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Abstract. The Earth Cloud, Aerosol, and Radiation Ex-
plors (EarthCARE) satellite mission aims to improve our
understanding of cloud—aerosol-radiation interactions in the
Earth’s climate system. Its Atmospheric Lidar (ATLID) in-
strument aboard EarthCARE provides important observa-
tional data for determining the properties of clouds and
aerosols; therefore, thorough validation of ATLID products
is a prerequisite for their reliable scientific use. This study
evaluates the reliability of selected parameters applicable to
study cloud macrophysical properties of three ATLID single-
sensor Level 2 products: The “simple classification” of the
ATLID Target Classification (A-TC) product, the “feature
mask” of the ATLID Feature Mask (A-FM) product, and the
“cloud top height” of the ATLID Cloud Top Height (A-CTH)
product. We present an independent validation using a com-
prehensive multi-campaign dataset of airborne high spectral
resolution lidar (HSRL) backscatter ratio (BSR) measure-
ments. During each flight at least one coordinated underpass
underneath EarthCARE was conducted ensuring high spa-
tial and temporal matching of the spaceborne and airborne
lidars. The dataset spans a wide range of tropical and extrat-
ropical cloud regimes, enabling robust assessment under di-
verse atmospheric conditions. The evaluation addresses two
main objectives: (i) assessing how well A-TC and A-FM
represent the vertical cloud distribution compared to the air-
borne HSRL observations, and (ii) quantifying the accuracy
of A-CTH cloud top heights for different classes of cloud
regimes. In general, the vertical cloud distribution observed

from the airborne data is well captured by both A-TC and
A-FM. However, we found a systematic overestimation of
ice cloud pixels by A-TC in Baseline BA. This overestima-
tion is caused by ice clouds that are horizontally and verti-
cally too large, but also, to a certain extent, by aerosol pixels
incorrectly classified as ice clouds (at temperature > 0 °C),
and to a spurious occurrence of stratospheric aerosol fea-
tures near the tropopause. A-TC liquid clouds are in very
good agreement with the airborne observations. A-CTH ex-
hibits a consistent positive bias in cloud top height of almost
300 m across different cloud regimes, along with occasional
low-altitude cloud top detections, particularly over ocean sur-
faces, suggesting issues in surface assignment. The presented
results primarily reflect Baseline BA, while first comparisons
with Baseline BC/BD indicate improvements in future pro-
cessing baselines, including a reduction of low-cloud arte-
facts in A-CTH, improved cloud phase representation in A-
TC, and a strong reduction of misclassified ice clouds in
aerosol layers at temperatures > 0 °C. Altogether, the vali-
dated ATLID Level 2 products demonstrate a high ability to
realistically represent key macrophysical cloud properties —
including cloud cover and cloud top height — which confirms
their suitability for scientific applications. The identified lim-
itations in the performance of the BA and BC baselines can
help users make optimal use of these datasets, point to ex-
pected improvements in the upcoming CA baseline, and may
support the further refinement of the ATLID Level 2 prod-
ucts.
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1 Introduction

Clouds and aerosols are key regulators of the Earth’s radia-
tion budget; however, their interactions and net radiative ef-
fects remain a major source of uncertainty in climate pro-
jections (Illingworth et al., 2015; Intergovernmental Panel
on Climate Change, IPCC, 2023), emphasizing the need for
high-quality global measurements of these atmospheric com-
ponents. To address this observational gap, the Earth Cloud,
Aerosol and Radiation Explorer (EarthCARE) was launched
in May 2024 as a joint satellite mission of the European
Space Agency (ESA) and the Japan Aerospace Exploration
Agency (JAXA). As a polar-orbiting satellite, EarthCARE
was designed to provide synergistic, vertically resolved mea-
surements of clouds, aerosols, and radiation achieving near-
global coverage within one 25 d orbit repeat cycle. To meet
this goal, EarthCARE is equipped with four key instruments,
the ATmospheric LIDar (ATLID), a Cloud Profiling Radar
(CPR), a Multi-Spectral Imager (MSI), and a Broadband Ra-
diometer (BBR), all operating along a common field of view
(Wehr et al., 2023). A key instrument of the EarthCARE
payload is ATLID, a high spectral resolution lidar (HSRL)
operating in the ultraviolet (355nm) with three channels:
a co- and a cross-polarized Mie channel that primarily re-
ceive backscatter from aerosol and cloud particles, and a
Rayleigh channel that is sensitive to molecular backscatter.
The received backscatter signals are processed within the
ESA Payload Data Ground segment and Level 1 proces-
sors, including radiometric calibration and crosstalk correc-
tion (Eisinger et al., 2024), yielding Level 1b products con-
sisting of geolocated profiles of calibrated, range-corrected
attenuated backscatter of co- and cross-polarized pure partic-
ulate scattering and molecular scattering. The Level 1b data
are on native ATLID observation grid (280 m horizontal res-
olution) but re-gridded in the Level 2 processing on the pre-
defined Joint Standard Grid (JSG; Eisinger et al., 2024), with
a vertical resolution of about 100 m in the troposphere and
lower stratosphere (0—20km) and a horizontal sampling of
about 1km. Based on Level 1b observations, Level 2 pro-
cessors retrieve a comprehensive set of aerosol, cloud and
radiation products (Wehr et al., 2023). Profile products are
retrieved from the ATLID profile processor (A-PRO; Dono-
van et al., 2024) and include vertically resolved extinction,
backscatter, depolarization and lidar ratio, together with an
atmospheric feature classification (e.g., aerosols and clouds).
Complementary layer products are generated by the ATLID
Layer Products processor (A-LAY; Wandinger et al., 2023)
to provide geometrical properties such as cloud and aerosol
layer base and top heights, as well as integrated quantities
including aerosol optical thickness.

In this study, we focus on the validation of a suite of
particular Level 2 products, specifically the ATLID Feature
Mask (A-FM; van Zadelhoff et al., 2023), the ATLID Tar-
get Classification product (A-TC; Irbah et al., 2023; Dono-
van et al., 2024), and the ATLID Cloud Top Height prod-
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uct (A-CTH; Wandinger et al., 2023). These products deliver
a range of cloud-related parameters, including geometrical
structure, cloud fraction (pixel distribution), cloud phase,
and cloud top height, that enables a detailed characteriza-
tion of cloud properties. Such Level 2 data products from the
previous spaceborne lidar Cloud-Aerosol Lidar Pathfinder
Satellite Observations (CALIPSO) (e.g., Winker et al., 2004,
2009; Vaughan et al., 2009; Hu et al., 2009; Stephens et
al., 2018) have proven to be highly valuable for a broad
spectrum of scientific applications. For example, CALIPSO
Level 2 cloud products have enabled global cloud climatolo-
gies and improved the understanding of cloud distribution
(e.g., Nazaryan et al., 2008; Sassen et al., 2008; Lu et al.,
2021), and have furthermore been used to investigate cloud
microphysical properties (e.g., Hu et al., 2010; Garnier et al.,
2021; Li and GroB, 2025). At the same time, experience from
CALIPSO has highlighted that the scientific utility of such
datasets critically depends on thorough validation and char-
acterization efforts (e.g., Yorks et al., 2011; Hlavka et al.,
2012; Tesche et al., 2013; Liu et al., 2024).

Validation of spaceborne instrument products is com-
monly performed by comparing with observations made by
ground-based or airborne instruments (Amiridis et al., 2025).
Ground-based measurements e.g. from the PollyNET lidar
network (Baars et al., 2016), enable continuous monitoring
of EarthCARE products over extended time periods in partic-
ular regions (Baars et al., 2026). However, they are typically
limited to a fixed location, which can introduce uncertain-
ties into validation due to imperfect spatial collocation when
compared to ATLID products. Moreover, ground-based and
space-borne observations provide only a limited number of
temporally coincident profiles per overpass, while validation
is further constrained by a revisit time of approximately 25
days and the dependence prevailing atmospheric conditions
during the overpass. In contrast, airborne missions allow spe-
cific cloud situations to be targeted and to fly precisely along
the EarthCARE ground track, enabling coordinated satellite
underpasses with high spatiotemporal collocation and pro-
vide a large number of coincident observations (Amiridis et
al., 2025; GroB et al., 2026). A major challenge for valida-
tion arises from the inherent variability of cloud properties
in the atmosphere. Clouds occur in liquid, ice, and mixed-
phase states and span a wide range of latitudes, temperatures,
spatial scales, and altitudes within the troposphere. Clouds
can be geometrically thin or thick, optically transparent or
opaque, and evolve dynamically over time, all of which may
potentially influence their detectability and the accuracy of
satellite retrievals. To robustly assess the quality of cloud
macrophysical properties from the ATLID Level 2 products
A-TC, A-FM, and A-CTH — which is the focus of this study —
a comprehensive dataset is required that adequately captures
this diversity of cloud conditions.

In this study, a direct validation approach is performed us-
ing a multi-campaign dataset of airborne observations from
the Water Vapor Lidar Experiment in Space (WALES; Wirth
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et al., 2009), a multi-channel lidar instrument, that combines
a HSRL, a depolarization channel, and a differential absorp-
tion lidar (DIAL), with a measurement geometry closely
matching that of ATLID. The observations were collected
aboard the German High Altitude and Long Range (HALO)
research aircraft during the three field campaigns; Persistent
EaRthCare Underflight Studies of the ITCZ and Organized
convectioN (PERCUSION; Grof et al., 2026), Arctic dur-
ing the Arctic Springtime Chemistry Climate Investigations
(ASCCI), and North Atlantic Waveguide, Dry Intrusion, and
Downstream Impact Campaign (NAWDIC) between August
2024 and February 2026, comprising 35 dedicated research
flights, each including at least one coordinated EarthCARE
underflight along the satellite ground track. The resulting
dataset spans a wide range of cloud conditions across the
northern Atlantic, from the tropics to the Arctic, as well
as the Mediterranean Sea and central to northern Europe,
thereby achieving substantial overlap with ATLID observa-
tions with a high degree of spatial and temporal matching and
providing a suitable reference for the evaluation of ATLID
Level 2 cloud products (Amiridis et al., 2025; Hall, 2025;
GroB et al., 2026).

The airborne WALES HSRL and depolarization measure-
ments have been extensively applied in numerous cloud- and
aerosol-studies, including the characterization of aerosol op-
tical properties and the development of aerosol classifica-
tion schemes (Grof} et al., 2013), as well as investigations
of ice cloud properties (e.g., GroB et al., 2014; Urbanek et
al., 2018; Dekoutsidis et al., 2024). Previous studies demon-
strated that the WALES backscatter ratio can be used to re-
liably identify liquid clouds in the tropics (Gutleben et al.,
2019) and ice-phase clouds in the extratropics (Urbanek et
al., 2017; Dekoutsidis et al., 2024). Building on these find-
ings, we use the backscatter ratio to generate ATLID-like
cloud products, from which macrophysical properties such
as cloud fraction and cloud-top height are derived and com-
pared with the ATLID Level 2 products A-FM, A-TC, and
A-CTH.

This study investigates the reliability of key parameters
provided by different ATLID Level 2 products, namely the
A-FM’s “feature mask”, the A-TC’s “simple mask”, and the
A-CTH “cloud top height”, with respect to their suitability
for scientific applications. Two main aspects are addressed:
(i) whether the A-TC and A-FM masks realistically represent
the vertical cloud distribution and whether this representa-
tion is consistent across different cloud conditions; and (ii)
whether A-CTH retrieves cloud top heights within the pos-
tulated accuracy requirement of 300 m across different cloud
regimes (Wehr, 2006).

Results are analyzed for the full data set as well as for se-
lected flight segments near the satellite underpass to assess
representativeness. Performance is further evaluated across
different altitude and temperature regimes to account for
variability among low-, mid-, and high-level clouds. This
early-stage validation provides a comprehensive assessment
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of ATLID Level 2 product performance across a wide range
of atmospheric conditions. It aims to document potential is-
sues in the products and identify areas for improvement in
future algorithm revisions. The findings are intended to sup-
port algorithm developers in refining the products, but also
providing the broader scientific community with guidance to
make optimal use of early ATLID Level 2 data.

This paper is structured as follows: Sect. 2 provides an
overview of the datasets and methods used in this valida-
tion study. This includes an introduction to the measurements
from the airborne HSRL instrument (Sect. 2.1), an overview
of the HALO campaigns (Sect. 2.2), and the methodology
(Sect. 2.3), as well as a brief description of the different satel-
lite products evaluated in this study (Sect. 2.4). Section 3
presents two selected case studies to introduce the products
under conditions representative of the tropics and the extrat-
ropics. The statistical validation of the ATLID Level 2 prod-
ucts with respect to cloud macrophysical properties based on
the full dataset is presented in Sect. 4. This includes, first,
a comparison of the observed cloud pixel distribution with
the A-TC and A-FM products (Sect. 4.1), and second, a sta-
tistical assessment of the A-CTH cloud top height accuracy
(Sect. 4.2). Section 5 discusses the main findings, including
considerations of representativeness, followed by a summary
and concluding statements in Sect. 6.

2 Data and Methodology
2.1 The high-spectral resolution lidar WALES

WALES is a multi-wavelength lidar system developed at the
German Aerospace Center (DLR) since the 2000s as an air-
borne demonstrator for a future spaceborne water vapor lidar
mission (Wirth et al., 2009). WALES combines three lidar
techniques, a DIAL, an HSRL, and a depolarization lidar.
The DIAL module operates at four wavelengths in the near-
infrared (NIR; 935 nm), allowing for highly resolved vertical
profiling of water vapor (Wirth et al., 2009) with high preci-
sion (Kiemle et al., 2008). In a modified DIAL configuration,
two NIR wavelengths are replaced by two ultraviolet wave-
lengths, which enables simultaneous profiling of water vapor
and ozone (e.g., Fix et al., 2019).

The HSRL technique exploits the different spectral
broadening of molecular (Rayleigh) and particulate (Mie)
backscatter signals caused by the distinct velocity distribu-
tions of the backscattering medium (e.g., Gimmestad and
Roberts, 2023). In WALES, the backscattered signal is split
into two channels. The first measures the total backscatter
signal (Brotal = ,Bmolecular+ﬂparticle), while the second em-
ploys an iodine absorption cell as a narrowband spectral
filter that selectively transmits the molecular contribution
(e.g., Piironen and Eloranta, 1994). The combination of both
channels enables the independent determination of molecu-
lar (Bmolecular) and total backscatter (Biota]) components, from
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which the backscatter ratio (BSR; BSR = Biotal/ Bmolecular)
and particle extinction can be derived. Further quantities such
as lidar ratio, particle optical depth can be also retrieved.
WALES is further equipped with a depolarization channel
and an infrared channel at 1064 nm, allowing the retrieval of
the depolarization ratio and color ratio, which are key param-
eters to determine different aerosol types and their properties
(e.g., GroB et al., 2013). WALES raw data are generally sam-
pled at a rate of 5Hz (0.2s). To improve the signal-to-noise
ratio, BSR data are horizontally averaged within 1 s time in-
tervals. At a typical aircraft groundspeed of approximately
230ms~! at 14km altitude, this corresponds to a horizon-
tal resolution of the profiles of about 230 m. In the vertical,
the WALES data is interpolated onto a vertically constant al-
titude grid above the EGM96 reference geoid, which corre-
sponds to the mean sea level and ensures the accuracy re-
quired for this study. The vertical resolution of the HSRL and
depolarization products is about 15 m. Following Esselborn
et al. (2008) and Gutleben et al. (2019), the backscatter mea-
surements are characterized by high precision with relative
uncertainties below 5 %. A more detailed description of the
WALES instrument and the HSRL technique are provided by
Wirth et al. (2009) and Esselborn et al. (2008).

The instrument is near-nadir viewing (i.e. downward-
looking) operated aboard the German research aircraft
HALO (Krautstrunk and Giez, 2012) to provide profile data
from the surface up to nearly aircraft altitude. Since its
first deployment in 2007, WALES has contributed to more
than 20 airborne field campaigns (e.g., Schéfler et al., 2018;
Stevens et al., 2019; Jurkat-Witschas et al., 2025; or note:
https://www.halo-spp.de/Missions/, last access: 26 August
2026). In this period, it has collected a comprehensive dataset
of water vapor, ozone, and HSRL profiles (i.e., backscatter,
extinction, depolarization ratio, lidar ratio, color ratio) cov-
ering conditions in the tropics, midlatitudes and the arctic.
The WALES measurements have been widely established as
a reliable system for a broad range of atmospheric applica-
tions. Its DIAL observations have been used to investigate
water vapor and ozone distributions and transport processes
across the tropopause in numerical weather prediction mod-
els (e.g., Schifler et al., 2021; Kriiger et al., 2022). In ad-
dition, its HSRL and depolarization measurements are well
established for aerosol and cloud studies, enabling the char-
acterization of aerosol optical properties (e.g., GroB3 et al.,
2013) and cloud structures (e.g., GroB3 et al., 2014). In this
study, we use the HSRL BSR dataset from WALES to de-
velop a cloud classification algorithm. Before describing the
algorithm in detail (Sect. 2.3), the campaign dataset is intro-
duced in the following section.
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2.1.1 Coordinated EarthCARE underpasses during
HALO campaigns PERCUSION, ASCCI and
NAWDIC

In this study, we use WALES BSR observations from 35
HALO research flights for which 40 coordinated Earth-
CARE underpasses were carried out during three airborne
field campaigns in between August 2024 and February 2026
(see Fig. 1). The majority of underpasses (31) was taken
in the course of the PERCUSION campaign in 2024 which
was the German airborne contribution to the ORCESTRA
campaign (ORganized Convection and EarthCARE Studies
over the TRopical Atlantic; Stevens et al., 2026; see cam-
paign website: https://orcestra-campaign.org/operation.html,
last access: 27 May 2026). PERCUSION aimed for a better
understanding of factors influencing organized convection in
the tropics through enhanced airborne in-situ (e.g., dropson-
des; Gloeckner et al., 2026) and remote-sensing measure-
ments with HALO in coordination with EarthCARE satel-
lite observations. To achieve this goal, HALO was equipped
with an EarthCARE-like payload with WALES represent-
ing the ATLID instrument aboard EarthCARE, and a coordi-
nated underflight was realized for every research flight (Grof3
et al., 2026). PERCUSION comprised three intensive obser-
vation phases, one in Cabo Verde (mainly August 2024, in
this paper referred to as PERCUSION-EAST), one in Barba-
dos (September 2024, referred to as PERCUSION-WEST),
and one in Oberpfaffenhofen (November 2025, referred to
as PERCUSION-OP). As illustrated by the flight tracks in
Fig. 1, two EarthCARE underpasses could occasionally be
achieved for some research flights during PERCUSION-OP
due to the increased satellite orbital coverage towards higher
latitudes. These locations were selected in order to obtain ob-
servations covering a broad spectrum of aerosol and cloud
conditions representative of the tropics and the extratrop-
ics. In addition, four further EarthCARE underpasses were
conducted at mid- and high latitudes (60-80° N) in the AS-
CCI (https://www.imkasf.kit.edu/english/4343.php, last ac-
cess: 22 May 2026) campaign with HALO based in Kiruna
(Sweden) in March 2025. ASCCI aimed to measure trace
species in springtime Arctic polar vortex air in order to better
understand their distribution and transport, and the chemical
processes contributing to ozone depletion. Five further un-
derpasses at mid-latitudes (40—60° N) were conducted dur-
ing the NAWDIC (https://www.nawdic.kit.edu/, last access:
22 May 2026) field campaign. NAWDIC was an interna-
tional multi-aircraft field study in January/February 2026
with HALO being based in Shannon (Ireland). The cam-
paign was dedicated to advancing the understanding of mid-
latitude atmospheric dynamics, with a particular focus on the
mesoscale tropopause structure, dry intrusion airstreams, and
their interaction with the planetary boundary layer. For each
underflight segment, the goal was to position the satellite’s
overpass (see diamonds in Table 1) above the aircraft near the
midpoint of the flight leg in order to achieve the best possible
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Figure 1. Overview of the flight tracks of the 35 HALO research
flights (grey) and the associated 40 EarthCARE underflight seg-
ments carried out during the PERCUSION campaign parts (red-
dish), ASCCI (yellow) and NAWDIC (blue). The black diamonds
in the colored segments mark the geographical location of the co-
ordinated EarthCARE overpass. The aircraft markers represent the
corresponding HALO aircraft base for each field campaign.

spatial and temporal collocation of the airborne and space-
based observations. Across the three field campaigns, the
40 conducted underpass segments provide a large data set,
spanning a cumulative flight distance of 33 480km (Fig. 1,
Table 1). Along this distance, WALES sampled more than
144 000 BSR profiles (averaged at 1s temporal resolution)
covering the Northern Atlantic from the tropics to the Arctic
Ocean, as well as the Mediterranean Sea and central/northern
Europe, providing a huge reference dataset available for the
validation of ATLID products in a variety of sampled aerosol
and cloud conditions (GroB et al., 2026).

2.1.2 Cloud pixel classification and cloud top height
retrieval from WALES BSR data

The following paragraphs describe how the WALES BSR
data set is applied to identify cloud pixels in order to gen-
erate a cloud mask for comparison with the ATLID Level
2 products A-FM, A-TC and A-CTH. A multitude of pre-
vious studies have demonstrated that lidar backscatter sig-
nals enable the discrimination of aerosols, clouds, and clear-
sky conditions, typically based on threshold approaches (e.g.,
Winker et al., 2007; Liu et al., 2024) that account for vari-
ations in signal intensity arising e.g. from changes in at-
mospheric density. Winker et al. (2007) have demonstrated
that clouds and aerosol layers can be effectively detected by
applying range-dependent thresholds to BSR observations
from the spaceborne lidar CALIOP (Vaughan et al., 2004).
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Height-dependent thresholds are also applied to the received
backscatter signals from ATLID within the A-TC and A-
CTH algorithms (Irbah et al., 2023; Wandinger et al., 2023).
Since the retrieved BSR values also depend on wavelength
of the applied lidar system, a careful selection of thresholds
tailored to the WALES HSRL (providing BSR at 532 nm)
is required. Previous studies have already successfully em-
ployed WALES BSR measurements for cloud identification,
exploiting the distinct value ranges of BSR associated with
clear-sky conditions, aerosols, ice clouds, and liquid clouds.
For example, Gutleben et al. (2019) applied a comparatively
high threshold (BSR > 20) to detect tropical boundary layer
clouds and to effectively separate them from Saharan min-
eral dust (typically BSR between 1.5 and 6, occasionally up
to 10), whereas Urbanek et al. (2017) and Dekoutsidis et
al. (2024) used a lower threshold (BSR > 2) ensuring sen-
sitivity to mid- and high latitude ice clouds. These studies
demonstrate that WALES BSR-based cloud detection is ef-
fective for the detection of specific cloud types (ice or liquid
clouds) but relies on case-dependent tuning. Due to the vari-
able and partly overlapping BSR ranges of liquid clouds, ice
clouds, and aerosols, and given that all of these features are
expected in the dataset (Sect. 2.2), this study requires a gener-
alized algorithm that is robust and sensitive to all cloud types
across tropical and extratropical conditions, while remaining
resistant to aerosol contamination such as Saharan dust.

In this study, a classification scheme is developed based
on the range-resolved BSR from WALES, combined with
temperature analysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Integrated
Forecasting System (IFS) (ECMWE, 2026). The inclusion of
the IFS temperature data is motivated by the fact that cloud
phase (ice, mixed-phase, or liquid) and, in turn, cloud optical
properties are strongly temperature dependent (e.g., Hogan
et al., 2003; Costa et al., 2017).

Thus, a temperature-dependent is applied to the WALES
BSR data set for the cloud-or-no-cloud decision. At tem-
peratures below 265K, for which a rapid increase of the
share of the ice-phase inside a cloud has been documented
(e.g., Costaet al., 2017), pixels are classified as cloudy if the
WALES BSR > 1.8. This threshold is motivated by the find-
ings by Grof} et al. (2014), who showed that this WALES
BSR value coincides to conditions near or slightly above ice
saturation (RHi > 100 %) within cirrus clouds where ice par-
ticles measurably influence the surrounding water vapor field
making BSR > 1.8 an appropriate lower boundary for cirrus
detection. For temperatures above 265 K, where liquid, and
mixed-phase clouds prevail (e.g., Costa et al., 2017) a higher
threshold (BSR > 10) is applied for the cloud detection. This
reflects the optical properties liquid clouds, which typically
lead to rapid attenuation of the laser beam within a few range
bins and high BSR. The higher threshold also avoids misclas-
sification of optically dense aerosol layers, such as Saharan
dust (Gutleben et al., 2019).
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Table 1. Summary of the 40 coordinated EarthCARE underflight segments carried out during 35 HALO research flights. The corresponding
flight dates, associated campaigns, the distance with collocated WALES observations along the EarthCARE ground track, orbit frame, the
number of WALES BSR profiles (with > 1 km coverage) and the baseline of the ATLID Level 2 products evaluated in this study are shown.

Flight  Flight date HALO Campaign EarthCARE  Orbit WALES BSR  Baseline of ATLID
(yyyy-mm-dd) leg distance  frame profiles L2 products

1 2024-08-11 PERCUSION-EAST  632km 01162E 2850 BA

2 2024-08-13 PERCUSION-EAST 1478 km 01193E 6159 BA/BD

3 2024-08-16 PERCUSION-EAST  672km 01240E 2814 BA

4 2024-08-18 PERCUSION-EAST  857km 01271E 3543 BA

5 2024-08-22 PERCUSION-EAST  953km 01333E 4005 BA/BD

6 2024-08-25 PERCUSION-EAST 766 km 01380E 3427 BA/BD

7 2024-08-27 PERCUSION-EAST  274km 01411E 1135 BA

8 2024-08-29 PERCUSION-EAST 504 km 01442E 2269 BA

9 2024-08-31 PERCUSION-EAST  623km 01473E 2469 BA/BD

10 2024-09-03 PERCUSION-EAST  444km 01520E 1947 BA

11 2024-09-07 PERCUSION-WEST  418km 01583E 1819 BA/BD

12 2024-09-09 PERCUSION-WEST 760 km 01614E 3127 BA

13 2024-09-14 PERCUSION-WEST  343km 01692E 1459 BA

14 2024-09-16 PERCUSION-WEST 831 km 01723E 3611 BA

15 2024-09-19 PERCUSION-WEST  423km 01770E 1780 BA

16 2024-09-21 PERCUSION-WEST  421km 01801E 1791 BA

17 2024-09-23 PERCUSION-WEST  135km 01832E 580 BA

18 2024-09-26 PERCUSION-WEST  925km 01879E 3831 BA

19 2024-09-28 PERCUSION-WEST  378km 01910E 1560 BA

20 2024-11-05 PERCUSION-OP 1714km 02499D 7195 BA/BD

21 2024-11-05 PERCUSION-OP 551 km 02500D 2480 BA/BD

22 2024-11-07 PERCUSION-OP 1410km 02530D 6509 BA

23 2024-11-07 PERCUSION-OP 1140km 02531D 5603 BA/BD

24 2024-11-10 PERCUSION-OP 675km 02576D 2915 BA

25 2024-11-12 PERCUSION-OP 799 km 02608C/D 3861 BA/BD

26 2024-11-12 PERCUSION-OP 1839 km 02609C/D 9377 BA

27 2024-11-14 PERCUSION-OP 2128 km 02639C/D 7904 BA/BD

28 2024-11-14 PERCUSION-OP 711km 02640C/D 3020 BA/BD

29 2024-11-16 PERCUSION-OP 1737 km 02670C/D 6847 BA/BD

30 2024-11-16 PERCUSION-OP 631km 02671C/D 2680 BA/BD

31 2024-11-19 PERCUSION-OP 649 km 02716D 2685 BA

32 2025-03-08 ASCCI 635km 04414D 2710 BA

33 2025-03-14 ASCCI 734 km 04508C 3010 BA

34 2025-03-25 ASCCI 1514km 04679C 7014 BA

35 2025-03-31 ASCCI 842 km 04772C 3500 BA

36 2026-01-22 NAWDIC 513 km 09393D 2349 BC

37 2026-01-24 NAWDIC 1063 km 09424D 4660 BC

38 2026-02-08 NAWDIC 1083 km 09658D 4465 BC

39 2026-02-10 NAWDIC 837km 09690D 3612 BC

40 2026-02-14 NAWDIC 437km 09751D 1945 BC

All 33480km 144517

Cloud detection from WALES BSR profiles with 1 s hor-
izontal resolution is performed using a moving 3 x 3 (hori-
zontal x vertical) pixel window to ensure spatial consistency
and to prevent isolated noisy pixels from being misclassified
as clouds. For each window position, the temperature of the
central pixel determines the applicable threshold. If the cen-
tral pixel does not exceed this threshold, it is classified as
non-cloudy. If it exceeds the threshold, the BSR values of
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the eight neighboring pixels are examined. Only if at least
three neighboring pixels also exceed the same threshold, the
central pixel is classified as cloudy; otherwise, it is classified
as non-cloudy. The 3 x 3 window is shifted horizontally and
vertically across the full lidar cross section of each under-
flight to generate a two-dimensional cloud mask (see Figs. 3b
and 4b).
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From this mask, the cloud top height is subsequently de-
termined for each profile by scanning from top to bottom
and identifying the uppermost pixel classified as cloudy. If
this altitude coincides with the highest measured BSR value
of a profile the cloud top detection is considered ambiguous
(e.g., in case ice clouds are located at HALO flight level or
just below the aircraft), and the cloud ceiling from this pro-
file is rejected. Finally, both the WALES cloud mask and the
WALES cloud top altitudes are interpolated onto the ATLID
JSG (Eisinger et al., 2024) using the nearest-neighbor ap-
proach.

Figure 2 illustrates the resulting cumulative distribution of
cloud pixels for altitude bins determined from the WALES
BSR observations for all 40 EarthCARE underflight seg-
ments and highlights the relative contributions from individ-
ual field campaigns. Figure 2a shows the detected cloud pix-
els from near the surface up to almost 14 km altitude reveal-
ing a multi-modal distribution characterized by several lo-
cal maxima at different altitudes. The strongest peak occurs
at altitudes between 10—13 km, reaching about 5500 cloud
pixel counts, followed by a secondary maximum between 6
and 10 km with about 4000 counts. Further but weaker max-
ima appear at mid-levels (4—6 km; ~ 3000 counts) and in the
lower troposphere (0.5-2km; ~ 2500 counts). This multi-
modal distribution reflects the variety of the sampled cloud
types, including boundary-layer clouds (e.g., cumulus and
stratocumulus fields), and especially cirrus layers observed
across a wide range of latitudes which were targeted during
the individual research flights. This is also expressed by the
vertical positions of the maxima found at different altitudes
for each campaign (lines in Fig. 2a). The highest clouds,
with dominant peaks near 12—-13 km altitude, are primarily
observed during the tropical campaigns PERCUSION-EAST
and PERCUSION-WEST, whereas for the extratropical cam-
paign PERCUSION-OP the uppermost maxima are located
at 9 and 11 km altitude. For the ASCCI and NAWDIC cam-
paigns, the highest located maxima are found a bit lower
(at ~8 and ~ 7km, respectively), consistent with the gen-
erally reduced cirrus altitudes expected at higher latitudes
and during spring or winter conditions (e.g., Stubenrauch
et al., 2017). Mid-altitude clouds (3-5 km altitude) are de-
tected in all campaigns but occur substantially less fre-
quently, typically contributing only about 100-500 cloud
pixels per campaign, except for the enhanced number of
(> 1000) pixel counts during PERCUSION-OP. At low al-
titudes (< 2 km), each campaign exhibits a local maximum
representing boundary-layer clouds; however, these local
peaks are smaller by roughly a factor of 2—-3 compared to
the high-altitude maxima. Figure 2b presents the percentage
contribution of each campaign per altitude bin, and shows
that high-altitude cloud occurrence is largely dominated by
the tropical campaigns, whereas low-level clouds are more
evenly distributed among all campaigns.
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2.2 Cloud parameters from ATLID (Level 2)
single-sensor products

2.2.1 The A-FM feature mask

The single-sensor Level 2a Feature Mask product (A-FM;
van Zadelhoff et al., 2023) provides an initial probabilistic
detection of atmospheric features, based on backscatter sig-
nal properties (signal amplitude, noise characteristics) mea-
sured by ATLID’s co-and cross-polar Mie channels and the
Rayleigh channel. A-FM classifies particle features, includ-
ing aerosols and clouds, and separates them from clear-sky
conditions, surface returns, and fully attenuated range bins
along each lidar profile. Feature detection is performed in
two sequential stages. First, strong features (e.g., optically
thick clouds and dense aerosol layers; A-FM retrieved val-
ues 8—10) are detected using an iterative hybrid median fil-
tering approach that enhances spatial coherence while pre-
serving sharp feature boundaries. In a second step, weaker
features (e.g., thin clouds and low-altitude aerosol layers;
values 5-7) are identified through iterative Gaussian convo-
lution applied to the signal probability fields, allowing co-
herent low-signal structures to be distinguished from noisy
clear-sky pixels (values 0—4). Regions classified as fully at-
tenuated (—1) and surface returns (—3) are determined sepa-
rately based on signal extinction and surface detection crite-
ria. A-FM output is provided on the native ATLID grid, but
here, we use the feature mask re-gridded to the JSG (1 km
horizontally and 100 m vertically). The A-FM product fur-
thermore serves as a structural input for the generation of
different Level 2a and synergistic Level 2b products down-
stream in the processing chain (Eisinger et al., 2024). In par-
ticular, the A-PRO uses the feature mask, to retrieve verti-
cally resolved aerosol and cloud optical properties, includ-
ing extinction, backscatter, and depolarization product (A-
EBD), aerosol properties (A-AER), ice microphysical esti-
mates (A-ICE), and the ATLID Target Classification prod-
uct (A-TC) (Irbah et al., 2023). Within A-PRO, the feature
mask guides adaptive spatial smoothing and averaging strate-
gies, ensuring preservation of cloud—aerosol boundaries and
avoid mixing strong and weak scattering regimes. Details on
the A-FM retrieval and the atmospheric feature flag defini-
tions atmospheric features are provided in van Zadelhoff et
al. (2023) or in the A-FM product data handbook available
at: https://earthcarehandbook.earth.esa.int/catalogue/atl_fm_
_2a (date of last access: 25 August 2026).

2.2.2 The A-TC simple classification

The single-sensor Level 2a A-TC product (Irbah et al., 2023)
provides a range-resolved classification of different particle
types (i.e., aerosols, liquid and ice clouds) and is generated
within the A-PRO processor (Donovan et al., 2024). The
classification exploits ATLID depolarization measurements
with retrieved optical properties (extinction, backscatter, li-
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Figure 2. (a) Histogram of the cloud pixels (in 100 m altitude bins) determined from WALES for the full 40 EarthCARE underflights
coloured with blueish contours by 10° bins of latitude, and number of cloud pixels observed per campaign (coloured lines), and (b) percentage

contribution of each campaign per altitude bin.

dar ratio, attenuated backscatter, along with associated un-
certainties) and meteorological information from the X-MET
product (e.g., temperature and tropopause height; Eisinger
et al., 2024). Target classification is performed on vertically
homogeneous layers identified within the extinction and
backscatter retrieval modules (A-AER, A-EBD) which are
the primary input fields for A-TC. The classification detec-
tion follows a decision-tree framework in which conditional
thresholds based on e.g., depolarization ratio, extinction-to-
backscatter ratio, particle extinction and temperature are ap-
plied to determine the most likely particle type. The classi-
fication algorithm consists of four sequential steps: (i) deter-
mination of homogeneous atmospheric layers, (ii) a simple
classification ensuring robust identification with limited in-
formation, (iii) a detailed classification using the full set of
available input parameters, and (iv) hybrid-mode smoothing
to ensure spatial consistency. A-TC provides a range of tar-
get classifications, including a simple classification scheme,
evaluated in this study as well as a more sophisticated clas-
sification incorporating aerosol typing. The simple classi-
fication separates between stratospheric aerosol and cloud
features, liquid and ice clouds, tropospheric aerosols, clear-
sky pixels, and surface and attenuated returns, but does not
provide information on the aerosol type. The A-TC product
serves as a key dataset within the Level 2 processing chain
by translating lidar-retrieved optical properties into distinct
aerosol and cloud classes, and is used as essential input for
subsequent ATLID profile retrievals and synergistic radar—
lidar products (Donovan et al., 2024). A detailed description
of the A-TC target classification retrieval is provided by Ir-
bah et al. (2023).
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2.2.3 The A-CTH cloud top height

The single-sensor cloud top height product A-CTH
(Wandinger et al., 2023) provides the geometric top alti-
tude of the uppermost cloud detected along the ATLID field
of view. The A-CTH retrieval is performed by the A-LAY
processor for retrieved profiles identified as cloud and uses
the Level 1b co-polar Mie backscatter signal resampled onto
the JSG together with auxiliary information including sur-
face altitude from the A-TC product and tropopause height
from the X-MET product. Cloud top detection is performed
based on a wavelet covariance transform (WCT) approach.
The WCT identifies sharp vertical gradients in the ATLID co-
polar Mie backscatter signal by correlating the signal with a
Haar wavelet function, while thresholds are adapted to the
local signal-to-noise ratio, altitude, and horizontal averag-
ing scale, with the goal to allow a robust identification of
cloud tops even under low-SNR conditions (Wandinger et al.,
2023). It should be noted that the A-CTH cloud top height
product is fully independently generated from the retrievals
of A-FM and A-TC. The A-CTH product is stored in a layer-
resolved format and serves as a key input for the generation
of the synergistic ATLID-MSI cloud top height (AM-CTH)
product (Haarig et al., 2023). More details on the A-LAY and
the A-CTH algorithm are given by Wandinger et al. (2023).

3 Example cross sections for a tropical and an
extratropical case

Figure 3 presents an example EarthCARE underflight con-
ducted on 7 September 2024 during the PERCUSION-
WEST campaign, when HALO flew a south—north transect in
the tropical Atlantic departing from Barbados. This case was
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selected because it features complex aerosol and cloud con-
ditions, in particular a well-defined, extended ice cloud field
observed by both instruments, enabling a consistent compar-
ison. The time—-altitude cross section of the WALES BSR
(Fig. 3a) reveals a variety of structures characterized by ele-
vated values (BSR > 1.8), indicating the presence of cloud or
aerosol particles, while lower values (BSR < 1.8) correspond
to regions of low particle content. Frequent structures in en-
hanced backscatter above 6 km altitude indicate the strong
presence of different ice clouds structures. A distinct cloud
field is observed near 13 km altitude, which is optically thick
in the vicinity of the EarthCARE underpass and becomes
increasingly fragmented as well as vertically and optically
thinner toward the northern part of the flight leg. Very large
BSR values (BSR > 6) at lower altitudes furthermore re-
veal the presence of optically thick cloud structures, for ex-
ample patchy mid-level clouds near the underpass at about
5 km altitude. At lower altitudes, large BSR values frequently
aligned near 1km indicate the presence of small-scale cloud
structures, particularly at the beginning and end of the flight
leg. In addition, slightly elevated low-level cloud fields (2—
4km altitude) are detected between 170 and 320 km along
the flight track. Another notable feature is an extended layer
of intermediate BSR values (1.8 < BSR < 6) within the low-
est 3 km, suggesting the presence of aerosols attributable to
Saharan dust, within which denser cloud patches (BSR > 10)
are embedded. Figure 3b shows the corresponding WALES
cloud mask, capturing the main cloud features identified in
the BSR cross section, including high-level, mid-level, and
low-level clouds. It should be stressed that none of the pixels
associated with the Saharan dust layer are incorrectly classi-
fied as clouds by our developed cloud detection algorithm.
Figure 3c displays the feature mask provided by the A-
FM product for the example underflight. Overall, the vertical
and horizontal distribution of optically dense classified cloud
features (uppermost three flags, reddish colors in Fig. 3c) in
A-FM agrees well with the WALES cloud mask in terms of
altitude ranges and general shape of the clouds. A-FM feature
flags representing thin aerosol or thin cloud (orange and yel-
low in Fig. 3c) form a coherent cloud layer between 10 and
13 km altitude, covering nearly the entire transect. In con-
trast, this corresponding cloud structure in the WALES mask
appears more complex, fragmented, and less vertically thick.
This fragmented structure is covered by the A-FM dense
cloud features (Fig. 3c) and is consistent with the structure
of the BSR from the Level 2 A-EBD product (Fig. 3e). Fig-
ure 3d illustrates the simple classification provided by the A-
TC product. This mask fundamentally distinguishes between
liquid clouds, ice clouds, and aerosols. In general, the A-
TC simple cloud distribution is consistent with the WALES
mask, with liquid cloud classifications predominantly occur-
ring at low altitudes and corresponding to the small-scale
cloud features observed by WALES. Similar to the optically
thin and thick feature in A-FM, A-TC classified a coherent
layer of ice clouds extending along the entire cross section
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between 10 and 13km altitude. A-TC furthermore shows
an aerosol layer within the lowermost 3 km covering almost
the entire cross section. Between 270 and 350 km along the
flight track, this aerosol layer forms a plume-shaped struc-
ture reaching altitudes of up to ~ 6 km. Within this structure,
A-TC classifies some pixels as ice clouds (which are not con-
tained in the WALES cloud mask), and conversely aerosol
pixels appear occasionally at the edges of the ice clouds.

The cloud top height of the uppermost clouds derived from
the A-CTH product is overlaid in Fig. 3¢ and d (green dots).
A-CTH shows cloud tops associated with high-, mid-, and
low-level clouds, and occasionally detects cloud tops above
HALQO’s flight altitude that are not detectable by WALES.At
high altitudes, A-CTH and WALES top heights are found at
comparable altitudes, whereas for low-level clouds, A-CTH
cloud tops appear frequently lower than those derived from
WALES, a finding examined in more detail in Sect. 4.3. No-
tably, A-CTH cloud tops are frequently located at the upper
transition between thick and thin features in A-FM and lie
within regions classified as ice cloud by A-TC. At altitudes
below approx. 6 km, A-CTH cloud-top heights agree closely
with A-TC liquid cloud and with A-FM cloud and dense-
features. It should be noted that A-CTH does not produce a
cloud top altitude in cases of Saharan dust, where the A-TC
classification provides an ice cloud pixel.

A second case study is presented to illustrate an Earth-
CARE underflight on 31 March 2025 during the ASCCI cam-
paign in extratropical conditions (Fig. 4). During this flight,
HALO performed a north—south transect across Svalbard and
the Arctic Ocean, targeting both high- and low-level cloud
systems in a cold tropospheric environment with tempera-
tures below 0 °C down to the surface. The WALES BSR cross
section and the corresponding cloud mask (Fig. 4a-b) reveal
high-altitude cloud layers between approximately 5 and 9 km
altitude during the first half and toward the end of the flight
leg. In addition, optically dense cloud fields with cloud tops
below about 3 km altitude are also a characteristic feature of
the scene.

Consistent with the previous case (Fig. 3), the high-level
clouds are also captured by the A-FM and A-TC products and
classified as thick features (A-FM; Fig. 4c) and ice clouds
(A-TC; Fig 4d), respectively, but again, compared to the
WALES cloud detection, the cloud features have a greater
vertical extent in the ATLID Level 2 products. Interestingly,
the cloud formation between 6—10 km altitude in the A-TC
product is subdivided near the roughly constant tropopause
level at 8 km altitude into an ice cloud feature below and a
stratospheric aerosol feature above. Another prominent fea-
ture occurs within the first 100km of the transect, where
WALES observes (ice) clouds between 6—8 km altitude and
again below approximately 3.5 km altitude, separated by a
cloud-free layer. In contrast, both A-FM (Fig. 4c) and A-
TC (Fig. 4d) depict these layers as a vertically continuous
feature (including aerosol pixels) extending through much
of the lower 8 km of the profile. Near the underpass loca-

Atmos. Meas. Tech., 19, 5923-5950, 2026



5932

11.2°N

UTC Time [HH:MM]
17:25

K. Kriiger et al.: Airborne validation of cloud macrophysical properties from ATLID Level 2a products

(a) ST e A [—.'_':S;ﬁ’f‘&?"‘_:’m-& _
10000 - b :

5000 A

Altitude [m]

ER S b iy : 1.8

v e

9.6°N i '10.4° 11.2°N

12.0°N 12.8°N

(b) AR
10000

;
3.
4

4

i, B - e

e el
Fa o WALES CTH

cloud

-

5000 1

Altitude [m]

i T P
e . .-

L —

_ !
e i

e e AN (p ol

r no cloud

WALES cloud mask

Zhannnnnnn

11.2°N

(c) =
10000 -

5000 - t —

Altitude [m]

©
o
°
=2
=
=}
>
=

12.0°N 12.8°N

dense clouds

o
[}
8
2
[}
i)
o
o
3
o
w0
2
o
o
c
o
K

E o
E :*1 1 lz e ATLID CTH dense aerosols / cloud
o F aerosol / thin cloud

F aerosol / thin cloud
F low-altitude aerosols
F likely clear sky
F likely clear sky
F likely clear sky
F likely clear sky
F clear sky
attenuated
no retrieval
surface

A-FM featuremas|

12.8°N

}_.

(d)
10000 |

stratospheric aerosol
stratospheric cloud

L) e ATLID CTH

aerosol
ice cloud
liquid cloud

5000 A

Altitude [m]

RN RO A

Ty a

clear
attenuated
= S o surface

A-TC simple classification

30.0

~
e

100001

20.0
15.0

5000 A

Altitude [m]

o
o
A-EBD BSR3s50m

150 200

Track distance [km]

Figure 3. Time-altitude cross sections for the research flight on the 7 September 2024 from Barbados (PERCUSION-WEST) of (a) the BSR
measured from WALES, (b) the cloud mask (black contours) and the top altitude of the uppermost cloud (red dots) as determined from
WALES BSR, (c) the feature mask of the A-FM product, (d) the simple classification of the A-TC product, and (e) the ATLID BSR from
A-EBD. The top altitude of the uppermost cloud from the A-CTH product is shown in panels (c¢) and (d) with green dots. The vertical black
dashed lines illustrate the location of the EarthCARE underpass by the HALO aircraft. Note that the A-TC/A-FM atmospheric features are
only displayed up to the altitude bins where WALES BSR measurements are available, close to the HALO flight altitude (horizontal black
line). The horizontal thin dashed black lines (a—d) depict the IFS 0 °C isotherm. All ATLID Level 2 products shown represent baseline BA.

tion (between 450-600 km along track), an extended cloud
field with a relatively uniform cloud top height around 3 km
is observed consistently in WALES, A-FM, and A-TC, be-
low which the strong attenuation suggests the presence of a
partly liquid-phase cloud. Furthermore, both A-FM and A-
TC display a coherent layer of aerosol or thin cloud features
within the lowest 4-5 km of the cross section. Regarding the
A-CTH product, it is noticeable that the retrieved cloud top
heights generally agree well with the heights of the liquid
cloud pixels (A-TC; Fig. 4d) as well as with the two highest-
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ranked flags in A-FM. However, in the extended ice cloud
fields shown in A-TC, A-CTH does not consistently retrieve
cloud tops at the geometric upper boundary. Instead, cloud
top heights are mainly assigned to the densest pixels (indi-
cated by the flags 9 and 10 in A-FM) within these ice clouds,
which overall results in a high correlation with the WALES
cloud top heights. In addition, cases of notably low A-CTH
cloud top heights (< 200 m) are again observed which is dis-
cussed in Sect. 5.
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Figure 4. Time-altitude cross sections with the same parameters as for Fig. 3, but for the research flight on the 31 March 2025 from Kiruna
(ASCCI). The horizontal black dashed line in panels (c)—(e) represents the tropopause altitude provided from A-EBD. All ATLID Level 2

products shown represent baseline BA.

4 Statistical validation of cloud macrophysical
properties from ATLID Level 2 products A-FM,
A-TC and A-CTH

The two case studies presented in the previous section are in-
tended to provide an initial overview of the WALES BSR ob-
servations and cloud mask, as well as the ATLID Level 2 data
products A-FM, A-TC, and A-CTH for aerosol and cloud
conditions in an example tropical and extratropical flight.
Overall, the ATLID products demonstrate a generally real-
istic representation of various cloud features; however, there
are indications of systematic discrepancies when compared
to the corresponding WALES observations. In the following
section, these differences are investigated in a more compre-
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hensive and statistical manner based on the full dataset. We
first focus on the cloud frequency (cloud pixel distribution)
from the simple classification of the A-TC product and the
feature mask of the A-FM product in a flight-by-flight analy-
sis as well as in a statistical analysis of all flights (Sect. 4.1).
This is followed by a statistical comparison of the cloud top
heights detected from WALES and provided by the A-CTH
product (Sect. 4.2).

4.1 Validation of the Level 2a classification products
A-FM and A-TC

Figure 5 provides an overview of the variability in detected
cloud pixels and their corresponding altitude as violin distri-
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violin boxplots for WALES (black), A-TC (blue) and A-FM (red). The horizontal bars inside the violins represent the median. The colouring
of the x-axis labels corresponds to the different field campaign with the same color-coding as in Fig. 1.

butions across the individual research flights and campaigns
for WALES and the ATLID Level 2 products. The number of
cloud pixels detected by WALES varies strongly among the
flights (Fig. 5a), ranging from about 1000 to nearly 70 000
pixels. This large spread is primarily related to the variable
length of underflight segments (see Table 1), as well as the
differing cloud and aerosol conditions targeted and encoun-
tered during the missions. Both the A-TC (liquid and ice
cloud flags) and the A-FM (dense cloud flag 10, and the
two dense cloud/aerosol flags 8 and 9) products generally
reproduce the magnitude of this variability in cloud pixel
counts across the flights well. However, both satellite prod-
ucts clearly show higher pixel counts compared to WALES
for the majority of the flights (A-TC: 37 of 40 flights, A-
FM: 30 of 40 flights). For approximately half of the flights,
both products show good agreement with WALES, with rel-
ative deviations within £25 % (17 flights for A-TC and 20
flights for A-FM). A small number of flights (6 in A-TC, 3
in A-FM) have a substantially higher number of pixels (by
a factor of > 2) compared to WALES, but these are cases
in which generally fewer cloud pixels were observed. Cases
of pronounced overestimations are found to occur especially
during the extratropical campaigns between November 2024
(PERCUSION-OP) and March 2025 (ASCCI). These flights
are associated with an enhanced occurrence of the A-TC ice
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cloud flag and, in particular, the stratospheric aerosol flag,
which may be related to tropospheric ice cloud features (cf.
Fig. 4). It should be noted that during the extratropical flights
in 2026 (NAWDIC, baseline: BC), no pixel counts associated
with the stratospheric aerosol flag could be found, which will
be discussed in Sect. 5.1. An additional noteworthy result is
that the cumulative pixel counts of two uppermost flags (9,
10) in the A-FM product are often in good agreement with
the WALES pixel counts.

Figure 5b shows, the vertical distribution of detected cloud
features in WALES, A-TC, and A-FM represented as violin
distributions. Based on the WALES observations (black vio-
lins), most flights exhibit either unimodal or bimodal verti-
cal distributions demonstrating that low-level, mid-level and
high-level clouds are captured by the observations. The shape
of the violins generally indicates that a dominant fraction
of the detected clouds occurred at high altitudes. During the
tropical flights in August and September 2024, cloud pixels
are located between about 10—14 km altitude. For the subse-
quent extratropical campaigns, the cloud pixels are located at
lower altitudes and show a larger variability (about 7-12 km
altitude) which is consistent with Fig. 2. In addition to these
high-level clouds, smaller fractions of clouds are frequently
detected at lower altitudes, including mid-level clouds be-
tween approximately 4 and 7 km and, in some cases, clouds
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Figure 6. Vertical distributions of cloud pixels determined from WALES (black step histogram) for the 40 full EarthCARE underflight
segments. Histograms are shown for 100 m altitude bins in panels (a) and (b) and for 1 K temperature bins in panels (¢) and (d). The stacked
colouring in panels (a) and (c) represent the pixel counts from the A-TC simple classification, whereas in panels (b) and (d) the colouring
stacked here as well shows the distribution of atmospheric features classified by the A-FM product (see legend).

within the lowest 2 km of the atmosphere. Overall, the verti-
cal distributions derived from WALES, A-TC (blue violins),
and A-FM (red violins) show a broadly similar structure for
most flights. However, the A-TC and A-FM distributions oc-
casionally exhibit trimodal structures that are not similarly
present in the WALES observations, which may point to
cases of either cloud/aerosol misclassifications (e.g., 13 Au-
gust 2024; 25 August 2024 in Fig. 5b), or situations of low
representativeness due to cloud field drifting into/out of the
scene and thus are captured by only WALES or ATLID (e.g.,
12 November 2024; 19 November 2024 in Fig. 5b).

Figure 6 shows the vertical distribution of detected fea-
tures from the two ATLID products A-TC (Fig. 6a, c¢) and
A-FM (Fig. 6b, d), displayed as stacked histograms with dif-
ferent colors separated by the respective classification masks
(see legend). The distribution of cloud pixels detected from
the WALES BSR dataset is shown as a black line. Overall,
the cumulative distributions from both ATLID products fol-
low the vertical cloud pixel distribution observed by WALES.
In both satellite products, pronounced maxima occur be-
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tween approximately 11-13, 6-10, and 1-2km altitude in
correspondence to the WALES observations (Fig. 6a, b). The
vertical distributions with respect to temperature (Fig. 6¢c, d)
show a more uniform shape, with a clear maximum in pixel
counts (10000 in WALES) at around 220 K which confirms
the strong presence of ice clouds in the dataset. The cloud
pixel counts then steadily decline towards higher tempera-
tures up to 280 K, and exhibit another small local maximum
at 295K (1500 counts), which is related to the frequently
captured (liquid) low-level clouds in the tropics. This distri-
bution is also represented by A-TC and A-FM.

The A-TC product consistently shows higher cloud pixel
counts compared to WALES at nearly all altitudes (Fig. 6a).
Differences are most pronounced above 6 km and below
2km, where A-TC exceeds WALES by about 20 %, while
deviations in the intermediate layer (2-6km) remain very
small (< 5 %). Figure 6b indicates that the majority of these
higher cloud detections in A-TC occur at temperatures be-
low 250 K, whereas agreement between A-TC and WALES
is very good at temperatures above 273.15 K. Notably, an en-
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hanced number of stratospheric aerosol counts are found in
A-TC above 6km (Fig. 6a), and these potentially misclas-
sified aerosols are exclusively found at temperatures below
236 K. In addition, an enhanced occurrence of higher A-TC
cloud pixel counts is observed in the temperature range of
approx. 265-275 K. It is furthermore noted, that WALES de-
tects slightly more cloud pixels than A-TC at very low al-
titudes (< 1 km, above 290 K), even though a small number
A-TC of likely misclassified ice cloud pixels are found at
temperatures above 273.15 K.

The A-FM product does not provide a strict separation be-
tween cloud and aerosol features, but its pre-classified fea-
ture flags serve as input for subsequent products (e.g., A-TC).
Considering the uppermost three feature classes (flags 8—10;
optically dense features, see legend), A-FM (Fig. 6¢) shows
good agreement with WALES above 6 km (and at tempera-
tures < 250K; Fig. 6d), with only small deviations (< 5 %).
Lower-ranked A-FM features (i.e., values 5 and 6, associated
with optically thin features) lead to a substantial increase in
the number of detected pixels which is likely related to the
presence of aerosols (indicated in Appendix B). At lower al-
titudes between 4 and 6 km, WALES detects a higher frac-
tion of cloud pixels by about 30 %, while below 4 km, A-FM
shows an increased number of classified features, particularly
associated with optically dense aerosol or cloud (flag 8). This
is reflected in a pronounced peak in the A-FM distribution
around 1 km altitude (around 290K, Fig. 6d), where A-FM
pixel counts exceed WALES pixels by about 100 %.

4.2 Validation of A-CTH cloud top altitudes

Figure 7 illustrates the correlation between cloud top alti-
tudes detected by WALES and A-CTH (Baseline BA and
BC) for the full multi-campaign dataset. Figure 7a shows
that most cloud top observations occur along the diagonal,
and that the majority of data points exhibit deviations of less
than 2km (dotted black lines in Fig. 7). Within this range
several clusters of enhanced counts (red to dark red color-
ing) can be identified. Smaller clusters occur near cloud-top
altitudes of approximately 3—5 km altitude, while more ex-
tended clusters are located between about 1-3, 8-11, and
12-14km altitude. Figure 7b provides the median latitude
per bin allowing to link these clusters to distinct cloud struc-
tures occurring at different latitudes. The cluster between 8
and 11 km is primarily associated with (ice) clouds observed
at mid-latitudes (40-50°N) and high latitudes (60-80°N),
whereas the cluster between 12 and 14 km mainly corre-
sponds to clouds observed at mid-latitudes (50-60° N) and in
the tropics (< 20°). One finding is that most of these clusters
are located slightly above the diagonal line, indicating that
the A-CTH cloud top altitudes are generally slightly higher
than those detected by WALES. A striking exception is the
frequent detection of very low altitude cloud tops (< 0.5 km)
in A-CTH where WALES provides cloud tops distributed be-
tween 0.5 and 14 km which may hint to misdetections of A-
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CTH products at these altitudes (already indicated by Figs. 3,
4 and discussed in Sect. 5). Figure 7b clearly shows that such
potential misdetections are found in both the tropics and in
the extratropics.

In addition to the main clusters near the diagonal, nu-
merous isolated bins with low counts are found outside the
42 km deviation interval, indicating cases with substantially
larger cloud top height differences between the two datasets
which may be related to cloud edge uncertainties or to spa-
tial mismatch. To investigate the potential influence on the
spatial mismatch, Fig. 7a uses hatching to indicate bins that
include observations within a radius of about 40 min. of the
satellite underpass location, representing 75 % of the data
counts. Non-hatched bins correspond to cloud-top detections
located beyond this time difference, implying reduced spa-
tiotemporal collocation between ATLID and WALES mea-
surements. Notably, many isolated bins are non-hatched, sug-
gesting that the observed cloud top height differences of the
isolated bins may be partly attributable to reduced represen-
tativeness. In contrast, most of the clusters along the diag-
onal line frequently contain hatched bins, indicating a high
degree of spatial collocation between ATLID and WALES
measurements. However, clusters of poor collocation (i.e.,
non-hatched bins between 11 and 13 km altitude) are also
found along the diagonal, suggesting that cloud-top detec-
tions with reduced collocation should not generally be ex-
cluded from the validation, as they may still provide useful
information. Figures 6 and 7 illustrate that the cloud pix-
els detected by WALES form distinct clusters across dif-
ferent latitudes, temperatures, and altitudes, thereby repre-
senting a variety of distinct cloud regimes. In the follow-
ing, the dataset is coarsely sub-categorized based on temper-
ature to assess the accuracy of A-CTH cloud top heights for
different cloud regimes and with respect to distance to un-
derpass. Figure 8a presents violin distributions of cloud top
geometric heights measured by WALES, with the data cat-
egorized according to temperature. Specifically, we distin-
guish between warm clouds (temperature above the freezing
level, T > 273.15 K), mixed-phase clouds in tropical and ex-
tratropical regions (273.15K > T > 236 K; latitude: 30 and
< 30°N), and ice clouds (T <236 K).

The liquid clouds exhibit a comparatively narrow distri-
bution, with cloud top altitudes predominantly confined to
the lowest 2 km of the atmosphere. In contrast, mixed-phase
cloud tops in both tropical and extratropical regions show a
much broader distribution. Tropical mixed-phase clouds dis-
play a unimodal structure, with cloud tops primarily located
between 6 and 8 km altitude, whereas extratropical mixed-
phase clouds exhibit a trimodal distribution spanning from
approximately 0.2 up to 9 km. Ice clouds are found at higher
altitudes, shaping a broad distribution covering an altitude
range extending roughly from 7 to 14 km. The black vio-
lin, representing the full dataset, reveals a pronounced tri-
modal structure, reflecting the frequent occurrence and de-
tection of all three cloud regimes. It should be noted that
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requirement according to Wehr (2006) and Wandinger et al. (2023).

the violin distributions (Fig. 8) include only cases where the
cloud top heights from WALES and A-CTH differ by less
than 2km, in order to ensure that large deviations (e.g., at
cloud edges or due to drifting cloud fields) do not influence
the statistics. Figure 8b shows the differences between A-
CTH cloud top heights and those derived from the WALES
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cloud mask. The distribution of cloud top differences for the
full dataset spans a wide range, with the majority (about
80 %) of the differences lying within £500 m. Overall, the
distribution is shifted toward higher cloud top altitudes in A-
CTH, with a median at almost 4300 m. Roughly 50 % of the
differences fall within the target accuracy interval of 300 m
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defined for A-CTH. A systematic tendency toward overesti-
mation of cloud top heights is consistently observed for ice
clouds as well as for tropical and extratropical mixed-phase
clouds, all of which exhibit relatively uniform distributions
with medians located around +300 m. An exception is found
for the category of warm (liquid) clouds, where A-CTH tends
to underestimate cloud top heights on average. Interestingly
the distribution of differences in this category is bimodal,
with one maximum similar to the other categories at slightly
above 4300 m, and a broader secondary maximum ranging
between —200 and —600 m which may point to a potential
false cloud top detections in A-CTH near surface in this cat-
egory.

To further assess how the findings on A-CTH cloud top
height accuracy depend on the distance to the EarthCARE
underpass, Fig. 8 additionally shows dashed violin plots for
each category, including only cloud tops observed within
410 min of the underpass. This subsetting reduces the sam-
ple size by roughly one-half to two-thirds per category,
but for the remaining data a higher representativeness is
to be expected. Nevertheless, the resulting distributions re-
main largely robust. In particular, extratropical mixed-phase
and ice clouds exhibit more clearly defined distributions
(Fig. 8a), reflected in a more distinct trimodal structure
compared to the full dataset. Importantly, the main findings
regarding cloud top height differences remain nearly un-
changed, with all categories showing consistent tendencies
toward a systematic overestimation of cloud top heights of
a similar magnitude. However, for extratropical mixed-phase
and ice cloud classes, the median differences shift slightly
closer to zero when considering the subset with the stricter
temporal collocation. For the liquid cloud, and the tropical
mixed-phase class, the magnitude of the median difference
slightly increases.

4.3 Statistical comparison of A-TC and A-CTH
between Baseline BA and BD

To investigate potential improvements in recent baseline re-
visions, the A-TC and A-CTH products are retrieved for 12
cases (see Table 1) from the preoperational baseline dataset
BD, which is being considered as a candidate for the next
major baseline (version CA). Figure 9 A-TC cloud pixels dis-
tributions binned in 1 K temperature intervals for 12 cases for
the baseline BA (Fig. 9a) and BD (Fig. 9b), with correspond-
ing relative differences in pixel counts illustrated in Fig. 9c.
Overall, the cloud pixel distributions derived from WALES
and A-TC for these 12 flights exhibit a similar structure to
that of the full dataset (Fig. 6¢) for both baseline versions,
indicating that this subset is highly representative of the full
dataset. Baseline BD still shows an overestimation of cloud
pixel counts at temperatures below 250 K, but notably a sys-
tematic reduction (by 5 %—15 %) in total cloud pixel counts
in this temperature regime. Additionally, the spurious oc-
currence of stratospheric features (that are likely associated
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with ice clouds; cf. Fig. 4) in baseline BA is fully eliminated
at temperatures above 216 K (100 % reduction, Fig. 9c). In-
terestingly, an increased occurrence of stratospheric aerosol
pixels is found at temperatures below 216 K, suggesting a re-
distribution of this classification toward colder regimes. For
Baseline BD furthermore a substantial shift is shown in phase
partitioning, with an increased proportion of liquid cloud de-
tections relative to BA above 232 K. This change is accompa-
nied with an improved liquid—ice cloud discrimination char-
acterized by more spatially coherent structures, where lig-
uid and ice cloud flags appear less fragmented (not shown).
Another finding is the notably enhanced presence of liquid
cloud pixels above 290 K (doubling from BA to BD), reach-
ing counts comparable to WALES at the highest tempera-
tures (> 296 K) and an overrepresentation in comparison to
WALES between 290-296 K. In terms of ice cloud occur-
rence, a general reduction of ice cloud detections is found
across the full temperature range in the baseline BD. At tem-
peratures above freezing level (> 273.15) no more ice cloud
pixels are found in BD. In addition, BD exhibits notably
fewer ice cloud pixel counts between 260-275 K, a regime
previously associated with misclassifications within the Sa-
haran dust air layer (cf. Fig. 3). It is noted that the overall
reduction in ice cloud occurrence is primarily attributed to
the removal of systematic misclassifications above the freez-
ing level, particularly within Saharan dust-affected regions,
rather than to a reduction in ice cloud size which is supported
by the remaining (but slightly improved) ice cloud pixel over-
estimation in baseline BD.

Figure 10 presents WALES cloud top height distributions
(a), corresponding differences to the two A-CTH versions
(b), and counts per category (c) for the same temperature-
based cloud classes as defined in Fig. 8, representing the
same 12 research flights. The WALES cloud top height distri-
butions (Fig. 10a) exhibit a similar overall structure to those
shown in Fig. 8, with comparable altitude ranges and po-
sitions of the maxima across the different categories. How-
ever, the distribution of all cloud tops (black violin) reveals
a pronounced bimodal structure, caused by the dominance of
low-level and high-level clouds and an absence of mid-level
clouds in this subset as opposed to the trimodal distribution
shown in Fig. 8a. The missing mid-level peak is primarily as-
sociated with the limited occurrence of mixed-phase tropical
clouds in the 12 analysed flights (see Fig. 10c). This is further
reflected in the broad distribution of the mixed-phase tropi-
cal class, which results from the comparatively small number
of detected cloud tops within this category. The distributions
of cloud top height differences between WALES and the A-
CTH versions (Fig. 10b) are comparable to Fig. 8. The base-
line BA distributions (solid violins) are shifted toward posi-
tive values, indicating an overestimation of cloud top heights.
In contrast, the baseline BD (dashed violins) cloud top dif-
ferences are smaller in magnitude, particularly for the (extra-
tropical) mixed-phase and ice cloud categories, suggesting a
slight improvement in accuracy, although a systematic over-
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Figure 10. (a) Cloud top height distributions from WALES observations shown as violin plots for the same cloud regimes as defined in Fig. 8
(liquid, tropical and extratropical mixed-phase, ice clouds, and all cloud tops). (b) Differences in cloud top height relative to WALES (A-
CTH — WALES) for the two A-CTH versions, with baseline BA shown as solid violins and baseline BD as dashed violins. (¢) Corresponding
number of cloud top observations per category for baseline BA (solid bars) and BD (dashed bars). All results are based on the full EarthCARE
underflights of the 12 research flights. Note that violins in panels (b) and (c) are only displayed if a class includes more than 50 cloud top
height counts.

estimation by BD remains evident. Due to the very low num- overestimation of cloud top heights. This change is also evi-

ber of tropical mixed-phase clouds (< 50 cases) in this data
subset, no comparison of cloud top differences is provided
for this category. Notably, for the liquid cloud class, the BA
distribution shows a trimodal structure, indicative of distinct
regimes of over- and underestimation associated with mis-
classified very low cloud tops below 200 m, as discussed in
Sect. 4.2. This trimodality is no longer present in the baseline
BD distribution, as these misdetections low-level cloud tops
have been effectively removed. As a result, the distribution
for this class in baseline BD primarily reflects the remaining
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dent in Fig. 10c, showing a general reduction in cloud counts
for the baseline BD across all categories, but most notably
for the liquid cloud tops compared to the baseline BA.

5 Discussion
The scope of this study is the evaluation of selected cloud-

related parameters from three ATLID Level 2 products: the
“feature mask” of the A-FM product (van Zadelhoff et al.,
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2023), the “simple classification” of A-TC product (Irbah et
al., 2023; Donovan et al., 2024) and the “cloud top height”
from the A-CTH product (Wandinger et al., 2023), which
provide essential parameters to characterize macrophysical
properties of clouds. For this purpose, a comprehensive and
independent multi-campaign airborne WALES BSR dataset
is used to determine a cloud mask, providing the high spa-
tiotemporal collocation required for robust validation (e.g.
Hall, 2025; Grof et al., 2026). The corresponding multi-
modal vertical distribution of cloud pixels for the multi-
campaign dataset (Fig. 2) expresses the variety of clouds ob-
served at low, mid, and high-levels and at different temper-
ature ranges. The altitude of the maxima varies among the
campaigns, with the highest altitude maxima observed during
the tropical campaigns, while extratropical campaigns ex-
hibit lower maxima consistent with reported seasonal and lat-
itudinal variations (e.g., Stubenrauch et al., 2017). In general,
the number of cloud detections in WALES decreases with de-
creasing altitude (i.e., as temperatures rise; see Fig. 6), which
is primarily due to two characteristics of lidar measurements.
First, optically dense ice clouds (e.g., anvil cirrus clouds) can
attenuate the laser beam and thus prevent detection below the
uppermost cloud layer. Second, clouds in the mixed phase
and liquid phase are largely optically dense, so that the li-
dar primarily provides information about the cloud top rather
than the entire vertical extent, which by nature lowers the
amount of detected cloud pixels in these cloud types.

5.1 Validation of cloud features from the simple mask
(A-TC) and the feature mask (A-FM)

The statistical analysis of the A-TC and A-FM products
clearly shows that both products reproduce this multi-modal
vertical cloud distribution observed by WALES, with indi-
vidual maxima occurring at similar altitudes, and hence pro-
vide a notably realistic representation of the vertical cloud
distribution given the early stage (baseline B) of these prod-
ucts. Nevertheless, several distinct differences between A-
TC cloud targets and A-FM features and WALES cloud pix-
els could be identified. A slight underestimation of cloud
features is found in the lowermost 2km altitude in A-TC
and A-FM, which may be related to the higher resolution of
the WALES BSR data enabling detection of very small-scale
clouds.

A-TC systematically overestimates the number of cloud
pixels across nearly all altitudes, which is most pronounced
when ice clouds dominate. This overestimation is primar-
ily associated with the enhanced occurrence of thin-feature
classes in A-FM (values 6 and 7), which are propagated
into A-PRO and result in an increased frequency of ice
cloud detections in A-TC (Irbah et al., 2023). Ice clouds
in A-TC are furthermore typically horizontally larger and
vertically deeper compared to the corresponding detected
WALES cloud pixels. In addition, broken cirrus cloud forma-
tions in WALES appear less patchy in A-TC (typically as one
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coherent layer). However, these patchy structures are found
in the Level 1 backscatter observations (not shown) and op-
tical properties derived from it (e.g., the ATLID BSR in the
Level 2 product A-EBD, see Figs. 3e and 4e) suggesting that
the increase in ice cloud pixels arises in the Level 2 process-
ing chain. Here, the patchy structure is also occasionally ap-
parent in the three highest feature values (8—10) in the A-FM
product. It has to be emphasized that A-TC liquid cloud pix-
els are strongly consistent with the WALES cloud mask with
respect to the cloud lengths and their altitudes (Figs. 3, 4,
6). To further test the finding whether the observed A-TC
ice cloud overestimation could be related to the chosen BSR
threshold, a sensitivity analysis using variable BSR thresh-
olds in the cloud detection supports that the overestimation
in A-TC cloud pixels is not caused by selecting a too con-
servative BSR threshold in the WALES BSR observations
(Appendix A).

Another feature observed in A-TC during mid- and
high latitude flights is the occasional presence of strato-
spheric aerosol structures attached to ice cloud features, that
are sharply separated at the tropopause. A-PRO uses the
tropopause as a reference level to define backscatter thresh-
olds for cloud detection (i.e., lower thresholds in the strato-
sphere, higher ones at the tropopause; see table 1 in Irbah et
al., 2023). Cloud detection in A-PRO therefore also depends
on the height of the tropopause. Although the tropopause
is generally an important reference, it is not always clearly
defined (e.g., it may exhibit discontinuities and large jumps
in height near the jet stream, be poorly defined within the
polar vortex, or be multi-valued; e.g., Schéfler et al., 2021;
Kriiger et al., 2022). Potentially incorrect tropopause heights
can therefore influence feature detection in A-TC and A-
CTH, and are likely responsible for the described sharp tran-
sition between ice clouds and “‘stratospheric aerosols” at the
tropopause in the baseline BA (Fig. 4d). We emphasize that
we were only able to diagnose this feature for extratropi-
cal frames, since the tropical tropopause lies far above the
HALO flight level. We also want to stress that such mis-
classifications of ice cloud pixels as stratospheric aerosols
are not observed in the more recent baseline BC (during the
NAWDIC flights) and are much reduced for the midlatitude
cases of the BA version (Fig. 9c). This is likely attributed
through an improved tropopause determination as indicated
in the data disclaimer (ESA, 2026a).

Furthermore, A-TC indicates enhanced classifications of
ice cloud pixels embedded within aerosol layers, with de-
tected ice clouds located at temperatures below and above the
freezing level (273.15 K). This feature is particularly evident
in tropical E-frames under conditions of elevated aerosol
loading associated with Saharan dust outbreaks and appears
most pronounced in the eastern Atlantic, near its source re-
gions, but is also observed in the central and western At-
lantic. Previous studies demonstrate that mineral dust can
act as an efficient ice-nucleating particle, enabling heteroge-
neous ice formation within dust-laden air masses (e.g., Boose
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et al., 2016). However, this process typically requires tem-
peratures well below —10 °C (Ansmann et al., 2005, 2008;
Seifert et al., 2010). In contrast, the majority of ice cloud
pixels identified here occur at temperatures above —10°C
and remain embedded within the Saharan dust layer, which
suggests that these ice clouds may be misclassified in A-TC.
Given that the optical properties of dense mineral dust and
optically thin ice clouds can be similar (increased depolar-
ization ratio, slightly increased lidar ratio; e.g., Grof} et al.,
2013) these ice cloud pixels are likely misclassified. A plau-
sible explanation for this misclassification is an increased de-
polarization in the ATLID Level 1, or increased cross-polar
channel noise reported by Grof3 et al. (2026). However, it is
important to note that in the analysed subset of 12 cases for
baseline BD, no ice cloud pixels are classified at tempera-
tures above 273.15K (Fig. 9b), indicating that this issue is
expected to be no longer present in the upcoming Baseline C
(as baseline BD is being considered a candidate for the next
major baseline update). The disclaimer indicates that this im-
proved ice cloud-liquid cloud discrimination is related to the
use of temperature from improved X-MET product that was
already implemented for Baseline BC (ESA, 2026a).

The A-FM product is designed to provide a probabilis-
tic assessment of the presence of optically thin and optically
thick features in the atmosphere, rather than making a strict
distinction between clouds and aerosols. Consequently, a di-
rect comparison with A-TC classifications is neither possi-
ble nor intended in this study. According to the A-FM fea-
ture definition (van Zadelhoff et al., 2023), both clouds and
aerosols can appear as optically thin or optically thick fea-
tures, which precludes a direct comparison with A-TC cloud
pixels. Nevertheless, A-FM serves as input to the Level 2 pro-
cessing chain, where it guides averaging strategies within the
A-PRO processor. Hence, A-FM supports the generation of
both single- and multi-sensor products and may therefore in-
fluence their overall quality. For this reason, an evaluation of
A-FM classified features against WALES cloud observations
is included in this study.

A strong agreement is shown between optically dense fea-
tures in the A-FM product (values 8-10), representing thick
clouds or dense aerosol layers, and cloud detections from
WALES. In contrast, lower-ranked flags (values 6-7; Ap-
pendix B), which correspond to optically thin aerosol or
cloud features, are widely present but are clearly not corre-
lated to WALES cloud pixels. It is found that A-FM pixels
classified as optically thick (values 8—10) also exhibit strong
agreement with WALES detections in the ice cloud regime
at high altitudes and are capable of reproducing their frag-
mented spatial structure (Figs. 3 and 4), which likely explains
the high correlation observed with WALES (Fig. 6). At lower
altitudes (or temperature > 273.15 K) interestingly, only the
two highest A-FM values (9 and 10) accurately agree with
cloud pixels detected by WALES, while inclusion of the
value 8 leads to an overestimation of feature occurrence. This
may be related to the presence of enhanced sea salt or Sa-
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haran dust frequently measured in this temperature regime,
which could be assigned to value 8 in the A-FM product.
Given the strong agreement between WALES-detected cloud
pixels in the ice cloud regime and the A-FM feature mask
(value 8-10), as well as the role of A-FM as input to the A-
PRO algorithm (Donovan et al., 2024), it is speculated that a
stricter use of these A-FM flags could improve the represen-
tation of ice clouds in the A-TC product.

In this study, the pre-operational baseline BD of the A-TC
product is also analysed for 12 selected flights, providing an
opportunity to assess potential improvements introduced in
the upcoming baseline C. The evaluation of baseline BD re-
veals several changes in cloud pixel distribution compared
to BA. Cloud pixels in cold regimes (< 250 K) decrease by
5 %—-15 % in BD, although a general overestimation relative
to WALES remains. This reduction is mainly caused by a
partial reclassification of ice cloud pixels into aerosol, to-
gether with the successful removal of spurious stratospheric
aerosol features (associated with ice clouds in Baseline BA)
above 216K (reduction by 100 %, see Fig. 9c), rather than
by a reduction in ice cloud extent, which remains the main
contributor to the ice cloud pixel overestimation. In addi-
tion, BD shows a shift in cloud phase partitioning toward
increased liquid cloud occurrence and a more consistent sep-
aration between liquid and ice clouds. Ice cloud detections
decrease across all temperature ranges, most strongly above
260 K, while the fraction of liquid clouds increases, particu-
larly in the 290-296 K range where A-TC detects about twice
as many clouds compared to WALES. An important find-
ing is that the misclassification of ice clouds at temperatures
above the freezing level is fully eliminated in BA.

5.2 Validation of the cloud top height product A-CTH

The statistical evaluation of the cloud top height product A-
CTH, which is generated independently from A-FM and A-
TC and derived directly from Level 1 backscatter signals, re-
veals several notable features regarding its accuracy and per-
formance across different cloud regimes. The analysis of the
full dataset indicates that A-CTH cloud top altitudes meets
the overall target accuracy requirement of +300 m (Wehr,
2006; Wandinger et al., 2023) for about 50 % of the cloud
tops, whereas 80 % of the examined cloud top height differ-
ences are within 500 m (Fig. 8). We find a strong indication
for a systematic overestimation of cloud top heights by A-
CTH is found, with cloud tops frequently exceeding WALES
measurements on average by about 270 m. This positive bias
may be related to too broadly chosen dilation of the wavelet
employed in A-CTH for cloud top detection, which may fa-
vor higher detected cloud top altitudes.

The evaluation of cloud top differences for distinct clouds
regimes shows a consistent overestimation (median between
260-300m) in A-CTH for mixed-phase and ice clouds
(Fig. 8), indicating that this bias is likely not related to
the different temperatures and altitude of these cloud types.
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In contrast, the cloud top differences for low-level (liquid)
clouds show a bimodal distribution, with distinct cluster in-
dicating over- and underestimations of cloud tops. While the
overestimation cluster (about 300 m) is consistent with find-
ings in mixed-phase and ice-phase clouds, the underestima-
tions are related to occasionally strikingly low cloud tops of
about < 200 min A-CTH. These very low clouds are found in
tropical and extratropical frames predominantly over ocean
but also occasionally above landmasses, and it is noted that
they can occur in cases where no cloud could be detected
by WALES, or indicated by A-TC/A-FM. These underesti-
mations occur due to a known bug that occasionally led to
misidentified surface return which should be resolved from
baseline BB onwards (see: ESA, 2026b). It is found that such
very low cloud top detections are no longer present in the
Baseline BC and BD. The comparison of cloud top heights
from A-CTH between baseline BA and BD further indicates
a slight improvement in cloud top height accuracy in CA of
the order of a few metres, and a small overall reduction in
cloud pixel counts across the cloud classes.

Additionally, A-CTH cloud tops appear to have a strong
agreement with the dense features (flag 9, 10) in A-FM, and
particularly with the classified liquid cloud pixels in the A-
TC product. It is shown that in cases of the above-mentioned
misclassified ice cloud pixels inside aerosol layers, A-CTH
typically does not identify a cloud top. On the other hand,
for the likely mis-identified low-altitude cloud tops in A-
CTH, the corresponding pixels in WALES and A-TC/A-FM
(dense features) are located at similar altitudes. This under-
lines the advantage of the complementary use of the different
products for cloud characterization in scientific applications.
At this point, we emphasize the importance of airborne lidar
observations for accurately determining cloud top heights in
optically thick clouds, such as liquid-phase and mixed-phase
clouds. For these cloud types, a direct observational perspec-
tive from above is required, as ground-based lidar systems
are attenuated at the cloud base and cannot provide reliable
information on cloud top height. Airborne (and spaceborne)
lidar systems uniquely offer this capability, allowing for re-
trieval of cloud top altitudes and for the validation of A-CTH
product.

5.3 Influence of representativeness (spatiotemporal
matching of ATLID and WALES data)

A further important aspect that should be considered for a
careful validation of ATLID cloud or aerosol products is the
representativeness of the collocated reference observations
(Floutsi et al., 2026). Clouds are dynamic atmospheric fea-
tures, evolving vertically (e.g., in convection) and are ad-
vected horizontally by the wind. This introduces an intrin-
sic uncertainty for a statistical validation, as cloud fields may
drift into or out of the observation scene (i.e., the satellite
ground track). As a result, cloud features may be detected by
one instrument but missed by the other, even in the absence of
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retrieval uncertainties in the ATLID or WALES products. It is
impossible to assess representativeness profile by profile for
the applied large airborne data set. In a statistical sense, rep-
resentativeness is expected to improve with increasing spa-
tial and temporal collocation; however, restricting the com-
parison to a narrowly defined region around the underpass
— where ATLID and WALES measurements are best collo-
cated — would substantially reduce the number of detected
cloud samples. This reduction makes the statistical assess-
ment prone to outliers, potentially skewing the results. To
account for these effects, two complementary validation ap-
proaches are considered in this study: (1) A statistical vali-
dation based on all observations acquired for the full length
of each satellite underpass segment since mismatches due to
cloud motion may cancel out when using the maximum avail-
able number of collocated data. (2) A statistical comparison
using a subset of data collected within 10 min. of the under-
pass assuming the better spatial/temporal collocation would
improve representativeness.

For the selected subset the number of detected cloud pixels
decreases expectedly at all altitudes reflecting the stricter col-
location criteria; however, the shape of the vertical distribu-
tion of both WALES cloud pixels and A-TC/A-FM features
remains robust (see Appendix C, D). Hence, the key find-
ings reported in Sect. 5.1 such as the overestimation of (ice)
cloud pixels in A-TC, the classified stratospheric aerosol fea-
tures attached to ice cloud layers separated by a tropopause,
and the presence of ice cloud pixels (particularly in Saha-
ran dust layers) are also confirmed only the subset of the
data with higher representativeness. Similarly, for A-CTH,
the documented cloud top height overestimation is a persis-
tent feature, even when the analysis is limited to data within
the 10 min. matching window. In general, representativeness
should be carefully considered in any validation study, in par-
ticular those targeting highly dynamic atmospheric phenom-
ena such as clouds. This is particularly important for case
studies (in our case individual flight statistic), whereas the
use of large datasets may allow for a partial compensation
of representativeness-related uncertainties through statistical
averaging.

6 Summary

The EarthCARE satellite mission is designed to advance our
understanding of the interactions between clouds, aerosols,
and radiation in the Earth’s climate system (Illingworth et al.,
2015; Wehr et al., 2023), with the ATLID instrument playing
a central role to these goals providing data to retrieve both
cloud and aerosol related products (Eisinger et al., 2024).
Validation of these products is a crucial prerequisite for their
scientific application (e.g., Amiridis et al., 2025; Hall, 2025;
Baars et al., 2026; Kubota et al., 2026). This study presents a
validation of cloud properties of three selected ATLID Level
2 single-sensor products (A-TC, A-FM, and A-CTH) with a
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comprehensive multi-campaign dataset of airborne WALES
HSRL BSR measurements. The observations cover a broad
range of cloud conditions (i.e., temperature regimes) in the
tropics and extratropics. The high spatiotemporal coordina-
tion of the satellite and airborne platforms provides a robust
and independent validation framework. This validation study
focuses on two main objectives: (1) assessing whether the A-
TC “simple classification” and A-FM “feature mask” realis-
tically represent the observed vertical cloud distribution, and
(2) evaluating whether A-CTH cloud top heights achieves the
300 m accuracy target across different cloud regimes. A sum-
mary of these objectives is provided below.

The vertical distribution of clouds observed with WALES
is well captured by both A-TC and A-FM products. In par-
ticular, A-FM (values 8, 9, 10) shows strong agreement with
airborne observations in representing cloud structures, espe-
cially for ice clouds, where it realistically resolves patchy
structures as well as vertical and horizontal extent. Cloud
top heights from A-CTH are, on average, already close to
the mission’s accuracy requirement (Wandinger et al., 2023).
However, several systematic discrepancies have been iden-
tified. The A-TC product tends to overestimate ice cloud
occurrence, likely due to spreading effect caused in the re-
trieval that act to fill gaps between broken cloud structures
and increase cloud size. In contrast, liquid cloud fractions
show a very good agreement with the airborne observations.
Additional documented issues include the misclassification
of stratospheric aerosol near the tropopause and the appear-
ance of ice cloud pixels at temperatures above freezing level
within dense aerosol layers. The A-CTH product exhibits
positive cloud top height bias, i.e., overestimates cloud tops
by almost 300 m which is consistently found for different
temperature regimes, including ice clouds, mixed-phase and
liquid clouds. Furthermore, occurrences of unexpectedly low
cloud tops (< 200 m altitude) indicate potential issues in the
retrieval with surface assignment especially over the ocean.
It should be noted that the results presented above primar-
ily refer to baseline BA. An analysis of 5 NAWDIC flights
(baseline BC) and the subset of 12 research flights with the
BD baseline highlights some improvements expected in the
upcoming baseline C, which include a removal of unrealisti-
cally low cloud tops detections in A-CTH, as well as a more
coherent representation of liquid and ice clouds and an im-
proved classification of cloud pixels above freezing level in
A-TC, supported by an improved tropopause in the X-MET
product.

The key message of this study is that cloud parameters
all validated ATLID Level 2 products (A-FM, A-TC, A-
CTH) demonstrate remarkably good consistency with the
cloud mask determined from the independent WALES data
set, highlighting their readiness for scientific applications.
Users should be aware that these products are still at an early
stage of development and may therefore still be subject to
residual uncertainties. Careful quality assessment of the ap-
plied ATLID Level 2 data is therefore recommended. Con-
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tinued evaluation of future processing baselines, validation of
ATLID aerosol products, and the inclusion of JAXA products
is encouraged to support further improvements in retrieval al-
gorithms and to fully realize the scientific potential of ATLID
observations.

Appendix A: Cloud pixel sensitivity to the chosen BSR
threshold

The algorithm used to derive cloud pixels from WALES BSR
is described in Sect. 2, where the selected BSR threshold for
the cloud-no-cloud decision is justified based on previous
studies (e.g., Grof} et al., 2014; Urbanek et al., 2018; Gut-
leben et al., 2019; Dekoutsidis et al., 2024). To assess the
sensitivity of cloud detection to this threshold, the BSR value
is varied while keeping temperature constant. As expected,
the number of detected cloud pixels increases when lower-
ing the threshold to 1.2 at all altitudes, particularly in the
lower troposphere, where aerosol contributions (e.g., sea salt
and mineral dust) are more frequent. Conversely, more con-
servative (higher) thresholds result in fewer detections. Even
for the relatively low threshold of 1.2, the maximum num-
ber of detected cloud pixels (around 11 km altitude) remains
below that of A-TC. This suggests that the cloud overestima-
tion observed in A-TC is unlikely to be solely explained by
the choice of the WALES BSR threshold.

Cloud Detection Sensitivity to BSR Thresholds
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Figure Al. Cloud pixel counts from WALES BSR as detected for
variable BSR and temperature thresholds.
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Appendix B

Section 5.3 discusses the influence of potential spatial and
temporal mismatches on the findings of this work. To support
this, we provide four figures illustrating the validity of the
results. These show the cloud pixel distributions from the A-
TC and A-FM products (as in the main text) but restricted to
a 10 min window around the underpass. Figure B1 addition-
ally includes the classified thin features from A-FM, which
often represent aerosols rather than clouds and are therefore
excluded from the main comparison. Appendices B1 and C1
show A-TC and A-FM for periods of highest expected spa-
tiotemporal collocation. The main finding — an overestima-
tion of cloud pixels in A-TC — remains unchanged when re-
stricting the analysis to this higher-collocation subset, indi-
cating that the results are not significantly affected by spatial
or temporal mismatch.

14000 a) A-TC (simple) b) A-FM (featuremask)
F

12000 'p

10000 {
— - EEE dense cloud (10)
é —-— !'qwd cloud (1) I dense aerosol or cloud (9)
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(] . dense aerosol or cloud (8)
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Figure B1. Same as Fig. 6a, b but inclusion of thin features in A-FM (values 6, 7). Shown are data within £10 min; 138 km centred around
the EarthCARE underpass. Note that the x-axis are changed compared to Fig. 6.
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Figure C1. Same as Fig. 5, for data within +10 min; 138 km centred around the EarthCARE underpass.
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Figure D1. Same as Fig. 6c, d, but focus on observations within £138 km/10 min, with the same coloring of the different flags of A-FM and
A-TC. The similarity of the distributions compared to Fig. 6 underlines the strong consistency between cloud pixels of the full dataset and
the segments close to the underpass (i.e., of higher expected representativeness).
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