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Abstract. The Earth Cloud, Aerosol, and Radiation Explorer
(EarthCARE) satellite carries a cloud profiling radar (CPR)
designed to observe global cloud properties. In this study,
we assess the calibration of CPR reflectivity profiles by com-
paring them with seven calibrated ground-based cloud radars
from the European Aerosol, Clouds and Trace Gases Re-
search Infrastructure (ACTRIS).

We compare the statistics of ice cloud reflectivities ob-
served from space and from each ground site. The CPR
dataset includes all observations within a 200 km radius of
each site, while the ground-based dataset comprises vertical
profiles collected during the same time period. For this study,
the CPR and ACTRIS data were compared on a period span-
ning from July 2024 to November 2025. By analysing the
differences in reflectivity statistics, we estimate the calibra-
tion bias between CPR and each site. To ensure robustness,
we implement a method to select height bins with compara-
ble reflectivity statistics, excluding uncorrelated observations
that could contaminate the results. The reliability of our bias
estimates is validated through closure: each ground radar has
been calibrated using the same reference, and the indepen-
dently derived space-versus-ground biases obtained across
sites are consistent. Our methodology also provides uncer-
tainty estimates for the reflectivity biases and explores the
time sampling required for reliable comparisons.

Based on the comparisons from the seven ground-sites, we
find that the bias in the EarthCARE L2a reflectivity prod-

uct is of — 0.2 £0.4dB, confirming the high quality of the
satellite’s calibration. This robust statistical approach, vali-
dated with calibrated radars, establishes EarthCARE as a po-
tential reference for calibrating ACTRIS and other ground-
based sites in the future.

1 Introduction

Launched on the 28 May 2024, the Earth Cloud, Aerosol, and
Radiation Explorer (EarthCARE) satellite measures aerosol,
cloud, and precipitation profiles alongside their co-located
radiative flux at the global scale (Wehr et al., 2023). To this
end, it is equipped with a Doppler cloud radar, an atmo-
spheric lidar, a multispectral imager, and a broadband ra-
diometer. The observations from these instruments will be
used to evaluate the representation of aerosols, clouds and
precipitation in weather forecast and climate models, and
help improve their parametrization schemes for the next 10
years.

The onboard Cloud Profiling Radar (CPR) operates at
94 GHz frequency (W-band) and is the first space-borne
cloud radar measuring Doppler velocities. EarthCARE CPR
is capable of measuring reflectivities down to —35dBZ in
the troposphere, improving 5 dB in sensitivity with respect to
the previous CloudSat CPR (Wehr et al., 2023). At the early
stage of a satellite mission it is essential for its data and prod-
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ucts to be verified and validated. The work presented in this
article is part of this CAL/VAL (calibration/validation) effort.
Coupled with other CAL/VAL methods (ocean backscatter-
ing, airborne radar comparisons, ground based calibrators)
(Masuko et al., 1986; Horie et al., 2010, 2025), this work
aims to ensure that the reflectivity values measured by the
CPR are well calibrated.

The Aerosol, Clouds and Trace gases Research Infras-
tructure (ACTRIS) is a pan-European research infrastruc-
ture producing high quality data and services on short-lived
atmospheric constituents and the processes leading to their
variability in natural and controlled atmospheres (Laj et al.,
2024). ACTRIS is structured around three core themes —
aerosols, trace gases, and clouds — and relies on Central Fa-
cilities, specializing in each of these scientific areas. Among
them, the Centre for Cloud Remote Sensing (CCRES) coor-
dinates expertise in cloud remote sensing.

ACTRIS cloud remote sensing sites are mainly distributed
in Europe, as shown in the Fig. 1. Most of the sites are
equipped with Doppler cloud radars, microwave radiome-
ters, disdrometers, Doppler lidars and ceilometers. This in-
strumental diversity allows for a variety of products, using
the instruments synergy (Illingworth et al., 2007; Tukiainen
et al., 2020).

Even with the spatial extension of the ACTRIS network it
is, in general, unlikely to have exactly co-localized obser-
vations between CPR and ground-based cloud radars. For
each site, we expect at least a few tens of kilometres of
distance between orbital overpasses and each ACTRIS Na-
tional Facility (NF). Another consideration is that the ma-
jority of ACTRIS ground-based radars are zenith pointing
only (~ 75 %). Even for sites that do have scanning capabili-
ties, co-localization would remain unlikely due to the limited
range of cloud radars (< 20km), caused by the strong atmo-
spheric attenuation at their operation frequencies (mainly in
the 35 and 94 GHz bands).

We thus adopted a statistical approach to compare the
EarthCARE CPR and ground reflectivities. Earlier studies
have already proposed methods to do such comparisons, us-
ing CloudSat CPR as the space instrument. Both Protat et al.
(2009) and Kollias et al. (2019) compare satellite reflectivity
profiles, sampled in a given radius around the ground-site of
interest, with ground profiles in a fixed time-window around
the overpass time. Bias is estimated as the difference between
the mean profiles from both sources. These approaches are
already capable of providing bias estimates (and hence the
calibration difference) between the space and ground instru-
ments, but we find that they can still be improved to provide
more robust results in our use-case.

A key limitation of the current approaches is the absence
of uncertainty estimates when evaluating bias values. To as-
sess EarthCARE calibration, we compare CPR reflectivity
with ACTRIS ground-based radars, which provide calibrated
measurements with associated uncertainty estimates. With-
out accounting for the uncertainty introduced by the satellite-
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ground comparison algorithm, it is impossible to accurately
evaluate the overall uncertainty of our EarthCARE calibra-
tion estimates. The quantification and propagation of the un-
certainty is then a core requirement for the developed algo-
rithm.

Another key improvement lies in the validation process.
For EarthCARE, it is crucial to obtain a reliable calibration
estimate that is independent of the characteristics of any sin-
gle site or specific ground radar. Taking advantage of the cal-
ibration homogeneity established by ACTRIS-CCRES, we
propose to validate EarthCARE calibration bias estimates us-
ing multiple ground-based sites. This enables to further scru-
tinize the results through closure: having consistent bias es-
timates from all sites would significantly strengthen confi-
dence in both the data processing methodology and the reli-
ability of the EarthCARE bias estimate.

Another necessary improvement for our use case is the
quantification of the minimum sampling time required to en-
sure reliable comparisons. Currently, no recommended min-
imum period exists, and given the recent launch of Earth-
CARE, insufficient data sampling could lead to skewed sta-
tistical results. There is a need for a study on how impactful
the comparison duration can be on the results.

Finally, our algorithm has to be compatible with Earth-
CARE and ACTRIS data formats and processing pipelines.
This requires adapting the time co-localization in data selec-
tion to account for the lower count of vertical profiles com-
pared to raw data from the ground radars. Compatibility with
CloudSat data is also desirable to enable historical compar-
isons with ACTRIS data.

This article is structured as follows. Section 2 is dedi-
cated to the description of calibration strategy of the ACTRIS
ground radar network. The satellite and ground datasets are
described in Sect. 3. The implemented algorithm and consid-
erations made in its development are presented in details in
Sect. 4. The reflectivities of EarthCARE are validated using
the calibrated radars from the ACTRIS network, as described
in Sect. 5. Section 6 presents the evaluation of the impact of
the time period considered for the evaluation of the satellite-
ground bias.

2 ACTRIS-CCRES cloud radar calibration strategy

One of the main ACTRIS objectives is to assure reliable,
comparable data at all sites of its instrument network. The
Center for Cloud Remote Sensing (CCRES) is the ACTRIS
expertise center supporting the operations of cloud remote
sensing instrumentation within the network (ACTRIS, 2025).
A goal of CCRES is to define a set of methodologies to guar-
antee the highest quality of measurements and data products.
CCRES also oversees the deployment and further develop-
ment of experimental systems dedicated to cloud observa-
tion.
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Figure 1. Map of the ACTRIS network of cloud remote sensing sites. Data from the sites of Palaiseau, Jiilich, Lindenberg and Leipzig were
used in this study. Map edited from Google maps © 2026 Google Maps™ mapping service.

CCRES is at present working on a vast calibration effort
for the entire ACTRIS cloud radar network. To this end, the
strategy involves two parallel activities: (i) To perform the
calibration of reflectivity measurements for each radar in the
network, and (ii) The implementation of a calibration track-
ing system which enables detection and quantification of cal-
ibration drifts over time.

The reflectivity calibration is done as follows:

1. A portable reference radar (BASTA-CCRES, W-band,
Delanoé et al., 2016) is calibrated at a CCRES facility
using a reference target (Toledo et al., 2020). The use of
targets characterized in an anechoic chamber enables to
reach a calibration uncertainty of 0.8 dB on reflectivity.

A calibration transfer campaign is organized. The ref-
erence radar is sent to another ACTRIS NF to trans-
fer its calibration to the respective local cloud radar(s).
The transfer is done by comparing simultaneous ver-
tical cloud profiles observed from a close position, a
few tens of meters apart (Jorquera et al., 2023). With
this method, a correction coefficient is determined. The
correction coefficient can be applied to local reflectiv-
ity retrievals to compensate for calibration bias, effec-
tively recalibrating the instrument. The uncertainty of
the resulting recalibration depends on the number and
type of cloud events sampled, but after eight weeks of
campaign one can usually reach values in the range of
[£0.9; £1dB].

As the described calibration campaign are time consum-
ing, it is necessary to track any change in the calibration of
the ground radars. A calibration tracking setup is thus im-
plemented at each ACTRIS NF, in parallel to the calibration
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campaigns. The setup requires the installation of a co-located
disdrometer, with the objective of independently measuring
the reflectivity of stratiform precipitating particles. These re-
flectivity values are then compared with radar observations
to detect sudden calibration biases and enable corrective ac-
tions, ensuring a reliable data set (e.g. Hogan et al., 2003;
Kollias et al., 2019).

Currently CCRES has completed cloud radar calibration
campaigns for the stations of Palaiseau, Jiilich, Leipzig and
Lindenberg. All radars were calibrated using the BASTA-
CCRES reference radar, allowing us to perform closure tests
on our space-ground comparison algorithm. Table 1 shows
each site coordinates, radar types, number of overpasses
within 200 km for each satellite cycle of 25d, the time pe-
riod analyzed and the introduced correction coefficient with
the resulting ground-radar calibration uncertainty. The two
RPG radars of the Jiilich site were installed after the calibra-
tion campaign took place. Hence their correction coefficients
are calculated based on the MIRA radar, which was the only
radar in operation at the time of the calibration campaign.

3 Dataset description

In this work, we compare the reflectivity profiles of the
EarthCARE L2a CPR FMR products with those sampled by
ground-based radars of the ACTRIS network. The following
sections present the datasets, and introduces the products that
are relevant to our study.

3.1 EarthCARE CPR L2a product

EarthCARE performs 15.5 orbits every 24 h and covers the
global surface between latitudes of 83° N and —83°S. The
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6078

N. Feuillard et al.: EC CPR validation with ACTRIS

Table 1. ACTRIS sites and radars used in this study. From the seven radars used in this study, five were calibrated by ACTRIS-CCRES, and
two were recalibrated later based on the already corrected MIRA radar from Julich (indicated with *). The calibration of all the instruments
is monitored using co-located disdrometers. Ka band radars emit at the 35 GHz band. W band radars emit at the 95 GHz band.

Sites Coordinates Radar, Band Overpass per  Period analyzed Correction  Calibration
(Lat., Long.) repeat cycle  (start, end) coefficient  uncertainty
(25d) (dB) (dB)
Jiilich 50.908°N, 6.413°E ~ MIRA, Ka 11 20/07/24, 18/11/25 -0.2 0.9
RPG, W 11 20/07/24, 18/11/25 —2.1* 1.0
RPG, Ka 11 20/07/24, 18/11/25 —1.7* 0.9
Palaiseau 48.716°N,2.212°E ~ BASTA, W 11 01/12/24, 25/06/25 —0.1 1.0
Lindenberg  52.208°N, 14,118°E RPG, W 12 20/07/24, 18/11/25 —0.2 0.9
Leipzig 51.353°N, 12.435°E  RPG (TROPOS), W 12 20/07/24, 24/03/25 —-0.8 0.9
RPG (MELPITZ), W 12 28/01/25, 18/11/25 0.0 0.9

trajectory with respect to Earth’s surface drifts slightly with
each revolution. This cycle resets every 25 d. Fortunately, we
only need that the satellite passes within a 200km of each
ground site (see Sect. 4). This provides a varying amount of
11 to 12 overpasses per satellite cycle (25 d) depending on
the site latitude counting both ascending and descending tra-
jectories.

EarthCARE CPR is a W-band radar measuring reflectiv-
ities and Doppler velocities from the clouds. The vertical
resolution of these observations is 500 m, however the re-
ceived echo is over-sampled at 100 m. The minimum reflec-
tivity observed by the CPR is —35 dBZ throughout the tro-
posphere. The calibrated radar reflectivities are given in the
EarthCARE L1 products (Wehr et al., 2023). Even though
calibration accuracy for EarthCARE is still under study, it
should have an uncertainty of 0.5-1 dB, based on what was
achieved for CloudSat and on the diverse calibration ap-
proaches in use (Protat et al., 2009, 2011; Horie et al., 2025).
The L1 reflectivity values are corrected for gaseous attenua-
tion in the EarthCARE L2 products.

EarthCARE data are processed on different baselines im-
proving the products with each iteration. The BA baseline
is the latest baseline where all the data from the beginning
of the mission were reprocessed and thus the one with the
most data available. We thus used CPR L2a products of the
BA baseline in this study. These data are available from
the 20 July 2024 to the 18 November 2025. We decided to
use the EarthCARE L2a CPR FMR product because it pro-
vides 94 GHz reflectivity values corrected by gas attenuation
(Kollias et al., 2023), and the co-localized CPR TC prod-
uct, providing a target classification (Irbah et al., 2023) al-
lowing a precise profile selection (see Sect. 4.3). All of the
data were acquired from the EarthCARE ESA MAAP ser-
vice (European Space Agency (ESA), 2026). We did not use
the EarthCARE radar-lidar (AC-TC) classification product
as it as known issues for the classification of some liquid
clouds on the BA baseline (and therefore on our time period)
(EarthCARE-DISC, 2025).

Atmos. Meas. Tech., 19, 6075-6097, 2026

3.2 ACTRIS-CCRES data centre

The ground-based radar data used in this study were provided
by the ACTRIS CloudNet Cloud Remote Sensing Data Cen-
tre Unit (CLU), operated at the Finnish Meteorological Insti-
tute (FMI) in Helsinki, Finland. This unit serves the ACTRIS
cloud remote sensing network by providing numerous ser-
vices around the data generated by the observation platforms.
The CLU services include the centralised data processing
to generate multi-instrumental observational and geophysi-
cal products, and the implementation of tools for data qual-
ity control checks, data harmonisation, data access and data
archiving (Illingworth et al., 2007; Tukiainen et al., 2020).
All these processes are done by CLU and data are available
on the CloudNet data portal (Finnish Meteorological Insti-
tute, 2026). These services are especially important for a net-
work such as ACTRIS, due to its large amount of sites and
instruments diversity. The cloud radars in the network oper-
ate at either the Ka or W band (35 and 95 GHz respectively)
and are built by different manufacturers.

The CLU products used in this study are the L2 Categorize
product and the L2 Target Classification product (Hogan and
O’Connor, 2004). The Categorize product provides vertical
cloud radar reflectivity profiles corrected by gas attenuation,
with a time resolution of 30s and a vertical resolution be-
tween 25 and 50m, depending on the specific instruments.
The Target Classification product is built with the same reso-
lutions than the Categorize product. These classifications are
built using radar, lidar and microwave radiometer data.

At present, CLU is working on a solution to track calibra-
tion history at each radar site. While this development is be-
ing implemented, the reflectivity values provided in the Cat-
egorize product correspond to the original measurements of
each radar before recalibration. Thus, for this study, we take
these original reflectivity values at each site and correct them
manually using the correction coefficients determined in our
calibration campaigns (explained in Sect. 2).

https://doi.org/10.5194/amt-19-6075-2026
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4 Ground-space calibration algorithm
4.1 Overview of the algorithm

The location of the ACTRIS cloud remote sensing sites has
been established long before the planning of EarthCare or-
bits, and has been decided by each operator, based on their
scientific interests and local constrains. They have usually
been placed on previously existing atmospheric observatories
(Laj et al., 2024). As EarthCARE has a revisit time of 25d,
the overpasses distances are fixed. For example, for the 4 cal-
ibrated sites used for this study, the closest overpasses are for
the Lindenberg site with overpasses every 25 d within 3 km to
400 m from the site. The Julich site also have very close over-
passes in a few km range, but the 2 other sites of Palaiseau an
Leipzig do not. It is therefore very unlikely to have situations
where direct comparisons of co-localized clouds are possi-
ble. Moreover, as mentioned in Sect. 1, the use of scanning
radars would not be a viable strategy for the validation of
the reflectivities at the scale of the ACTRIS network. Hence
a statistical comparison algorithm is implemented, based on
the following considerations:

1. Previous studies have found that on a certain time pe-
riod, ground and satellite radars mean profiles will show
statistical similarities (Protat et al., 2009; Kollias et al.,
2019). In these studies, the CloudSat CPR reflectiv-
ity profiles are selected in a 200 km radius around the
ground sites and the ground profiles in a &= 1 h period
around the overpass time, independently of the sites ge-
ographical position. Testing the radius criteria parame-
ter, we found that 200 km is a suitable distance for the
comparisons at European latitudes. However, the selec-
tion of ground profiles in a & 1 h period around the over-
pass is limiting for our comparisons. For the ground
data we thus use all the profiles observed on the time
period considered for the comparison. The assumptions
on this selection of the ground profiles are developed in
Appendix A. Comparing both selection criteria we find
compatible satellite-bias results.

2. Asstated in Sect. 3, the satellite and ground reflectivities
used in this study are already corrected for gas attenu-
ation. Moreover, ice clouds observed from the satellite
(seeing clouds from the top) will remain largely unat-
tenuated, while ice clouds observed from the ground
(seeing the clouds from the bottom) will be strongly at-
tenuated by any liquid clouds bellow it. To avoid the
need of correcting the attenuation from liquid water
clouds or precipitation, we only concentrate on ice lay-
ers since they introduce a negligible attenuation (Ma-
trosov, 2009). Finally we admit that ice clouds are rela-
tively homogeneous targets. Hence, ice clouds are con-
sidered the best targets for the comparisons.

To summarize, this study relies on the comparison of
the ground site ice clouds reflectivity statistics with the ice
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clouds reflectivity statistics observed from the satellite. With
enough observation time the satellite observations should
tend to the same statistics as the one observed from the
ground.

Previous studies show that the statistical similarities be-
tween the satellite and ground mean reflectivity profiles only
exists at certain heights (Protat et al., 2009; Kollias et al.,
2019). Our approach acknowledges this height dependence
with the implementation of a method to evaluate the height
bins where the ground and satellite reflectivities are the
most statistically comparable. The reflectivity comparisons
are done on these height bin.

An overview of the developed algorithm is shown as a
flowchart in Fig. 2. For a given time period, all satellite data
within a 200 km radius of the considered ground site is se-
lected. For the ground data, the ice profiles for all the days
in the considered time period are selected, whether or not an
overpass occurs on the same day. This allows to set the re-
flectivity statistics of the site. All the data for a given period
are then treated as follows.

On the selected CPR data, we perform a correction to ac-
count for the different dielectric constants used when cal-
culating reflectivities with ground and satellite-based radars
(see Sect. 4.2). Then, all profiles that contain liquid water are
removed using EarthCARE L2a target classification. More
details are presented in Sect. 4.3.

For the ground-based data, we firstly remove profiles that
contain liquid water, using the CloudNet target classification
(see Sect. 4.3). The remaining ground profiles are then re-
sampled to match satellite range resolution as described in
Sect. 4.4.

By adding up all the profiles from a period, a con-
toured reflectivity frequency by altitude diagram (CFAD) is
constructed. From the CFADs, both radar sensitivities are
matched, without assuming calibrated values for any radar.
This is to make sure that we only compare cloud samples
that can be observed by both instruments, without biasing a
priori the estimated difference in reflectivities. This part of
the algorithm is explained in details in Sect. 4.5.

The reflectivity distribution is then fitted with a Gaussian
model for each height bin. The parameters from this fit are
tested to select statistically comparable height bins. The bias
between ground and satellite data is then inferred on these
selected height bins. This fitting, height selection and bias
evaluation process is detailled in Sect. 4.6.

To support the description of these processes, the data of
the RPG94 from the site of Jiilich is taken as an example for
the figures throughout this section.

4.2 Reflectivity normalization for the dielectric water
constant

As mentioned in Sect. 3 both L2a CPR reflectivities and

ground radars reflectivities have already been corrected for
gaseous attenuation. It is then needed to normalize the CPR

Atmos. Meas. Tech., 19, 6075-6097, 2026
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CloudNet radar data
corrected for gaseous
attenuation

Remove radar profiles
containing liquid water (4.3.)

l

Resample ground profiles to
match satellite range
resolution (4.4.)

CloudNet
classification

Ground radar ice profiles

CFAD for CPR and ground

radar data

Sensitivity matching (4.5.)

Height bin selection (4.6.)

Bias evaluation (4.6.)

Figure 2. Flowchart of the algorithm. Each step is described in the Section in parentheses.

reflectivities to acknowledge the difference of dielectric con-
stant between satellite and ground observations.

The difference in dielectric constant is addressed by nor-
malizing the EarthCARE reflectivities, using Eq. (1) (from
the radar equation), with Kgroung = 0.86 and KgathCARE =
0.75 (Pfitzenmaier et al., 2025).

K ground ) (1)

ZEarthCARE = ZEarthCARE — 20log ( Koaton
Eart RE

4.3 Ice profiles selection

As ground and satellite have different geometries of obser-
vation, the signals are not attenuated in the same way when
liquid water is observed. Moreover as mentioned in Sect. 4.1,
the attenuation introduced by ice clouds is negligible. As
a consequence, to ensure that both datasets are comparable
profiles containing liquid water need to be removed for both
satellite and ground data. To this end the EarthCARE CPR
TC (target classification) product is used for satellite data and
the CloudNet classification product is used for the ground
data. In addition, we need to consider that some radars in
the network don’t have blowers to remove the water on the
radome after precipitation leading to attenuation. To take this
effect into account all the ground data are removed 6 h after a
precipitation event, to allow the radome to dry. For the radars
used in this study, only the BASTA of Palaiseau is concerned
with this problem.

For CloudNet data a profile is removed if one of the fol-
lowing value is present in a profile: cloud liquid droplets

Atmos. Meas. Tech., 19, 6075-6097, 2026

only, drizzle or rain, drizzle or rain coexisting with cloud
liquid droplets, melting ice particles coexisting with cloud
liquid droplets.

For EarthCARE data a profile is removed if one of the fol-
lowing value is present in a profile: liquid cloud, drizzling
liquid cloud, warm rain, cold rain, melting snow, heavy rain
likely, heavy mixed-phase likely, heavy rain, heavy mixed-
phased, rain in clutter, snow or mixed-phased in clutter.

4.4 Ground data resolution resampling

The EarthCARE CPR effective vertical resolution is 100 m.
As mentioned in Sect. 3.2, ground radar resolutions are be-
tween 25 and 50 m. Thus, it is needed to match both resolu-
tions before performing the comparisons. The resampling of
the ground data to the satellite vertical resolution is made us-
ing the method described in section 2.4.3 Radar instrument
model from Donovan et al. (2023).

For each day, a minimum detectable signal (MDS) curve is
given in the CloudNet categorize files, taking account of the
effects of ground clutter and gas attenuation. This curve res-
olution is also resampled to the CPR resolution and is used to
remove invalid ground-based samples (usually artifacts from
the resolution conversion).

4.5 CFADs and sensitivity matching

Using all the satellite and ground profiles selected through
the described process, a contoured reflectivity frequency by
altitude diagram (CFAD) for the CPR and ground radar is

https://doi.org/10.5194/amt-19-6075-2026
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198 365 profiles were used. Panels (1.a.) and (1.b.) show the raw CFADs of both the CPR and the ground radar. The satellite CFAD shows
a local maximum of reflectivity frequency around —30 dBZ at an altitude of 2.5 km. This maximum is likely due to second-trip echo effect
occurring highly reflective surface on the ground (lake, rivers, ponds, ...). These second trip echoes are not filtered, this however does not
impact the satellite-ground bias evaluation (see Fig. 5). Panels (2.a.) and (2.b.) show the reflectivity distributions of the satellite and the
ground inferred from the CFADs. In panel (2.a.) the satellite reflectivity dynamic range is represented by the double-headed arrow between
the black vertical dashed lines, each representing the minimal CPR reflectivity and the 80th percentile of data. The reflectivity dynamic range
is then applied on the ground distribution from the 80th percentile of the ground data as shown in panel (2.b.) The red zone represent the
discarded data. Panels (3.a.) and (3.b.) show the final CFADs when both reflectivity and power dynamic range were applied. The black circle

in panel (3.a.) shows where the data were removed by the matching of the power dynamic range.

constructed (Fig. 3.1.a. and 1.b.). The sensitivity difference
between the ground and satellite radars needs to be ad-
dressed. The CPR reflectivity MDS is constant at —35 dBz
throughout the troposphere, while for the ground radar the
reflectivity MDS decreases with the square of the range from
the radar. In contrast, the MDS in power of the ground radar
is constant while for the CPR, it decreases while approaching
the ground. To match the sensitivity of both instruments we
thus need to match their MDS in reflectivity and in power.
From the CFADs, a reflectivity distribution is inferred for
both the ground and the satellite (Fig. 3 panel 2). Cutting the
minimum reflectivity of the ground distribution to the min-
imum of the satellite distribution could remove valid data
from the comparison if a bias exist between the two distri-
butions. It is therefore preferable to apply the satellite dy-
namic reflectivity range on the ground distribution to cut it.
The dynamic reflectivity range of the satellite is the window
between the maximum and minimum reflectivity values ob-
served. Cutting the ground distribution using the satellite dy-
namic reflectivity range is equivalent to matching the maxi-
mum of the distributions and cutting the ground at the min-
imum of the satellite distribution. However, the two distri-
butions cannot be matched at the maximum reflectivity as
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the 2 radars do not necessarily observe the exact same cloud.
To mitigate this problem we match the dynamic range be-
tween the satellite MDS value and the 80th percentile of data
(Fig. 3.2.a. and 2.b.). As the 80th percentile of both dataset
might not be coincident, this windowing can lead to non co-
incident minimum reflectivities between both datasets.

From the reflectivity distributions pseudo-power distribu-
tions are inferred for both the ground an satellite. As Cloud-
Net categorize and EarthCARE L2a files do not include
raw power measurements, the pseudo-power distributions
are calculated proportional to the physical power by remov-
ing 20log((rground) (With rground the range from the ground
radar) from the reflectivities. As stated, the ground data have
a constant minimum power, the ground dynamic power range
is thus applied on the satellite data the same way than for
the reflectivity range. The pseudo-power distributions are not
shown as a very low amount of data is discarded through the
matching of the power dynamic ranges. However the black
circle on the satellite CFAD in panel 3.a. of Fig. 3 shows
where was the discarded data.

This treatment ensures that only cloud pixels which could
be observed by both instruments remain, thus ensuring the
comparability of the CFADs. Figure 3.3.a. and 3.b. show the
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final CFADs used for the comparison for the RPG94 of the
Jiilich site.

4.6 Estimation of the EarthCARE-ground reflectivity
bias and its uncertainty

This section is divided in 3 sub-sections. In Sect. 4.6.1,
we discuss the considerations made in the comparisons of
Ka band radar with the CPR. Section 4.6.2 is dedicated to
the considerations for selecting the most statistically simi-
lar height bin. Lastly the bias and uncertainty evaluations are
detailed in Sect. 4.6.3.

4.6.1 Considerations for comparisons with Ka band
ground based radars

Among the 7 calibrated radars used in this study, 2 are op-
erating at a 35 GHz frequency (Ka band). This difference in
frequency between the ground radars and the CPR needs to
be addressed to perform the best possible comparisons. Two
approaches to this problematic are possible.

— Keeping the 35 GHz data as they are. For X (10 GHz)
and W (94 GHz) band radars reflectivity values are sim-
ilar until —10dBZ (Jorquera et al., 2023). We can then
assume that reflectivity values should also be very close
for Ka and W band radars at least until —10 dBZ. This
approach would introduce a negligible uncertainty in
the comparisons.

— Converting the 35 GHz reflectivities to 94 GHz reflec-
tivities. Previous studies with CloudSat addressed the
frequency difference by converting the 35 GHz observa-
tions to 94 GHz observations using a power law (Protat
et al., 2009; Kollias et al., 2019). This approach could
introduce a non negligible uncertainty.

Testing and comparing both approaches we obtain very
close bias values, with a maximum bias difference of 0.3 dB.
For 35 GHz radars, we thus decided to restrain the compar-
isons at reflectivities lower than —10 dB for the ground data,
to limit the uncertainty. This consideration is added as sup-
plementary parameter to the 3 selection parameters described
hereafter in Sect. 4.6.2.

4.6.2 Selection of comparable height bins

If both radars observe the same phenomena, their behaviour
for each height bin should be similar. We thus propose to as-
sess which heights show statistical similarities and evaluate
the bias on such height bins. Firstly the reflectivity distribu-
tion of each height bin is fitted with a Gaussian model for
both datasets, following the well known equation:

f) = e~ (mm?/20 )

o2

With the parameters:
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— A: the amplitude of the function.

— . the center of the function. If the distribution perfectly
follows a Gaussian model, this should be the same as the
mean of the distribution.

— o the standard deviation of the function, and of the dis-
tribution if it perfectly follows a Gaussian model. It is
linked to the full width half maximum (FWHM) with

204/2In2.

Figure 4 shows an example of the fit of the reflectivity dis-
tributions from the height bin of 8.6 km for CPR and ground
radar of the Jiilich RPG94. From the fit, a fourth R> parame-
ter is evaluated, representing the goodness of the fit.

The fitting of the reflectivity distribution allows us to eval-
uate the main parameters of the CFADs, dismissing the im-
pact of noise that could exist in the extremum of the distribu-
tion. The calculated mean of the distribution and centre (i)
are thus not necessarily coincidental. The centres profiles are
then used as an estimator to evaluate the inter-instrument re-
flectivity bias. We then use 3 parameters from the fit to eval-
uate the statistical similarity of the reflectivity distribution at
each height bin.

The first parameter used is the correlation between the cen-
tres. For each height bin, the correlation is calculated consid-
ering points 500 m around the height. This correlation pa-
rameter goal is to check that the profiles shapes follow each
other. The second parameter used is the weighted ratio be-
tween both o for each height (from now on referred as o
ratio). The o ratio is given by: lagr:’j;:h‘“l This o ratio’s goal
is to check that the width of the distributions are similar for
each height bin. The third parameter used is the R? param-
eter. The R? parameter is evaluated by a linear regression
between the data and the fit. The goal of this parameter is
to check that the distributions were fitted correctly for each
height bin, to be sure that  and o were reliably estimated.

The 3 parameters are tested for each height bin, if each of
the parameters fulfil a certain threshold criterion the height
bin is considered valid for the comparison. The values of
these thresholds are the following:

— If the correlation between the centers is larger than 0.9.
— If the o ratio is lower than 0.4.
- If the R? is larger than 0.85.

The values of these parameters were evaluated through a
sensitivity analysis (not shown here), with the following con-
siderations: a high center correlation ensures a high vertical
similarity, a low o ratio indicates a high horizontal simi-
larity and a high R? ensures that the fits accurately repre-
sent the data. The three parameters values were then chosen
with these considerations, while keeping the highest possible
number of selected height bin at the end of the process. The
sensitivity test performed showed that tunning the thresholds

https://doi.org/10.5194/amt-19-6075-2026



N. Feuillard et al.: EC CPR validation with ACTRIS

6083

Reflectivity distribution fit at the 8.6 km altitude
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Figure 4. Example of the fit for the distribution of the height bin at 8.6 km height. The left panel shows the fit for the satellite. The right

panel shows the fit for the RPG94 of Jiilich.

(corr: £5%, o : £25 %, R%: 45 %) does not change the final
bias. We would however recommend to adapt these param-
eters if the situation requires it (for example if there is not
enough data available for convergence).

For the 35 GHz radars we also check that the ground cen-
ter reflectivity value is lower than —10dB. These selection
thresholds were verified through sensitivity analyses and the
final closure (see Sect. 5).

4.6.3 Bias and uncertainty evaluation

The final satellite-ground bias is estimated as the mean of
the centers single bias estimates on the selected bins. The
associated uncertainty is then the standard deviation of the
centres differences on the selected height. The other sources
of uncertainties identified are indicated later in this section.
If no height bin is selected, the satellite and ground data are
deemed not statistically comparable and thus no bias is eval-
uated.

Figure 5 shows an example of the height selection process
and the inferred bias for the Jiilich RPG94. The three first
panels a, b and ¢ show the evolution of an individual selec-
tion parameter with the altitude. In this figure, the center cor-
relation parameter and R” parameter are the most decisive
in the selection of the height bins. The ¢ parameter seems
redundant here discarding only height already discarded by
the two other parameters. However, this parameter full fill
it’s goal to remove height with very different distributions,
that could come from different physical observations (ie dif-
ferent cloud statistics, second trip echo). The d panel, shows
in green the height zone where all the 3 parameters are full-
filled and where the satellite-ground bas is evaluated. This
zone is made of 36 height bins, corresponding to a zone of
3.6km on which the bias is evaluated. The black and blue
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profiles are the center profiles of the satellite and the ground
respectively. For the RPG94 of Jiilich these original profiles
are very close, showing a small reflectivity bias between the
CPR and the ground radar. The bias evaluated for this site
is indeed: Zcpr — Zground = 0.3 = 1.3dB. The orange pro-
file in panel d shows the satellite center profile corrected for
this bias with its associated total uncertainty. For each of the
radars used in this study a summary figure of the CFADs,
reflectivity distributions and the reflectivity center profiles is
given in Appendix B.

To evaluate the total uncertainty, we firstly identified 5
sources of uncertainty, from which two are considered and
three neglected as explained below.

— oGR 1is the uncertainty on the ground radar measure-
ments. For the calibrated radars used in this study, the
measurement uncertainty was estimated during the cali-
bration campaigns (see Table 1). This uncertainty is typ-
ically in the range of [0.9; 1] dB.

— op is the standard deviation between the bias estimates
at each height bin. It is included as a way to assess the
statistical uncertainty inherent to the comparison algo-
rithm. This uncertainty is typically in the range of [0.9;
1]1dB.

— oc is the uncertainty on the estimation of the centres.
As the centres profiles are used for the estimation of the
bias, the uncertainty on the centres evaluation needs to
be taken into account. This corresponds to the diago-
nal terms in the covariance matrix for each fit. The total
contribution to uncertainty is given by the sum of the un-
certainties of the centre estimation for the satellite and
the ground (8c2,; 8c§r): ol = %Zﬁciﬁi + 5C§r,—- This
uncertainty is typically inferior to 0.005 dB. This uncer-
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Figure 5. Example of height bin selection and bias estimation for the RPG94 of the Jiilich site on a time period from July 2024 to November
2025 (see Table 1). The parameters and center profiles were evaluated from the CFADs presented in panel (3.a.) and (3.b.) of Fig. 3. In panels
(a), (b), and (c) the green zone represent the height bin selected for the center correlation, the o ratio and the R? parameters respectively.
Panel (d) shows the ground (blue) and satellite (black) center profiles. The orange profile is the satellite profile corrected for the bias, with
its associated uncertainty. The green zone is the height bins selected with the 3 selection parameters.

tainty source is thus neglected as it is several order of
magnitudes less than other uncertainties.

— oga is the uncertainty from the gaseous attenuation.
Cloudnet and EarthCARE L2a CPR FMR product pro-
vide reflectivity values corrected by attenuation. By as-
suming that their calculation has no inherent bias, the
processing and averaging of large amounts of pixels
should average the bias contribution of this term to zero.
Thus, we neglect this uncertainty source in the final es-
timate for the satellite-ground calibration difference.

— 035 is the uncertainty coming from the comparison of
Ka band radar with the CPR. As already mentioned in
Sect. 4.6.1, we consider this uncertainty to be negligible
when using ground data bellow —10 dB.

The total uncertainty on the bias evaluated o; is then given
by the equation:

0,:,/0(2;+0§ 3)

5 Validation of EarthCARE reflectivities and of the
algorithm with ACTRIS sites

As mentioned in Sect. 3.2 the CCRES component of AC-
TRIS is performing inter-comparison campaigns using a ref-
erence radar moved from site to site. From these campaigns,
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a correction coefficient is evaluated for the radars of each
sites. The radars of the sites of Palaiseau, Jiilich, Leipzig
and Lindenberg (see Table 1) went through this calibration
process. Moreover the ground radars did not go through any
changes on the time periods considered.

To validate the algorithm and the CPR reflectivities, we
compare the satellite-ground bias estimated for each of these
sites, taking account of the calibration correction coeffi-
cients. Figure 6 shows a summary of the EarthCARE-ground
biases estimated for the radars of the calibrated sites. These
biases were evaluated on a time period from 20 July 2024
to 18 November 2025 (or on a smaller time period within),
collecting satellite data in a 200 km radius from the site.

From Fig. 6, we see most individual biases are close to
0dB. The largest evaluated bias is for the RPG of the Linden-
berg site with an evaluated bias of 1.5 & 1.7. Looking more
closely at these results (see Appendix B), the algorithm se-
lects different height zones for the bias estimation. Each of
the zone is correct for the bias estimation but they are not
coincident, leading to a bias estimate with a higher uncer-
tainty. As the calibration of this radar has been stable and
no changes occurred on it during the whole time period, we
think that this high bias could come from differences in the
clouds observed by both radars. Having more satellite data
should help to reduce this uncertainty.

The bias of the radar of Palaiseau is the second largest and
only bias for which the uncertainty does not cross the O bias
line. For this bias, a time period of 6 months was used for the
comparison, when at least 9 months was used for the other
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Bias between EarthCARE and seven calibrated ACTRIS radars
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Figure 6. Summary of the biases estimated between EarthCARE CPR and the calibrated ACTRIS ground sites. Each point with its uncertainty
represent the bias of between CPR and the respective ground radar. The period used for the bas evaluation are given in Table 1. The grey
vertical line at O represents EarthCARE, as the biases are evaluated as the difference between EarthCARE and ground reflectivities. The

vertical dashed black line is the weighted mean bias of the biases.

radars. This observation leads toward the hypothesis that the
bias is sensitive to the time period used for its estimation.
This hypothesis is explored in more depth in Sect. 6.

Finally, when calculating the mean weighted to uncer-
tainty! of all bias estimates we get a likely bias for CPR
of —0.2 £0.4. This result is consistent with the uncertainty
expected from the other calibrations methods. For example,
the calibration using the ocean backscatter provides an un-
certainty of less than 1dB and it is currently being used
for EarthCARE (Horie et al., 2010, 2025). These biases re-
sults validate the calibration of the L2a CPR products. Fur-
thermore, all bias assessments are compatible with the fact
that ground-based radars were calibrated using a single cal-
ibration source (uniform results within uncertainty), validat-
ing the comparison algorithm by closure. BASTA-CCRES,
which is the reference radar used as the calibration source
for the other ground sites, is calibrated using a reference cor-
ner reflector. Hence, ACTRIS calibration value comes from
a completely independent source with respect to CPR. This
reinforces the reliability of the comparison and of the as-
sessment that EarthCARE L2a CPR FMR product of the BA
baseline is unbiased.

IThe mean weighted to uncertainty is calculated as follows.
Firstly, the weight related to the bias uncertainty is evaluated with:
w; = Jil (with o; the uncertainty). The weighted mean is then given

by: u = % (with b; the bias). The uncertainty associated to this

weighted mean is: o, = ﬁ

https://doi.org/10.5194/amt-19-6075-2026

6 Time sample impact study using CloudSat and
EarthCARE

An important limiting factor for the comparisons is the avail-
ability of satellite data. This limitation stems from the fact
that some factors like the number of overpasses or the pres-
ence of ice clouds during the overpasses cannot be con-
trolled. At present there are no recommendations on the min-
imum comparisons time (or number of overpasses) needed
to obtain reliable bias estimates. To improve the understand-
ing of the impact of the sampling time on the ground-satellite
reflectivity comparison, we propose to track the evolution of
the bias over a period of time through a time series. We firstly
evaluate a bias on the longest time period to act as a base-
line. Biases on smaller time periods within the baseline are
then evaluated to compare the effects of different time sam-
pling durations on the bias. The following time series focus
on the variations of the smaller period biases with respect to
the baseline, thus not showing the absolute bias values.

To have a long enough time period to study these effects
of time sampling we compared CloudSat reflectivities to the
reflectivities from the MIRA radar of the Lindenberg site.
Both of the radars were active during a period of less than 4
years spanning from August 2012 to January 2016. As men-
tioned in Sect. 1, EarthCARE and CloudSat CPRs are overall
similar one to the other, with CloudSat CPR being less sensi-
tive. We thus applied our methodology to CloudSat data, us-
ing 2B-GEOPROF RO5 reflectivity data (CloudSat Project,
CIRA, Colorado State University, 2007) and the DARDAR
product as a classification to remove profiles with liquid wa-
ter (Delano€ and Hogan, 2010). Figure 7 shows the CloudSat
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Evolution of the estimated bias for different time periods
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Figure 7. Time series of the evolution of the bias between CloudSat and the MIRA radar of the Lindenberg site between August 2012 and
January 2016. The black plain horizontal line represent the baseline bias, with the dotted lines its uncertainty. The blue points are the biases
evaluated on a 6 months time period (3 month on each side of the point). The orange points are the biases evaluated on a 9 months time
period (4.5 month on each side of the point). The green points are the biases evaluated on a 1 year time period (6 months on each side of the
point). The size of the points represent the number of height bin used to evaluate the bias. The largest the point, the more heights were used.

reflectivities compared with the ground reflectivities of the
MIRA radar from the Lindenberg site.

Looking at Fig. 7, we observe a time changing bias be-
tween the two instruments. Previous studies have showed the
accuracy of the calibration of CloudSat’s CPR (Tanelli et al.,
2008). The quality and stability of this calibration was used
in later to evaluate the calibration of ground radars (Protat
et al., 2009; Kollias et al., 2019). As the time period used
here (2012-2016) is in the same time span used by Kollias
et al. (2019), we assume that the calibration of CloudSat was
stable and that the majority of the CloudSat-ground bias vari-
ations come from the ground radar. This assumption is rein-
forced by the fact that the ground radar has undergone hard-
ware changes during the time period considered. The vari-
ability in the bias can be attributed to a misalignment of the
phase correction position (PCP) in signal processing chain
of the MIRA magnetron. If PCP position is not optimal or
drift over time (due to ageing), the misalignment can lead to
a suboptimal phase-to-phase correction and consequently in
systematic underestimation of the radar reflectivity. The 2 dB
bias increase after September of 2013 could be attributed to
this effect (Gorsdorf, 2026). Another variation in bias is no-
ticeable with the bias for 4.5 months and £6 months slowly
increasing around January 2015. This indicates that the radar
started to reduce it’s transmitted power over time. The change
in power was noticed by the on site team at the time and
decided to change the magnetron and a faulty waveguide in
2016. This indicate that we are able to monitor changes in
the calibration from the ground.

Figure 8 shows the comparison of EarthCare data with the
MIRA radar from the lJiilich site on a period of a little less
than a year and a half spanning from 20 July 2024 to 18
November 2025.

Looking at Fig. 8, the biases from the +4.5 months and
46 months are mainly within the uncertainty of the baseline.
Considering the +3 months, half of the biases estimated are
out of the baseline uncertainty and the algorithm is not able
to infer a bias point for October 2024 (each £3 months points
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is 2 months apart, hence why the first point on the figure is
mid December 2024). The £3 months time period thus seems
less suitable to estimate a solid bias value. However we ob-
serve a decrease in the bias estimate for the 3 time periods
considered. This phenomena is also observed for the other
radars of the Jilich site and could be the consequence of
changes in the target observed at this site, as EarthCARE and
the ground radars calibration are regularly monitored. More-
over a change in the calibration of the three ground radars
at the same time seems unlikely. This variation could indi-
cate a seasonal variability of the estimated bias, however we
do not have enough data at the moment to conclude on this
variation.

From Figs. 7 and 8, we assess that the minimum time pe-
riod needed to obtain a solid reflectivity comparison would
be £4.5 months (ie: 9 months time period). This +4.5
months time period give biases in the uncertainty of the base-
line most of the time. The 4+3 months (ie: 6 months) time
period is much more variable and in some cases does not
give enough data to be able to evaluate a bias through our
method. In the frame of the monitoring of a ground network,
the &3 months bias could then be used as a preliminary value
of the bias to be reinforced with longer time periods. The +6
months (ie 1 year) time period, seems to be the most precise,
showing the less variations to the baseline and always be-
ing within the baseline uncertainty. This =6 months time pe-
riod, thus seems to be optimal to evaluate a solid bias value.
Moreover, both CloudSat and EarthCARE results confirm the
capacity of our method to see changes in the calibration of
ground radar, and thus the possibility to use it to monitor the
calibration of zenith looking ground radars as it is done with
CloudSat in Protat et al. (2011).

7 Conclusions

This article presents a new algorithm that enable improved
comparisons of calibration between satellite and ground-
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Evolution of the estimated bias for different time periods
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Figure 8. Time series of the evolution of the bias between EarthCARE and the MIRA of the Jiilich site between November 2024 and

September 2025. The features are the same than for Fig. 7

based cloud radars. The algorithm has been developed to
check the reflectivity retrievals of the EarthCARE mission,
by using calibrated sites of the European ACTRIS infrastruc-
ture. Its operating principle relies on the statistical compari-
son of vertical ice cloud reflectivity profiles.

To compare, we firstly identify a time period where no
hardware or calibration changes have been registered on the
ground-based radar. We have set on six months as the shortest
period usable for this study. Then, all the ground-based ver-
tical ice-cloud profiles sampled in the period are kept for the
next statistical analyses. Similarly, all satellite ice-cloud pro-
files sampled within 200 km of the ground-site in the same
time period are kept. Ice cloud profiles are distinguished
from liquid using the target classifications from CloudNET
and EarthCARE L2a CPR TC products, for the ground and
space-based radars respectively. The satellite and ground re-
flectivity products also provide corrections for atmospheric
gas attenuation.

Ground-based data are resampled to match EarthCARE
vertical resolution, enabling to fit both lines of sight at the
same height bins with a Gaussian function. The parameters
from these fits are then used to select the height bins of
most statisticall comparability. The reflectivity bias between
EarthCARE and the ground radars is then evaluated at the se-
lected heights. The method takes account of the uncertainty
contributions from the statistical comparison, and from the
ground-based radar calibration, to provide a calibration bias
estimate with an associated uncertainty value.

The algorithm is tested by closure with seven calibrated
radars from the ACTRIS network. All seven sites show re-
sults compatible with the assertion that they are equally cali-
brated, providing coherent bias estimates within uncertainty.

On a time period of a year and a half, we infer a mean bias
—0.2£0.4dB between EarthCARE L2a CPR FMR prod-
uct and the average calibration of the ground-based radars.
This estimate with very low uncertainty is achieved with a
weighted average of the seven calculated biases. Indeed each
individual estimate has an uncertainty of & 1 to 1.5 dB, high-
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lighting the usefulness of having an homogeneous ground-
based network for satellite calibration and validation studies.
Due to the lower bias value found with respect to its uncer-
tainty, we can conclude that the L.2a EarthCARE CPR FMR
product of the BA baseline is well calibrated, providing un-
biased reflectivity retrievals.

During the development of this study, it was found that a
critical parameter for the reliability of the comparisons is the
availability of data for both ground and space radars. This
motivated the use of all vertical profiles for ground-sites, and
to investigate how the length of the time period affects the
bias results. A remarkable conclusion from the first measure
is that space and ground data remain comparable even if they
are not co-localized in time. This suggests that EarthCARE
is indeed capable of sampling typical reflectivity values for a
given land surface, opening the door to future research into
the climatological applications of its measurements. Ground-
based networks such as ACTRIS could be used to validate the
methods and results used in such climatological studies.

Regarding the impact of the time period length, from com-
parisons of ACTRIS with CloudSat and EarthCARE, we con-
clude that a minimal comparison time period of 9 months
is recommended for European latitudes (mid-latitude sites).
The time series of EarthCARE bias estimates also indicate a
possible seasonal variability of the bias estimate, yet there is
not enough data to confirm or reject this hypothesis. Investi-
gations on the relevance and source of this possible variabil-
ity will be possible when a few years of EarthCARE data is
collected.

As future work, it could be interesting to research new
ways of reducing the time required to make reliable estima-
tions of the calibration bias. This would benefit the resolution
of the bias time series, enabling a quicker detection of cali-
bration changes.

One possible approach could be the use of an optimized
radius for each ground-based site. We think that a more fine
determination of this parameter could enhance the speed at
which comparable data is added to the global statistics used
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in the comparisons. Radius optimization could be done on a
statistical basis, or even for single individual overpasses, de-
pending on cloud homogeneity and dominant winds at each
site.

Another point for future research could be the study of
the impact of latitude in the comparisons. The latitude of the
ground-based site is highly relevant for two reasons: sites on
near pole latitudes have more satellite overpasses, in the or-
der of one per day instead of one per week, significantly in-
creasing the rate of data collection. Data collection increase
if further amplified by the nature of high latitude sites, which
are also more likely to have ice clouds, and less likely to have
liquid precipitation when compared with near equator sites.
For the same 200 km selection radius for satellite data, we
would expect near pole radars to need half or even less sam-
pling durations to obtain as reliable comparisons as what we
obtained for the European sites.

Moreover, the use of the EarthCARE synergistic classi-
fication (AC-TC) should be investigated when the product
will have undergone further validation. It could be used to
filter profiles containing supercooled liquid water. This fil-
tering should however be investigated carefully in order to
be precise as both ground and satellite lidars have a different
geometry of observation.

Overall, we think that for future optimizations of satellite
versus ground radar comparisons, it will be necessary to con-
sider the interplay between sampling time, radius for satellite
data selection, overpass frequency and the cloud characteris-
tics at the latitude of each site.

To summarize, the validated methodology presented in
this article will allow the community to continuously check
EarthCARE reflectivities by using the ACTRIS cloud remote
sensing network or other similar structures. We also think
that the algorithm can be used in both ways, enabling the
estimation of ground radar calibration biases by using Earth-
CARE as the reference. Such application would prove ben-
eficial for remote ground-sites, such as Arctic observatories,
or the new AWACA sites deployed in Antarctica (AWACA
Project, 2026). Finally, the method can be applied on cloud
radar networks in general to monitor their calibration homo-
geneity and stability, continuing and improving on the devel-
opments that started with CloudSat in the past.

Appendix A: Impact of the selection time for the ground
data

As stated in Sect. 4.1 previous study selected the ground data
in a £ 1 h window around the overpass time. However se-
lecting the data in a window around the overpass time does
not guarantee that the ground radar will observe the same
clouds as the one observed by the satellite. In most of the
cases the ground radar sees different reflectivity statistics
than the satellite, by selecting the data in a £ 1h window
around the overpass time. This can be seen in the figures
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provided in the Supplement, showing all the individual over-
passes for the site of Juelich. On the 183 overpasses on the
considered time period, only 20 show similar clouds between
the ground and satellite. The assumption behind the selection
criteria of £ 1 h window around the overpass time is that the
satellite and ground statistics will converge and be compara-
ble over time. If the statistics build up over time and eventu-
ally become similar, even though for most of the overpasses
the satellite and ground do not observe the same clouds, this
means that the satellite and ground radar should observe sim-
ilar reflectivity statistics over time even if their observations
are not coincidental in time.

By passing over the site the satellite should sample parts
of the ground ice climatology. Assuming that our method-
ology enables us to select the data at heights at which they
are the most statistically similar, we consider that evaluating
the bias at these height bins should lead to comparing similar
clouds observed by both the satellite and ground. This is our
assumption to select all the ice profiles from the ground. As
clouds change with seasons and with the diurnal cycle, we
also ensure that the data contribution from the satellite and
ground is evenly distributed in time.

The difference between these two selection method for the
ground data is presented in the two next figures. In these we
show the satellite and ground CFADs, reflectivity distribu-
tions and center profiles for both ground data selection meth-
ods, for the RPG94 radar of the liilich site. From Fig. Al
we see that selecting data in a &= 1 h window allows to obtain
similar satellite and ground profiles. However to infer a bias
we lower the center correlation selection parameter to 0.8
instead of 0.9 as described in Sect. 4.6.2. Figure A2 shows
the comparison selecting all the ice profiles for the site. Here
both satellite and ground profiles are also very similar. Com-
paring the ground CFADs from both figure, we observe that
they exhibit similar features, but the one from Fig. A2 is
much more statistically defined. Looking at the number of
profiles used to make each CFAD, the selection in a &+ 1h
window allows to collect a bit less than 7000 profiles when
the selection of all the ice profiles form the site select almost
200 000 profiles. Using the same height bin selection param-
eters, we evaluate a bias of —0.6+1.2 dB selecting the data in
a =+ 1 h window and a bias of 0.4+1.3 dB selecting all the ice
profiles. These two biases are compatible one with the other
and we thus think that with more time to collect data, both
ground data selection method should converge to the same
bias values.

As the results from Sect. 5 validate the algorithm by clo-
sure, they also validate selecting all the ground ice profiles
for the comparisons with the satellite.

https://doi.org/10.5194/amt-19-6075-2026
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EarthCARE / Julich RPG94-UOC-DP comparison for the period: 2024-07-20--2025-11-18
Satellite profiles: 14846. Ground profiles:6903

Evaluated bias: -0.6 + 1.2 dB
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Figure A1. Comparison of EarthCARE with the RPG94 of the Jiilich site, by selecting the ground data in a &= 1 h window around the satellite
overpass time. The title of figure gives the informations of the time period used and the number of profiles collected for the ground and
satellite radars. Panels (a) and (b) show the CFADs of the satellite and ground respectively. Panel (c¢) shows the reflectivity distributions for
both the ground and satellite. The last (d) panel shows the center profiles of the ground, the satellite and the center profile corrected with the

evaluated bias and its associated uncertainty.
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EarthCARE / JUlich RPG94-UOC-DP comparison for the period: 2024-07-20--2025-11-18
Satellite profiles: 14846. Ground profiles:198365
Evaluated bias: 0.4 = 1.3 dB
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Figure A2. Comparison of EarthCARE with the RPG94 of the Jiilich site, by selecting all of the ground ice profiles in the time period
considered. The features of this figure are the same than for Fig. Al.
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Appendix B: Detail: Satellite-ground comparisons for

each evaluated bias (Fig. 6)

The figures presented in this appendix show details of the
comparisons and of the bias evaluation for each radar used in
this study. The biases and uncertainty are reported in Fig. 6
as a summary of the EarthCARE-ACTRIS comparisons per-
formed in this study. The figures have 4 panels each. Panels
a and b show the CFADs of the satellite and ground respec-
tively. Panel ¢ shows the reflectivity distributions for both
the ground and satellite. The last d panel shows the center
profiles of the ground, the satellite and the center profile cor-
rected with the evaluated bias and its associated uncertainty.
For each figure, the title also gives the time period used, the
number of profiles for the satellite and the ground accumu-
lated and the evaluated bias with is uncertainty. The bias is

evaluated as described in in Sect. 4.6.
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EarthCARE / Julich RPG94-UOC-DP comparison for the period: 2024-07-20--2025-11-18
Satellite profiles: 14846. Ground profiles:198365
Evaluated bias: 0.3 + 1.3 dB
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Figure B1. Comparison of EarthCARE with the RPG94 of the Jiilich site.
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EarthCARE / Julich RPG35-UOC-CP comparison for the period: 2024-07-20--2025-11-18
Satellite profiles: 14846. Ground profiles:142838
Evaluated bias: 0.8 + 1.1 dB

Be-04

6e-04

Frequency
&
2

2e-04

De+00

a. Satellite data

d. Center profiles

5

Height (km)

M on e e

H

—— original satellite
—— ground
—— satellite corrected

-30 -20 -10 o 10 20

b. Ground data

Height (km)
Woe oo @ B R

Frequency
(=]
2

=30 =20 =10 ] 10 20
Reflectivity (dBz)

c. Ground and satellite distributions

™~ —— ground
—— satellite

-30 -20 -10 0 10 - 20
Reflectivity (dBz)

Figure B2. Comparison of EarthCARE with the RPG35 of the Jiilich site.
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EarthCARE / Jalich MIRA35-UOC comparison for the period: 2024-07-20--2025-11-18
Satellite profiles: 14846. Ground profiles:151765
Evaluated bias: 0.3 £ 1.0dB
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Figure B3. Comparison of EarthCARE with the MIRA35 of the Jiilich site.
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EarthCARE / Lindenberg RPG94-DWD comparison for the period: 2024-07-20--2025-11-18
Satellite profiles: 19400. Ground profiles:208054
Evaluated bias: -1.5 + 1.7 dB
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Figure B4. Comparison of EarthCARE with the RPG94 of the Lindenberg site.

EarthCARE / Leipzig RPG94-TROPOS comparison for the period: 2024-07-20--2025-03-24
Satellite profiles: 7985. Ground profiles:127168
Evaluated bias: -0.8 £ 1.1 dB
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Figure B5. Comparison of EarthCARE with the RPG94 (TROPOS) of the Leipzig site.
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EarthCARE / Leipzig RPG94-MELPITZ comparison for the period: 2025-01-28--2025-11-18
Satellite profiles: 11506. Ground profiles:82008
Evaluated bias: -0.2 = 1.2 dB
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Figure B6. Comparison of EarthCARE with the RPG94 (MELPITZ) of the Leipzig site.

EarthCARE / Palaiseau BASTA-IPSL comparison for the period: 2024-12-01--2025-06-25
Satellite profiles: 6029. Ground profiles:24315
Evaluated bias: -1.1 = 1.0 dB
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Figure B7. Comparison of EarthCARE with the BASTA of the Palaiseau site.
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Data availability. ACTRIS-CCRES data is available on the Cloud-
Net data portal (https://cloudnet.fmi.fi/) (Finnish Meteorological In-
stitute, 2026). EARTHCARE L2a data is available on the MAAP
portal (https://portal.maap.eo.esa.int/earthcare) (European Space
Agency (ESA), 2026). Data provided by the European Space
Agency (ESA). The ground data used in this study are generated
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(ACTRIS) and are available from the ACTRIS Data Centre us-
ing the following link: https://doi.org/10.60656/63e9a2abc6b54725
(Delanoé et al., 2026). The satellite data used in this study
is available at: https://doi.org/10.14768/c46ac360-c520-4ae4-9536-
9bbb7439cb67 (Feuillard, 2026). The code to perform the com-
parisons between EarthCARE and ACTRIS sites is available
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