aerosol product: concept of SCA and
MLE algorithms

The present paper focuses on the Aeolus L2A aerosol and
cloud optical properties product retrieved with the SCA and
MLE algorithms.

Standard correct algorithm. The SCA corresponds to a di-
rect inversion of the lidar equations from the accumulated
Rayleigh and Mie signals as measured by Aeolus. Mak-
ing use of the HSR capacity of ALADIN, the attenuated
backscatter coefficients for molecules B4, and particles Sy
are a result of cross-talk correction of the lidar signals from
vertical matching between Rayleigh and Mie channels, i.e.
calculated from the backscattered signal and the transmission
through the atmosphere, split up into molecule and particle
contributions as described in Egs. (7) and (8) of Flament et al.
(2021). The particulate backscatter Bpa and extinction cpar
are derived from the cross-talk-corrected products, and the
molecular backscatter B is related to air density, as shown
in Egs. (9), (10), and (14) of Flament et al. (2021). The partic-
ulate backscatter Bpat and extinction oyt are measured inde-
pendently without a priori conditions (Flamant et al., 2008).
The range bins are considered homogeneously populated by
particles, and the top bin is assumed to contain no aerosol.

Maximum likelihood estimation. Because the SCA is sen-
sitive to noise, leading to non-physical retrievals in low-SNR
regions, a new approach based on optimal estimation was in-
troduced in the L2A processing by Baseline 15. It is referred
to as maximum likelihood estimation (MLE) and consists of
a reverse processing with derivation of the optical parame-
ters, i.e. the physically modelled state that agrees the most
with real signals, as illustrated in Eq. (11) of Ehlers et al.
(2022). The MLE approach makes use of the limited mem-
ory quasi-Newton L-BFGS-B algorithm (Zhu et al., 1997).
Contrary to the SCA, MLE is a constrained processing with
physical limits assuming vertical collocation between the ex-
tinction and the backscatter. The lidar ratio for particles can-
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not exceed a range from 2 to 200 sr, and the extinction coef-
ficient must be positive (Ehlers et al., 2022).

The Aeolus L2A product includes aerosol retrievals from
multiple algorithms and varying horizontal resolutions. The
SCA coarser sampling is the observation level referred to
as the BRC ~90km in the horizontal direction. It corre-
sponds to a signal accumulation of 600 consecutive laser
pulses. The so-called “measurements” are the data element
resulting from the accumulation of less pulses, comprising
sub-BRC profiles up to 30. On September 2022, the settings
were the following: five consecutive measurements & 18 km
correspond to one BRC ~90km. The SCA particulate and
molecular attenuated backscatters are aligned with the mea-
surement level, and the other SCA products (e.g. extinction
and backscatter coefficients for particles) are aligned with the
BRC level. The BRC level products are affected by uncer-
tainties, as the averaging may encompass signals from differ-
ent conditions (e.g. broken clouds and a non-homogeneous
aerosol layer).

The aerosol retrievals derived with the MLE algorithm
were initially aligned with the BRC level. The L2A develop-
ment team decided to provide the MLE at a finer-horizontal-
resolution sub-BRC, i.e. measurement level by Baseline 16.
JATAC 2022 then enables assessing both SCA and MLEsub
products aligned with this sub-BRC resolution. Figure 1 il-
lustrates the difference between an Aeolus BRC and the sub-
BRC sampling: the ground track for one BRC ~90km is
shown in Fig. la (green), and the five corresponding sub-
BRC measurements & 18 km are illustrated in Fig. 1b.

The L2A products selected for the study are the SCA par-
ticulate attenuated backscatter coefficient ﬁ;;trt, the MLEsub
backscatter coefficient for particles Bpar, and the MLEsub
extinction coefficient for particles opat. The quality check
(QC) flags provided for MLEsub retrievals have been ap-
plied. They are based on SNR and error estimate thresholds
described in detail in the L2A user guide version 2.2 (Trapon
et al., 2022). It must be noted that Baseline 16 does not in-
clude QC flags for SCA particulate attenuated backscatter,
which then contains non-physical values (i.e. negative up to
40 %) because of non-perfect cross-talk correction. The neg-
ative values are distributed in low SNR regions with aerosol-
free conditions. It was decided to flag the negative values for
the study.

2.2 The Joint Aeolus Tropical Atlantic Campaign
(JATAC)

JATAC was instigated by the European Space Agency (ESA)
in Cabo Verde from June to September of 2021 and 2022. It
aimed at providing reference atmospheric measurements to
validate ESA Aeolus wind and aerosol products retrieved at
355 nm and prepare upcoming ESA Earth Explorer missions
such as EarthCARE (Illingworth et al., 2015). JATAC also
addressed scientific objectives regarding long-range trans-
port of Saharan dust particles, e.g. investigating their re-
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Figure 1. Illustration of Aeolus coarser horizontal sampling BRC (observation & 90 km) (a) and corresponding sub-BRC profiles (measure-

ment ~ 18 km) (b) on 16 September 2022.

lation to the formation of convective systems and improv-
ing climate and numerical weather prediction models (Fehr
et al., 2023; Flamant et al., 2024). The science objectives
were covered through simultaneous observations of multi-
ple aircraft collocated with Aeolus overpasses and ground-
based cloud and aerosol measurements, including radioson-
des and dropsondes. The ground-based instruments were op-
erated at Ocean Science Center Mindelo, Cabo Verde, in
2021 and 2022. This includes the multiwavelength Raman
polarization and water vapour lidar PollyXT (Baars et al.,
2016; Engelmann et al., 2016), the eVe reference polariza-
tion lidar (Paschou et al., 2022), and a W-band Doppler cloud
radar. The Airborne Demonstrator for the Direct-Detection
Doppler Wind Lidar ALADIN (Lemmerz et al., 2023) on
board the DLR Falcon-20 aircraft was deployed in Septem-
ber 2021, as well as the high-spectral-resolution Doppler
lidar (LNG) (Bruneau et al., 2015) on board the SAFIRE
Falcon-20 aircraft. The Aerovizija Advantic WT-10 light air-
craft with optical particle spectrometers, filter photometers,
and nephelometers for in situ aerosol characterization was
deployed in 2021 and operated during two weeks in Septem-
ber 2022 (Fehr et al., 2023).

3 NASA’s Convective Processes Experiment — Cabo
Verde (CPEX-CV)

3.1 NASA DC-8 aircraft and flights above Cabo Verde
NASA CPEX-CV (Nowottnick et al., 2024; Zawislak
et al., 2022) is a continuation of the CPEX (Turk

et al.,, 2020) and CPEX - Aerosol & Winds (CPEX-
AW) (https://asdc.]larc.nasa.gov/project/CPEX-AW, last ac-
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cess: 11 April 2025, https://www.earthdata.nasa.gov/data/
projects/cpex-aw, last access: 11 April 2025) campaigns,
both conducted in the tropical East Atlantic in 2017 and
2021, respectively. One key objective was to study the at-
mosphere dynamics in order to interpret spaceborne remote
measurement of tropospheric aerosols as part of JATAC
2022. CPEX-CV consisted of the deployment of NASA’s
DC-8 aircraft out of Sal island, Cabo Verde, during the sum-
mer of 2022.

Some flights of the DC-8 have been specifically designed
to include a collocated section with the Aeolus overpasses.
Figure 2 illustrates the ground track of the Aeolus orbits for
September 2022, with the NASA DC-8 aircraft flying below
the satellite in the same direction toward the north for the
ascending overpasses only (i.e. Fig. 2: (a) green, (b) rose).
Three scenes up to 626 km long are presented in this study
and correspond to 9, 15, and 16 September 2022. The scenes
of 9 and 16 September 2022 correspond to Friday ascending
overpasses (Fig. 2b, rose), with the closest profile to Min-
delo, Cabo Verde, at ~ 19:33 UTC. The scene of 15 Septem-
ber 2022 corresponds to the Thursday ascending overpass
(Fig. 2a, green), with the closest profile to Mindelo, Cabo
Verde, at ~ 19:20 UTC.

3.2 NASA Langley High-Altitude Lidar Observatory
(HALO) and 532 nm aerosol products

The NASA HALO on board the DC-8 aircraft was op-
erated during CPEX-CV, which was a part of JATAC
2022. It is a differential absorption lidar (DIAL) and
HSR lidar (HSRL) with multiple configurations, includ-
ing water vapour DIAL and HSRL and methane DIAL
and HSRL (Barton-Grimley et al., 2022; Bedka et al., 2021;

https://doi.org/10.5194/amt-18-3873-2025
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Figure 2. Closest overpasses of Aeolus to Cabo Verde in September 2022 (Blue Marble collection used for background map; courtesy of

https://visibleearth.nasa.gov/, last access: 11 April 2025).

Carroll et al., 2022; Nehrir et al., 2017, 2018). For CPEX-
CV, HALO operated in the water vapour DIAL and HSRL
configurations to retrieve water vapour profiles as well as
profiles of optical properties of atmospheric aerosols from
multiple wavelength observations (532, 1064 nm). HALO
does not emit UV signals at 355 nm like Aeolus ALADIN,
and a wavelength conversion is therefore required when car-
rying out comparisons. The spectral dependence of optical
properties for desert dust is known to be less pronounced
between 355 and 532nm than between 355 and 1064 nm
(Burton et al., 2015; Grof et al., 2013, 2015; Haarig et al.,
2017b, 2018; Hofer et al., 2017). Therefore, HALO prod-
ucts at 532nm are preferred over the products at 1064 nm
for the conversion to 355 nm. Moreover, HALO transmits
linear polarization, whereas Aeolus transmits circular polar-
ization. Therefore, the circular aerosol depolarization ratio
is derived from the HALO ready-to-use linear aerosol de-
polarization ratio at 532nm. HALO aerosol extinction and
backscatter coefficients, respectively labelled oyer 532 and
Paer,532, are taken as input for the cross-comparison with the
MLEsub retrievals. The HALO attenuated backscatter coef-
ficient at 532 nm, labelled /3:;,532, is selected for the cross-
comparison with the SCA retrievals. The HALO total scat-
tering ratio at 532 nm, labelled Rs3,, HALO linear aerosol
depolarization ratio at 532 nm, labelled &jin 532, and HALO
dominant aerosol type product based on Burton et al. (2012)
typing algorithms are used as the third variable distribution
in the two-dimensional histograms with a colour map.

https://doi.org/10.5194/amt-18-3873-2025

The calculation of the HALO 532 nm ready-to-use prod-
ucts is described within the HALO documentation as below
and in more detail in Hair et al. (2008).

The aerosol extinction coefficient at 532 nm is determined
as follows:

Saer.532 20r F Y Bmol, 532
with Bmol,532 being the molecular backscatter coefficient
at 532 nm, amol 532 the molecular extinction coefficient at
532 nm, r the range from the DC-8 aircraft to the measure-
ment bin, F the transmission of the molecular scattering
through the iodine filter, i the transmitter-to-receiver overlap
function (which is considered unity beyond the 1.0 km range
from the aircraft), and Pr!ml the filtered molecular scattering
channel measured through the iodine vapour filter.

The aerosol backscatter coefficient at 532 nm can be found
as follows:

Il 1
,Baer,532 = 'Baer,532 + IBaer,SSZ’ (2)

19 r2p)
In : ——mol b mol532, (1)

with ﬂjér,s_n being the perpendicular (cross-polarized)

aerosol backscatter coefficient at 532 nm and ﬂzll‘er 53, the par-

allel (co-polarized) aerosol backscatter coefficient at 532 nm.

The linear aerosol depolarization ratio at 532 nm is deter-
mined as follows:
Bre 532

81in,532 = TL (3)
'Baer,532

Atmos. Meas. Tech., 18, 3873-3896, 2025
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The total scattering ratio at 532 nm is found as follows:

ﬂaer,532
Bmol,532

Rs3 = +1, €]
where faer532 is the aerosol backscatter coefficient at
532 nm.

4 Methodology

4.1 Conversion of the HALO 532 nm atmospheric
products to parallel 355 nm

Aeolus ALADIN transmits circularly polarized light. The
conversion of the HALO signal to 355 nm then implies deriv-
ing the circular aerosol depolarization ratio at 532 nm using
equation (A14) from Paschou et al. (2022):
2 X 3lin,532

&)

501rc,532 1— 51in,532 .

Aeolus measures only the co-polarized component of the
backscattered light, i.e. parallel to the transmitted polar-
ization. Therefore, to be fairly compared with Aeolus, the
HALO parallel-only aerosol backscatter 532 nm coefficient
ﬁell‘er,532 is derived from Egs. (2), (3), and (5):

B || _ ﬂaer,532
532 — :
aer, 8circ,532 +1

(6)

d1in,532 and the derived &circ,532 include Not a Number
(NaN) values, which represent noisy retrievals below the
value of zero depolarization. It was decided to replace these
NaN values with 0. This allows assessment of the Aeolus
algorithm performance even for regions of the atmosphere
without depolarizing particles.

It is necessary to convert the HALO 532nm aerosol
backscatter Baer,532 and extinction ager, 532 to 355 nm using
Egs. (1) and (3) of Ansmann et al. (2002) below, where
Al < A2, yg.31,22 is the backscatter-related Angstrﬁm expo-
nent, and yy 1,22 is the extinction-related Angstrt‘)m expo-
nent:

_ _InlBu/Bl )
VB2 = T /32

_Infopg/a50]
Varl 2 = _—m(u/xz) . 8)

Then, the HALO 355nm parallel aerosol backscatter
IBz!er 355 and extinction coefficient ager,355 can be derived
from Eqgs. (7) and (8):

I — exolin (g _ (322 9
Baer.3ss = €XP | In( Bye; 530 ) — ¥8.355,5321n 532 ) | )

355
Qlaer,355 = EXP [ln (ctacr,532) — Ve,355,5321n (ﬁ)} . (10)

The backscatter-related Angstrém exponent yg 355,532 and
extinction-related Angstrom exponent Y, 355,532 have been
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measured continuously by Polly*T at Mindelo. The profiles
of the optical properties measured by the PollyXT are cloud-
screened and quality assured. A Saharan air layer (SAL) was
frequently observed between heights of 1.5 and 4.0 km.

During 9 September 2022, a median yg 355,532 of —0.39
(—0.51 and —0.31 are the 25th and 75th percentiles, respec-
tively) was derived in this height range (SAL) from three
profiles during nighttime. On the same day and in the same
height range, a median yy 355,532 of —0.09 (—0.5 and 0.43)
was derived from two Raman lidar profiles during nighttime.
The values in brackets again correspond to the 25th and 75th
percentiles. Similarly, median values of 0 (—0.01 and 0.02)
for yg 355,532 (three nighttime profiles) and 0.06 (0.03 and
0.12) for yu,355,532 (three nighttime profiles) have been esti-
mated by PollyXT for the height range of 0.8—1.0 km corre-
sponding to the planetary boundary layer (PBL).

During 15 September 2022, a median yg 355,532 of —0.44
was derived in the SAL height range from one profile during
nighttime. On the same day and in the same height range, a
median yy 355,532 of 0.06 (—0.48 and 0.58) was derived from
three Raman lidar profiles during nighttime. Similarly, me-
dian values of 0.23 for yg 355,532 (one nighttime profile) and
0.14 (0.01 and 0.22) for yy 355,532 (five nighttime profiles)
have been estimated by PollyXT for the PBL height range.

During 16 September 2022, a median yg 355 532 of —0.43
(—0.68 and -0.25) was derived in the SAL height range from
nine profiles during nighttime. On the same day and in the
same height range, a median yy 355532 of 0.11 (—0.21 and
0.48) was derived from 11 Raman lidar profiles during night-
time. Similarly, median values of 0.31 (0.17 and 0.41) for
¥B,355,532 (nine nighttime profile) and 0.24 (0.13 and 0.38)
for y4.355,532 (16 profiles) have been estimated by PollyXT
for the PBL height range.

The close-to-zero extinction-related Angstrém exponent
and negative backscatter-related Angstrém exponent are
known to be representative of mineral dust (Floutsi et al.,
2023; Gebauer et al., 2024; Haarig et al., 2022). For the
present study, the SAL values are applied from the 1.5km
altitude to the top altitude of 10 km, as the HALO dominant
aerosol type product reveals similar aerosol load below and
above 4 km in altitude (see Figs. Al, A2, and A3) and be-
cause the impact on the tropospheric background in aerosol-
free regions is assumed to be minor. The PBL values are ap-
plied for the section going from the ground to an altitude of
1.5 km.

The HALO 355 nm attenuated backscatter coefficient for
particles ﬂ;;lrlj355 can be calculated with Egs. (9) and (10) as
follows:

att| - __ pll
ﬂaer,SSS - 'Baer,355 (R) exp

Z

2 / (cmot 3550 + caerzss (D) dy [ (1)

Zaircraft
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with R being the DC-8 aircraft range-to-target, dy the range
bin thickness, zaircraft the Global Positioning System (GPS)
altitude of the DC-8 aircraft, z the altitude of the mean sea
level, and omo1,355 the molecular extinction coefficient for
dry air. amel,355 below the DC-8 is derived from pressure
p (hPa) and temperature 7' (K) measured by HALO. Equa-
tion (4.6) of the Aeolus Level 2A Algorithm Theoretical Ba-
sis Document (ATBD) (Flamant et al., 2022) shown below
has been used for the calculation of a1 355 using a coeffi-
cient of 1.16, which was determined experimentally (Collis
and Russell, 1976).
4.09
550> PGy 288 s 1)

mol,355 () (355 1013 T'(y)

The molecular extinction above the DC-8 up to 80 km in
altitude is calculated using the same equation with pressure
and temperature information from the numerical weather
prediction (NWP) model from the European Centre for
Medium-Range Weather Forecasts (ECMWEF). It has to be
noted that the flight altitude of the DC-8 is constant enough
for the three collocated sections selected for the study to ne-
glect variations. A mean value of 5.0 x 10~*m~! has been
calculated for the molecular extinction above the DC-8 and
used as a constant for all scenes. This constant is added to
the armol,355 derived in Eq. (12) when calculating the ﬁj::trl,l%s
in Eq. (11).

Aeolus MLEsub extinction and backscatter coefficients for
particles and the SCA particulate attenuated backscatter co-
efficient can then be compared with the 355 nm converted
HALO atmospheric products. Only the valid bins with pos-
itive values are considered for the statistics (i.e. the invalid
measurements coded as NaN in one product are ignored in
the second dataset and vice-versa). The flagging of the neg-
atives is applied for all Aeolus and HALO products used in
the cross-comparisons. The HALO and Aeolus cloud masks
are not applied to keep as many valid bins as possible. This
helps in assessing how well Aeolus observes Saharan dust
and the mixture of aerosol and cloud, the HALO dominant
aerosol type product being used as ad-hoc classification.

4.2 HALO re-gridding onto Aeolus sampling

One of the major advantages of Aeolus is the adjustable ver-
tical sampling with range bin settings (RBS). Specific set-
tings have then been set for the region of interest over the
Atlantic covering latitudes 12 to 22° N and longitudes 19 to
31°W. The top height bin stops at ~ 18 km in altitude, and
the following vertical samplings have been applied: 500 m
from O to ~ 2 km in altitude, 750 m from ~ 2 to ~ 8 km in al-
titude, 1000 m from ~ 8 to ~ 18 km in altitude. The horizon-
tal sampling is aligned with ~90km for the coarser obser-
vation level BRC and with & 18 km for finer sub-BRC level
measurement used for the comparison with HALO data.
The HALO 532 nm channels are sampled at 0.5 s tempo-
ral and 1.25 m vertical resolutions. The data are digitally fil-
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tered to 30 m vertical resolution to further reduce noise and
match the vertical resolution of the 1064 nm data products.
Aerosol backscatter and depolarization products are further
averaged 10s horizontally, and aerosol extinction products
are averaged 60 s horizontally and 300 m vertically. A ready-
to-use quality flagging based on the molecular backscatter
signal and referred to as mask_low is applied. A cloud iden-
tification tag and height named cloud_top_height is used and
plotted over HALO atmospheric products (Figs. Sa—c, 7a—c,
9a—c).

The resolutions of the Aeolus ALADIN and DC-8 HALO
instruments are then not aligned. Figure 3b illustrates the
Aeolus finer horizontal resolution, i.e. the so-called mea-
surement level (solid black lines), superimposed over the
HALO 532nm aerosol backscatter coefficient. Then, 225
consecutive HALO profiles covering a collocated section
~ 538 km on 16 September 2022 correspond to six Aeolus
BRC profiles (Fig. 3a) and 30 Aeolus measurement profiles
(Fig. 3b). With the focus given to Aeolus performance, the
HALO atmospheric products are re-gridded onto the coarser
Aeolus measurement scale. The HALO 355nm converted
aerosol extinction ®aer 355, the HALO 355 nm converted par-

allel aerosol backscatter ﬂzlller’355, and the HALO 355 nm con-

verted attenuated backscatter for particles ,3:3”355 are then

re-gridded onto the Aeolus grid by deriving the arithmetic
mean per range bin for each profile. The equation below cor-
responds to the HALO 355 nm aerosol backscatter averaged
over the Aeolus grid illustrated in Fig. 3b:

_ > Binaro (Mm™! st~ 1)

N , 13)

-1 .,.—1
BiAeolus (Mm ST )

where N is the number of HALO bins (iHALO) included per
Aeolus range bin (iAeolus).

Invalid HALO measurements that correspond to localized
conditions, e.g. below dense clouds or within the PBL, and
reported as NaN values in the ready-to-use products are not
taken into account in the re-gridding. The re-gridding is
then performed even where the Aeolus coarser grid encom-
passes valid and invalid HALO retrievals (e.g. white section
of HALO Baer 532 close to profile 114 [15.7° N-24.7° W] in
Fig. 3b), hence a gap filling. The cross-comparison between
Aeolus and HALO could then be considered less represen-
tative for such conditions if compared to a fully valid bin.
Moreover, the atmospheric conditions above the DC-8 air-
craft are analysed using Aeolus aerosol products, and only
the tropospheric sections with clear sky conditions above the
DC-8 are considered for the study. This enables rejecting col-
located profiles where the Aeolus signal can be expected to
be attenuated.

Atmos. Meas. Tech., 18, 3873-3896, 2025
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Figure 3. Aeolus direct ascending overpass above Cabo Verde through ESA’s VirES (courtesy of https://aeolus.services/, last access: 7 August
2023) on 16 September 2022 (a) showing the backscatter coefficient for particles derived with the SCA (averaged over consecutive vertical
bins and referred to as the middle bin). The horizontal resolution is aligned with a coarser BRC level ~90km. The six consecutive BRC
profiles of the Aeolus orbit file no. 23562 are displayed (a). The top altitude is restricted to 10 km, and the range bins are not displayed in
scale vertically. The six Aeolus BRC profiles correspond to 30 measurements given at a sub-BRC level ~ 18 km (b). The Aeolus sub-BRC
grid is illustrated in panel (b) with solid black lines. The NASA DC-8 flight track of the same day is superimposed in red (a). The HALO
aerosol backscatter coefficient at 532 nm Byer, 532 measured for 225 consecutive profiles is shown in panel (b).

5 Results

5.1 Intercomparison of aerosol profiles collocated with
a ground-based instrument

The HALO atmospheric product converted to 355 nm has
been compared to Aeolus for three case studies on 9, 15, and
16 September 2022. These three case studies correspond to
collocated sections with continuous measurement of, respec-
tively, & 626, ~ 537, and ~ 538 km long. Figures 4a, A4da,
and A5a illustrate how the Aeolus MLEsub Byt up to 18 km
in altitude helps assess the particle-free conditions above
the DC-8 aircraft flying at an altitude =~ 10 to 11km. No
backscatter signal corresponding to aerosol layers or clouds
can be observed above 10 km, confirming the clear sky condi-
tions (e.g. Fig. 4a, with dark blue corresponding to close-to-
zero MLEsub Bpar) above the DC-8. The 2D profiles above
Cabo Verde from Aeolus MLEsub and HALO are plotted
against ground-based lidar PollyXT. The PollyXT emits linear
polarization (Engelmann et al., 2016) with off-nadir ~ 5°, but
Aeolus transmits circularly polarized light. The Polly*T cir-
cular aerosol depolarization ratio at 355 nm is then derived
to recompute the parallel backscatter coefficient at 355 nm
with equations similar to Eqgs. (5) and (6). Plotting PollyXT

Atmos. Meas. Tech., 18, 3873-3896, 2025

retrievals in addition to Aeolus and HALO for direct pro-
files above Mindelo, Cabo Verde, enables validation of the
wavelength and total to parallel conversions before compar-
ing Aeolus and HALO with the full collocated section. Fig-
ure 4b shows the PollyXT total 355 nm backscatter (i.e. red)
and parallel 355 nm backscatter (i.e. blue), and illustrates
how the HALO total 532 nm backscatter coefficient Baer 532
(i.e. black) was converted to parallel 355 nm 'leiler,355 (i.e.
dark yellow). Both profiles of the parallel 355 nm backscat-
ter retrieved with Raman PollyXT and HALO agree very well
with Aeolus MLEsub (i.e. violet) for the SAL from ~2.6
to 4km in altitude. MLEsub Bpar of 1.36 £0.56 Mm~! sr~!

and HALO ﬂe‘ller’355 of 1.144+0.02Mm~" sr~! are measured
for the in-core SAL at an altitude of 3km. The red solid
line for PollyXT 355nm total backscatter represents what
Aeolus would see if it would have included a polarization
channel, followed by increasing the backscatter signal by
a factor ~34 % for the in-core dust layer at 3km in alti-
tude. When looking at the extinction coefficient for parti-
cles, Aeolus MLEsub also agrees with the other instruments
even if the Aeolus signal appears to be too much attenu-
ated and therefore flagged below 3 km in altitude. One could
notice the high errors for MLEsub ap,. Similar observa-
tions can be made from the cases of 9 September 2022 (see

https://doi.org/10.5194/amt-18-3873-2025
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Figure 4. Aeolus MLEsub Bpart on 16 September 2022 (a) and cross-comparison of 2D profiles above Mindelo, Cabo Verde, with HALO

and PollyXT for MLEsub Bpart (b) and MLEsub apart ().

Fig. A4) and 15 September 2022 (see Fig. AS). The Aeo-
lus MLEsub is able to retrieve coherent optical properties
in low altitude ~ 1 km below dust with high backscatter up
t0 9.45+2.12Mm ™~ sr~! (see Fig. A4b), even if this looks
overestimated when compared to the other instrument re-
trievals below 7.0 Mm ™! sr~!. The Aeolus MLEsub gives co-
herent backscatter values for a dense SAL around 4 km in
altitude on 15 September 2022 (Fig. A5b) even when con-
sidering a larger geolocation offset from the PollyXT (i.e.
~350km, instead of ~13km for 9 September 2022 and
~20km for 16 September 2022). Figures 4b—c, A4b—c, and
ASb—c illustrate how the HALO 355 nm converted signals,
even with low errors, may vary per Aeolus vertical range bin.
This results in variabilities when re-gridding onto the Aeolus
sampling, and it is a limitation of the cross-section compari-
son. Another limitation is illustrated with the offset between
HALO and PollyXT 355nm converted signals, as it reveals
uncertainties from the wavelength conversion.

5.2 Cross-comparison of tropospheric sections
observed by Aeolus ALADIN and DC-8 HALO

A linear regression has been applied with the log-
transformed signals. Working with the logarithmic scale
helps decrease the sensitivity to outliers that may be expected
in low-SNR regions. Moreover, it offers a better visualization
of regimes within two-dimensional histograms. The three
indicators RZ, slope of the regression line, and root mean
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Table 1. Summary of the statistics of the linear regression Aeolus

MLEsub 8. MLEsub apart, and SCA i versus HALO 355 nm
converted and re-gridded signals. The scores are derived from the

log-transformed signals.

9 Sep. 15Sep. 16 Sep.

Bl R 069 056  0.60
Slope 089 071 082
RMSE 059 059  0.64

apart  R? 0.41 0.58 0.25
Slope 108 109 071
RMSE 068 066 073
Bl R 048 028  0.14

Slope 0.39 0.29 0.23
RMSE 0.77 0.79 0.97

square error (RMSE) have been calculated with the log-
transformed signals for each collocated section. Table 1 sum-
marizes the scores. The R? values for the MLEsub backscat-
ter ,Bgan and MLEsub extinction oyt are robust, i.e. respec-
tively up to 0.69 and 0.58, showing good agreement with the
HALO retrievals. Interestingly, the higher R* scores corre-
spond to 9 September 2022 for both MLEsub backscatter and

SCA particulate attenuated backscatter ﬂ;ﬂ, the 15 Septem-

ber 2022 case showing the higher R? for MLEsub extinc-

Atmos. Meas. Tech., 18, 3873-3896, 2025
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Figure 5. Aeolus MLEsub Bpart (a), MLEsub apart (b), and SCA ﬂg;tn (c) cross section collocated with HALO 355 nm converted products

on 9 September 2022.

tion. For each scene, the section details are introduced before
analysing the cross-comparison between HALO converted
and re-gridded signals and the Aeolus products.

5.2.1 Case study: 9 September 2022

Cross section details. Figure 5Sa—c show HALO 355nm
converted (top) and re-gridded (middle) as well as Aeo-
Ius 355 nm (bottom) aerosol retrievals for a collocated sec-
tion ~ 626 km in the horizontal direction from ~[13.3° N—
24.3° W] to &~ [18.8° N-25.3° W]. A total of 271 HALO pro-
files can be re-gridded onto the 35 collocated Aeolus mea-
surements. The geolocation offset for the first collocated
measurement is equal to ~5.2km, and the initial time off-
set is equal to ~ 9 min.

HALO against Aeolus MLEsub. HALO cloud_top_height
superimposed over parallel 355nm converted particulate
backscatter revealed a marine boundary layer (MBL) up to
~ 1 km in altitude with values above 8.0 Mm~' sr~! (Fig. 5a
top, light yellow). Low-altitude clouds are dominant close
to the HALO profile ~ 103 [15.3° N-24.6° W] and the last
tier of the section above the HALO profile ~ 205 [17.4° N—
25.0° W]. Stratified marine and dusty mix aerosol layers can
be seen up to &~ 4 km in altitude, with backscatter from ~ 3.0
to 5.0Mm~! sr~! (Fig. 5a, light blue to green), as confirmed
with the HALO dominant aerosol type (see Fig. Al). Aeolus

Atmos. Meas. Tech., 18, 3873-3896, 2025

captures well the scene, even when applying the restrictive
quality flags, which remove the lowest range bin below 1 km
in altitude except for the cloudy region below dust in the last
tier of the orbit section. The signature of the dust particle
mixture can indeed be observed on top of the MBL (Fig. 5b
bottom, light blue to green pattern with extinction close to
~ 150 Mm™!). The signature of the dust layer at ~3km in
altitude close to the second-to-last Aeolus measurement 29 is
even more clear. The Aeolus extinction is also flagged below
the dusty mix around ~ 1.8 km in altitude. This is a confir-
mation of a signal attenuation with low SNR.

The Aeolus backscatter (Fig. 5Sa bottom) appears lower for
cloud top echoes when compared to the HALO 355 nm con-
verted product before re-gridding (Fig. 5a top). For example,
the HALO backscatter reaches values above 8.0 Mm™! sr~!
(Fig. 5a top, light yellow) for a localized cloud at ~2km
in altitude for HALO profile 30 [13.8°N-24.3° W], and
Aeolus-reported backscatter is ~4.6 Mm™' sr~! (Fig. 5a
bottom, light green) for Aeolus measurement 4 at a similar
altitude of ~ 2 km. This confirms that Aeolus signal averag-
ing with scattered or broken clouds may result in cloud echo
dilution when the range bin encompasses the contribution of
the lower backscatter signal from the surroundings. The aver-
aging dilution is expected to be more pronounced with lower
vertical resolution, i.e. with a thicker range bin, and with a
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Figure 6. Two-dimensional histograms of Aeolus versus HALO 355 nm converted and re-gridded products with HALO §¢jyc 532 shown
by varying colours (a—c) and with the HALO dominant aerosol type shown by varying colours (d—f) on 9 September 2022. A logarithmic

transformation has been applied to the signals.

coarser horizontal resolution of & 90 km for BRC level prod-
ucts.

Plotting the 355nm converted and re-gridded HALO
against Aeolus MLEsub for the whole scene reveals R>
scores of 0.69 for backscatter (Fig. 6a) and 0.41 for ex-
tinction (Fig. 6b) with respective slopes for the regression
line of 0.89 and 1.08. The agreement between Aeolus and
HALO then appears consistent. Two dominant regimes can
be identified using the HALO 532 nm linear aerosol depo-
larization ratio dyin,532. The first one is indicated in cyan and
corresponds to the low backscatter signal (Fig. 6a), with the
HALO total scattering ratio at 532 nm Rs53, below a thresh-
old of 1.2, which is required for HALO aerosol classifica-
tion, hence the “Not identified” type (Fig. 6d, grey). The sec-
ond regime comes with a dominant red-orange colour, with
J1in,532 above ~0.25 (Fig. 6a-b), mainly attributed to dusty

https://doi.org/10.5194/amt-18-3873-2025

conditions (Freudenthaler et al., 2009). This is confirmed
with a dusty mix class from HALO dominant aerosol type
classification (Fig. 6d, dark violet). The HALO 532 nm cir-
cular aerosol depolarization ratio dcirc, 532 shows values above
~ (.35 for this regime. The best agreement coincides with
the second regime connected to highly depolarizing particles.
The use of the HALO total scattering ratio at 532 nm Rs3;
confirms that the first regime corresponds to low scattering
(see Fig. A6, cyan). This provides further evidence that the
first regime is linked to low-SNR regions of the atmosphere
in clear sky conditions.

HALO against Aeolus SCA. Evidence of the MBL is
visible with SCA particulate attenuated backscatter S
(Fig. 5c, bottom), and the values look coherent even for the
low range bins (i.e. up to ~3.0 x 1073 km~! sr~1). The top
of the MBL is captured for the overall section. The SCA

Atmos. Meas. Tech., 18, 3873-3896, 2025
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Figure 7. Aeolus MLEsub Bpart (a), MLEsub apart (b), and SCA ﬂggn (c) cross section collocated with HALO 355 nm converted products

on 15 September 2022.

2t shows values below 22 2.0 x 10~ km ™! s~ for the dust

above ~2km (Fig. 5c, light blue), which is hardly distin-
guishable from the background noise in the last tier of the
orbit. When compared to the HALO 355 nm converted sig-
nal, these SCA ﬂ;‘g}t values look underestimated. The scat-
ter diagram confirms an underestimation of the SCA partic-
ulate attenuated backscatter for the second regime. The SCA
seems to overestimate the backscatter for the first regime in
low scattering regions of the atmosphere (Fig. A7, cyan).
When removing this regime from the analysis using HALO
Rs3; and applying a threshold of 1.2, R? increases from 0.48
to 0.52, and RMSE decreases from 0.77 to 0.70. A posi-
tive impact is also observed for MLEsub backscatter (i.e.
R? increasing from 0.69 to 0.71 and RMSE decreasing from
0.59 to 0.43) and extinction (i.e. R? increasing from 0.41
to 0.47 and RMSE decreasing from 0.68 to 0.38). Interest-
ingly, a third regime in high backscatter regions can be iden-
tified, with 8jip 532 from ~ 0.05 to &~ 0.10 (Fig. 6¢, dark blue)
and dcirc,532 reaching values of ~0.10 to ~ 0.20. The HALO
dominant aerosol type points to a mixture of marine aerosols
and dusty mix (Fig. 6f, blue and dark violet). The SCA ap-
pears to underestimate the signal for this regime, which in-
cludes marine aerosols.

Atmos. Meas. Tech., 18, 3873-3896, 2025

5.2.2 Case study: 15 September 2022

Cross section details. Figure 7a—c show HALO 355nm
converted (top) and re-gridded (middle) as well as Aeo-
lus 355 nm (bottom) aerosol retrievals for a collocated sec-
tion A 537 km in the horizontal direction from ~[15.9° N—
21.5° W] to & [20.7° N-22.4° W]. A total of 218 HALO pro-
files can be re-gridded onto 30 collocated Aeolus measure-
ments. The geolocation offset for the first collocated mea-
surement is equal to & 3.8 km, and the initial time offset is
equal to & 13 min.

HALO against Aeolus MLEsub. HALO cloud_top_height
superimposed over parallel 355nm converted particulate
backscatter shows optically dense MBL up to 0.5km
in altitude (Fig. 7a, top). A homogeneous feature, spa-
tially distributed over the scene, with backscatter up to
~5.0Mm~!sr~!, can be observed around 4km in altitude
(light green to yellow), which is typical for the SAL height
(Ansmann et al., 2009). The HALO dominant aerosol type
confirms the presence of dusty mix (see Fig. A2). The SAL
is clearly captured by the MLEsub algorithm, the southern
edge of the aerosol layer being particularly visible up to
Aeolus measurement 18 [18.7° N-21.9° W] with both MLE-
sub backscatter and extinction coefficients (Fig. 7a-b). The
MLEsub products are flagged below this dense and homoge-
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Figure 8. Two-dimensional histograms of Aeolus versus HALO 355 nm converted and re-gridded products with HALO &¢jsc 532 shown by
varying colours (a—c) and with the HALO dominant aerosol type shown by varying colours (d—f) on 15 September 2022. A logarithmic

transformation has been applied to the signals.

neous aerosol layer. The backscatter scatter diagram shows
robust agreement between Aeolus and HALO for the dusty
mix regime (dark violet colour in Fig. 8d), with an R? score
of 0.56. This regime corresponds to a HALO 6jip 532 above
~ (.25 (Fig. 8a, red-orange to yellow) and HALO d&circ, 532
above ~0.35. The main deviations correspond to the first
regime, where aerosol loading is weak and falls below the
classification threshold of 1.2 in the HALO total scattering
ratio at 532 nm Rs3;.

HALO against Aeolus SCA. The Aeolus SCA is able to
capture well the dusty mix layer at &~ 4 km (Fig. 7c bottom,
light blue) and the MBL below =~ 0.8 km. Values of particu-
late attenuated backscatter up to &~ 8.0 x 10~*km~! sr~! are
measured for the southern edge of the aerosol layer close to
Aeolus measurement 5 [16.6° N-21.6° W]. The aerosol layer
signature is less clear in the last tier of the scene, i.e. after

https://doi.org/10.5194/amt-18-3873-2025

Aeolus measurement 18 [18.7°N-21.9° W] with SCA ,33;;1

below ~2.0 x 10~*km~! sr~!. This may be used as a first
estimation for the lower limit of SCA ,ngn detection for dust

particles. The scatter diagram shows an R? score of 0.28, and
the higher deviations are once more observed for low scatter-
ing (see Fig. A7). The better agreement is observed for the
dusty mix regime (red-orange to yellow in Fig. 8c). Remov-
ing the contributions from low scattering below HALO Rs3,
of 1.2 has a significant impact on the slope (i.e. increased
from 0.29 to 0.40).

5.2.3 Case study: 16 September 2022

Cross section details. Figure 9a—c show HALO 355nm
converted (top) and re-gridded (middle) as well as Aeo-
lus 355 nm (bottom) aerosol retrievals for a collocated sec-

Atmos. Meas. Tech., 18, 3873-3896, 2025
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Figure 9. Aeolus MLEsub Bpart (a), MLEsub apart (b), and SCA ﬂggn (c) cross section collocated with HALO 355 nm converted products

on 16 September 2022.

tion ~ 538 km in the horizontal direction from ~[13.2° N—
24.3° W] to &~ [17.9° N-25.1° W]. A total of 225 HALO pro-
files can be re-gridded onto 30 collocated Aeolus measure-
ments. The geolocation offset for the first collocated mea-
surement is equal to ~2km, and the initial time offset is
equal to &~ 25 min.

HALO against Aeolus MLEsub. HALO cloud_top_height
superimposed over parallel 355nm converted particulate
backscatter reveals some broken clouds at &~ 6 km in altitude
in the first tier of the tropospheric section. Two main stratified
features with strong signatures are particularly noticeable.
They are distributed between HALO profiles 29 [13.9° N-
24.3°W] and 142 [16.2° N-24.8° W] at ~2km in altitude
and within the last tier of the section by HALO profile &~ 171
[16.8°N-24.9° W] at ~ 3 km in altitude. The HALO domi-
nant aerosol type mainly classifies the two layers as pure dust
(see Fig. A3). Aeolus captures well the two dust layers. They
are particularly visible with the Aeolus MLEsub extinction
coefficient (Fig. 9b bottom, light blue to green). A decrease
in HALO 355 nm converted extinction can be observed at the
top altitude close to HALO profile 86 [15.1° N-24.6° W].

The backscatter scatter diagram reveals good agreement
between HALO and Aeolus, with RZ of 0.60. The best agree-
ment corresponds to the non-spherical particles regime clas-
sified as dusty mix by the HALO dominant aerosol type

Atmos. Meas. Tech., 18, 3873-3896, 2025

product (i.e. dark violet colour in Fig. 10d). HALO and
Aeolus are in very good agreement for the core dust layer
(i.e. red-orange point clouds close to the y =x line for
Fig. 10a-b), classified as pure dust with the HALO clas-
sification (Fig. 10d—e, rose colour). HALO d8yin 532 reaches
~ (.30 for such a layer that is indeed pointing to dust condi-
tions (Freudenthaler et al., 2009; Haarig et al., 2017a, 2022).
HALO 6¢irc,532 shows values up to ~ 0.40 for this pure dust
regime. The ability of Aeolus to achieve physical retrievals
even for highly depolarizing particles such as SAL is then
demonstrated. The larger outliers cannot be attributed to an
aerosol type and are distributed in aerosol-free regions with
low and high backscatter (Fig. 10d, grey). This may point
to a low signal and bins contaminated by clouds. The scene
indeed includes dense clouds close to ~6km in altitude
(Fig. 9a). One could flag the cloudy regions by applying a
scattering ratio threshold of 5 (Chepfer et al., 2013; Feofilov
et al., 2022). If combined with the low scattering removal
(i.e. 1.2 < Rs3p <=5), this has a positive impact (e.g. de-
crease in RMSE from 0.64 to 0.38 for the MLEsub backscat-
ter and from 0.73 to 0.41 for the MLEsub extinction).
HALO against Aeolus SCA. The SCA underestimates the
signal from the marine aerosol regime (Fig. 10f, blue). Both
HALO and SCA reveal broken clouds around ~ 6 to &~ 8§ km
for the first half of the orbit, and the signature of the pure dust

https://doi.org/10.5194/amt-18-3873-2025
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Figure 10. Two-dimensional histograms of Aeolus versus HALO 355 nm converted and re-gridded products with HALO &¢jrc 532 shown
by varying colours (a—c) and with the HALO dominant aerosol type shown by varying colours (d—f) on 16 September 2022. A logarithmic

transformation has been applied to the signals.

layer close to the second-to-last Aeolus measurement 29 is
observable within the SCA particulate attenuated backscat-
ter (Fig. 9c, bottom, light blue). The scatter diagram shows
an R? score of 0.14, and the best agreement is observed for
the pure dust and dusty mix regimes (dark violet and rose
colours in Fig. 10f), despite some outliers. The lowest cor-
relation once more corresponds to low-signal regions of the
atmosphere (Fig. 10f, grey) with low scattering (Fig. AS8c,
cyan), for which the SCA appears to overestimate the partic-
ulate attenuated backscatter.

6 Conclusion

The study presents three cross sections of the atmosphere
above the tropical Atlantic as observed by the ALADIN in-

https://doi.org/10.5194/amt-18-3873-2025

strument on board the Aeolus satellite and reference lidar
systems. For the first time, Aeolus aerosol observing capa-
bilities are evaluated with extended tropospheric sections up
to 626 km in length with a small geolocation offset (i.e. less
than 6 km) and time offset (i.e. less than 30 min). The Aco-
lus L2A aerosol products at 355 nm retrieved with the SCA
and MLEsub algorithms have been compared to independent
measurements from the HALO lidar on board NASA DC-
8 aircraft, the 532 nm signal being converted to 355 nm and
re-gridded onto Aeolus sampling. In addition, direct profiles
above ground-based Raman lidar PollyXT have been anal-
ysed.

Despite the different geometries (i.e. nadir-viewing an-
gle for HALO, off-nadir ~ 35° for Aeolus), good agreement
between the aerosol retrievals is shown for homogeneous,
optically thick aerosol layers. The cross-comparison of the

Atmos. Meas. Tech., 18, 3873-3896, 2025
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MLEsub backscatter and extinction coefficients for parti-
cles with HALO retrievals reveal R? scores up to 0.69 and
0.58, respectively. When looking at the particulate attenu-
ated backscatter coefficient derived with SCA, the R? scores
reach ~ 0.48. A good agreement is observed for highly depo-
larizing aerosol layers classified as pure dust and dusty mix
with the HALO dominant aerosol type product, and likewise
for each scene on 9, 15, and 16 September 2022. Higher de-
viations are observed for aerosol-free regions of the atmo-
sphere, where the SNR is expected to be very low. The study
reveals that the agreement between the Aeolus and reference
measurements can be improved when applying a scattering
ratio threshold that complements the QC flags in order to fo-
cus on cloud-free regions of the atmosphere with high SNR
and higher aerosol loads (e.g. flagging the bins out of a range
of 1.2-5). This provides further evidence that the SNR and an
adequate cloud screening approach are important parameters
to consider when using the Aeolus L2A product for aerosol
profiling.

Optical characteristics of marine aerosols and clouds
below a dust mixture are well captured by Aeolus (e.g.
9 September 2022), suggesting that the UV laser emissions
can penetrate enough of the aerosol layer distributed in
irregular-shaped particles with a linear aerosol depolariza-
tion ratio at 532 nm above 0.25. The opposite condition, i.e.
a diffuse aerosol layer below broken clouds, should be anal-
ysed with caution, as the low SNR seems insufficient to trust
retrievals of a low backscatter coefficient (e.g. 16 September
2022). The spatial extent of aerosol layers such as SAL is
clearly visible with L2ZA MLEsub, as the optimal estimation
approach helps to smooth the signal over consecutive profiles
(i.e. the SCA standard concept corresponds to an along-track
averaging of the lidar signal, resulting in high noise depen-
dency). We then recommend opting for the MLEsub dataset
if focusing on long and homogeneous layers. The SCA re-
trievals appear noisier, showing higher sensitivity to signal
attenuation in low scattering regions of the atmosphere. The
SCA also underestimates the particulate attenuated backscat-
ter for both dusty mix and marine regimes. The Aeolus RBS
and their in-orbit deviations must be considered with caution,
as better optical properties would be obtained when the range
bins do not encompass layer edges or complex mixture. We
then recommend focusing on settings below a 1 km thickness
when studying vertical sedimentation of ageing thin layers.
Moreover, the Aeolus signal from scattered or broken clouds
should be analysed with caution, as cloud echo dilution can
be observed when signal averaging includes the contribution
from the surroundings with a lower backscatter signal. The
averaging dilution is expected to be more prominent, with
a coarser horizontal resolution BRC ~90km. We then rec-
ommend using the sub-BRC level products when focusing
on signals from localized clouds. One should note the nega-
tive impact of low SNR below an altitude of 2 km, where the
MLEsub products appear to be flagged by the QC and where

Atmos. Meas. Tech., 18, 3873-3896, 2025

the range bin thickness decreases from 750 to 500 m for the
Cabo Verde region.

The present study demonstrates the independent HSRL
measurement of aerosol properties such as particle extinction
and backscatter coefficients, even for missions initially de-
signed for winds, such as Aeolus. The collocation of the Ae-
olus data with the HALO polarization measurements demon-
strates the aerosol typing capabilities and provides further
evidence of the need for Aeolus-2 to have polarization ca-
pabilities. The Aeolus MLEsub extinction is recommended
for aerosol layer detection, and both the MLEsub backscat-
ter and SCA particulate attenuated backscatter allow captur-
ing water clouds with strong signals below dusty mix. The
study illustrates how Aeolus is capable of measuring the
optical properties of aerosols, even for highly depolarizing
particles once correcting the missing cross-polarized signal.
This provides support for further development of a new Ae-
olus product (e.g. co-polarized to the total backscatter coef-
ficient using depolarization information from another instru-
ment). The validation of the Aeolus L2A SCA and MLEsub
products with extended and collocated tropospheric sections
with high-spectral-resolution lidar also supports the first es-
timation of the lower limits for backscatter detection (e.g.
~ 1.0 x 107" m~" sr™! for dusty mix, focusing on a quality-
flagged MLEsub backscatter coefficient for particles, and
~2.0 x 10~*km~! sr~! for dust mix, focusing on SCA par-
ticulate attenuated backscatter). The use of the arithmetic
mean when re-gridding independent measurements onto the
Aeolus sampling is straightforward, but one could derive the
confidence index as a function of the SNR, aerosol types de-
tected with ad hoc classification, or portion of the valid mea-
surements considered per Aeolus coarser range bin. Vertical
sampling is a limitation to bear in mind for new missions
such as EarthCARE and Aeolus-2; the finer the vertical res-
olution with a strong signal, the better the measurement will
allow analysis of a diffuse aerosol plume and mixture where
complex atmospheric processes occur. The importance of a
polarization channel for the next generation of instrument is
also demonstrated, as it enables aerosol typing, which now
becomes a major objective for aerosol missions. Finally, it
would be beneficial to reproduce the validation of the Aeolus
L2A product with independent lidar measurements focusing
on the early mission period, as a significant signal loss was
reported for the ALADIN instrument throughout the satellite
lifetime (Lux et al., 2024; Reitebuch et al., 2024). One would
expect a higher signal and better performance of the L2A
algorithms than for the period of September 2022 selected
for this paper. The public release of the Aeolus reprocessed
dataset, labelled Baseline 16 and covering 2018 to 2019, is
planned for 2025 and can be used for the study.
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Appendix A

HALO dominant aerosol type (S. Burton typing algorithms)
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Figure A1. HALO 532 nm dominant aerosol type for 9 September 2022, with aerosol-free regions marked as “Not identified”.
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Figure A2. HALO 532 nm dominant aerosol type for 15 September 2022, with aerosol-free regions marked as “Not identified”.
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HALO dominant aerosol type (S. Burton typing algorithms)
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Figure A3. HALO 532 nm dominant aerosol type for 16 September 2022, with aerosol-free regions marked as “Not identified”.
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Figure A4. Aeolus MLEsub Bpart on 9 September 2022 (a) and cross-comparison of 2D profiles above Mindelo, Cabo Verde, with HALO
and PollyXT for MLEsub Bpart (b) and MLEsub apart (€).
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Code and data availability. The study includes Aeolus aerosol
products prepared by the Aeolus DISC (involving ESA, DLR,
DoRIT, ECMWF, KNMI, CNRS until 31 December 2022, TRO-
POS, S&T, ABB, and Serco) and the Payload Data Ground Segment
(PDGS) through the reprocessing activities. The corresponding
dataset of September 2022 is part of the fourth reprocessing,
labelled Baseline 16 and covering July 2019 to April 2023. The first
part of this dataset was released to the public on May 2024. The
Aeolus L2A data have gradually been made public since May 2021
through the ESA Aeolus Online Dissemination System ADDF at
http://aeolus-ds.eo.esa.int/oads/access/ (ESA, 2024). The Python
plotting library Matplotlib (Hunter, 2007) has been used for the
study as the bipolar colour map, which can be downloaded from
the MATLAB Central File Exchange at https://www.mathworks.
com/matlabcentral/fileexchange/26026-bipolar-colormap  (Ridg-
way, 2025). The HALO DC-8 data have been downloaded
from https://doi.org/10.5067/ASDC/SUBORBITAL/CPEXCV-
HALO_DC8_1 (NASA/LARC/SD/ASDC, 2023). Data of
JATAC/ASKOS 2021 and 2022 are publicly available via the
ESA Validation Data Center (EVDC) data portal, available at
https://doi.org/10.60621/jatac.campaign.2021.2022.caboverde
(Amiridis et al., 2023).
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