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Abstract.

In May 2024, the Earth Clouds, Aerosols and Radiation Explorer (EarthCARE) satellite was launched. For the first time a
satellite_payload combines two active instruments, i.e., the Atmospheric Lidar and the Cloud Profiling Radar, together with
two passive instruments, a multi-spectral imager and a broad-band radiometer, on one single spacecraft platform. EarthCARE
is thus the most complex satellite mission to date to for collocated aerosol, cloud, radiation and precipitation measurements.
To utilize the data collected by the EarthCARE mission to its full extent and to support and gquantify the data quality and
measurement uncertainty, careful and holistic validation activities are needed. For this purpose, we set up an airborne
instrument payload on the German High Altitude and LOng-range research aircraft (HALO), which is similar to the
EarthCARE instrumentation. We used this payload during an extensive measurement campaign in summer and fall 2024 in
the tropic-stb-tropic and mid- to high-latitudes targeting to validate the EarthCARE measurements and data products early in

its commissioning phase._With this manuscript we aim to give a detailed overview of the PERCUSION mission, and to

advertise the use of its data in future more detailed validation studies. We give examples of how to use PERCUSION (Persistent

EarthCARE underflight studies of the ITCZ and organized convection) data to approach the validation of all four instruments

of EarthCARE as well as of higher level (i.e. multi-sensor) products, and give first confidence in the guality of EarthCARE
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1. Introduction

Despite major progress in understanding atmospheric aerosol and cloud processes and te-decrease-tncertainties-and-enhance
onfidence-in-how they-interact with-the Earth’s climate-system;-aerosolparticles-and-clouds; theirinteractionhow they respond
to changes in their environment are, given some scenario of forcing, still the -and-feedback-mechanisms-on-theradiative-energy

largest_source of uncertaintiesy in climate change

projections (IPCC, 2023). An important -sighificant-contribution to improve-ourunderstandingthe global characterization of
of aerosol particles and clouds-precesses has been made by two satellite missions thatwhose instruments focused on aerosol

and cloud vertical profiling by lidar and radar, respectively; NASA’s Cloud Aerosol Lidar Pathfinder Satellite Observation
(CALIPSO) mission (Winker et al., 2010) and NASA’s Cloudsat mission (Stephens et al., 2008). Launched jointly in 2006,
they provided detailed information on the glebal-vertical structure of aerosol-particles and cloud_properties globallys.

Especially their synergistic use provided new insights that stimultedstimulatedte research on aerosol_and-and cloud research
and-to-aerosel-cloud-interactionsprocesses, and their interaction (Stephens et al., 2018). The-sigrificant benefit of the satellite

missions could enly-be ensured by seeuring-the-guatity-and-aceuracy-of-theidata-through-extensive and repeatedhy validation

effortsactivities using complementary measurements throughout the lifetime of the mission.

Following the Committee on Earth Observation Satellites (CEOS) nomenclature, validation is defined as the process of
assessing the quality of data products by independent means (ISO/TS 19159- 1:2014). This can include the assessment of the
quality of the data products, the quality of the measurements iselfthemselves, and the representativeness of the data. The

independent means are defined as data from instruments external-to-independent of those that provided the data products e

mission-but measuring the same geophysical quantity as the satellite sensor that-whose data isis to be validated. A review and
summary of the general approaches, challenges and limitations for the validation of satellite missions (Langsdale et al., 2025)
and with a focus on profiling missions (Amiridis et al., 2025) highlight the importance of reliabletrusted and comparable
independent data.

Airborne measurements with the same or similar payleadsensors as installed on the satellite iastruments-have been shown-te
be-a valuable tool for satellite validation especially efprofiling—instrumentsin the case of active sensors such as-+e- lidar
(Gimmestad et al., 2017) and radar. For the validation of Cloud-Aerosol Lldar with Orthogonal Polarization (CALIOP)

onboard of CALIPSO, atotal of 147 underflights with an airborne high spectral resolution lidar (HSRL) were performed during
the lifetime of the mission, which proved to have the most impact in measurement validation and algorithm improvement.
These measurements were used to assess the quality of the CALIOP Level 1 products earhy-in-theat the onset of the missions
lifetime (Rogers et al., 2011), and served-ferprovided quality assessments of algorithm improvements threughout-CALIOP s

lifetimeas the mission evolved (Getzewich et al., 2018; Kar et al., 2018). Airborne HSRL measurements were used to assess

CALIOP Level 2 products, e.g., the aerosol particle backscatter and extinction coefficient, the optical depth, aerosol type
classification, and the layer detection sensitivity (Burton et al., 2013; Kacenelenbogen et al., 2014; Rogers et al., 2014). To
validate both-CALIOP and the Cloud Radare data-beth-instrumentsystems, the CALIPSO and Cloudsat Validation Experiment
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(CC-VEX) took place immediately after the commissioning phase of both satellites (McGill, et al., 2007), deploying an elastic
backscatter lidar and a W-band cloud radar on the ER-2 aircraft and NASA’s HSRL (Hair et al., 2008) system on the Beechcraft
B-200 King Air. During the Canadian Cloudsat-CALIPSO Validation Project airborne Ku-band radar measurements were

performed for validation purposes (Barker et al., 2008). More recently, the lidar aboard ESA’s Earth Explorer wind lidar

mission AEOLUS highlylikewise benefited from airborne validation campalgns—Depp+er—Mnd4+danweFedepleyedJeeﬁepaFe

for-the-missien—{ ;(_e.q., Lemmerz et al., 2023
technigue- (Bedka et al., 2021; Witschas et al., 2020; Witschas et al., 2022). A large impact in the preparation (Lux et al.,

2018) and the improvement of retrievals (Lux et al., 2022) was made by the development and deployment of an airborne

demonstrator of the spaceborne system (Reitebuch et al., 2009; Paffrath et al., 2009). Beyond the validation of active sensors,
airborne demonstrators have-been-found-to-be-alseproved a valuable tool for passive satellite missions (King et al., 1996).

Motivated by the benefit of airborne demonstrators (Fix et al., 2016), and in particular the above mentioned activities for active

systems designed to profile aerosol and clouds, we set up an EarthCARE_(Earth Clouds, Aerosols and Radiation Explorer)-

like airborne payload-censisting-of simHarinstrumentstke-the-ones-on-EarthCARE (Stevens et al., 2019) on the German High
Altitude and LOng-range research aircraft (HALO) (Krautstrunk and Giez, 2012) te-prepare-to contribute tofer the-EarthCARE

(Earth—Clouds,—Aerosols—and-—Radiation—Explorer) mission—and—for—post—launch—validation measurementsactivities.
Welndependently of EarthCARE we could used the-measured-data collected by HALO forthe-to developmentof independent

algorithms, e.g., its lidar-based aerosol type classification (GroR et al., 2013; Grol} et al., 2015), aerosol type separation

(Gutleben et al., 2022), lidar-radar target classification (Marinou et al., 2020). Furthermore, we developed and tested
synergistic radar-lidar retrievals to derive ice and mixed-phase cloud microphysical properties (Cazenave et al., 2019; Aubry
et al., 2024). We set-up-impreveddevised methods to improve the radiative transfer calculations for scenes including aerosol
particles (Gutleben et al., 2019) and ice clouds (Ewald et al., 2021; Réttenbacher et al., 2024)-with-the-overal-foeus to achieve
consistency of corresponding radiative transfer simulations and precise spaceborne radiative budget measurements-that-are

consistent—with—corresponding—radiative—transfer—simulations, which—is— one main goal of the EarthCARE mission.

Furthermore, we used these synergistic EarthCARE-like measurements to prepare for the use and the validation of data

collected by EarthCARE by investigating the impact of measurement sensitivity, wavelength combination, attenuation and
instrument characteristics on the derived data products (Delanoé et al., 2020; Grof? and Ewald, 2018). For that, we conducted
dedicated HALO underflights with this payload closely coordinated CALIPSO and Cloudsat (Schéfler et al., 2018, Stevens et
al., 2019). Furthermore, we also used HALO together with the French SAFIRE Falcon and at a later stage ATR-42 as a Tandem

Platform (Delanoe et al., 2014). Our experiences supported the formulation of recommendations in a document for the best
practices of validation for aerosol, cloud, and precipitation profiles (Amiridis et al., 2025).
These efforts eulminated-in-the-coneeptfor-contributed to the design of the PERCUSION (Persistent EarthCARE underflight

studies of the ITCZ and organized convection) campaign-(hitps://ercestra-campaign-org/pereusion-htmb—last-access15-Jan:
2026), as a component of the—campaign—networka broader field study called ORCESTRA (Organized Convection and

EarthCARE Studies over the Tropical Atlantic) (Stevens et al., 20265)-combining-different-approachesforvalidation. Here
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In-this-werk-we give an overview of the PERCUSION campaign and-the-dataset’s-exploitation-capability-for-thewith a focus

on the validation of EarthCARE_measurements. This includes:; addressing the requirements and needs for EarthCARE

validation (Section 2), and in Section 3 a —Fhe-detailed-description of the instrumentation and measurement strategy deployed

for EarthCARE validation activitiesPERCUSION-campaign-with-focus-on-validation-includes-information-on-instrumentatio
and-measurement-strategy{Section-3). In Section 4 we give-an-overview-of theshow some examples to better-illustrate the
potential of PERCUSION forvalidation-of the-different EarthCARE daaa-product validationinstruments-and-different-level
produets. Finally, we will conclude (Section 5) the work with a discussion of our findings and the potential for the use of the
measured dataset, not only for EarthCARE but also for other satellite missions-{e-g—the- NASA-PACE mission).

2. Requirements for EarthCARE Validation

With the launch of the Earth-Clouds-Aerosels-and-Radiation-Explorer(EarthCARE) satellite in May 2024, the most complex

Earth Explorer Missions to date started to investigate-measure aerosol particles and clouds, and their interactions and impacts
on precipitation and the radiative energy budget (Wehr et al., 2023). EarthCARE, -is-a joint mission of the European Space
Agency (ESA) and the Japan Aerospace Exploration Agency (JAXA)—isequipped-with-a-suiteof combines four instruments
together— on eonea single platferm—polar orbiting platform. Fhese—include—three—instruments—developed—by—ESA—tThe
Atmospheric LIDar (ATLID), the Multi-Spectral Imager (MSI), and a BroadBand Radiometer (BBR), are developed by ESA,
and the Cloud Profiling Radar (CPR) is jointly developed by JAXA and the National Institute of Information and

Communications Technology (NICT). The two active remote sensing instruments, the ATLID and the CPR, provide
measurements of the vertical profiles of- aerosol-particle and cloud properties along the satellite track. The two passive remote
sensing instruments, the MSI (which scans) and the BBR, deliver—provide the scene context information and radiatien
measurementsmeasurements of the broad-band radianceradiation to estimate the net effect of the scene on Earth’s radiant

energy budget. To quantify the measurement uncertainties and data product quality, a thoughtful and holistic validation is
needed. A general approach for EarthCARE validation is given in the EarthCARE Scientific Validation Implementation Plan
(VIP) of ESA (Koopmann, 2024), which is adapted and refined in the validation strategy of the EarthCARE Data Innovation
and Science Cluster (DISC; ESA, 2024). This strategy includes also the outcome of a joint activity of the ESA EarthCARE
Mission Advisory Group and instrument developers, which defines validation needs and target scenes of importance for
EarthCARE validation (Hall, 2025). The aim is to provide information about the performance of EarthCARE data and

retrievals in different synoptic regimes and for typical cloud and aerosol conditions.

1.1.2.1. Properties and Products

Fhe-EarthCARE data are categorized in-level-productsaccording to data processing level (Table 1). The calibrated instrument
data (Level 1b) for the three European instruments are provided by ESA, and for the CPR by JAXA. For higher level products,

each Agency has its own processing chain. In this study we focus on the ESA processing chain. The data of the specific
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instruments are first processed individually (Level 1b and Level2a), and in a next step two or more instruments are processed

in a synergistic way (Eisinger et al., 2024) to fermderive Level 2b data.

Table 1: EarthCARE Product Levels adopted from (Koopmann, 2024).

Level 0 Product Raw instrument data, with duplicates removed and quality flags. For expert users only.
Level 1b Product Instrument data processed to physical units, with error bars, quality flags and geolocations.
Level 1c Product MSI only: Level 1b data re-sampled onto the grid of one selected MSI reference channel.
Level 1d Product Auxiliary products.

Level 2 Product Derived geophysical variables, with error bars, quality flags and geolocations.

Level 2a Product Level 2 product derived from one single EarthCARE instrument

Level 2b Product Level 2 product synergistically derived from two or more EarthCARE instruments

The ESA product chain generates 44 EarthCARE data products—Fhey-are introduced in-detail-by Eisinger et al. (2024) and the
references therein. JAXA’s Level 2 algorithms for EarthCARE from single instrument to four sensor synergistic retrievals are

described by Okamoto et al. (2024) and the-references therein. Besides the validation of the measurements (Level 1b) and the

instrument data in geophysical unites (Level 2), specific needs for validation have been defined addressing the macro-physical
properties as well as higher level products (ESA, 2023). They are briefhy-summarized in the-foHlewingTable 2.



Table 2: Needs for EarthCARE validation adapted from the EarthCARE Mission Advisory Group and developers (ESA, 2023) to be
addressed by PERCUSION measurements.

Uncertainty

Location/scene regimes

Instrument/Products

Macrophysical properties

Aerosol layer detection and
type classification

e  Multi-layer aerosol scenes
e  Strong internal layering

ATLID and ATLID-MSI Target
Classification

Aerosol/cloud discrimination

e  Cloud embedded in aerosol layers

ATLID and ATLID-MSI Target
classification and layer product

Cloud layer detection

e Multi-layer aerosol/cloud scenes
Cirrus cloud over liquid cloud
Non-precipitating liquid clouds

MSI, ATLID, CPR layer detection
and target classification

Cloud phase discrimination

e Multi-layer cloud scenes
Mixed-phase cloud scenes
Liquid clouds above ice clouds

MSI, ATLID, CPR target
classification and feature mask

CPR surface clutter removal

o  Measurements over different surface types

CPR Feature Mask

Ice cloud and snow

Snow microphysics

e Stratiform and convective systems

CPR cloud product and
synergistic cloud retrieval

Ice microphysical properties

o Different cloud types with a variety of temperatures,
locations

ATLID ice cloud product and
synergistic cloud retrieval

Rain

Melting layer structure and
attenuation of CPR

e Heavy precipitation events
e Convective and stratiform systems

CPR cloud products and
synergistic cloud retrieval

Aerosol

AOT over land and sensitivity
to aerosol classification

Different land surfaces
Different aerosol types

MSI aerosol optical thickness

145

1.2.2.2. Target Scenes

The aim of the target scene is to include validation activities which ean—provide information about the performance of
EarthCARE data and retrievals in-different-syneopticregimes-and-for different cloud and aerosol conditions,—Fhey-can-be
shorthyr-summarized-in-the-followin as summarized belowg:

150
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Mixed aerosol types (MAT): To investigate the performance of ATLID under-across different-aerosel-conditiens;
types and concentrations, including mixed and multi-layer scenes, and underfor different noise conditions (e.g.
performance at daytime conditions compared to night-time conditions).-Fhis-alse-ineludes-multi-layeraerosel seenes.
Cumulus and marine aerosol (CMA): Small-scalehallow, drizzle-free and often optically thin cumulus clouds are
challenging to be-characterized from satellite observations_(Mieslinger et al, 2022). They are hardhydetectable
bydifficult to detect by the CPR, and-but it is important to accurately mask them for ATLID aerosol retrievals,

especially of marine aerosol particles.

Marine stratocumulus (MSC): The detection of marine stratocumulus is-can be challenging for satellite retrievals,

ace—and

like for shallow cumulus, they often fall below the CPR detection threshold. ;-the-synergy-of different EarthCARE
mstruments—as-thus—key—fepthemeha#aetenzauen Often uses-a multi-sensor approach for their detection is applied.

Measurements of the solar radiance in-addition-provide optical constrains_during the day (descending orbit). The

evaluation of EarthCARE’s performance to infer the location of marine stratocumulus, its cloud base and vertical
extent and the profile of the liquid water path is thus-important.

Large-scale rain (LSR): To evaluate how accurate rain rates can be retrieved from CPR, large scale rain conditions
have to be addressed in the comparisons. It affects the CPR measurements e.g. by attenuation due to rain.

Snow, including snow above the melting layer (SML): Snow and snow over ice are common features in mid-
latitude weather systems and thus important for validation. Their multi-layer structure (e.g. also including embedded
supercooled liquid layers) makes it challenging to properly detect-identify and retrieve.

Cirrus (CC): As compared to other cloud types, the impact of cCirrus clouds are-a-main-cloud-type-overlarge-areas
of the-globe—Theyon the radiantradiative energy budget depends strongly -have-a-strong-impact-on-the-energy-budget
of the-Earth-with-changing-impact-depending-on their optical and geometrical thickness. It is thus of importance to

properly determine layer boundaries as well as optical and microphysical properties.

Complex multi-layer scenes (CLS): Multi-layer scenes are common in almost all synoptic regimes. A valid
determination, separation and classification of the different layers are crucial to determine the overall radiative effect
of the scenes. Combinedation ef-radar and lidar measurements are often needed to determine different cloud types
and to distinguish aerosols and clouds.

Deep convection (DC): Deep convection is challenging to properly investigate from satellite measurements—,

because it eenslst&eimﬁeren%eleud—pa%usuallv is accompanied by all cloud types and thus compounds many of the
issues discussed above.;—i
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3. FheHALO-PERCUSION-ission

Planeck-Institute for- Meteorology—PERCUSION had two main objectives:

(1) To test factors hypothesized to influence the organization of deep maritime convection in the tropics and the influence

of organized convection on the large-scale environment, and

(2) Fo-establish-confidence-in-EarthCARE -by-validating-theProvide measurement for the validation of EarthCARE
measurements-and-data products.

Measurements with-HALO-with-EarthCARE-like-instrument-payload-were performed_in-ceordinationclose collocation with
EarthCARE frem-during the period from August to November 2024—Fhe-EarthCARE readiness-for-correlative-measurements

._This manuscript

mostly describes activities related to point (2). The motivation for and activities related to the first point are discussed in a

complementary manuscript by Windmiller et al. (2026).

14.3.1. HALO aircraft and instrumentation

HALO is a modified Gulfstream businessjet-G550. With a maximum cruising altitude of up to 15 km and a range of up to
10,000 km (~10 flight hours) it provides the capability for long and high flights, enabling extensive-ané measurements over
remote regions, which makes HALO idealhywell suited for satellite validation. During PERCUSION, the-HALO aireraft-was

equipped as a flying cloud observatory (Stevens, et al., 2019) combining active and passive remote sensing instrumentations,

i.e., a high spectral resolution and depolarization sensitive lidar system, and a cloud radar with doppler capability, together
with imager and radiation measurements (Table 3). In this configuration, HALO carries the most complete payload to mimic

EarthCARE measurements. A large number of dropsondes (Stevens, et al., 2025; Gloeckner et al., 2025) provided profiles of

the meteorological context.; ard-And measurements taken by instrumentation installed in the nose boom setup of HALO
complemented crucial information on high-resolution thermodynamic and dynamic (wind) parameters at flight altitude. Table
3_provides a detailed summary of the HALO instrumentation and available products durirgfrom the PERCUSION campaign.



Table 3: Detailed information on HALO instrumentation during PERCUSION. Adapted from (Stevens et al., 2019).
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Instrument

Institution

Observable

Derived products

HAMP (HALO
Microwave Package)
Radiometers

(Mech et al., 2014)

MPI-M, University
Hamburg, University of
Cologne, DLR-PA

Brightness temperature at 26
selected microwave frequencies
between 22 and 183 GHz

e Integrated Water vapor
e  Temperature + humidity

HAMP Doppler Cloud
radar MIRA (Ewald et
al., 2019)

DLR-PA, MPI-M,
University Hamburg

Profiles of radar reflectivity,
depolarization ratio & Doppler
velocity

e  Cloud, snow
e  Target classification
e Cloud geometry

WALES (Water vapor
lider experiment in
space)

(Wirth et al., 2009)

DLR-PA

Profiles of

e Atmospheric backscatter ratio
at 532 nm, 935 nm and 1064
nm

e  Particle linear depolarization
ratio at 532 nm

e  Particle extinction coefficient at
532 nm

Profiles of

e  Water vapor mixing ratio

e  Cloud mask

e  Aerosol classification

e  Extinction-to-backscatter ratio

specMACS
(spectrometer of the
Munich Aerosol Cloud
Scanner)

(Ewald et al., 2016;
Weber et al., 2024)

LMU Miinchen

e  Upward spectral radiance (400
— 2500 nm) with across-track
field-of-view of 35° at a
sampling rate of 30 Hz

e  Polarized radiance at RGB
color channels, 2D fields (91° x
220°) at 5Hz sampling rate

Cloud mask

Cloud phase

Cloud optical thickness
Effective particle size
Particle size distribution

BACARDI (Broadband
AirCrAft RaDiometer
Instrumentation)
(Ehrlich et al., 2023)

Leipzig University

Upward and downward broadband
irradiances

e  Ssolar (0.3 -3 pm)

e  Tthermal-infrared (3-100 pm)

e Radiative energy budget
e  Cloud radiative effect
e Heating and cooling rates

SMART (Spectral
Modular Airborne
Radiation
Measurement System
(Wendisch et al., 2001;
Wolf et al., 2020)

Leipzig University

e  Spectral upward and downward
irradiance (300-2200 nm)

e  Spectral upward radiance (300-
2200 nm)

e  Spectral solar radiative energy
budget

e  Cloud optical thickness

e  Liquid water path, effective
particle size

e  Cloud thermodynamic phase

VELOX (Video
airbornE Longwave
Observations within
siX channels)
(Schéfer et al., 2022)

Leipzig University

Two dimensional fields of
brightness temperature in 6 channels
between 7.7 pm and 12.0 um with
100 Hz temporal and 640 x 512
pixel resolution

(field-of-view of 35.5° x 28.7°)

Cloud mask, phase
Cloud top temperature
Cloud top altitude
Surface temperature

Dropsondes

MPI-M, DLR-PA,
University Hamburg

Profiles of

e  Relative humidity
e  Temperature

e  Horizontal wind

11
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BAHAMAS (Basic DLR _Flight experiment In-situ observations of T, g, u, v, w,
Halo Measurement and | facility-Fx 100 Hz data navigational data, GPS,
Sensor System) flight attitude

(Giez et al., 2023)

1.2.3.2. Data analysis

describe independent retrievals developed to derive similar data products from HALO as those from EarthCARE. This includes

a lidar based aerosol classification (GroB et al., 2013; Grof3 et al., 2015) that was extended to include cloud radar measurements
for a full target classification (Marinou, et al., 2020), as well as a method to derive cloud and aerosol layer heights and area
(GroR et al., 2014; Dekoutsidis et al., 20243; Gutleben et al., 2019a). The airborne radar is calibrated (Ewald et al., 2019) and
the measurements are anahysedanalyzed. Subsequent of the basic analysis of both active remote sensing measurements, the
data are used in a variational retrieval (Delanoé and Hogan, 2008; Cazenave et al., 2019) to derive higher level products; e.g.,
ice water content and ice effective radius. This retrieval was further developed to consider mixed-phase clouds and layers of
super-cooled water (Aubry et al., 2024). Aerosol and cloud optical and microphysical properties are used to calculate their
radiative properties, e.g., heating rate profiles, top of the atmosphere radiances, and spectral radiance of clouds using the library
for radiative transfer — libRadtran (Mayer and Kylling, 2005; Emde et al., 2016; Gutleben et al., 2020; Ewald et al., 2021),
which can be directly compared to spectral radiance measured onboard HALO (Ewald et al., 2021) or to radiation
measurements provided by EarthCAREEarthCARE. The specMACS data are used to determine cloud top height and geometry
using a stereographic algorithm (Kélling, et al., 2019; Volkmer, et al., 2024). Cloud phase (Ehrlich et al., 2008; Weber, et al.,

2025) and cloud droplet radius (Portge, et al., 2023) are determined with high accuracy and high spatial resolution from the

polarimetric angular observations.-

d-dronlet rad DArtae e 0 e determined with hiah nd_high sn

i i tons. The thermal-infrared imager VELOX and the broadband radiometer
BACARDI are radiometrically and geometrically calibrated as described in-detail-by Ehrlich et al. (2023) and Schéfer et al.
(2022). Atmospheric corrections based on radiative transfer simulations using the radiosonde measurements and the
EarthCARE auxiliary data products are applied to the VELOX and BACARDI measurements. These corrections adjust the
measurements in-at HALO flight level to top-of-atmosphere (TOA) brightness temperatures and broadband radiative fluxes

comparable to MSI and BBR observations.

products—Table 4 gives an overview of the EarthCARE in-orbit data products that can be validated with the PERCUSION

12



measurements.

240 Table 4: EarthCARE in-orbit data products addressed for validation by PERCUSION

Earth CARE Products

Level 1 MSI*
ATLID
CPR
Target classification Cloud-top height

Cloud-top phase

Aerosol layer height/depth

Aerosol layer classification

Cloud detection, Cloud aerosol discrimination

Cloud/precipitation fraction

Cloud/precipitation phase

Aerosol fraction

Aerosol species

Ice cloud & snow Optical thickness

Effective radius

Ice water path

Extinction

Extinction-to-backscatter ratio

Aerosol (per species) Aerosol optical thickness

Aerosol extinction

Extinction-to-backscatter ratio

Particle linear depolarization ratio

Radiation BBR-SW unfiltered radiances

Solar top-of-atmosphere flux

Terrestrial top-of-atmosphere flux

13
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*Despite the fact that both MSI on EarthCARE and specMACS and VELOX on HALO provide across-track coverage, only the exact nadir

views can be compared since off-nadir observations from the EarthCARE orbit and the HALO flight altitude don’t coincide spatially.Fhe

1.3.3.3. _Measurement strategy

To achieve the objectives of PERCUSION, measurements were performed out of three different-locations to span the latitudes

range of what could broadly be called the Atlantic sector north of the Equator (Figure 1):

Sub-tropical-and-tropical-Atlantic-East-Eastern tropical Atlantic (Sal, Cape Verde): From 8 August to 5
September 2024 HALO flights were carried out of Sal (Cape Verde). This period provided the possibility for

coordination with the French EarthCARE airborne validation activity within the MAESTRO (Mesoscale organisation
of tropical convection) campaign and with validation activities of the Norwegian-Romanian validation activities
(CELLO; Cloud and EarthCARE calL/vaL Observations), as well as with ground-based ACTRIS (The Aerosol,
Clouds and Trace Gases Research Infrastructure) validation measurements from TROPOS at Minedlo (CLARINET;
CLoud and Aerosol Remote sensing for EarThcare), —and with shipborne measurements onboard the German
Research Vessel (RV) Meteor (BOWTIE; Beobachtung von Ozean und Wolken — Das Trans ITCZ Experiment
(Klocke et al., 2025)).

Sub-tropicalandtropicalAtlantic \WestWestern tropical Atlantic (Barbados): Following the measurements from

Cape Verde, HALO was transferred to Barbados to perform measurement flights over the western (sub-)tropical

Atlantic until End of September 2024. During this part of the mission, the measurements were linked to ground-based
measurements from the Barbados Cloud Observatory (BCO; Stevens, et al., 2016) on Barbados and to measurements

onboard RV Meteor as part of BOW-TIE. It also provided contrast in the convective and aerosol environment as

compared to the Cape-Verde based measurements.

Mid-—and-high-latitudesExtra-tropics (Oberpfaffenhofen, Germany): After a small break, additional validation
flights were performed out of Oberpfaffenhofen, the homebase of HALO, from 4 to 19 November 2024. During
thisThis part of the validation-campaign, i+was aimed-organized to coordinate with ground-based stations in Germany

and Greece taking part in EarthCARE validation activities.
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Figure 1: Flight tracks of the HALO research aircraft during the PERCUSION campaign out of Sal (left), Barbados (middle) and
Oberpfaffenhofen (right). The straight thick lines indicate direct underpasses under the EarthCARE satellite. . The circles in the
flights out of Sal and Barbados were performed to investigatequantify meso-scale vertical motion-in-the-Tropies.

The tropical flights constituted PERCUSION’s contribution to ORCESTRA. Fflights were planned-in-a-way-that-at-least
oneanchored to EarthCARE underpass. This aided-was-included—in—everyflight—for direct comparisons, but also te-put
EarthCARE measurements in the centrecenter of the-scientific studies. Buring-the-seuthernpart-ofFor the tropical components
of PERCUSION with flights out of Sal and Barbados, the EarthCARE track guided the position of the HALO flights, and thus
helped avoid biassing the sampling of convection. The HALO flight plan, usually aligned with a descending (daytime) orbit
of folewed-the-EarthCARE, but did not necessarily itself fly toward lower latitudes.-track-eitherin-northern-or-southern
direction-to-capture-once-the-whole-atmospheric-ceondition. The direct underpass was included in these straight flight legs
varying-from-day-to-day-in-time-and-location—to—capture captured different aerosol and cloud conditions and_facilitated
coordination with-to-ceerdinate-with other measurements platforms_(see e.qg., Stevens et al, 2026 for coordination during
ORCESTRA). For comparability of the EarthCARE and HALO measurements, we anticipated-to-be-at-least-about-generally
measured along the EarthCARE track for 10 minutes before and after coincidencedirect-overpass-on-the-EarthCAREtrack. In
addition to the straight flight legs on the EarthCARE tracks we included circles in the flight plan to investigate vertical motions

(Bony and Stevens, 2019). Flights eut-ef-Cape-Verde-and-Barbades-during ORCESTRA were conducted during daytime.
Considering an EarthCARE equator crossing time around 14:00 local time, this results in an underpass time around 14:30-

167:30 UTCloeal-time (see Table 5). Information on flight plans, measurement situation and performance of each flight can
be found at https://orcestra-campaign.org/operation/halo.html. Buring—the—tThe third part of PERCUSION, out of
Oberpfaffenhofen, w i
were either planned in-nerthern-direction—capturingat higher latitudes to capture continental conditions, cirrus clouds, and
frontal cloud systems, and high-latitude-regions-with-measurements-a-night-time conditions, or they were planned to measure
in Mediterranean conditions with flights over the Greek ground-stations in Antikythera and Thessaloniki. During the northern
flights we eatched-were sometimes able toflew underly EarthCARE twice_on one flight;-ene-in-nerthern-direction-and-once-in

focused solely on EarthCARE validation. Flights
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. The time of the meeting—poiniclosest coincidence with

EarthCARE was at around 15:00 and 17:00 UTClecal-time.-Underpasses-in-the-northern-parts-of-the flight-track-were-thus
performed-ahready-in-nighttime-conditions: In all the flights we included overpasses over ground-stations whenever possible.

In_addition to our primary goal of validating EarthCARE, our efforts also address the validation of measurements and

algorithms from NASA's PACE (Plankton, Aerosol, Cloud, Ocean Ecosystem) mission. To this end, we conducted four

dedicated flights in the PACE swath during the campaign phase over the tropical western Atlantic. Furthermore, in preparation

for EarthCARE, we performed a series of underflights with the same payload under NASA's mission constellations CALIPSO

and Cloudsat. Together with the measurements for EarthCARE validation, these underflights offer the opportunity to bridge

some of the gaps arising from the two missions, such as those concerning wavelength dependences and sensitivities. Both

topics will be addressed in the appendices of this manuscript.

14.3.4. Meeting EarthCARE

Essential-for-tThe validation of satellite data by airborne measurements is-a-benefits from precise-local-and-time-match-of-the

coincidence of the airborne and the spacebornge sensor footprintse-meastrements-te, as this is the easiest way to ensure that the

airborne systems and the satellite systems are sampling the same airmasses. Table 5 summarizes information on co-location
of HALO with EarthCARE during PERCUSION. Because PERCUSION took place very-early after the launch of EarthCARE,
—Fhis-is-why-the satellite was still in a drifting phase, with periodic maneuvers, hence-the-prediction-of-the- EarthCAREtrack

was-het-as-preeise-and-thuswhich made planning underflights weremore challenging. \We-adaptedTo account for this the flight
path of HALO was adapted just before or partly even during the flight to thebenefit from the latest predictions. This worked

well and we-and-therefore managed to capture EarthCARE with a cross-track distance of less than 500 m except for the two
first flights, where we had a distance of about 1000 m-which-is-stit-sufficientfor-validation-and-mest-of the-time-within-the-.
The ground footprint of the CPR feetprint-en-ground-isef 750 m, while that of —-Hewevercare-isto-be taken-when-comparing
smah-scale-structures,e.g-—boundary-tayercloudsinthose-cases-Fhe-ATLID is hasafoetprintof15 m, so that even with very
good coincidence small scale differences from spatial sampling at the point of temporal collocation are to be expected.-en-the

ground. Differences will of course grow with grewingincreasing temporal dislocation, even as HALO flies along EarthCARE’s
track, something that needs to be considered-as-part-efthe validation. Anether-aspectis;-that-due-to-the slower flight speed-of

In addition to the detailed information on the meeting-coincident point with EarthCARE, Table 3 also includes information on

the scene that was targeted for comparison on the individual days. The table shows that all target scenes that have been
identified as important (Section 2.2) for a full validation could-bewere captured during PERCUSION. Even a snow case could
bewas eaptured-covered during one of the extra-tropical rerthern-homebased-flights.
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Table 5: Detailed information about EarthCARE underpasses including date of the flight, HALO base, underflown EarthCARE orbit, start

time and end time on EarthCARE track (UTC), best match time (UTC), distance and location (lon/lat), and scene targeted for comparison.
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Date Base Orbit Time on EC track Best match Match Lon. °E Lat. °N | Target

dist. Scenes
11 Aug. | Sal 01162E 15:22:37 - 16:09:11 | 15:52:02.743 | 996 m -26.5562 | 17.1985 | CC,CMA
13 Aug. | Sal 01193E 15:32:50 — 17:13:34 | 15:40:00.326 1090 m -22.3079 17.1985 | MAT
16 Aug. | Sal 01240E 16:03:18 — 16:51:28 | 16:14:04.527 441 m -32.1054 7.3831 CLS, CC
18 Aug. | Sal 01271E 15:30:00 — 16:28:00 | 16:04:07.527 336 m -29.7063 6.7818 CLS, CC
22 Aug. | Sal 01333E 14:57:00 — 16:04:00 | 15:41:22.111 131 m -23.1087 14.1737 | DC, LSR
25 Aug. | Sal 01380E 15:40:00 — 16:35:00 | 16:11:49.766 84 m -30.9127 12.8612 | MAT
27 Aug. | Sal 01411E 15:57:00 — 16:17:00 | 16:01:17.237 249 m -26.9773 4.8126 MAT, CLS
29 Aug. | Sal 01442E 15:34:00 — 16:12:00 | 15:51:57.580 185m -22.6153 13.2611 | DC, LSR
31 Aug. | Sal 01473E 15:24:00 — 16:00:00 | 15:38:41.850 | 253 m -22.6153 | 13.2611 | MAT
3 Sept. Sal 01520E 16:00:00 — 16:34:00 | 16:09:04.874 |22 m -30.8138 | 8.6363 DC, LSR
7 Sept. Barbados | 01583E 17:10:00 — 17:39:00 | 17:18:30.109 |192m -47.9594 | 10.4881 |CLS
9 Sept. Barbados | 01614E 16:28:00 — 17:19:00 | 17:05:43.005 419 m -44.1018 15.7095 | MLS, CMA
12 Sept. | Barbados 17:10:00 — 17:53:00 | 17:35:33.811 30m -52.0739 12.1760 | CMA
14 Sept. | Barbados | 01692E 17:13:24 - 17:38:21 | 17:25:38.715 427 m -49.8648 9.8595 CMA
16 Sept. | Barbados | 01723E 16:52:00 — 17:51:00 | 17:16:06.878 384 m -47.9917 5.8568 CMA, MSC
19 Sept. | Barbados | 01770E 17:28:50 — 18:04:40 | 17:43:56.788 31m -53.8761 145050 |CC,CMA
21 Sept. | Barbados | 01801E 17:19:20 - 17:47:00 | 17:33:48.109 340 m -51.7980 11.0166 | CMA
23 Sept. | Barbados | 01832E 17:14:00 — 17:24:00 | 17:22:33.535 330m -48.9818 11.1494 | CC
24 Sept. | Barbados | 01848E 17:48:00 — 18:17:40 | 18:03:00.027 298 m -59.0219 11.7467 |CC
26 Sept. | Barbados | 01879E 17:20:40 — 18:21:00 | 17:51:55.041 291m -56.0327 13.5465 | CLS, CMA
28 Sept. | Barbados | 01910E 17:31:06 — 17:54:38 | 17:42:05.368 345m -53.9846 10.4329 | CC,CMA
5 Nov. Oberpf. 02499D 11:57:23 - 13:59:4 13:55:33.786 446 m 15.9275 64.3926 | CC
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02500 D 15:26:03 - 16:07:26 | 15:28:00.709 | 475m -6.9707 64.7040 | MSC, MAT

7 Nov. Oberpf. 02530D 12:02:00 — 13:46:22 | 13:44:34.029 | 302m 18.8376 64.6444 | CLS, MSC

02531D 15:16:19 -16:48:19 | 15:17:02.613 |309m -4.0945 64.9118 | CC, MSC

10 Nov. | Oberpf. 02576D 12:15:04 13:02:30 12:48:48.217 | 226 m 23.0967 36.9121 | CMA, CC

12 Nov. | Oberpf. 02608C/D | 11:10:00 14:04:50 14:01:15.588 | 246 m 18.6452 69.3839 | CC

02609C/D | 15:17:43 16:21:25 15:34:07.741 | 397m -5.7937 68.1341 | CLS, SML

14 Nov. | Oberpf. 02639C/D | 11:04:09 14:01:47 13:49:39.396 | 242m 25.1685 72.3513 | MLS, MSC

02640C/D | 14:47:13 15:38:00 15:22:16.125 | 296 m 1.7593 72.1700 |CC

16 Nov | Oberpf. 02670C/D | 11:47:09 13:58:49 13:39:50.884 | 329 m 23.8375 69.2438 | DC, LSC

02671C/D | 14:52:16 15:36:22 15:11:40.927 | 426 m 3.9543 71.8482 | CC,CMA

19 Nov. | Oberpf. 02716D 12:10:12 12:52:47 12:46:04.513 |27 m 23.5290 35.8059 | MAT, CMA

330

4. PERCUSION’s potential for EarthCARE Validation

In the following we-will give examples an-overview,-of how the-HALQO’s measurements with-an-EarthCARE-like-payload-can
beare being used for the validation of the EarthCARE measurements-and-data products. The validation-examples presented

here-are limited to individual EarthCARE overpasses to illustrate the direct comparability of the measurements. Future studies
335  will present the results of the actual validation studies, including cross validation and statistical validation.—Bepending-on-the
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14.1.3.1. Atmospheric Lidar (ATLID)

WALES-ATLID comparison for Level 1 (L1) and-L2-eptical-properties data

The lidar system WALES is an airborne water vapor differential absorption and high spectral resolution lidar (HSRL)
developed and built at DLR (Wirth et al., 2009). It measures the water vapor field along the flight track from cruise altitude to
ground with four wavelengths around 935 nm, and the extinction using the HSRL technique at 532 nm deploying an iodine

filter. In addition, it is equipped with polarization sensitive measurements. The raw data resolution is 0.2 s, corresponding to

about 44 m horizontal sampling for a typical aircraft speed of 220 m/s and 15 m in height. The processed data isare typically

provided horizontally integrated over 1 s (= 220 m) for the aerosol and cloud measurements and over 25 s for the water vapor
data. To demonstrate the potential of WALES to validate ATLID-L1b (EarthCARE ATLID NOM Level 1B) and L2
(EarthCARE ATLID EBD Level 2A) optical properties {baseline-BA)-derived from by the A-PRO algorithm (Donovan et al.,
2024), we focus on a research flight out of Sal on 13 August 2024, to compare ATLID aerosol measurements and products for

orbit 01162E. In this case a ef Saharan dust plume was mapped by both lidars which had been transported to the open ocean.

Looking at the time-height cross section of the unpolarized backscatter coefficient-coefficient (WALES) and unpolarized
attenuated backscatter coefficient (ATLID) in ef beth-Hdar-instruments{Figure 2} we can identify an aerosol layer up to about
4 to 5 km altitude. ln-the A D-_measuremen Ae see enhanced-ba atterina—at-around m-aklitude-missed-bv-the
m-Besides this aerosol layer, r-addition-to-the

Hy-signatures of low clouds from about

0.5 km to about 2 km_altitude are visible in the measurements of both systems (marked by the black out-of-scale color). #aln
addition, enhanced backscattering at around 15 km altitude can be seen in the ATLID measurements-we-see—enhanced
backseattering-at-around-15-km-altitude-, this layer is missed by the WALES measurements due to the lower flight altitude of
HALO of about 11 km.
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Figure 2: Comparison of the WALES HSRL Backscatter Coefficient at 532 nm (upper panel) and ATLID Attenuated Backscatter
Coefficient at 355 nm (lower panel) for an underflight performed on 13 August 2024 out of Cape Verde. The dotted line shows the
position of closest match. The dashed vertical lines mark the 1520 km length region for the comparison of the co-polar backscatter
profile, Rayleigh backscatter profile and cross-polar backscatter profile. The left lower panel shows the mean profiles of the
backscatter coefficient for co-polar polarization for WALES (green) and for ATLID without extinction correction (blue) and in with
extinction correction (purple). The middle lower panel shows the Rayleigh backscatter from ATLID (solid blue line), the expected
pure Rayleigh backscatter signal calculated from an atmospheric density profile (dashed blue line) and the pure Rayleigh signal at
355 nm with additional aerosol extinction derived from the WALES measurements (dark green line). The light green line is aligned
to the ATLID profile at the uppermost point of the WALES profile. The right lower panel shows the mean profiles of the backscatter
coefficient for cross-polar polarization for WALES (green) and for ATLID without extinction correction (blue) and with extinction
correction (purple)._ Semi-transparent bands around each profile indicate the one sigma statistical error as provided with the data

products.

To validate ATLID L1 (A-NOM) products, we directly-compare the profiles of the measured Mie backscatter coefficient,
Rayleigh backscatter coefficient, and Cross-polar backscatter coefficient_as contained in the ESA ATL _NOM_ 1B product.

We here use baseline BA, where baseline means product version in ESA’s nomenclature. As the measurement situation is
stable (see Figure 2) for comparisons of the co-polar Bbackscatter profilecoefficient, Rayleigh backscatter profile-coefficient
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and cross-polar backscatter profile-coefficient a region of 1520 km length with homogenous backscatter close to the overpass

point is selected to increase the signal-to-noise ratio (SNR) of ATLID data for the comparison. Directly around the overpass

point the aerosol distribution is very structured which could lead to larger representativeness errors when averaged-ever. For

the direct-comparison of L1 data we have to take into account, that ATLID and WALES are operated at different wavelengths,
i.e. 355 nm and 532 nm, respectively. The backscatter coefficient for co-polar polarization for WALES and for ATLID is

compared-shown without extinction correction_as contained in the L1 product and with extinetion-correction_for aerosol and

molecular extinction by dividing the co-polar signal by the Rayleigh signal (HSRL method, purple line). The WALES profile
shown is fully corrected for extinction-as-is-the-case-for the WALES profile. For evaluating efthe ATLID Rayleigh backscatter
coefficient, we take into account the expected pure Rayleigh backscatter signal calculated from an atmospheric density profile

contained within the L1 data and theis pure Rayleigh signal at 355 nm with additional aerosol extinction derived from the

WALES measurements. We aligned this to the ATLID profile at the uppermost point of the WALES profile-, because there is

considerable extinction from an above cirrus cloud not represented in the WALES measurements. If the aerosol extinction

derived from WALES at 532 nm is the same as at 355 nm this light green profile should follow the signal from the ATLID

Rayleigh channel closely, which is actually the case here. The benefit of the general same measurement technique allows to

address issues like cross-talk and background corrections. For the current baseline version (BA) of ATLID L1 data we can

confirm a general good quality of the ATLID Mie and Rayleigh backscatter coefficient.
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Figure 3: Time-height cross-section of the WALES optical properties (upper panel), and the ATLID optical properties (mid panel),
and the profile comparisons (lower panel) of the backscatter coefficient (left), extinction coefficient (middle left), the lidar ratio
(middle right), and the particle linear depolarization ratio (right) during the EarthCARE underpass on the 13 August 2013. The
profiles are averaged within 50 km around the EarthCARE overpass, indicated by the left and right vertical lines in the time-height
cross-sections._Semi-transparent bands around each profile indicate the one sigma statistical error as provided with the data

products.

WALES-ATLID comparison for Leve 2 (L2) optical properties

After confirming the good performance of the Level 1b data for this day, we investigate the quality of the ATLID L2a products
of the cloud and aerosol profile processor (A-PRO (Donovan et al., 2024), including the A-AER aerosol product, and the A-
EBD extinction, backscatter, and depolarization product (A-EBD), the A-TC target classification product, and the A-ICE ice
microphysical estimation product. For the given-example shown in Figure 2 we present as-an-example-the comparisons of
WALES optical properties and A-EBD products, i.e., the extinction coefficient, the backscatter coefficient, the lidar ratio and
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the particle linear depolarization ratio (Figure 3). For the validation analysis we use the latest available baseline version BA.
Again, we have to consider a possible wavelength dependence; but-fFormer studies (e.g. Grof? et al., 2011) confirm, that
Saharan dust and marine aerosol layers do not show a wavelength dependence between 355 nm and 532 nm for the backscatter
coefficient, extinction coefficient, and for the lidar ratio. For the particle linear depolarization ratio of Saharan dust, a small
wavelength dependence between 355 nm and 532 nm is expected but well characterized (Freudenthaler et al., 2009; GroR et
al., 2011; GroRB et al., 2015; GroRB et al., 2025; Burton et al., 2016; Haarig et al., 2022). Early comparisons_between HALO
measurements and ATLID L2 optical properties have identified issues-an error in the layer specification for EarthCARE A-

EBD algorithms, resulting in overly coarse layering. inthe-layering-ofthe A-EBD-properties-thatThis problem could be solved
before data have been made publicly available and are no issue anymore in the current baseline. Frem-comparisons-with-the

Our comparisons confirm the good quality of the A-PRO products in the current baseline version_in general. However, some

differences between the WALES and ATLID data of the different products are visible. While the particle extinction coefficient

shows agreement within the uncertainty range, significant differences occur for the values of the lidar ratio in the height range

between about 1-4 km. The lidar ratio retrieved from ATLID data is about 60 sr while the corresponding derived from WALES

measurements is about 45 sr. This difference might result from the differences in the derived backscatter coefficient. The

discrepancies might result from a wrong target classification and thus a wrong a priori information in the optimal estimate

retrieval to derive A-EBD products, or a too strong weight on the a priori information. Investigations about this issue are

ongoing. In addition, forka the example shown-abeve, significant noise on the depolarization values is observed-in-the-top-of

the-dust-layer. Furthermore, especially the depolarization ratio shows a strange behavior at the upper edge of the aerosol layer

leading to high, unphysical values.

WALES-ATLID-L2 comparison_for L2 layer properties

Besides the L2 optical properties we use the WALES measurements for a comparison with the ATLID Target Classification
(EarthCARE ATLID TC Level 2A) and the ATLID cloud top height (EarthCARE ATLID CTH Level 2A) (Wandinger et al.,
2023) (baseline BA). An example comparison is shown for the HALO underflight on the 16 August 2024 southwest of Cabo

Verde (orbit 01240E). This flight was selected as it captures a wide range of cloud and aerosol conditions typical of the tropical

atmosphere. The flight objective aimed at a south-north transect across the ITCZ, including a flight leg of about 700 km (50

minutes) flown along the predicted EarthCARE ground track, extending from the ITCZ centre toward its northern edge. Figure

4a shows a time-altitude cross section of the backscatter ratio (BSR), which is the ratio of the total (aerosol + molecule) to the
molecular backscatter signal, measured with the WALES instrument with the EarthCARE underpass at 16:14 UTC. The BSR

measurements reveals several cloud and aerosol features that are captured in this flight section. At the highest altitudes (10-13

km) frequently large BSR values indicate a widespread field of ice clouds. This ice cloud field has the largest vertical extent

near the underpass and is more patchy and thinner toward the northern part of the transect. At lower altitudes (1-3 km), smaller-

scale regions of large BSR values are detected which are associated with stratocumulus and cumulus clouds. Additionally in
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the lowermost 6 km, an extended layer characterized by moderate BSR values (BSR between 2-6) is observed which indicates

an aerosol layer. Notably, this aerosol layer appears thicker and more continuous in the northern segment (distance > 400 km)

of the flight leg. In the southern part, it appears as two separated layers: an elevated layer around 5 km altitude and another
layer within the lowest 2 km of the atmosphereBesi

atmosphere. Threshold-based detection algorithms are commonly applied to determine atmospheric targets from lidar

observations such as clouds and aerosols (Grof et al., 2013; Marinou et al., 2019). In this example, however, the focus is

exclusively on the validation of EarthCARE cloud products. In particular, we focus on cloud macro-physical properties from

the target classification product (A-TC), providing information on the vertical distribution of clouds and the cloud top height

product (A-CTH). The A-TC classification itself applies height-dependent thresholds to ATLID backscatter and depolarization

together with information on the tropopause height to distinguish between atmospheric target (Irbah et al., 2023). For the

validation, cloud pixels and the altitude of the uppermost cloud layer are independently determined from the WALES

backscatter ratio (BSR) data using a height-dependent threshold-based algorithm similar to approaches used in previous studies
(e.q., GroB et al., 2014; Urbanek et al., 2017; Gutleben et al., 2019; Dekoutsidis et al., 2024). The specific implementation of
this_algorithm is described in detail in Kriger et al. (2026, in preparation) and is applied exclusively to the WALES

observations.
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Figure 4: Distance—altitude cross sections for the HAL O flight on 16 August 2024 showing (a) the backscatter ratio measured with
the WALES HSRL, along with the flight altitude of the HAL O aircraft (black solid line) and the EarthCARE underpass track (thick
black dashed line). Panel (b) shows the combined cloud mask derived from the WALES BSR data and the collocated EarthCARE
Level-2 target classification product (A-TC). Black shading indicates cloud pixels detected by both WALES and A-TC, while blue
and orange colors represent cloud pixels identified exclusively by WALES or A-TC, respectively. White denotes regions with no
cloud detection by either product. The red markers indicate the cloud top height derived from the WALES backscatter ratio, while
the gray markers represent the cloud top height from the A-CTH product. Note that cloud tops from WALES are displayed only

when they could be unambiguously identified (e g., when the cloud top was sufﬁuently far from the HALO alrcraft) while A- CTH
reports a cIoud top for these cases Di A

Figure 4b shows the cross section of the combined cloud mask from WALES BSR and A-TC to directly compare both products

along the coordinated EarthCARE underflight. The black shaded areas indicate a strong agreement in the vertical distribution
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of cloud pixels in both cloud masks, especially for high-altitude cirrus clouds and for the cumulus cloud formations at altitudes
between 1 and 3 km. Interestingly, A-TC-only pixels (orange), associated with both cirrus and cumulus clouds, indicate
comparatively thicker vertical clouds. Cirrus clouds in particular are more horizontally spread, and thus less patchy in the A-
TC cloud mask. This might lead toThe-tendentially vertically thicker cirrus clouds in the A-TC, corresponding to the elevated

cloud tops (red line) of the A-CTH product. Furthermore, it is noted that the A-TC-only mask shows a coherent cloud structure

at an altitude between 4 and 6 km, which corresponds exactly to the upper part of the aerosol layer (Figure 4a) suggesting a
misclassification of cloud and aerosols in this scene. The BSR measurements illustrate that the WALES-BSR dataset can be
reliably used to determine macro-physical cloud properties (e.g., vertical distribution, horizontal and vertical extent, and cloud
top information), and to validate the ATLID level 2 relevant products. The case study presented indicates that the A-TC product
reliably represents all cloud features observed by WALES (extended high-altitude clouds and low-altitude clouds). There are
indications that the cloud pixels in A-TC, especially ice clouds, are too large horizontally and vertically, which could be due
to “bad layering” in the product algorithms. There are also indications that the cloud tops of the independent A-CTH product

are higher than those derived from WALES and, in some cases, inconsistent with the cloud mask of A-TC.

1.2.3.2. Cloud Profiling Radar (CPR)

The €©PR-radar onboard HALO is a high-power (30 kW peak) magnetron-based MIRA35 cloud radar at 35.2 GHz
manufactured from METEK. It has been thoroughly characterized and calibrated (Ewald et al., 2019). With a repetition rate
of 7.5 kHz, the minimum detectable signal at 10 km (1s avg) is around -42 dBZ and thus at least 6 dB higher compared to
CPR. Including effects of platform motion and natural spectral width, the effective sensitivity is around -34 dBZ. The vertical
resolution of the MIRA35 measurements is significantly finer (30 m vs 500 m), and the horizontal resolution is twice as high
(200 m vs 500 m) compared to CPR. Due to the lower frequency (35 vs 94 GHz), the gaseous and hydrometeor attenuation is
also considerably lower for MIRA35 observations.

Figure 5 shows the comparisons between space- and airborne measurements of the radar reflectivity (Figure 5a, b) and
Ddoppler velocity (Figure 5c, d) performed on the 18 August 2024 (orbit 01271E). The measurements-observations were
perfermed-carried out in the Tropical Atlantic roughly 1500 km south-east from Cape Verde above a convective region within
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Figure 5: Comparison of (a) CPR and (b) MIRA radar reflectivity and of the Ddoppler velocity from (c) CPR and (d) MIRA for a
HALO underpass of Earth-CARE performed on 18 August 2024.

Between the measured radar reflectivity from_CPR (Figure 5a) and MIRA (Figure 5b)-and-CPR(Figure-5a)}, the coarser

resolution and slightly lower sensitivity of CPR is most apparent for the thin cirrus at cloud top. Moreover, the different Mie

scattering regime and the different absorption by hydrometeors stands out in the rain region below the melting layer. As this
measurement was acquired during the commissioning phase of EarthCARE, the redundant signal processing unit (SPU-A) of

CPR was used which exhibited antQ-offsetand-areduced-sighal-sensitivitya drift in the Doppler velocity background signal -

(see clear-sky regions in Figure 5¢), biasing low echo cloud regions which disappeared after switch to the operational signal

processing unit (SPU-B) on 4 December 2024. This increased the noise in deppler-Doppler measurements (Figure 5¢) and

caused the rainbow-like pattern in the clear-sky region. Figure 6 compares the mean profiles of radar reflectivity (Figure 6a,
NOM-1B-CA) and deppler-Doppler velocity (Figure 6b, CD-2A-AC) in absolute numbers. In the cloud top region between 6-
10 km with negligible gaseous and hydrometeor attenuation and predominant Rayleigh scattering, the radar reflectivity bias
was initially quite negative (-3.8 dB) for the early processing baseline BA. The bias improved to -1.6 dB for baseline CA until
it was resolved for baseline CB. For the level 2 deppler-Doppler velocity product CD-2A, the antenna miss-pointing correction
by Puigdomenech Treserras et al. (2025) successful removed any velocity biases. Below an altitude of 6 km, the radar
reflectivity mainly differs due to the differential hydrometeor attenuation between 35 GHz and 94 GHz. The difference in the
mean doppler-Doppler velocity can be explained by Mie scattering at 94 GHz of larger and faster falling rain droplets,
underrepresenting their faster velocity component in the mean deppler-Doppler velocity.
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Figure 6 Comparison of mean observed profiles between HALO and EarthCARE (a) Radar reflecitivtyL 1 product CPR-NOM-1B-
CA and (b) L2 product CPR-CD-2A-AC for the underflight shown in Figure 5.

1.3:3.3. Multi Spectral Imager (MSI)
4.3.1 Comparison specMACS-MSI

The specMACS consists of two hyperspectral line cameras (Ewald et al., 2016) covering the visible and near-infrared (VNIR,
400 - 1000 nm) and the short-wave infrared (SWIR, 1000 - 2500 nm), as well as four 2D-two-dimensional polarization
resolving RGB cameras (Weber et al., 2024), providing an across-track field of view of about 220°. The VNIR and SWIR
measurements during the 33 EarthCARE underflights of the PERCUSION campaign allow a direct comparison of the

measured reflected radiances to the ones measured by the four MSI channels with center wavelengths at 670 nm and 865 nm
in the VNIR and 1650 nm and 2210 nm in the SWIR, respectively. An exact-appropriate validation can only be performed for
the nadir pixel of the two cameras at the exact time of the overflight, since all other pixels are observed under different viewing

angles.
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Figure 7: Comparison of specMACS to MSI on 25 August 2024. In a, the measurement of the MSI band 0 is shown for the considered
measurement region. In_panel b, the corresponding specMACS measurement at a wavelength of 670 nm is overlayed. Panels c and
d show comparisons of the measured nadir pixel radiances of the two VNIR bands (panel c) and SWIR bands (panel d) with respect
to the latitude. The dotted line is the overpass best match.

In the following, we consider the overflight on 25 August 2025 (01380E) with a horizontal distance of about 84 m over the
tropical-North-Atlantienorthern tropical Atlantic. In Figure 7, we show the 10 minutes around the overflight time for
specMACS, corresponding to approximately 19 s for MSI to cover the same field of view (FOV). Figure 7a shows the radiances

as seen by the visible channel of MSI. In red, the specMACS field of view is shown, while the blue dashed line depicts the
nadir pixel track of the MSI band 0. The cross denotes the location of the overpass. The corresponding measurements of the
670 nm channel of the VNIR are overlayed on the MSI measurements in Figure 7b. Clearly, one can see the same cloud field,
with a significantly higher spatial resolution of specMACS (typically around 15 m for the VNIR and less than 40 m for the
SWIR at a distance of 10 km to the cloud compared to about 500 m of MSI). In Figure 7c, we show a quantitative comparison
of the nadir pixels of the MSI bands 0 and 1 to the nadir pixels of the corresponding center wavelength channels of the VNIR
averaged to the spatial extent of the individual MSI nadir pixels. Figure 7d shows the same for the two SWIR channels. The
black dashed line depicts the time of the overpass with good agreement between specMACS and MSI around it. For the 670nm

channel, we find a mean bias and standard deviation of -1.28 + 6.93%, and hence slightly smaller radiances of MSI compared

to specMACS, and a correlation coefficient of 0.93 for the entire segment. For the 865 nm band, we get 1.95 + 7.64% for the

mean bias and 0.93 for the correlation coefficient. For the SWIR channels, we find similar biases of -2.20 + 8.51% for 1650 nm

and 1.94 + 8.63% for the 2210 nm channel, however, they show slightly larger standard deviations. For the correlation

coefficients we derive 0.92 for both channels underscoring the good agreement between the two instruments taking into

account that we include time differences of around 10 minutes between the specMACS and MSI measurements. Good

agreement between the two instruments is particularly also observed for clear-sky pixels over the oceantr-general—good

where time shifts between MSI and specMACS are
less important. For clouds further away from the overpass time, shifts in extrema and systematic differences can be identified
which are possibly due to cloud movement and development over time. Despite those smaller differences, there is a clear
potential for the validation of MSI radiances with the airborne measurements of the two hyperspectral cameras of specMACS.
Furthermore, L2 products, such as cloud top height, cloud phase and cloud effective radius, could be compared in the future.
In particular, one could also take into account the products of the polarization resolving cameras, which use a stereographic
algorithm to determine cloud geometry (Kdélling et al., 2019; Volkmer et al., 2024), a new approach to derive the cloud phase
(Weber et al., 2025) and measurements of the cloud bow to derive the effective radius without being subject to 3-D effects
which strongly affect classical bi-spectral methods (Portge et al., 2023).

4.3.2 Comparison VELOX-MSI

The thermal-infrared (TIR) imager VELOX (Video airbornE Longwave Observations within siX channels; (Schéfer, et al.,

2022) onboard HALO measured two-dimensional fields of brightness temperature in two broadband and four narrow-band
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spectral channels with a horizontal resolution of 10 m for a HALO flight altitude of 10 km. The three VELOX channels
centredcentered at 8.7 um, 10.7 um and 12.0 um were selected to match the MSI channels TIR-1 (8.8 um), TIR-2 (10.8 um)
and TIR-3 (12.0 um). Thus, VELOX measurements alse-allow nighttime validation of MSI. During the PERCUSION
campaign, several flights were performed at high latitudes during twilight and night illumination conditions. On 16 November
2024, the HALO-EarthCARE underpass took place over the Norwegian Sea, where an air mass of Arctic origin was sampled.
A variety of cloud structures was captured by MSI channel TIR-2 (Figure 8a). For a £2.5-minute sequence around the
underpass, a pushbroom-like image was constructed based on the-10.7 um VELOX images and mapped on top of the MSI
image (Figure 8b). In general, MSI and VELOX show similar features in the cloud structure. However, due to the dynamics
of the scene a point-by-point validation is stitl-challenging and limited to the underpass location. To allow for a fair comparison,
the high spatial resolution of the VELOX measurement (12.5 m) was scaled to the MSI resolution (500 m) and spatially
matched. To compensate for the dynamics of the scene, swath averages were calculated for both measurements (Figure 8c). A

linear fit was applied yielding a coefficient of determination R2 of 0.7._The mean bias for the swath averages of MSI and

VELOX brightness temperatures was found to be about 0.15 K. Reflecting the variation of clouds in the scene, the swath

standard deviations are equally large for both instruments. While both platforms are moving on different time scales, the spatial
distance from the underpass is a common metric for quantifying the comparability. This metric ranges between 0 km and 35
km for the £2.5-minute VELOX sequence and is used as a color-code in Figure 8c. Directly at the underpass the swath averages
show a very good agreement (white-light blue markers). -while;w\With increasing distance, there are mostly distinct brightness
temperature differences (darker-blue-and-green-dark blue markers) of up to 9 K. However, the cloud movement depends on
the local wind pattern, which was analysedanalyzed based on the auxiliary meteorological database (X-MET products, baseline
AA) and the ATLID feature mask (baseline BA) to identify high and low cloud layers. In this case, higher (~ 9 km) and lower
clouds (~ 2 km) experienced a southward shift caused by northerly winds and wind speeds of about 8 m s* and 17 m s,
respectively. For a 2.5-minute distance to the underpass this translates to a spatial displacement of about 1.2 km (~ 2-3 MSI
pixels) for higher clouds and 2.6 km (~ 5-6 MSI pixels) for lower clouds. Nevertheless, based on the swath averages a
comparison of MSI and VELOX shows a reasonable agreement. Further cases in other temperature regimes and during daytime
need to be analysedanalyzed to extend the potential of the MSI-VELOX validation.
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Figure 8: MSI-VELOX brightness temperature Ts comparison for the research flight on 16 November 2024. a) Map showing the
HALO flight track and MSI Ts at 10.8 um (TIR-2) for orbit 02671 frame C of baseline BA, the underpass location is marked. b)
VELOX (10.7 um) +2.5-minute pushbroom image around the underpass mapped on top of the MSI T section-close-to-the-underpass.
c) Comparison of MSI and VELOX swath T averages and standard deviations with a linear fit. Data points are colored by their

spatial distance to the underpass location. Histegrams-of the-swath-Ts-averages-are-shown-at the- top-and-right for MSand VELOX;
respectively

1.4.3.4. BroadBand Radiometer (BBR)

For the same flight section analyzed for the VELOX-MSI comparison in Section 4.3 the BBR level-2L2 product
BMA_FLX 2B (baseline AB) was evaluated by measurements on HALO. Due to the absence of solar radiation at these high
latitudes the focus is on the thermal -infrared irradiance derived from BBR measured radiances. On HALO, broadband upward
thermal-infrared irradiance was measured with the Broadband AirCrAft RaDiometer Instrumentation system (BACARDI;
(Ehrlich et al., 2023)). The uncertainties are mostly linked to the sensitivity calibration and are in the range of 45% (2 times
the standard deviation confidence level). Thermal offset effects can be neglected for this case study, because HALO did not
change altitude during the flight sections. Uncertainty estimates of BBR BMA_FLX_2B irradiances (baseline BA) are released
withreported in the public release of the product, available by the end of 2025. However, for the section analyzed here, the

BBR data status is of high to very high confidence. The comparisons of BBR and BACARDI for the 15 min flight section of
the EarthCARE overpass are shown in Figure 9. The BACARDI raw data range significantly higher than BBR irradiances.
This is due to the emission/absorption of thermal_infrared-IR radiation by the atmosphere above the flight altitude of HALO

(here about 12.5 km). As BBR measures broadband irradiance covering significant water vapor and 0zone emission/absorption
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lines, this needs to be considered in the comparison to BACARDI. A correction based on radiative transfer simulations using
the atmospheric properties from the AUX_MET _1D product was applied to the BACARDI data. The quality of the simulations
was confirmed by comparing the downward thermal_infrared-IR irradiance that has additionally been derived from the
simulations and was also measured by BACARDI. The flight section averages amount to 4£8:9619 W m (simulations) and
191919 W m? (BACARDI) and show negligible differences. As shown in Figure 9 (blue line), the flight altitude correction
of the BACARDI measurement shifts the airborne observations close to the BBR data. The mean upward irradiance of
BACARDI was corrected from 199.3 Wm to 192.8 Wm matching the BBR product of 186.4 Wm-2 within the uncertainty
range of BACARDI. While the average irradiances agree, some deviations of the variations in the time series are obvious. This
likely results from the increasing time shift between EarthCARE and HALO observations and the different footprints of the
BBR and BACARDI sensors. Depending on the reference altitude of the observed scene (e.g., cloud top altitude), the
hemispheric integrating optical inlet of BACARDI covers a larger area and less variability than BBR. Further studies and

different cloudy and cloud-free scenes are needed to explore these effects in detail.
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Figure 9: a) Time series (displayed as latitude) of upward thermal-IR irradiance measured by BACARDI and retrieved by BBR for
16 November 2024 (orbit 02671, frame C). Raw data and data corrected for flight altitude are displayed for BACARDI
measurements. The box-wisker plot in b) show only corrected BACARDI data.

1.5.3.5. Synergy and radiative consistency

To evaluate the performance of the synergistic EarthCARE products (first data have been made publicly available Dec. 2025),
we further developed independent synergistic lidar-radar retrievals (Delanoé and Hogan, 2008) to derive height-resolved
information of ice (Cazenave et al., 2019), and mixed-phase and supercooled liquid (Aubry et al., 2024) cloud microphysical

properties.
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{Seurdeval-et-al;—2018). Measurements of the infrared (IR) emissivity (Delanoé and Hogan, 2008) or of the reflected solar

radiation (Ewald et al., 2021) help to constrain the retrieved microphysical properties. Additionally, one can also use the

measured radiative quantities to check the retrieved microphysical properties for consistency or to control the assumptions.
The microphysical properties are retrieved using the-an optimal estimatione framework. Next, the reflected solar radiation is
simulated using the radiative transfer code (libRadtran; Mayer and Kylling, 2005) and compared with the measured solar
radiation measured onboard the HALO aircraft. The same can be done using measurements onboard the EarthCARE satellite.
Similarly, we can perform radiative closure for aerosol scenes, using information on microphysical properties from data bases
(e.g. (Gasteiger et al., 2011; Gasteiger and Wiegner, 2018)) or from in-situ measurements (e.g. Weinzierl et al., 2011). To
validate the EarthCARE products, we leverage a combination of airborne and satellite-based observations collected during
PERCUSION. As an example, we performed simulations for the EarthCARE underpass on 22 August 2024, focusing on cloud
free aerosol conditions. High-resolution lidar measurements of aerosol and water vapor profiles and aerosol optical properties
derived from the hybrid end-to-end aerosol classification model for EarthCARE (HETEAC; Wandinger et al., 2023) were used
as input for radiative transfer simulations. The calculated radiances were compared to measured radiances from specMACS.
More precisely, broadband solar radiances were computed in the wavelength range 500-900 nm, matching the visible-near
infrared (VNIR) spectral coverage of specMACS (Ewald et al., 2016). The simulations were carried out for the flight altitude
and for each ~1 km nadir point along a 10 km track centred around the EarthCARE and the HALO meeting point for cloud-
free (in terms of cloud) conditions. The closure revealed a good agreement with measured radiances, with a mean absolute
10 km along track difference between simulated and measured radiances of -0.07 Wm-2sr* (Figure 10) which corresponds to
a relative difference of -0.9%. For a demonstration of how radiative consistency serves for validation and to advances the
understanding of the radiative impact of the atmospheric constituents, the closure was performed with airborne observations.
Once the full EarthCARE dataset will be released, this study wiH-beis extended using EarthCARE top-of-atmosphere (TOA)
radiances and fluxes from the —Breadband-Radiometer(BBR), and including EarthCARE aerosol profiles and other
atmospheric input parameters. The study wiH-does also account for new and more realistic optical properties for non-spherical
dust particles.
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Figure 10: Differences between simulated and observed broadband SW radiances along the 10 km along track on the 22nd of August.
The dashed lines denote the mean 10 km along track differences.

5. Summary and Conclusion

Airborne measurements with an EarthCARE-like payload on the German research aircraft HALO were performed during the
PERCUSION campaign. In addition to its scientific objectives-{\WindmiHer—et-al—2026) PERCUSION was designed to
contribute to the -forscientific-studies-but-also-with-the-aim-to-validation ofe-the EarthCARE measurementsdata products-and

produets. During Vah

sueh-an-independentpayload-for-PERCUSION anrdHALO performed measurements_using similar instruments deployed in a
similar fashion, i.e., with respect to viewing angle, as for EarthCARE-with-simiar-methodsand. The HALO measurements
viewing-angles; wellare betterwell characterized and calibrated and withhave largerfiner sensitivity and resolution than those
made by EarthCARE (Stevens et al., 2019; GroR and Ewald, 2018), thus making them well suited for validation studies.

Alreadvd na-prep ion dies—fo hCAR Delanoé e 020)-th a mentation-proved-i a

suitability forvalidation—n—additiontTo an—independentinstrumentation— vahdateassess higher level EarthCARE data
products, we developed independent algorithms and analysis tools_to better—take advantage of the full suite of HALO

measurements-to-vatidate-alse-higher-level products.

igh-PERCUSION took place
during the EarthCARE commissioning phase and started with the first flight on the day EarthCARE instruments were set to
operational mode. Thirty flights, with 33 direct underpasses were flown out of three locations —Cape Verde, Barbados, and

Southern Germany — in summer and fall 2024 to sample a wide variety of different aerosol and cloud situations and
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Fropies;-Mid-and-High-Latitudes-With this intense measurement period and a sophisticated flight planning, we were-able-to
captured all of the target scenes that have been defined as important for EarthCARE-validationfrom-a-combined-effort-of

retrieval-developers-and-the- EarthCARE-Mission-Advisery-Group (Hall, 2025) to provide data that allows a comprehensive

validation on EarthCARE data products..

Ihis—stady—gives—ﬁ%st—We highlight the applicability of the PERCUSION measurements for EarthCARE validation through

differentcases—and—data—products—of-theEarthCARE retrievalchainselected examples. These show the applicability of

PERCUSION’s measurements to the validation of each of the four sensors aboard EarthCARE, and highlight some early issues

for more detailed studies.

vahidate-the-derived-product-of-anotherinstrumenty—ThA definitiveconclusive statement about the validation is difficult

because the processing of the EarthCARE and HALO data is updated as we gain a better understanding of the measurements.
Hence validation is a moving target. For instance, e PERCUSION-measurements-showed-thelimpertance-at especially-in-the
very beginning of the EarthCARE mission, PERCUSION measurements helped identify-by-guickly—identifying-issues-tike
cross-talk effects, background suppression or calibration uncertainties_that improved the first release of EarthCARE data

- ity of ATLID L1b data. It also-Fhe-HALO lidar-data
furthermore helped to identify artefacts resulting from bugs in the layer assignment in the algorithm for the ATLID L2a optical

products

products. Airborne radar data from PECUSION measurements helped to identify an offset of the CPR compared to MIRA

measurements, and motivated a new calibration of the radar, which led to a much-improved data quality. With the help of the
airborne data these problems could be solved quickly and the products publicly available are-not-affectedform-this-issue
ahymeorehave been updated.

variabiity-of the-scene;-the-airborne-measurements-could-identify-misclassification of aerosol and cloud scenes that arrises
from horizontal variability that-might have a significant impact on follow-on studies and data exploitation. —Fheugh-these

of theradar-led-to-a-much-improved-data-guality—The passive sensors onboard HALO furthermere-confirm-the-generalwhile
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suggesting a generally good perfermance-ofagreement with the MSI, appear biased relative to the -and-BBR. Detailed studies

are stil-ongoing and will-be-intensified-with-the-recent release-of allbeing updated as data products_are preprocesses based on
findings from PERCUSION’s and other validation studies.

Besideln addition tos the validation of EarthCARE measurementsdata products, -and-products-and-the-scientific-exploitations
tThe PERCUSION measurements are also useful-forbeing used for the validation of the measurements and algorithms of

NASA’s PACE (Plankton, Aerosol, Cloud, ocean Ecosystem) mission. We performed four dedicated flights within the swath
of the PACE mission, three of them along the satellite track (Appendix A). Furthermore, with the EarthCARE-like payload on
HALO, and especially with the combination of the lidar and the radar, we performed a large number of underflights under the
CALIPSO and Cloudsat mission during past campaigns, as well as under the EarthCARE mission, and thus provide
underflights under both satellite constellation and mission with combined lidar and radar payload to bridge the gap from
CALIPSO/Cloudsat to EarthCARE (Appendix B).
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Appendix A: PACE-Validation

The focus of the PERCUSION campaign was clearly on the validation of EarthCARE. However, our flight schedule and
measurement strategy allowed also to underfly NASA’s PACE (Plankton, Aerosol, Cloud, ocean Ecosystem) mission during
four measurement flights out of Barbados. PACE (NASA PACE - Home) was launched on 8 February 2024 and aims to extend

the data record of ocean colour, aerosol and cloud data for Earth systems studies as well as to address new and emerging
science questions. For that, PACE is equipped with the Ocean Color Instrument (OCI) and the Multi-angle Polarimeters
HARP2 and SPEXone. The maximum swath width is about 2500 km for the OCI, 1500 km for HARP2, and 100 km for
SPEXone. Any measurements within the swath width of the satellite isare thus valuable for validation. Figure Al gives an
overview of the flight scene from a lidar perspective for the different days a underpass was performed or HALO was measuring
within the swath of PACE. Over measurements covered a variaty of different conditions from background marine aerosol
conditions, over midlevel stratiform clouds, thin cirrus condition, cirrus clouds, to clouds of deep convective systems. With
that our measurements not only serve for direct comparisons of the polarimeter measurements using the specMACS data, but
also for the verification of the atmospheric model to investigate the impact of aerosol and clouds on PACE measurements. For
the latter especially the vertical information from lidar and radar as well as their synergistic use to derive microphysical cloud

properties is of interest. Table Al gives information on dates and times of the underpasses.

Table Al: Information of date, time and location of HALO measurements along or in the PACE tack.

Date Best Match Time (UTC) Time on track (UTC) Best Match Distance (km)
7 September 2024 16 :00 17:10-17:39 89.9

16 September 2024 | 16 :15 16:02 - 16:43 1.0

19 September 2024 | 16 :22 15:45 - 16:27 0.6

28 September 2024 | 16 :35 16:23 -17:30 215
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Figure Al: Cross-section of the backscatter ratio at 532 nm from WALES measurements for the four underpasses within the PACE
track. The dashed red lines indicate the nearest PACE measurement in time, the blue dashed line indicate the nearest EarthCARE
measurement in time.
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Appendix B: Bridging the gap from CALIPSO/Cloudsat to EarthCARE

CALIPSO and Cloudsat provided a large opportunity to study aerosol, clouds, their interaction and their impact on radiation
and precipitation. This will be continued with EarthCARE. However, going from CALIPSO/Cloudsat to Earth-CARE, we do
not only have a change in lidar wavelength and technique, but also a change in sensitivity and resolution for both, lidar and
radar. Unfortunately, both satellite constellations did not have a direct overlap, making it difficult to directly link the two time-
series and data sets. Collocated measurements with both, the CALIPSO/Cloudsat constellation and with EarthCARE, are
needed to bridge that gap. Next to continuing ground-based lidar and radar measurements, which provide long-term
measurements but with limited overlap, collocated airborne measurements with lidar and radar provide a valuable contribution.
The largest number of CALIPSO underflights is certainly provided by the NASA Langley lidar group with their HSRL/HSRL-
2 system (Hair et al., 2006). After the launch of EarthCARE, they also performed EarthCARE underpasses for the validation

of the ATLID. However, our combined active (lidar and radar) and passive remote sensing payload (Stevens, et al., 2019)

bridges both satellite missions with correlative airborne lidar and radar measurements underflying both CALIPSO/CloudSat

and EarthCARE. The basic lidar and radar products are analyzed and available as two combined datasets for WALES lidar
data and MIRA cloud radar data from A-Train underflights with HALO via Zenodo (Ewald and Wirth, 2026; Ewald, 2026).
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Table B1: Information on date, region, time flight mission and measurement conditions for CALIPSO/Cloudsat underpasses with the same
lidar and radar instruments used during PERCUSION.

Date Flight region Time of Flight mission Condition
collocation
[UTC]
24 Jul. 2013 Germany 12:18 NARVAL (test) Thin cirrus clouds
Continental background aerosol
10 Dec. 2013 | North Atlantic 15:08 NARVAL (south) Low level precipitating clouds
Marine aerosol
11 Dec. 2013 | Sub-tropical North Atlantic | 17:26 NARVAL (south) Marine aerosol
Shallow marine convection
12 Dec 2013 Sub-tropical North Atlantic | 16:30 NARVAL (south) Marine aerosol
Shallow and stratiform clouds
14 Dec. 2013 | Sub-tropical North Atlantic | 16:18 NARVAL (south) Marine aerosol
Shallow convection, partly precipitating
15 Dec. 2013 | Sub-tropical North Atlantic | 17:01 NARVAL (south) Marine aerosol
Shallow convection, partly precipitating
16 Dec. 2013 | Sub-tropical North Atlantic | 16:07 NARVAL (south) Marine aerosol
Shallow convection, partly precipitating
20 Dec. 2013 | North Atlantic 17:23 NARVAL (south) Marine aerosol
Shallow convection
9 Jan. 2014 Extra-tropical North Atlantic | 15:29 NARVAL (north) Marine aerosol
Scattered low level clouds, partly precipitating
18 Jan. 2014 Extra-tropical North Atlantic | 13:44 NARVAL (north) Deep convective clouds, ice anvils, frontal bands
21 Jan. 2014 Extra-tropical North Atlantic | 14:19 NARVAL (north) High and convective clouds
Marine aerosol
10 Aug. 2016 | Sub-tropical North Atlantic | 17:09 NARVAL-II Low to mid-level clouds, partly precipitating
Marine aerosol and Saharan dust
15 Aug. 2016 | Sub-tropical North Atlantic | 17:10 NARVAL-II Stratiform and upper-level clouds
Marine aerosol and Saharan dust
17 Aug. 2016 | Sub-tropical North Atlantic | 17:01 NARVAL-I1I Low level and cirrus clouds
Marine aerosol and dust mixture
19 Aug. 2016 | Sub-tropical North Atlantic | 16:47 NARVAL-II Shallow marine convection
Marine aerosol, Saharan dust and dust mixture
14 Oct. 2016 Extra-tropical North Atlantic | 12:53 NAWDEX Deep convection, precipitation, stratiform clouds
Marine aerosol
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