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Abstract. The satellite mission EarthCARE (Earth Cloud,
Aerosol, and Radiation Explorer) of the European Space
Agency (ESA) and the Japan Aerospace Exploration Agency
(JAXA) was successfully launched in May 2024. The satel-
lite has four instruments on board, namely a high-spectral-
resolution lidar called ATLID, a Cloud Profiling Doppler
Radar (CPR), a Multi-Spectral Imager (MSI), and a Broad-
Band Radiometer (BBR). ATLID provides for the first time
directly measured profiles of the extinction and backscat-
ter coefficient (and thus lidar ratio) together with the de-
polarization ratio at 355 nm from space. Since the start of
the measurements, several updates in the ESA’s processing
chain have been made resulting in different baselines of the
products. A first homogenized data set for the entire mis-
sion duration processed with one algorithm version, namely
Baseline BA, was accomplished in September 2025. We
used ground-based multiwavelength-Raman-polarization li-
dars of PollyNET operating in the framework of the Aerosol,
Clouds and Trace gases Research Infrastructure (ACTRIS)
to discuss the quality of ATLID profiling products based
on golden case studies. The PollyNET lidars measure the
same geophysical parameter as EarthCARE, namely pro-
files of the particle backscatter coefficient, the particle ex-
tinction coefficient, and the particle linear depolarization ra-
tio at 355 nm. Seven dedicated cases, for which EarthCARE
and the ground-based reference system observed the same
atmospheric scene, were selected, spanning several atmo-

spheric conditions (ice clouds, high aerosol load, pristine
conditions) and geographic locations (Tropical Atlantic, Eu-
rope, Central Asia, and the pristine Southern Hemisphere).
Our investigations revealed that ATLID has remarkable pro-
filing capabilities with good signal strength and high verti-
cal resolution. The ATLID profiling product of ESA’s pro-
cessing chain, A-EBD, could resolve the vertical structure
of the targeted atmospheric features very well so that the A-
EBD backscatter and extinction profiles (at low resolution)
matched qualitatively (and mostly quantitatively) with the
ground-based reference observations for most investigated
atmospheric conditions. The intensive particle quantity lidar
ratio is retrieved layer-wise and thus not in the same resolu-
tion as the backscatter and extinction products. It matches in
many cases with the ground-based reference, but we also de-
tected occasions when the lidar ratio in certain atmospheric
regions was significantly deviating from the reference, which
then affects either the extinction or backscatter coefficient
values. Especially edge effects at the transition of parti-
cle layers to clean air seem to be problematic. Concerning
ATLID’s depolarization ratio, fair agreement was found for
strongly scattering and depolarizing features, like ice clouds
— especially during nighttime. For the aerosol regime, how-
ever, we confirm significant deviations from the ground ref-
erence and consider the depolarization ratio in Baselines BA
and BB as quantitatively not reliable, especially during day-
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time. Thus, ATLID’s depolarization ratio of Baselines B can
be used to discriminate but not to type atmospheric features.

In conclusion, we can state that ATLID’s optical profiles
of Baselines B are ready for scientific exploitation keeping in
mind the reported drawbacks (e.g., depolarization ratio oft-
sets, edge effects, occasional retrieval errors, non-complete
quality flags). EarthCARE data should therefore be inten-
sively quality checked before using for scientific studies. As
EarthCARE’s lifetime was recently foreseen to last for more
than 10 years and algorithm development continues, such
validation efforts stay important and complement other re-
spective validation approaches.

1 Introduction

The Earth Cloud, Aerosol, and Radiation Explorer (Earth-
CARE) is a satellite mission developed by the Euro-
pean Space Agency (ESA) in cooperation with the Japan
Aerospace Exploration Agency (JAXA) which measures ver-
tical profiles of aerosol, cloud, and precipitation proper-
ties together with the top of atmosphere (TOA) radiative
fluxes (Wehr et al., 2023). This Earth Explorer mission was
launched in May 2024 and observes the atmosphere using
a high-spectral-resolution lidar (HSRL), a Doppler cloud
radar, a multi-spectral imager and a broadband radiometer.

The active instruments (i.e., lidar and radar) provide de-
tailed vertical information on aerosols and clouds with a nar-
row footprint (like atmospheric curtains), while the multi-
spectral imager gives the horizontal context of the scene (like
a carpet) by measuring spectral radiancies at the top of the
atmosphere. Together, these synergistic observations aim to
enhance our understanding of aerosols, clouds, and radia-
tion and their interactions. Finally, radiative closure with the
corresponding broadband radiometer measurements is en-
visaged, enabling near—real-time evaluation of the retrieved
atmospheric state, with particular emphasis on cloud and
aerosol properties and their radiative effects.

The atmospheric lidar (ATLID) on board EarthCARE is
a polarization HSRL operating at a wavelength of 355 nm
(do Carmo et al., 2021). It is the first time that the lidar
(extinction-to-backscatter) ratio and the depolarization ratio
at this wavelength can be measured simultaneously and di-
rectly from space, allowing for independent aerosol typing
(Wandinger et al., 2023a). Being a novel instrument in space,
extensive validation activities for the instrument (Level 1
data), as well as for the derived products (Level 2 data) are
needed (e.g., Kubota et al., 2026; Wandinger et al., 2024).

Amiridis et al. (2025) recently prepared a Best Practice
Protocol for the Validation of Aerosol, Cloud, and Precip-
itation Profiles measured from space in the framework of
the Committee on Earth Observation Satellites (CEOS), tak-
ing into account lessons learned from previous spaceborne
lidar activities such as the Cloud-Aerosol Lidar and In-

Atmos. Meas. Tech., 19, 3831-3864, 2026

H. Baars et al: EarthCARE validation with PollyNET

frared Pathfinder Satellite Observations (CALIPSO) mission
launched in 2006 (Winker et al., 2010), the Cloud-Aerosol
Transport System (CATS) operating in 2015 (Yorks et al.,
2016), the Aeolus Earth Explorer mission launched in 2018
(Stoffelen et al., 2005; Reitebuch, 2025), and the Aerosol and
Carbon Detection Lidar (ACDL, Dai et al., 2024) on DQ-1
launched in 2022. The authors of the best practice document
intensively discussed the different validation approaches for
spaceborne lidars such as:

— dedicated airborne campaigns (e.g., Rogers et al., 2011;
Witschas et al., 2020; Lux et al., 2020; Bedka et al.,
2021; Flamant et al., 2024; Trapon et al., 2025; Grof3
etal., 2026),

— large field campaigns (e.g., Ansmann et al.,, 2011;
Tesche et al., 2013; Weinzierl et al., 2017; Fehr et al.,
2023; Marinou et al., 2023),

— satellite-to-satellite validation (e.g., Redemann et al.,
2012; Kim et al., 2013; Feofilov et al., 2022),

— near-real-time (NRT) validation through monitoring in
an assimilation system (e.g., Fielding and Janiskova,
2020; Janiskovd and Fielding, 2020; Marseille et al.,
2022; Bley et al., 2022),

— statistical comparisons with data from existing ground-
based sites and networks (e.g., Pappalardo et al., 2010;
Thorsen et al., 2011; Omar et al., 2013; Papagiannopou-
los et al., 2016; Proestakis et al., 2019; Baars et al.,
2023; Sun et al., 2023; Voudouri et al., 2024; Liu et al.,
2024),

— but also case-study-based analysis (e.g., Mamouri et al.,
2009; Wu et al., 2011; Kanitz et al., 2014; Pauly et al.,
2019; Baars et al., 2020, 2021; Gkikas et al., 2023;
Paschou et al., 2025)

and how they complement each other.

In this work, we focus on dedicated case studies using
ground-based lidars to provide a first overview of the poten-
tials and limitations of the ATLID profiling products. This
case study approach allows us to discuss in detail the fea-
tures and challenges of the mission with its complex process-
ing chain with respect to aerosol profiling, and can thus be
seen as a complement to the other validation approaches for
EarthCARE. A similar approach was performed by Liu et al.
(2024) for the validation of the novel Chinese spaceborne
HSRL at 532nm (ACDL, Dai et al., 2024) using six over-
passes over ground-based lidar stations, which also demon-
strated how valuable the intensive analysis of dedicated case
studies for the validation of spaceborne lidar is.

The Leibniz Institute for Tropospheric Research
(TROPOS) is strongly involved in the EarthCARE
Calibration/Validation (Cal/Val) activities and operates (mo-
bile) ground-based multiwavelength-Raman-polarization
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lidar systems (PollyXT, Engelmann et al., 2016, 2025)
around the globe within the framework of PollyNET (Baars
et al., 2016; Heese et al., 2025). All of these systems are
part of ACTRIS/EARLINET (Laj et al., 2024; Pappalardo
et al, 2014) and participated in the ATMO-ACCESS
pilot project for the preparation of EarthCARE validation
activities (Baars et al., 2024; Marinou et al., 2024). While
the ACTRIS and ATMO-ACCESS ground-based stations
cover more than 40 ground-based sites mainly distributed
across Europe, here we concentrate on dedicated golden
case studies with PollyNET lidar measurements taken at
several locations around the globe (see Fig. 1) making also
use of the ACTRIS mobile facilities OCEANET (shipborne,
Bohlmann et al., 2018; Radenz et al., 2024) and LACROS
(land-based, Radenz et al., 2021a). In this way, we provide
a first glimpse on the observing capabilities of ATLID’s
geophysical products provided by ESA (see Sect. 2.1) and
discuss their potentials as well as current limitations.

For the validation of ATLID profiling products, seven at-
mospheric scenes have been carefully selected to cover a
wide range of atmospheric conditions and geographical re-
gions. The observations span from dust and smoke events to
ice clouds and very pristine conditions, covering the Tropi-
cal Atlantic, Europe, Central Asia, and the pristine Southern
Hemisphere. The selected case studies are characterized by
EarthCARE overpasses in very close vicinity to the ground
site (closest distance less than 20 km distance for all except of
one) and atmospheric conditions representative for validation
according to the discussion of scene homogeneity (Amiridis
et al., 2025).

Both space agencies have set up their own processing
chain (e.g., Eisinger et al., 2024; Nishizawa et al., 2026), pro-
viding independent products. In this work, we focus on the
products from the processing chain of ESA. In this process-
ing chain, EarthCARE data is structured into separate levels
available for users: Level 1 data comprises calibrated instru-
ment data, while Level 2 data comprises retrieved geophys-
ical data products. The latter is divided into products using
a single instrument only (L2A) and products utilizing syner-
gistic measurements of 2 or more instruments (L2B). While
ATLID Level 1 data (Eisinger et al., 2024) have been inten-
sively validated in the early phase of the EarthCARE mission
(Donovan, 2025; Haarig et al., 2025b; Grof et al., 2026), the
focus of this work is on the ATLID L2A profiling products
(Donovan et al., 2024). We analyzed Baseline BA, i.e., the
algorithm version of the ESA EarthCARE processing chain
that has been used to reprocess the entire data set of Earth-
CARE from August 2024 to September 2025, except for the
last case for which the more recent Baseline BB was already
applied. Where possible, we compared the results with ear-
lier baselines to explain and discuss changes in the retrieval
chain, which have been already implemented to improve the
products.

The paper is structured as follows: First, ATLID, the
ground-based instruments, and their data products are intro-
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duced together with a description of the measurement sites
(Sect. 2). Then, seven validation cases are intensively dis-
cussed (Sect. 3), before drawing conclusions on ATLID prod-
ucts of Baseline BA to BB in Sect. 4.

2 Instrumentation and data products
2.1 ATLID’s aerosol products

In this work, we analyze the performance of the ESA profil-
ing products derived for ATLID, the high-spectral-resolution
and polarization lidar operating at 355 nm. We focus on the
geophysical quantities obtained from ATLID only, i.e., Level
2A products. Synergistic products, which also use other in-
struments of EarthCARE, are in the Level 2B product suite
but are not in the focus of this work. To allow for synergis-
tic products, all Level 2A products from the different instru-
ments are calculated on a Joint Standard Grid with its respec-
tive product (X-JSG).

Notable changes in the ATLID product versions, partly
based on updated calibration procedures, have taken place
over the entire active mission lifetime and have influenced
the product quality. Different product versions are called
baselines and are named in 2 capital letters for the Earth-
CARE mission. It started with Baseline “AA” and when mi-
nor changes were included, the second letter was changed
(e.g., to AB, AC, AD...). Major updates and software ver-
sions specifically aimed for data reprocessing of the entire
database result in a change of the first letter and the reset
of the second letter starting from “A” (e.g., BA, CA, DA...).
Level 2A data, i.e., single-sensor data, have been publicly re-
leased in March 2025 with Baseline AE, while it was earlier
available to official Cal/Val teams (Baseline AC was pro-
vided to them already in December 2024). For the first repro-
cessing of the entire data set with all algorithm updates since
the start of the measurements, Baseline BA was rolled out in
July 2025. This Baseline was used to reprocess the data set,
so that one common set of data products is available from
August 2024 to September 2025 to be comparable to each
other. An overview of the baselines deployed for the ATLID
profiling products which were available for validation teams
is given in Fig. 2.

A detailed description of what has changed between the
different baselines can be found in the “EarthCARE prod-
uct data handbook™ at the disclaimer of each product (ESA,
2026).

Aerosol optical profiles, i.e., particle backscatter coeffi-
cient, particle extinction coefficient, and particle linear de-
polarization ratio from ATLID are calculated by A-PRO
(ATLID-PROfile, Donovan et al., 2024) in the ESA product
chain for EarthCARE. A-PRO provides different products
(described below). These products depend not only on Level
1 data of ATLID (A-NOM, i.e., the attenuated backscatter co-
efficient profiles for the Rayleigh signal and the co-& cross-
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Figure 1. Map of locations of ground-based PollyNET lidar observations used for ATLID validation. Map source: NASA/Goddard Space
Flight Center Scientific Visualization Studio. The Blue Marble Next Generation data is courtesy of Reto Stockli (NASA/GSFC) and NASA’s

Earth Observatory.

Figure 2. Overview of the algorithm versions (baselines) deployed
for A-PRO from August 2024 until November 2025 (https://portal.
maap.eo.esa.int/earthcare/ec-baseline/, last access: 13 March 2026).
Dark orange indicated the period of reprocessing with Baseline BA.

polar Mie signals), meteorological data (X-MET product)
and the joint standard grid (X-JSG) but also on the outcome
of the feature mask product, A-FM (van Zadelhoff et al.,
2023), to avoid averaging over strong and weak features to-
gether. While a full description of these product algorithms is
beyond the scope of this work, we still want to summarize the
main features and differences of the two profiling products in
the following.

In the first profiling product, A-AER (ATLID — Aerosol),
the aforementioned optical particle profiles are retrieved via
the classical HSRL method. Guided by A-FM and other con-
siderations (e.g. scattering ratio), a hybrid smoothing is per-
formed on the three signals: Strong scattering features (like
clouds) are smoothed less horizontally than weak scatter-
ing features (like aerosols). Based on the output of this pro-
cedure, a classical HSRL approach is applied along-track
column-by-column to the horizontally smoothed signals pro-
viding fields of particle extinction and backscatter coeffi-
cient and particle lidar and depolarization ratio for aerosol
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and clouds. A simple multiple scattering (MS) correction is
also applied. The two-dimensional fields of these products
are then stored in the A-AER product file on X-JSG reso-
lution, but one should remember that clouds are much less
smoothed than aerosols regions. The main purpose of the A-
AER product is to provide a priori information for A-EBD.
The second profiling product is A-EBD (ATLID Extinc-
tion, Backscatter, and Depolarization) and uses the same in-
putas A-AER, i.e., A-NOM, X-MET, X-JSG, A-FM, but also
the output of A-AER (including an initial target categoriza-
tion). A-EBD applies an advanced optimal estimation (OE)
scheme to optimize the extinction coefficient and the lidar
ratio (and other variables) to fit the high-resolution observa-
tions (i.e. 1-km horizontal scale). The A-AER output, i.e.,
the lidar ratio, extinction but also the A-AER target classi-
fication are used as a starting point for the OE scheme (if
available, otherwise default values are used). The geophysi-
cal products (backscatter, extinction, lidar and depolarization
ratio of aerosol and clouds) are finally delivered at 3 differ-
ent resolutions (low, medium, and high). The different res-
olution is, however, only applied to “weak” scattering fea-
tures, e.g., aerosol targets, while strong scattering features
are always supplied at high resolution. This means, e.g., that
the low-resolution output of A-EBD is on X-JSG grid, but
aerosol features are horizontally smoothed to 100 km while
cloud features remain at high resolution (1 km). A multiple
scattering correction is applied within the forward model of
the OE scheme and is more accurate than the one applied
in A-AER. Please note that within the A-EBD product, the
lidar ratio is provided layer-wise and not in the same verti-
cal resolution as the backscatter and extinction products. A-
EBD also provides the final target categorization (A-TC) at
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the three different resolutions, but it is foreseen to provide
only one resolution of this product in future. For most ap-
plications, A-EBD products are more accurate than the cor-
responding A-AER products and should be prioritized. We
provided here only a brief description needed for the inter-
pretation of the validation results, a detailed explanation of
these products is given in Donovan et al. (2024).

In this paper, we focus on the analysis of the ATLID pro-
filing products (i.e., A-AER, A-EBD) from Baselines B (i.e.,
BA and BB), but, whenever possible (e.g., in Sect. 3.2), we
also show the changes introduced due to updated calibrations
and processors with respect to earlier baselines, partly pre-
operational and thus not provided to the public. All opera-
tional ATLID-only L2A processors (A-FM, A-PRO, A- LAY,
van Zadelhoff et al., 2023; Donovan et al., 2024; Wandinger
et al., 2023b) and their respective products have benefited
from early Cal/Val activities and algorithm updates (e.g.,
Kubota et al., 2026). These activities will improve the syn-
ergistic L2B processors (and their products) as well, such as
the synergistic products AM-COL (Haarig et al., 2023) us-
ing both, ATLID and MSI, or the ACM-CAP (Mason et al.,
2023) making use of ATLID, MSI, and CPR, until the final
radiation closure processors ACMB-DF (Barker et al., 2025)
using all 4 instruments onboard EarthCARE. The algorithm
updates include improved corrections (at levels 1 and 2) for
radiation noise effects, a hot pixel correction, the removal of
the 20-km spike feature, and improved depolarization ratio
calculations, among many others (Donovan, 2025). Here, we
focus on the performance of ATLID L2A profiling products
of Baseline BA (BB) as is, without discussing the corrections
themselves.

2.2 PollyXT and its data products

As ground-truth we utilize the measurements of the well-
established PollyXT lidar systems (multiwavelength-Raman-
polarization lidars, Engelmann et al., 2016) using tailored
data products of the PollyNET (Baars et al., 2016) processing
chain (Klamt et al., 2024). The lidar systems are part of the
European research infrastructure for aerosol and clouds AC-
TRIS (Laj et al., 2024), and follow the quality assurance pro-
cedures of this infrastructure originally implemented in the
framework of the European Research Lidar Network EAR-
LINET (Pappalardo et al., 2014). To be ready for EartthCARE
validation, these lidar systems took part in the preparation ac-
tivities in the framework of an ATMO-ACCESS pilot project
and proved their readiness already before the EarthCARE
launch (Baars et al., 2024; Marinou et al., 2024). While the
capabilities of the different systems slightly differ (Engel-
mann et al., 2016; Heese et al., 2025), and are continuously
improved over time (Engelmann et al., 2025), all of the used
PollyXT lidar systems operate at 3 wavelengths (355, 532,
1064 nm), have polarization and Raman capabilities, and a
dedicated near-range telescope to also cover the lowermost
atmosphere. As all systems are part of ACTRIS/EARLINET,
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they follow the standard operation and quality assurance pro-
cedures, e.g., telecover test and routine A90° calibrations for
polarization observations (Freudenthaler, 2008; Wandinger
et al., 2016; Freudenthaler, 2016; CARS, 2023a, b). Thus, the
systems provide independent reference profiles of the par-
ticle backscatter coefficient, particle extinction coefficient,
and particle depolarization ratio at (but not only) 355 nm —
ATLID’s operating wavelength.

2.3 Ground-based lidar stations

For the validation work, we utilize observations from Pol-
IyNET lidars at five different locations listed in Table 1 and
shown in Fig. 1 to obtain a broad geographical coverage.
TROPOS operates permanent PollyNET lidar sites west
of continental Africa at Mindelo (Cabo Verde), in Europe
at Leipzig (Germany), and in Central Asia at Dushanbe
(Tajikistan). Furthermore, we utilize measurements from two
ACTRIS exploratory platforms hosting a PollyNET lidar,
namely OCEANET and LACROS. OCEANET was operated
on board the German research vessel Meteor in the Tropi-
cal Atlantic during voyage M207 (Hummels, 2025) in Jan-
vary and February 2025. LACROS started operating in In-
vergargill (Aotearoa New Zealand) in August 2025 as part
of the goSouth-2 campaign (Seifert et al., 2025). A brief de-
scription of these sites is given in the following sections.

2.3.1 Mindelo, Cabo Verde

The ACTRIS supersite in Cabo Verde in the eastern Tropi-
cal Atlantic is located at Mindelo, on the island of Sdo Vi-
cente and is hosted by the Ocean Science Center Mindelo
(OSCM). The aerosol conditions at Mindelo are typically
characterized by the presence of geometrically and optically
thick lofted layers of Saharan dust between June and Septem-
ber and a mixture of dust and biomass-burning aerosol be-
tween November and March. Cloud occurrence in the plane-
tary boundary layer (PBL) below 2 km is very common, and
cloud formation at the top of the dust layer can sometimes be
observed (Gebauer et al., 2024, 2026).

2.3.2 Dushanbe, Tajikistan

The ACTRIS facility at Dushanbe in Tajikistan, Central Asia,
is located at an altitude of 864 m above sea level. The facil-
ity is hosted by the National Academy of Science of Tajik-
istan. Like Cabo Verde, Dushanbe is also located within
the global dust belt, frequently affected by both lofted and
close-to-ground dust layers (Miiller et al., 2025). Hofer et al.
(2020a, b) showed that Dushanbe is not only influenced by
dust from the classical deserts in Central Asia and beyond,
but also by re-suspended salt and dust originating from nu-
merous desiccating lakes (e.g., Aral Sea). Characterized by a
continental climate, the site in Dushanbe can be described as
hot and dry in summer, and cold and dry in winter.

Atmos. Meas. Tech., 19, 3831-3864, 2026
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Table 1. Overview of observational sites used for the validation of EarthCARE’s ATLID profiling products based on golden case studies.

Name Latitude Longitude Altitude  Geographical Area Data availability

Mindelo, Cabo Verde 16.878°N  24.995°W 13ma.s.l.  Outflow region of West Africa  since Jun 2021

Dushanbe, Tajikistan 38.559°N  68.856°E 864ma.sl. Central Asia since Jun 2019

Leipzig, Germany 51.353°N  12.435°E 125ma.s.l.  Europe since 2006

RV Meteor 3.940°N 35.295°W Sma.s.l. Tropical Atlantic 26 Jan 2025
10.849°N  22.262°W S5ma.s.]. Tropical Atlantic 6 Feb 2025

Invercargill, Aotearoa New Zealand 46.417°S  168.331°E Sma.s.]. Southern Ocean since Aug 2025

2.3.3 Leipzig, Germany

Regular measurements in Leipzig, Germany, at the premises
of the Leibniz Institute for Tropospheric Research, have been
performed since 2000 as part of EARLINET (e.g., Mattis
et al., 2004). In 2005, the first continuous observations with
Polly lidars started. Leipzig is characterized by a humid con-
tinental temperate climate and meanwhile exposed to only
low pollution levels. Nevertheless, frequent dust plumes from
the Sahara are observed from spring to autumn above the
local PBL. Recently, an increasing frequency of observa-
tions of smoke, mainly originating from North America, have
been made. While some of these smoke plumes originated
from pyrocumulonimbus activity, reaching therefore also the
stratosphere and persisting for months (Baars et al., 2019),
many smoke layers are observed in the free troposphere with
several levels of intensity (e.g., Haarig et al., 2018; Gast
et al., 2025).

2.3.4 OCEANET, ship-borne, Atlantic Ocean

At the beginning of 2025, a 5-week research voyage with
the German Research Vessel Meteor took place in the Tropi-
cal Atlantic. On board was TROPOS’ OCEANET facility, a
sea-proof ACTRIS exploratory platform also operating a Pol-
lyXT lidar (Rittmeister et al., 2017; Bohlmann et al., 2018).
The voyage started on 4 January in Belem, Brazil, and fi-
nally reached Mindelo, Cabo Verde, about 5 weeks later after
studying the oceanographic and meteorological processes in
the Tropical Atlantic, focusing on the western boundary cir-
culation and long-term measurements of the Atlantic Merid-
ional Overturning Circulation (GEOMAR, 2025a, b). Next
to its primary science objectives, four direct rendezvous with
EarthCARE were accomplished, for which the ship cruised
along the EarthCARE ground-track for several hours cen-
tered around the exact overfly time (Hummels, 2025). The
atmospheric conditions during these overpasses were com-
plex, ranging from convective cloud cover with precipitation
to fair weather cumuli conditions and cloud-free scenarios
with smoke-dust plume occurrences. Two of these overpasses
are analyzed in detail below.
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2.3.5 LACROS, Invercargill/Waihopai, Aotearoa New
Zealand

On 22 August 2025, first light was emitted into the atmo-
sphere above Invercargill/Waihopai, Aotearoa New Zealand,
by the PollyXT system installed within the mobile ACTRIS
platform LACROS. The measurements are taken in cooper-
ation with the MetService/Te Ratonga Tirorangi of Aotearoa
New Zealand in the framework of the goSouth-2 campaign to
investigate the clean Southern Ocean atmosphere, and also its
vulnerability to aerosol advection from other sources, and are
foreseen to run until 31 March 2027 (Seifert et al., 2025). In
terms of aerosols, the region at the southern tip of Aotearoa
New Zealand’s South Island/Te Waipounamu is unique: it is
one of the most unspoiled and yet still accessible regions in
the world mainly influenced by marine emissions only. Occa-
sionally, there are also episodes with dusty and anthropogeni-
cally polluted air when air masses approach from Australia.

3 Validation of ATLID Level 2 aerosol profiling
products

Direct comparisons of the aerosol optical properties
(backscatter and extinction coefficients, lidar and depolariza-
tion ratio at 355nm) are being made between the ground-
based reference PollyXT and ESA Level-2 profiling prod-
ucts of ATLID, namely the A-AER and A-EBD products
(Donovan et al., 2024) at different resolutions for the full re-
processed data set with Baseline BA covering August 2024
to September 2025. Nevertheless, algorithm development
continues constantly and thus, for the latest case (at Inver-
cargill/Waihopai, Aotearoa New Zealand) Baseline version
BB is applied. However, changes from BA to BB are consid-
ered minor for A-AER and A-EBD products. We screened
the co-located observations for overpasses in close vicin-
ity (shortest distance between ground-site and EarthCARE
ground track < 20 km for all except one case study) and ap-
propriate atmospheric conditions to select seven case studies
for a detailed discussion on the potentials and limitations of
ATLID profiling products of Baselines B. The closest avail-
able profile from the respective ATLID product was then
used for comparison. The selected case studies cover several
predominant aerosol types, atmospheric conditions, and geo-
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graphical regions to discuss a wide spectrum of EarthCARE
capabilities. In the following, we investigate cases with min-
eral dust (Saharan dust at Cabo Verde and Central Asian
dust at Dushanbe), marine aerosol (Cabo Verde), smoke
(Leipzig), aerosol mixtures (Atlantic Ocean and Leipzig),
cirrus (Atlantic Ocean), and clean background conditions
(Aotearoa New Zealand) to cover almost all particle types
listed in Wandinger et al. (2023a) and Floutsi et al. (2023).
To guide the reader, the main features of the discussed case
studies are summarized in Table 2.

3.1 Dust and marine aerosol at Mindelo, Cabo Verde

The first case study to be discussed targets the eastern Trop-
ical Atlantic on 1 June 2025. Figure 3 shows an overview
of the EarthCARE A-EBD products in this region. The
“frame” (the name for the time-height section covered by
EarthCARE) used is 05729A (i.e., the first segment of orbit
5729) and actually extends from 22.5° S, 17.2° W to 22.5° N,
25.9°W, covering 5064 km. However, only the region be-
tween 14.1 and 19.7° N is shown in Fig. 3 to focus on the at-
mospheric conditions around the ground-reference site Min-
delo, which is indicated on the maps as well as in the time-
height plots of the ATLID products by a red vertical line.

As seen on the zoomed-in map in Fig. 3, left, EarthCARE
was very close to the Mindelo site, with a minimum distance
of around 20km. The particle backscatter coefficient, par-
ticle extinction coefficient, particle lidar ratio, and particle
depolarization ratio (from top to bottom, respectively) mea-
sured by ATLID are shown in the right-side panels of Fig. 3.
A pronounced dust layer (strong backscatter and extinction
values indicated by yellow and reddish colors) at an altitude
range from 1 to 6 km is visible in these products for the entire
geographical region. The dust is characterized by a lidar ra-
tio between 40 and 60 sr and an elevated particle depolariza-
tion ratio > 0.2, in agreement with many previous studies on
the intensive properties of Saharan mineral dust (e.g., Floutsi
et al., 2023; Haarig et al., 2022; Tesche et al., 2011; Freuden-
thaler et al., 2009; Gro8 et al., 2011; Veselovskii et al., 2016).
Below the Saharan dust layer (or Saharan Air Layer — SAL),
the marine boundary layer (BL) is visible, which was partly
cloud-topped (white colors in the backscatter product). The
marine boundary layer is usually characterized by lidar ratios
below 30 sr and low depolarization ratio (Bohlmann et al.,
2018; Haarig et al., 2017), which is in qualitative agreement
with the lower lidar ratio values (bluish colors) measured by
ATLID in this geometrically thin layer. Ice clouds are visible
above 12 km, extending to 17.5° N. Due to their high vari-
ability, these clouds are not considered for comparison with
the ground-site observations.

In agreement with the EarthCARE observation, stable at-
mospheric conditions were observed at Mindelo below the
cirrus level throughout the day, as indicated by the combined
target classification (a combination of elastic only and elas-
tic + Raman channels, Baars et al., 2017; Yin and Baars,

https://doi.org/10.5194/amt-19-3831-2026

3837

2021), shown in Fig. 4. The marine boundary layer, con-
sisting of large, spherical particles, was present the whole
day up to a height of about 1.2 km above ground (sea). On
top of the marine BL, liquid clouds occasionally formed
(bluish colors, e.g., at around 01:00 UTC). The dust layer,
which was observed by EarthCARE (around 03:30 UTC in
Fig. 3), was omnipresent the whole day over Mindelo, but
faded out towards the end of the day, starting at 15:00 UTC.
Broken high-altitude clouds (cirrus — indicated by greenish
colors) were also observed throughout the day as partly seen
by EarthCARE. Considering the temporal evolution of the
atmospheric conditions over Mindelo as seen by ground-
based lidar, together with the observed horizontal distribution
seen by EarthCARE, we are extremely confident that the at-
mospheric conditions below cirrus level at Mindelo during
the time of overpass have been representative for the Earth-
CARE aerosol profiles, taken with a minimum distance of
20km away, even when considering the 100 km horizontal
smoothing of the A-EBD low-resolution product. Such con-
ditions make this case study ideal for evaluating the perfor-
mance of ATLID L2A products, as representativeness issues,
which usually exist in the validation of space-borne profiles
(Amiridis et al., 2025; Floutsi et al., 2026), can be neglected
for this case (and most of the following ones).

Figure 5 shows an overview of the ground-based profiles
considered for the validation of EarthCARE. As PollyXT is
a multiwavelength-Raman-polarization lidar, optical aerosol
profiles can be acquired at several wavelengths. Even though
in the following we will concentrate on the ATLID wave-
length of 355nm only, we always evaluate the full spec-
tral range available from the ground-based measurements
to quality check the lidar performance itself, perform ex-
tended aerosol classification using the spectral dependence
as additional information (Baars et al., 2017; Floutsi et al.,
2024), and gather the intensive properties at all possible
wavelengths to extend the collection of intensive properties
for several aerosol types (DeLiAn, Floutsi et al., 2023). Pol-
IyXT has near-range capabilities using a second telescope.
For the analysis of close-to-ground profiles, like the marine
boundary layer in this case, we use the near-range profiles,
while for the lofted aerosol layers or clouds, the far-range
profiles are considered.

The observations shown in Fig. 5 for Mindelo on 1 June
2025 show the typical signature of a SAL above the marine
BL. Wavelength-neutral backscatter and extinction (at 355
and 532 nm) values were observed for both aerosol layers of
interest, while the 1064 nm backscatter is slightly lower (only
about 80 % of the 355 and 532 nm backscatter) in the dust
layer. Marine aerosol and dust are characterized by large par-
ticles, which introduce little to no wavelength dependence.
The marine and dust particles can be instead clearly sepa-
rated by the depolarization ratio, which is close to 0 for ma-
rine particles and above 0.2 for dust particles (see the second
panel to the right in Fig. 5). The lidar ratio values of about
60 sr at 355 nm in the SAL reveal slightly higher values com-
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Table 2. Overview of the seven analyzed case studies.

H. Baars et al: EarthCARE validation with PollyNET

Case/ Observation Date Atmospheric Consistency Key Findings/Issues tackled

Section Area characteristics w. ATLID

1 Mindelo, 1June  Pronounced Good A-AER and A-EBD low-resolution products perform excel-

Sect. 3.1 Cabo 2025 Saharan dust layer lently within the SAL, except for overestimating the depolar-

Verde over marine ization ratio outside the dust peak. In the marine BL, ATLID

boundary layer, overestimates lidar ratio. Comparison of all profiling products.
high aerosol load

2 Dushanbe, 2 Sep Central Asian Dust ~ Good Excellent overall agreement for Baseline BA, except for slight

Sect. 3.2 Tajikistan 2024 trapped between depolarization ratio overestimation. Improvements from Base-

high mountains,
medium aerosol

line AC to BA discussed.

load
3 Leipzig, 26 Mixed dust and Problematic  Oscillations due to a bug in the joint standard grid. Lidar ratios
Sect. 3.3 Germany June continental/marine are too high due to disturbed A-AER retrieval reflected in the
2025 aerosol in a A-EBD backscatter and extinction values. Profile shape does
complex qualitatively agree very well for all provided products, but de-
heterogeneous polarization ratios are not reliable in low backscatter signal
environment regimes. Edge effects become visible as well as unrealistic low
error estimates.
4 Leipzig, S5July  Continental aecrosol =~ Moderate Backscatter and extinction are in fair agreement. Lidar ratio
Sect. 3.4 Germany 2025 and tropospheric deviating below 1.8 km and partly show unrealistic values. De-
smoke, spatially polarization ratio affected by edge effects and partly overesti-
homogeneous mated but generally low.
conditions
5 RV 26 Jan  Tropical Good in In Cirrus: Agreement in terms of backscatter and depolariza-
Sect.3.5.1 Meteor, 2025 high-altitude Cirrus tion ratio for BA. Significant improvement from Baseline AC
Tropical Cirrus, perfect to BA discussed for such strongly depolarizing targets. But
Atlantic co-location, edge effects appear with Baseline BA for Cirrus and aerosol
complex atm. layers. Error estimates partly too low.
conditions below
3.3km
6 RV 6 Feb Smoke—dust mix Moderate Extinction and backscatter profiles are similar for BA and
Sect. 3.5.2 Meteor, 2025 from Africa up to AC and in perfect agreement to ground-based truth for lofted
Tropical 3 km above marine layer. Depolarization values are too high for such moderately
Atlantic BL, daytime polarizing regimes in BA.
observations
7 Southern 24 Oct  Pristine Moderate Medium- and high- resolution A-EBD products in excellent
Sect. 3.6 Aotearoa 2025 (AOD =~ 0.03) but agreement for backscatter and extinction. Lidar ratios agree
New highly variable well except below 1 km where values are too low. Depolariza-
Zealand environment tion ratio products are not reliable in these pristine conditions.

pared to what is expected for pure dust, indicating slight pol-
lution in this layer. In the marine boundary layer, lidar ratio
values of around 20 sr were observed, thus indicating pristine
conditions at Mindelo. All in all, the derived optical proper-
ties provide a consistent picture of the atmospheric condi-
tions on this day, with a clean marine boundary layer below
1 km and a partly polluted dust layer above, extending up to
Skm.

Figure 6 shows the direct comparison of particle backscat-
ter and extinction coefficients, lidar ratio, and particle depo-
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larization ratio between the ground-based reference and the
respective EarthCARE A-EBD low-resolution profiles. Un-
certainties are shown as shaded areas. An excellent agree-
ment is found for the particle backscatter and extinction co-
efficient for the height region of 1.3 to 6 km, i.e., within the
SAL. Within the marine BL (below 1km height), these ex-
tensive quantities deviate slightly, most probably due to local
differences in the lowermost atmosphere (e.g., cloud contam-
ination).
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Figure 3. Overview of EarthCARE measurements around Cabo Verde on 1 June 2025. Left: Maps indicating the position of the ground-track
and the location of the ground-based reference site. Right: Time-height plots of the A-EBD product at low resolution from top to bottom:
Particle backscatter coefficient, particle extinction coefficient, particle lidar ratio and particle depolarization ratio. The frame number and
baseline are indicated in each panel. The red vertical line marks the closest distance (19.9 km) to the ground-based station at Mindelo. Times

are given in Coordinated Universal Time (UTC) and Local Solar Time (LST).

Focusing on the aerosol intensive quantities, namely the
particle lidar and depolarization ratio, one sees an excellent
agreement of the lidar ratio in the SAL. Within the marine
BL however, ATLID overestimates the lidar ratio with values
of about 38 sr, which is clearly too high for pure marine par-
ticles (Floutsi et al., 2023). As shown in Fig. 3, marine con-
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ditions are expected at both measurement locations: at Min-
delo, but also at the EarthCARE ground-track location, being
20 km east, directly above the ocean.

Regarding the particle depolarization ratio, excellent
agreement is found in the height range of maximum dust
load at 3.5 km altitude with values of 0.24. However, at re-
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Figure 4. Combined PollyNET Target Classification (Hybrid approach, Baars et al., 2017; Yin and Baars, 2021) for Mindelo, Cabo Verde on
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Figure 5. Vertical profiles of aerosol optical properties derived with
the ground-based PollyXT lidar during the EarthCARE overpass at
Mindelo on 1 June 2025 between 02:40 and 03:35 UTC. From left
to right: Particle backscatter coefficient (Bsc), particle extinction
coefficient (Ext), particle lidar ratio (LR), Angstrt‘)m exponent (AE)
with respect to backscatter and extinction as indicated in the leg-
end, particle depolarization ratio (Depol), and water-vapour mixing
ratio (WVMR). Products derived from the near-range receiver are
shown additionally and are labeled explicitly with “NR”. Further-
more, the temperature profile (Temp) derived from ECMWF IFS
Analysis and short-term forecast is shown together with the rela-
tive humidity (RH) calculated from the lidar-derived water-vapour
mixing ratio and the model temperature.

gions with less dust load (lower backscatter) above and below
3.5km, the retrieved values deviate from the PollyXT pro-
files. Generally, A-EBD provides higher values (maximum
of 0.4 at 2km) than measured with the ground-based refer-
ence. Within the marine BL, A-EBD reports a depolarization
value of 0.06, while PollyNET values are about 0.02.
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Besides the A-EBD low-resolution products, there are
three more products providing vertical profiles of aerosol
properties from ATLID only, namely A-AER and A-EBD
medium & high resolution. All of these products are shown
together for illustration in Fig. 7. Here it becomes obvious
that for these stable atmospheric conditions in the lofted
aerosol layer, all products provide reasonable results besides
the issues already discussed.

However, as expected, the A-EBD high-resolution prod-
uct is the noisiest product, having a large uncertainty and de-
viating partly from the reference values, but all still within
the provided uncertainties. The A-EBD medium-resolution
product becomes noisier when getting closer to the ground
due to a decreasing signal-to-noise ratio while penetrating
the dust layer. The lidar ratio values above 2.5 km, however,
are interestingly accurate for all products (even for high reso-
lution). Likely, this is an effect caused by the usage of the A-
AER (lidar ratio) product as a priori for the optimal estima-
tion in A-EBD. Below 2.5 km, the lidar ratios of the high and
medium-resolution products start deviating and show val-
ues already close to marine conditions (about 25 sr) around
1km a.s.l. However, in the marine BL itself, the values are
too high for all products as discussed previously.

Concerning the particle depolarization ratio in the SAL, it
becomes obvious that the high-resolution product is not reli-
able for this parameter, with depolarization ratio values much
lower than the reference and being noisier at the same time.
The tendency of the medium-resolution product to get worse
close to the ground is also evident in the particle depolariza-
tion ratio profile, while above 2.5 km, the values of medium-
and low-resolution A-EBD and A-AER are similar. Never-
theless, the general and most obvious issues with respect to
the particle depolarization ratio for weakly scattering targets
as discussed above (significant deviation from the reference)
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Figure 7. Same as Fig. 6 but for all A-EBD resolutions and A-AER (Baseline BA).

remain for all four products and need to be tackled in new
baseline versions in the future.

In summary, we can conclude that the A-AER and A-
EBD low-resolution products perform well within the Sa-
haran dust layer, except for overestimating the depolariza-
tion ratio. Efforts to improve the polarization ratio have been
made since the beginning of the mission and are discussed
further below (Sect. 3.2) and in a dedicated work (Haarig
et al., 2025b), but still leave room for improvement. But gen-
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erally, the excellent high-spectral-resolution lidar products,
including the lidar ratio in the lofted aerosol layer, can be
seen as a proof of concept for ATLID HSR profiling capabil-
ities.

3.2 Dust in the high mountains at Dushanbe, Tajikistan

A second case study to be discussed is covering Frame
01508B on 2 September 2024. The ground-reference mea-
surements were taken in Dushanbe, Tajikistan, in the eastern

Atmos. Meas. Tech., 19, 3831-3864, 2026



3842

part of the dust belt (see Fig. 1), and thus in a completely
different geographical region than the first case study.

Figure 8 shows the corresponding products of ATLID
(A-EBD low resolution) together with the local topography
from 35.4 to 41.6°N, centered around the overpass over
Dushanbe at 21:04:35 UTC (nighttime). Minimum distance
to the ground site was as low as 17km. A remarkable dust
layer trapped between the mountain ridges is seen in all four
ATLID products. The dust layer is characterized by extinc-
tion values of about S0Mm™! (greenish/yellowish colors)
to 200 Mm™~! (orange colors), with lidar ratios around 40 to
50sr (green colors), and depolarization ratios of 0.15 to 0.3
(bluish colors). Occasionally, ice clouds are indicated by high
depolarization ratios (red) at the top of the dust layer, e.g.,
around 37.8° N, but could also be an artifact as result of edge
effects (discussed below). Interestingly, the top of the highest
mountain ridges (above 4 km: Hindu Kush in Afghanistan at
around 35.4° N and Zarafshan ridge at 39.1° N) seem to co-
incide with the top of the dust layer trapped between these
ridges.

Atmospheric conditions over Dushanbe, as observed with
the ground-based PollyNET lidar, were characterized by in-
tense dust layers persistent for several hours to days. The de-
rived optical profiles (geophysical parameters) from the Pol-
lyXT around the time of the EarthCARE overpass (2 Septem-
ber, 21:00 UTC, Fig. 9) reveal particle extinction coeffi-
cient values between 50 and 200Mm™! and thus indicate a
medium aerosol load for this case study. The intensive opti-
cal properties, i.e., lidar ratio and depolarization ratio at all
wavelengths (not shown), clearly indicate Central Asian dust
(Hofer et al., 2017) as the main aerosol type in the lofted
layer. Below 400 m above ground level (a.g.l. — 864 m offset
to above sea level), a polluted planetary boundary layer was
found, which will not be compared to EarthCARE products
due to its shallowness and local occurrence.

The direct comparison between the ground-based lidar ob-
servation and the closest EarthCARE A-EBD product at low
resolution is shown in Fig. 9. Focusing on the main dust layer
above 1.2 km altitude above sea level (a.s.l.) to 3.5kma.s.l.,
an excellent agreement is seen for the backscatter coefficient
between ATLID A-EBD and the Raman retrieval of PollyXT.
From 3.4 to 4.5 km, slight deviations become evident, which
might be related to local heterogeneity in these uppermost
layers. For the extinction, a good agreement is also found,
but with some more fluctuations. Instead, the lidar ratio of
A-EBD low resolution matches perfectly within the uncer-
tainties of the two measurements. Both instruments measure
lidar ratio values between 45 and 50 sr at 355 nm in this dust
layer. Please remember that the lidar ratio of ATLID is pro-
vided layer-wise and not within the same resolution as the
backscatter and extinction products, thus, larger steps are vis-
ible compared to the backscatter and extinction profiles of
ATLID. For the depolarization ratio, the agreement is fair,
but a systematic discrepancy characterized by a slight over-
estimation by ATLID is obvious. While the ground-based li-
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dar measured depolarization ratios of 0.17 to 0.21, indicat-
ing slightly polluted dust, ATLID observed values of around
0.18-0.23, but always higher than the reference.

The early date of the case study in EarthCARE’s lifetime
also allows us to study the improvements/changes that have
been implemented in the processing chain since the start of
the mission. Figure 10 shows the comparison for the same at-
mospheric scene, but as processed with the operational Base-
line AC (at the very beginning of the mission) and compared
to the reprocessed Baseline BA, which is the focus of this
paper. A-AER (top panels) and A-EBD low-resolution prod-
ucts (bottom panels) are shown. From Baseline AC to BA,
several improvements/modifications have been implemented
in the processing chain to account for, e.g., hot/cold pixels,
background correction issues, biases due to improper verti-
cal smoothing (in A-AER), and many more. The explana-
tion of all these developments is beyond the scope of this
work, which will focus on the results of the improvements
only. Further details have been presented in dedicated publi-
cations, for example, improvements in the Level 1 data qual-
ity in general (Donovan, 2025) and in the depolarization ratio
(Haarig et al., 2025b). With Fig. 10, we want to illustrate the
overall effect of all these changes and to highlight the ongo-
ing efforts for better data quality.

The most prominent change in EarthCARE data from
Baseline AC to BA is observed with respect to the parti-
cle depolarization ratio for both products, A-AER and A-
EBD. Here, too low values were reported in the beginning
of the active mission (Haarig et al., 2025b; Gebauer et al.,
2025). By introducing an improved background correction of
the cross-polarized channel with Baseline AD and inserting
the transmission coefficients measured in the pre-launch on-
ground characterization with Baseline AE, the depolarization
ratio has significantly improved. Now, the particle depolar-
ization ratios are close to the ground truth, mostly overlap-
ping within the measurement uncertainties of both systems.
Other changes can be seen in the backscatter and extinction
profiles, which result from several bug fixes (e.g., issues re-
lated to the screening of clouds when producing the medium
and low-resolution optical property outputs). The values of
backscatter and extinction have significantly increased (com-
pared to Baseline AC) for the dust layer in A-AER and below
3 km altitude in A-EBD low resolution and are now (Base-
line BA) much closer to the ground-truth. The lidar ratio val-
ues instead, have only changed slightly but mostly increased.
The A-AER and A-EBD lidar ratio values have been already
in the valid range (compared to the ground-truth) in Base-
line AC. Now, the increase of the lidar ratio on top of the
dust plume as identified with the ground-based PollyXT ref-
erence observations can be also reproduced with the A-EBD
BA low-resolution product.

Concluding on this case of dust in Central Asia, we gener-
ally see an excellent agreement and an overall improvement
of the ATLID products from Baseline AC to BA. The profiles
in BA are now close to the ground truth, overlapping within

https://doi.org/10.5194/amt-19-3831-2026
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Figure 8. Same as Fig. 3, but for the overview of EarthCARE measurements around Dushanbe, Tajikistan on 2 September 2024. The red
vertical line marks the closest distance (17.2km) to the ground-based station at Dushanbe. Brownish colors indicate the local topography.

the uncertainties, and thus give trust that the retrievals work
well, at least for this specific case.

3.3 Dusty mix at Leipzig, Germany

The two cases discussed previously were measured in re-
gions of the dust belt, where mineral dust plays the dominant
role in the atmosphere. Now, we would like to discuss a case
from Central Europe, namely Leipzig, Germany, to investi-
gate the ATLID performance for a mix of dust with other

https://doi.org/10.5194/amt-19-3831-2026

aerosols, which occurred on 26 June 2025. The respective
EarthCARE curtains are shown in Fig. 11. The atmospheric
scene closest to Leipzig is again indicated by a red vertical
line. On this day, an aerosol layer above the local PBL up
to 6kma.s.l. was observed by EarthCARE, coming from the
Ore mountains in the south and flying over Leipzig towards
northern Germany. The aerosol-layer-top height slightly de-
creased towards the north and the lofted layer itself obvi-
ously vanished around 52°N, thus 80km north of Leipzig

Atmos. Meas. Tech., 19, 3831-3864, 2026
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when only the local PBL remained. Backward trajectories
and particle tracing simulations (Radenz et al., 2021b; Stein
etal., 2015, not shown) indicate a clear pathway of air masses
from the Saharan desert via the Iberian Peninsula towards the
Atlantic and the North Sea before entering the continent to-
wards Leipzig. Therefore, an uptake of marine aerosol and
continental pollution, in addition to the mineral dust, is very
likely. In the respective A-EBD products, some oscillations
are seen (most prominent in the extinction plot, second panel
in Fig. 11), which are not gravity waves nor other atmo-
spheric features, but caused by a bug related to the joint stan-
dard grid of the EarthCARE processing chain, which shifts
the height array from time to time by one bin. Nevertheless,
the optical properties are not affected by this issue and thus
do not hinder their analysis.

Figure 12 shows the comparison of the closest ATLID
profiles (7.5km away, A-EBD low resolution in green and
A-AER in blue) and the ground-based optical profiles re-
trieved from Polly. A nearly perfect agreement for this case in
terms of the particle backscatter coefficient can be found be-
tween 1 and 5 km for the A-EBD low-resolution product. The
extinction coefficient, however, appears to be overestimated
by A-EBD except for the height region close to the ground
(< 1'km) and between 2.5 to 3km. This is also reflected in
the lidar ratio profiles, which are generally higher than the
ground-truth (around 50 to 75 sr for ATLID compared to 30
to 50 sr for the ground reference) in the pronounced aerosol
regions. The higher lidar ratio values are caused by the A-
AER results (shown in Fig. 12 as blue line) which serve
as input to the optimal estimation in A-EBD. Dedicated in-
vestigations performed for this study in the framework of

Atmos. Meas. Tech., 19, 3831-3864, 2026

DISC (EarthCARE Data Innovation & Science Cluster) have
shown that one erroneous A-NOM profile in the smoothing
procedure of A-AER has led to unrealistic error estimates
within the lidar ratio retrieval allowing for too high lidar ra-
tio values. In addition, a very complex atmospheric layer-
ing with a strong spatial inhomogeneity occurred within the
100 km around Leipzig. As nicely seen in Fig. 11, a dust layer
(characterized by high depolarization ratio values) was situ-
ated around Leipzig and was partly on top of the existing
near-surface layer of continental/marine aerosol (low depo-
larization ratio and moderate lidar ratio). During the time of
the overpass, the northernmost edge of this dust layer was
just 50 km away from Leipzig. But one has to remember that
the horizontal averaging of the A-AER products is adaptive
and can be as large as 100 km and, therefore, also includes
regions more far away from the ground-based reference site
than its closest distance. For these reasons, it is very likely
that the complex layering together with erroneous profile re-
ported previously, might have disturbed the A-AER retrieval
and finally caused the overestimated lidar ratio values. Cur-
rently, studies on the root cause of the one erroneous profile
within the 100km around Leipzig are going on as well as
investigations on how to flag such invalid profiles properly
in future. The main take-home message with respect to the
extinction and lidar ratio profiles is that, even though Earth-
CARE data is public, the data products of Baseline BA are
not yet 100 % quality assured and occasional errors in the
retrieval can occur which are not yet properly flagged.
Besides the issue of the extinction and lidar ratio, for
the particle depolarization ratio, we see an amazing agree-
ment between the two lidars. The almost linear increase from

https://doi.org/10.5194/amt-19-3831-2026
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Figure 10. Same as Fig. 9, but for the comparison of Baseline AC (blue) and BA (green) for A-AER (top) and A-EBD low-resolution

(bottom) products.

ground (more pollution than dust) to higher values at the top
of the aerosol layer (highest values of around 0.2 for the Polly
observations indicating a mixture of dust with other aerosols)
is also shown by the EarthCARE products. However, the in-
creasing trend continues with height in A-EBD which cannot
be confirmed by the ground-truth instrument. As discussed
above, the air mass transport analysis indicated a clear trans-
port pathway from the western Sahara towards Leipzig with a
high probability of mixing with other aerosols, and thus con-
firming the findings of the ground-based reference. But even
in the case of pure dust, values of the depolarization ratio
of almost 0.40, as measured between 4 and 5km by Earth-
CARE, are clearly overestimated in this atmospheric region

https://doi.org/10.5194/amt-19-3831-2026

with low scattering (low aerosol load) as dust depolarization
ratios at 355 nm are usually well below 0.30 (Floutsi et al.,
2023). Thus, obviously, the depolarization measurements of
EarthCARE are not yet fully reliable in such aerosol regimes
with low backscatter signal.

3.4 Continental aerosol and smoke around Leipzig,
Germany

Another case of interest from Leipzig for the validation is
5 July 2025. Here, the EarthCARE overpass occurred about
75km away from TROPOS. However, as seen in the cross
sections in Fig. 13, a spatially very homogeneous aerosol

Atmos. Meas. Tech., 19, 3831-3864, 2026
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Figure 11. Same as Fig. 3, but for the overview of EarthCARE measurements on 26 June 2025 around Leipzig, Germany. The red vertical

line marks the closest distance (7.5 km) to the ground-based station.

layer was measured below 3 km around the overpass, allow-
ing us to use this case for validation as well. The multi-
wavelength lidar observations at Leipzig indicate the pres-
ence of smoke from fires in North America throughout the
troposphere which is also confirmed by backward trajectory
(Radenz et al., 2021b; Stein et al., 2015) and model analysis
(e.g., Peuch et al., 2022). Above the tropospheric aerosol lay-
ers, stratospheric smoke was observed by ATLID at around
11 km indicated by enhanced depolarization values and high

Atmos. Meas. Tech., 19, 3831-3864, 2026

lidar ratio values (> 60 sr). The presence of smoke at this
altitude was also confirmed by observations with the fluores-
cence lidar MARTHA (Gast et al., 2025) at Leipzig showing
clearly enhanced fluorescence capacity values as typically
for smoke (Gast et al., 2026). Interestingly, it seems to be that
ice formation is triggered at the bottom of the smoke layer in
some regions indicated by the very low lidar ratio. Neverthe-
less, to not lose focus, we concentrate on the tropospheric
features below 6 km in the following.

https://doi.org/10.5194/amt-19-3831-2026
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The comparison of the ground-based optical profiles at
355 nm and the respective EarthCARE profiles are shown in
Fig. 14.

Despite the distance of the two observations, a very
good agreement is found for the extensive quantity parti-
cle backscatter coefficient between 1 and 3 km altitude. Be-
low, variations occur which can be explained with spatial in-
homogeneity. The extinction coefficient is slightly overesti-
mated below 2 km. The lidar ratio profile is in fair agreement
(within the uncertainties) from 1.8 to 2.8 km, but overesti-
mated from 0.8 to 1.8 km. Below 800 m, the A-EBD lidar
ratio converges towards values below 30 sr, which cannot be
confirmed by the ground-based PollyXT with its near-range
capabilities (observing values above 40 sr in the BL below
1 km). However, considering the distance between the two
observations of 75km, not too many conclusions should be
drawn for the comparison within the surface-near first 800 m,
that are likely partially influenced by local planetary bound-
ary layer processes in the summertime continental environ-
ment. Nevertheless, it still seems a bit suspicious that lidar
ratio values close to clean marine conditions are provided by
ATLID in this low altitude range. In contrast to the cases be-
fore, the aerosol conditions were dominated by spherical par-
ticles (continental pollution/smoke). Therefore, only low de-
polarization ratio values were observed by both instruments
as indicated in the right panel of Fig. 14. Here, we see that the
depolarization values of the reference measurements of Pol-
lyXT are lower compared to the values provided by ATLID.
Between 1 and 2 km height, the mean particle depolarization
ratio of PollyXT is 0.06-0.07, while A-EBD provides val-

https://doi.org/10.5194/amt-19-3831-2026

ues of around 0.10. On the top of the aerosol layer at around
2.7km, A-EBD provides significantly too high depolariza-
tion ratio values which are most probably a result of edge
effects (i.e., smoothing over the sharp boundary between the
aerosol layer and the cleaner atmosphere above). However,
also the given error for this value is very high so that the
two profiles agree within their uncertainty range. Neverthe-
less, ATLID’s profiling product should obviously not be used
when such a large error range is given, spanning basically all
possible values (in the case of the depolarization ratio from 0
to 1). Potentially, data should therefore be flagged as invalid
in future.

We can conclude from this case that for aerosol conditions
with low particle depolarization, EarthCARE’s depolariza-
tion ratio products still need to be improved even though the
absolute deviations are comparably low (when the respective
uncertainties are low).

3.5 Aerosol and ice clouds over the tropical Atlantic
observed on board RV Meteor

In addition to the observations made on land, we also had
the opportunity for four direct overpasses during a research
voyage with the RV Meteor on the Tropical Atlantic Ocean
in Jan/Feb 2025 (see Fig. 1 and Hummels, 2025). While for
two of these overpasses, atmospheric conditions were inap-
propriate for a direct comparison, we can utilize the rare op-
portunity for validating ATLID above the Tropical Atlantic
for the other 2 cases.

Atmos. Meas. Tech., 19, 3831-3864, 2026
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Figure 13. Same as Fig. 3, but for the overview of EarthCARE measurements around Leipzig, Germany on 5 July 2025. The red vertical line

marks the closest distance (72 km) to the ground-based station.

3.5.1 RV Meteor: Cirrus

The first case to be discussed was measured on 26 Jan-
uary 2025. The respective cross sections of the A-EBD low-
resolution products over the western Tropical Atlantic close
to Brazil are shown in Fig. 15. Complex aerosol layering oc-
curred below 5km with occasional cloud formation in the
regions around the overpass indicated by the red vertical
line. Prominent features in these time-height plots (especially

Atmos. Meas. Tech., 19, 3831-3864, 2026

for extinction coefficient) are stratospheric layers between
18 and 26km originating from the Ruang eruption (e.g.,
Khaykin et al., 2026). However, inconsistencies with sharp
edges (see, e.g., lidar ratio plot) can be seen in this strato-
spheric layer. The detection of stratospheric features has not
been a mission goal yet and, thus, it should be noted that the
stratospheric retrievals are much less developed than the tro-
pospheric ones (see, e.g., Wandinger et al., 2023a, Sect. 9).

https://doi.org/10.5194/amt-19-3831-2026
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Figure 14. Comparison of EarthCARE A-EBD low-resolution products (Baseline BA) to ground-based PollyXT observations (averaged
between 23:55UTC on 4 July and 00:40 UTC on 5 July 2025) at Leipzig, Germany. From left to right: Particle backscatter coefficient,
particle extinction coefficient, particle lidar ratio, and particle depolarization ratio.

But further work with respect to stratospheric aerosol prod-
ucts is already envisaged.

More in focus of interest are the ice clouds at around 15 km
altitude, which were persistently observed by ATLID and
which are getting more intense towards the North. Due to the
low-level-cloud contamination in the ATLID and PollyXT
profiles, we will focus in the following mainly on this ice
cloud layer. Because the lidar operated aboard RV Meteor
(PollyXT OCEANET) is designed to retrieve extinction in
the lowermost troposphere, direct extinction measurements
in the vicinity of the ice clouds were not possible, and there-
fore we use the backscatter and depolarization measurements
only. Also, the stratospheric layer cannot be analyzed with
the PollyXT observations, as the signatures are too faint for
this tropospheric lidar, especially as the signals were further
attenuated by the ice cloud.

Figure 16 shows the comparison between ATLID (Base-
line BA in green and Baseline AC in blue) and PollyXT. De-
spite the good collocation in space (within 400 m) and time
(continuous cirrus coverage), the analysis of extensive prop-
erties, i.e., the backscatter coefficient, already reveals differ-
ences in the cirrus between ATLID and PollyXT observa-
tions. It should be noted, however, that a vertical smoothing
of 750 m was applied to the PollyXT observations, whereas
ATLID retains its native vertical resolution of 100 m. For this
reason, we can consider a fair agreement between the two
observations in the cirrus region allowing us to have a look
at the intensive particle property depolarization ratio. In the
lower atmosphere below 5 km, the sporadic cloud occurrence
makes any meaningful comparison impossible. Nevertheless,
all values are still shown for completeness.

https://doi.org/10.5194/amt-19-3831-2026

Concerning the particle depolarization ratio in the cirrus
region, we see an excellent agreement for Baseline BA, with
values of around 0.45-0.50 measured by both systems, ex-
cept for the cirrus cloud bottom (unrealistically high values
of more than 0.8) and top (spike in depolarization ratio val-
ues of ATLID). These findings indicate, as discussed in the
previous case, that edge effects at the boundary of aerosol or
cloud layers can occur and result in erroneous values in the
A-EBD products. These unrealistic values can only partly be
identified by the uncertainties provided: A high uncertainty
of the depolarization value is provided at the bottom spike
(at 14 km) while only a very low uncertainty is given for the
value at the top spike (at ca. 15.5km). It is worth to men-
tion that PollyXT measures under 5° off-zenith and ATLID
measures 3° off-nadir to avoid specular reflections which are,
however, unlikely for cirrus cloud particles that formed at the
temperatures of this event.

Comparing the results of the particle depolarization ratio
to Baseline AC, one sees a significant improvement for this
strongly depolarizing target, leading to the conclusion that
for nighttime measurements of ice clouds, ATLID can al-
ready provide meaningful and correct particle depolarization
ratio values with Baseline BA. Interestingly, the unrealistic
peaks at cloud bottom and top (edge effect) did not occur in
Baseline AC, which needs further investigations with respect
to the updates made in the A-EBD retrievals between the two
baselines. Comparing Baseline AC and BA for backscatter
and extinction, one sees almost no difference for the cirrus
region. Consequently, only small changes are identified be-
tween Baseline BA and AC for the lidar ratio values in the
cirrus region. But due to the missing ground-based reference
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Figure 15. Same as Fig. 3, but for the overview of EarthCARE measurements on the Tropical Atlantic near 4° N, 35° W on 26 January 2025
(exact coordinates are given in the maps). The red vertical line marks the closest distance (0.375 km) to the Research Vessel Meteor during
the overpass. The ship track and exact point of the overpass is also indicated in the lower, left panel. The given offset refers to the average
absolute distance between the ATLID ground-track and the Meteor track (along the overlap, i.e., between 02:35 and 07:27 UTC).

profile, it is difficult to conclude further. We only can state
that both baselines provided lidar ratio values in the realistic
range for ice particles (Irbah et al., 2023).

Below ca. 3.3kma.g.l., increased backscatter and extinc-
tion values compared to PollyXT were observed, exactly in
the atmospheric regions where the lower clouds occurred
(Fig. 17). Thus, cloud contamination is very likely and

Atmos. Meas. Tech., 19, 3831-3864, 2026

makes a meaningful comparison impossible. However, we
also identify edge effects occurring in the profiles of lidar
ratio (values up to 100sr) and depolarization ratio (values
close to 1) at the top of the aerosol layer at around 4 to 5 km.

https://doi.org/10.5194/amt-19-3831-2026
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Figure 16. Comparison of EarthCARE A-EBD low-resolution products (Baseline BA) to ground-based PollyXT observations (04:30 to
04:40 UTC) on board RV Meteor in the Tropical Atlantic on 26 January 2025. A-EBD products of Baseline BA (green) and Baseline AC

(blue) are shown.

3.5.2 RV Meteor: Smoke-dust mix

The second validation case from the RV Meteor voyage was
collected on 6 February 2025. The ship was located in the
eastern Tropical Atlantic and EarthCARE overpassed it at
15:33 UTC as can be seen in Fig. 17. During this overpass,
perfect co-location in space (400 m minimum distance) and
time could be achieved.

As can be seen in the four ATLID products panels (A-
EBD low resolution), clear-sky conditions with aerosol up
to about 3 km were observed in the entire region of interest.
Because the overpass was during daytime, additional back-
ground noise occurred in both lidar measurements in contrast
to the nighttime case studies discussed before. As a classi-
cal Raman lidar, the ship-borne PollyXT is not able to mea-
sure proper Raman signals at this location during daytime
with the Sun almost in the zenith. Thus, only the classical
Klett-Fernald approach (Klett, 1981; Fernald, 1984) could
be applied. In contrast, as an HSRL, ATLID provides ex-
tinction and backscatter independently and thus also a lidar
ratio profile. We used A-EBD’s mean lidar ratio of Baseline
BA (i.e., 65 sr for the aerosol layer from 1 to 3 km, and 20 sr
for the marine boundary layer) as input for the Klett-Fernald
retrieval of the ground-based system to be able to compare
the two measurements quantitatively. To confirm the correct
choice of lidar ratio, we also compared the integrated extinc-
tion profile of PollyXT to measurements of the AERONET
Maritime Aerosol Network (MAN, Smirnov et al., 2009).
The photometer measurements in the framework of MAN on
RV Meteor (Wahl et al., 2025; MAN, 2025) led to AOD val-
ues of 0.28 at 380 nm and an Angstrém exponent of 0.44.
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Using these values to calculate the AOD at 355 nm, we re-
trieve a value of 0.29. This is in perfect agreement with the
ship-borne lidar observations, for which the integration of the
extinction profile leads to an AOD at 355 nm of 0.30 &= 0.03.
Thus, we are confident about the correct choice of the lidar
ratio.

The respective comparisons with Baseline AC (blue) and
Baseline BA (green) are shown in Fig. 18. For Baseline BA,
an excellent agreement in terms of backscatter and extinction
coefficients is found between the two systems. Even though
the lidar ratio of ATLID is used for the Klett retrieval of
the ground-based system, the agreement in terms of mag-
nitude and shape of the aerosol profiles between both sys-
tems is remarkable. Given the fact that the closest distance
to the ground track was less than 400 m, it shows that mobile
ground(ship)-based observing systems are really valuable for
validation of space-borne profiles. Compared to the extinc-
tion and backscatter profiles of Baseline AC (blue lines), no
major changes in Baseline BA products can be identified ex-
cept for the marine boundary layer. For Baseline AC, the ex-
tinction and the lidar ratio were clearly overestimated in these
marine conditions, which has significantly improved with
Baseline BA. In contrast to the good agreement of backscat-
ter and extinction, the A-EBD particle depolarization ratio
values of Baseline BA (green) are generally overestimated
in comparison to the ground-based reference and have obvi-
ously worsened compared to Baseline AC (blue). The Pol-
lyXT observations reveal that in the aerosol layer between 1
and 3 km, a mixture of smoke and dust from Africa was ob-
served, leading to depolarization ratio values of 0.10. This is
also in agreement with the lidar ratio observed from ATLID

Atmos. Meas. Tech., 19, 3831-3864, 2026
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during the overpass.

(lidar ratios of 70 sr indicate smoke — see, e.g., Floutsi et al.,
2023). HYSPLIT and model backward trajectories confirm
an air mass transport from the respective source regions (not
shown). Thus, the depolarization ratio values of Baseline BA
are definitely too high. Therefore, we must conclude that de-
spite modifications in Level 1 data and in the depolarization
ratio retrieval of A-EBD itself, daytime observations of mod-
erately polarizing and moderately scattering regimes are still

Atmos. Meas. Tech., 19, 3831-3864, 2026

prone to wrong particle depolarization ratios in Baseline BA.
Further investigations are currently ongoing (e.g., Haarig
et al., 2025a). We would like to stress that also for the space-
borne HSRL ATLID, differences between daytime and night-
time performance occur. ATLID’s cross-polarization channel
is mostly affected by this increased background light due to
the optical design of ATLID (Pereira do Carmo et al., 2019)
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with the respective consequences for the depolarization ratio
product as discussed.

3.6 Pristine environment — Observations in the
Southern Hemisphere

To contrast the previous case studies, which were character-
ized by significant aerosol load, we focus in the last case
study on the pristine environment in the Southern Hemi-
sphere, namely one observation from the goSouth-2 cam-
paign in Southern Aotearoa New Zealand on 24 October
2025. As a side effect, we cover a completely different geo-
graphic region, which is usually under-sampled with respect
to ground-based profiling observations and thus of high in-
terest for the validation of EarthCARE. During the night of
interest, atmospheric conditions at the measurement site in
Invercargill/Waihopai were entirely pristine. The AOD was
as low as 0.03 (last measurement of AERONET photometer
on the afternoon before) as shown in Fig. 19, top. However,
the atmosphere in the lowermost 2 km was quite turbulent as
the time-height plot of the PollyXT attenuated backscatter
coefficient at 1064 nm reveals (Fig. 19, bottom).

For this reason, and because EarthCARE measurements
were as close as 2.5 km to the ground-site, we do not use the
A-EBD low-resolution products for comparison as before,
but aim for the medium and high-resolution products. The
respective geophysical quantities (backscatter and extinction
coefficient, lidar and depolarization ratio) at both resolutions
are shown in Fig. 20. The baseline provided is BB, the suc-
cessor of BA.

The medium-resolution products (left panels) show a con-
sistent but horizontally heterogeneous structure. While the
high-resolution products (right panels) seem to be dominated
by noise, the general atmospheric state is still identifiable.
Interestingly, the lidar ratio, which is used as a priori in-
put for the optimal estimation scheme and finally provided
layer-wise, shows the least scatter and is almost identical
to the medium-resolution product. The depolarization ratio
product, however, is most dominated by noise (as discussed
above, but here during nighttime) and obviously hardly us-
able in the high-resolution product for this case. Clouds
around the overpass time are visible at both resolutions (re-
member that strong features are not smoothed in the A-EBD
product) and reveal the occasional cloud formation at the top
of the aerosol layer (up to 2km), which is also visible in
the PollyNET time-height cross section (see Fig. 19). The
direct comparison between the ground-based reference and
the EarthCARE A-EBD products is shown in Fig. 21 for the
medium and high resolutions. The low-resolution products
are not shown in this Figure as well because they are not
representative for near-surface atmospheric conditions due to
the respective strong smoothing combined with the existing
high atmospheric variability. While the high-resolution prod-
uct is, of course, noisier, it shows an excellent agreement for
the backscatter and extinction products, being even superior

https://doi.org/10.5194/amt-19-3831-2026
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to the medium-resolution product, which shows higher val-
ues in the height region of 0.8 to 1.8 km compared to the
PollyNET lidar products. Because of the strong heterogene-
ity of the atmospheric scene as observed by both instruments,
this can be easily attributed to representativeness issues with
respect to the medium-resolution products. Therefore, be-
sides being noisy, the high-resolution products can be used
and are reliable in highly dynamic regimes with low aerosol
backscatter and extinction. Interestingly, the lidar ratio re-
trieved is as low as 10 to 13 sr for the lowermost 800 m,
which is clearly a bit too low as such values have so far
never been observed (see e.g., Bohlmann et al., 2018; Floutsi
et al., 2023) and are also revealed by a slight underestima-
tion of the extinction in this height range. The depolarization
ratio products, however, suffer stronger from noise because
of the instrument design of ATLID as discussed above (the
Mie cross-polar channel is prone to more background noise,
see Pereira do Carmo et al., 2019). The values of the high-
resolution product agree within the uncertainties with Pol-
lyXT, but basically, the EarthCARE depolarization ratio is
not usable at high resolution. For the medium resolution, it
is even worse, because here the depolarization ratio strongly
deviates from the ground-based reference and also shows a
significant overestimation even when considering the uncer-
tainties. The too high depolarization ratio values are most
probably linked to inconsistencies in the spectral cross-talk
correction. Also, the faint structures of the depolarization
ratio in the clean marine BL as retrieved by EarthCARE
(Fig. 20, medium resolution) might be a result of this issue, as
they are not observed with the ground-based reference. Thus,
it makes these ATLID depolarization ratio observations ques-
tionable.

Finally, we conclude that A-EBD backscatter and extinc-
tion products in the clean Southern Hemisphere are of ex-
cellent quality with respect to backscatter and extinction and
therefore show the excellent potential of EarthCARE to study
aerosol-cloud interactions in unperturbed regimes. The lidar
ratios agree well except for the lowermost part of the atmo-
sphere (below 1km), where the values are too low and thus
need some improvement.

4 Conclusions

EarthCARE, ESA’s Earth Explorer Mission to investigate
aerosol, clouds, radiation, and their interactions, was suc-
cessfully launched in 2024. Since the beginning of the mea-
surements with its four instruments on board, continuous
improvements in instrument calibrations and retrieval algo-
rithms have been made, resulting in several different product
versions, called baselines. A first reprocessing campaign was
successfully completed in September 2025, delivering for the
first time a homogeneous data set processed with one base-
line for the entire period from 10 August 2024 until 1 Octo-
ber 2025. In this work, we focused on the validation of the

Atmos. Meas. Tech., 19, 3831-3864, 2026
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as measured with the PollyNET lidar around the EarthCARE over-
pass at Invercargill/Waihopai on 24 October 2025. EarthCARE
overpass (vertical, dashed orange line) and time period for ground-
based lidar analysis (dashed box) are indicated.
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profiling products of EarthCARE’s HSRL ATLID, namely
the A-EBD and partly the A-AER product. The A-EBD prod-
uct should be preferred for scientific studies as the main pur-
pose of the A-AER product is to provide a priori informa-
tion to A-EBD. We use the reprocessed data set retrieved
with Baseline BA (BB for the last case) to give a first data
quality reference for the publicly available ATLID Level 2
profiling products, which are already used for first scientific
studies (e.g., Haarig et al., 2026). We analyzed and inten-
sively discussed seven different case studies for which high-
quality ground-based reference observations from PollyNET
lidars were available, covering different atmospheric condi-
tions (from dust and smoke events to ice clouds and very
pristine conditions). All the case studies are characterized by
a very close horizontal distance between the ATLID obser-
vations and the ground reference of less than 20 km, except
for one case (75 km). With the selected case studies, several
geographic locations are covered, i.e., the Tropical Atlantic,
Europe, Central Asia, and the pristine Southern Hemisphere
midlatitudes (Aotearoa New Zealand), providing confidence
that our results are representative for ATLID in general. The
findings of this paper are the following: The selected case
studies reveal that EarthCARE, i.e., ATLID, has excellent
profiling capabilities with remarkable signal strength and
vertical resolution capabilities. We find that for all investi-
gated atmospheric conditions (very low aerosol load to very
strong scattering of ice and dust), the vertical structure of
the atmospheric features of interest could be resolved very
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Figure 20. Overview of EarthCARE measurements on 24 October 2025 at Invercargill/Waihopai, Aotearoa New Zealand. Time-height plots
of the A-EBD product at medium (left) and high (right) resolution (Baseline BB), respectively. From top to bottom: Particle backscatter
coefficient, particle extinction coefficient, particle lidar ratio and particle depolarization ratio. The red vertical line marks the closest distance
(2.5km) to the ground-based station. The maps indicating the position of the ground-track and the location of the ground-based reference

site are shown this time in the second uppermost panel on the left.

well and match qualitatively (and mostly quantitatively) to
the ground-based reference observations.

The A-EBD backscatter and extinction profiles (at low res-
olution) agree mostly within the provided uncertainties to
the ground-based observations. Deviations from the ground-
based reference were discussed and mainly found to be due
to representativeness issues (e.g., to local heterogeneity in the
case of the mountainous region around Dushanbe, Tajikistan)
and edge effects.

The intensive particle quantity lidar ratio (extinction-to-
backscatter ratio) is provided layer-wise and thus not at the
same resolution as the backscatter and extinction products.
It matches in many cases with the ground-based reference,
but we also see some systematic deviations, e.g., a clear
overestimation was observed in the case of a dust mixture

https://doi.org/10.5194/amt-19-3831-2026

near Leipzig, while an underestimation of the lidar ratio was
found for very clean conditions in the Southern Hemisphere
very close to the ground. This behavior is then also reflected
in the extinction profiles which deviate from the ground-
based reference. It is worth mentioning that A-EBD uses the
lidar ratio retrieved from the A-AER processing beforehand
as a priori input to optimize the optical profiles of ATLID
(Donovan et al., 2024). Obviously, this procedure does some-
times converge to wrong values, partly because of wrong a
priori input (coming from A-AER) together with incorrect
error estimations. In the A-AER retrieval of Baseline BA,
occasionally single erroneous profiles lead to erroneous lidar
ratio profiles together with unrealistic error estimates. There-
fore, respective lidar ratio products of Baseline BA for both
A-AER and A-EBD should be used with care. The algorithm

Atmos. Meas. Tech., 19, 3831-3864, 2026
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at Invercargill/Waihopai, Aotearoa New Zealand, on 24 October 2025. From left to right: Particle backscatter coefficient, particle extinction

coefficient, particle lidar ratio, and particle depolarization ratio.

developers currently work on this issue so that such segments
in the EarthCARE data can be flagged in future.

Concerning the ATLID depolarization ratio, we observe
the strongest deviations from the ground-reference for this
parameter and consider it in the current baselines (BA and
BB) as quantitatively not reliable, except for strong scatter-
ing and depolarizing features like ice clouds (Haarig et al.,
2025a). Due to ATLID’s system architecture, the depolariza-
tion channel is more prone to noise, which leads to a sig-
nificant day-nighttime difference in the noise levels already
appearing in Level 1 data. This causes an additional offset in
the daytime depolarization ratio products of EarthCARE. So-
phisticated calibration and correction procedures are needed
to account for this effect and correct the signals and op-
timize the retrievals. Many improvements have been made
since the start of the measurements (Donovan, 2025), and it
was demonstrated that the depolarization ratio has already
significantly improved when comparing Baseline BA to AC.
However, it is still not in agreement with the ground-based
reference in the case of aerosol and clear-sky regimes. As the
depolarization ratio is one key parameter for aerosol typing
(e.g., Wandinger et al., 2023a), we identify efforts to improve
this quantity as a top priority. It was found that multiple ef-
fects need to be tackled to properly correct the depolarization
ratio. Currently, the EarthCARE Data Innovation & Science
Cluster (DISC) is working on this topic. An updated proce-
dure is foreseen with the release of the next major baseline
(CA). Nevertheless, it is worth noting that qualitative inves-
tigations with ATLID’s depolarization ratio are already pos-
sible, as the expected significant differences among different

Atmos. Meas. Tech., 19, 3831-3864, 2026

scatterer types can be identified. ATLID’s depolarization ra-
tio can thus be used to discriminate (not type) such features.

Another issue we identified are the so-called edge ef-
fects, which occur occasionally at sharp boundaries between
strongly scattering and weakly scattering atmospheric fea-
tures for all geophysical quantities. Obviously, the currently
implemented smoothing procedure has sometimes problems
handling such atmospheric conditions resulting in erroneous
high values of backscatter, extinction, and/or depolarization.
Partly, these overestimates are characterized by very high er-
ror estimates and therefore can be screened out by the user.
But we also found occasions when the uncertainties of the
respective values were low and thus such erroneous values
could only hardly be identified. In this regard, further ef-
forts on removing or flagging such effects are needed. When
comparing the products of the earlier operational Baseline
AC to Baseline BA, we see an overall improvement in all
ATLID products. Backscatter, extinction, and lidar ratio pro-
files of ATLID have mostly improved with the baseline de-
velopments, even though they already had good performance
in Baseline AC. Especially, the vertical resolution of the li-
dar ratio products seems to be significantly improved with
Baseline BA, due to the fix of an error in the assignment
of sub-layers of features. Interestingly, the edge effects are
less pronounced in Baseline AC compared to BA. Conclud-
ing on the findings from this paper and given the fact that
EarthCARE is an ESA Earth Explorer mission deploying for
the first time a UV high-spectral-resolution + depolarization
lidar in space, we can state that the observing capabilities
of ATLID are remarkable and have great potential to boost
atmospheric science with respect to aerosol and clouds and
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their interaction. This became evident when, e.g., investigat-
ing the A-EBD medium (10km horizontal resolution) and
high-resolution (1 km) products for the pristine atmosphere
around Aotearoa New Zealand under highly dynamic con-
ditions. Despite the issues discussed above, an impressive
quality of the medium and high-resolution extinction and
backscatter products was found. This paves the way to study
aerosol and clouds in very clean, unperturbed conditions, and
therefore enables contrasting studies to understand the com-
plex aerosol-cloud-radiation interaction in the Earth’s atmo-
sphere.

The main take-home message of our study is that even
though EarthCARE data is public and a first reprocessing
campaign has been successfully completed, the ATLID data
products are not yet 100 % quality assured and occasional er-
rors in the retrieval can occur. Therefore, EarthCARE data
should be intensively quality checked before using for scien-
tific studies. It also shows that validation efforts are needed
throughout the full mission lifetime, as being key for the cor-
rect interpretation of the data. The fact that the lifetime of
EarthCARE has been announced to be extended from 3 to
10 (and more) years (ESA, 2025) gives a great perspective
for Earth observations. There will be, of course, continuing
processor developments for improved products. Validation of
the new product versions will then remain key for future, but
also past EarthCARE observations. As shown in this work,
ground-based network observations as well as mobile facil-
ities like the ACTRIS exploratory platforms LACROS and
OCEANET are of great value for this matter, complement-
ing the overall validation concept, including airborne, model,
and satellite-to-satellite approaches.

Code availability. All plots containing EarthCARE data have
been visualized using earthcarekit (Konig et al., 2025):
https://pypi.org/project/earthcarekit/  (last access: 13 May
2026). TRACE was used for air mass source attribution:
https://doi.org/10.5281/zenodo.4438051 (Radenz, 2021).

Data availability. The EarthCARE data is available at ESA’s
MAAP (Multi-mission Algorithm and Analysis Platform, https:
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