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Highlights

What are the main findings?

® The synergy between EarthCARE CPR and Meteosat Rapid Scan observations provides
a comprehensive framework for characterizing the vertical structure and temporal
evolution of Mediterranean deep convection.

* The combination of low cloud-top temperatures, rapid cloud-top cooling, lightning
activity and hail probability effectively identifies the most intense convective cells, while
Doppler-velocity variability emerges as a robust proxy for convective intensity.

What are the implications of the main findings?

* Multisensor synergy can substantially enhance the detection and characterization of
deep convection, demonstrating the value of combining complementary observations to
overcome the sampling limitations of individual sensors.

* Geostationary observations provide essential temporal and morphological context for
interpreting instantaneous spaceborne Doppler-radar measurements, enabling the evolu-
tion and intensity of convective systems to be placed in a broader dynamical framework.

* While convective areas can be reliably identified, quantitative retrievals of vertical
air motions remain challenging, highlighting a key limitation of current spaceborne
observations of convection.

Abstract

Convection plays a key role in the Earth’s energy balance and is responsible for severe
weather phenomena such as hailstorms, which cause significant damage to infrastructure
and agriculture. This study investigates convective events over the Mediterranean Basin
between September 2024 and September 2025 using a synergistic combination of active
and passive satellite observations from geostationary (GEO) and low Earth orbit (LEO)
platforms. Convective evolution is analyzed using EUMETSAT Satellite Application Facil-
ity on Support to Nowcasting and Very Short Range Forecasting products derived from
Meteosat Rapid Scan Service imagery and the Multi-sensor Approach for Satellite Hail Ad-
vection (MASHA), which combines passive microwave hail probability retrievals from the
Global Precipitation Measurement constellation with high-temporal-resolution Meteosat
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infrared observations to monitor hail-producing storms in near real time. The analysis is
further enhanced with EarthCARE Cloud Profiling Radar reflectivity and Doppler velocity
measurements, whose spatial variability provides a proxy for identifying convective cores
and storm intensity. For selected events, observations from the Meteosat Third Generation
Lightning Imager are also examined, highlighting the close relationship between intense
lightning activity and strong convective updrafts. The results demonstrate the potential of
combining complementary satellite observations to improve the detection and characteriza-
tion of severe convection and hail-producing storms and identify the key roadblocks and
pathways towards the effective integration of LEO and GEO observations.

Keywords: convection; EarthCARE Doppler radar; MSG; convective updraft; cooling rates

1. Introduction

Atmospheric convection is a fundamental process governing weather patterns, sustain-
ing the hydrological cycle and regulating the Earth’s energy balance [1,2]. At the same time,
convective systems are among the most important sources of high-impact weather, produc-
ing heavy precipitation, damaging winds and hail, with potentially severe socio-economic
consequences. Through the vertical transport of heat, moisture and momentum from the
boundary layer into the free atmosphere, convection plays a key role in coupling different
layers of the atmosphere, while condensation and precipitation associated with convec-
tive updrafts redistribute water and latent heat throughout the atmospheric column [3].
The vertical structure and intensity of convection are therefore critical for understanding
its development, evolution and interactions with the surrounding environment, as well as
for assessing its potential impacts on weather and climate.

Several observing systems are available for investigating convection, yet each provides
only a partial view of this complex and rapidly evolving phenomenon. Ground-based
radars offer high spatial resolution and Doppler measurements of storm dynamics, mak-
ing them particularly valuable for resolving convective cores and their internal structure.
However, their coverage is largely confined to land, primarily in developed regions, and
measurement quality can degrade with increasing distance from the radar. Even where
extensive radar networks are available, observations remain geographically and temporally
limited, constraining their utility for deriving global statistics. Moreover, conventional oper-
ational volume scans may not provide sufficient temporal resolution to adequately capture
rapidly evolving convective events. The Multisensor Agile Adaptive Sampling (MAAS)
framework [4], for example, addresses some of these limitations through a multisensor ap-
proach that combines complementary observations to track storms in real time, with sensing
strategies guided by scientific objectives rather than predefined scanning patterns.

Spaceborne radars extend observations to much larger areas, although their measure-
ments remain discontinuous for individual events because of satellite orbits and swath lim-
itations. Different radar frequencies provide complementary information: lower-frequency
(Ku band) radars are generally less affected by attenuation and are better suited to observing
larger hydrometeors, whereas higher-frequency (Ka and W-bands) radars are more sensitive
to small particles and ice hydrometeors but are more strongly attenuated in precipitation.
Global characterization of tropical and extratropical rainfall, deep-convection structure
and cloud distribution has been achieved through several studies based on TRMM, GPM,
RainCube and CloudSat [5].

A key limitation of spaceborne observations has been the difficulty of directly mea-
suring convective vertical air motions, a crucial parameter for assessing convective in-
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tensity. The launch of the ESA-JAXA EarthCARE (EC) mission in May 2024 [6] marks
an important advance in this direction. Its Doppler cloud-profiling radar (CPR), the first
atmospheric Doppler radar in space [7,8], provides vertically resolved measurements of
Doppler velocity, offering new opportunities to investigate cloud and precipitation dy-
namics from space [9,10]. The Doppler capability enables the investigation of vertical air
motions and their variability within convective systems, complementing the microphys-
ical and structural information provided by radar reflectivity. This represents a major
step toward studying convective processes globally and investigating the coupling be-
tween microphysics, dynamics and radiative effects that governs the life cycle of deep
convection [11-13]. Since becoming operational, the EarthCARE CPR has provided insights
into low marine clouds [14], sedimentation velocity in the Arctic region [9] and vertical
velocities [15,16].

Despite these premises, measuring Doppler velocities from space presents several
challenges [5,11]. The primary limitation is the narrow Nyquist velocity (vy) range, re-
sulting from the 3 mm wavelength and the Pulse Repetition Frequency (PRF) trade-off
between minimizing second-trip echoes and maximizing the measurable Doppler velocity
range. During commissioning, the PRF was increased to 7.5 kHz at high latitudes, but the
resulting Nyquist velocity of only 5.5 m/s still causes frequent aliasing and noisy Doppler
estimates, particularly in intense convection and regions with large Doppler spectral widths
(e.g., associated to strong turbulence and/or wind shears) [10,17]. The narrow Nyquist
range also hampers de-aliasing, as cloud-top velocities provide no unambiguous refer-
ence for distinguishing updrafts from downdrafts after low signal-to-noise ratio (SNR)
filtering [17].

Even if Doppler velocities are properly de-aliased, they are not a direct measurement of
vertical air motions but represent the motions of the radar-scattering hydrometeors and are
therefore influenced by both air motions and hydrometeor fall velocities, which cannot be
simply estimated and then subtracted in regions of deep convection. Furthermore, regions
affected by strong multiple scattering or large spectral widths can appear as white noise
in the Doppler signal, biasing the measured velocities toward 0 m/s. Passive microwave
observations provide an additional complementary information on the integrated and
vertically distributed hydrometeors and, via sounding channels, thermodynamic structure
of convective systems. Their sensitivity to liquid and frozen hydrometeors varies with
frequency; in particular, high-frequency channels are sensitive to the scattering signa-
ture of ice particles and can therefore provide valuable information on deep convective
systems [18,19]. Their relatively coarse spatial resolution and the limited temporal sam-
pling of low-Earth-orbit platforms can be combined to build temporal information on the
development and organization of convective systems.

Geostationary (GEO) satellites allow for continuous monitoring of cloud evolution
over large areas, with observations typically available every 5-15 min. This temporal
continuity is particularly valuable for detecting convective initiation and tracking rapid
cloud-top changes using decreases in infrared brightness temperatures (IR BTs) [20-22].
However, their relatively coarse spatial resolution limits the representation of small-scale
convective cores, especially when embedded within larger cloud systems. In addition, GEO
infrared sensors primarily observe cloud tops rather than internal vertical structures, thus
they are not able to identify convective cores within the clouds.

The complementary nature of all these observing systems is therefore essential: their
synergistic use can combine the spatial and temporal continuity of geostationary obser-
vations with the detailed vertical and microphysical information provided by active and
passive sensors, improving the detection and characterization of convection across a range
of spatial and temporal scales.
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The scope of this work is to characterize convection through the synergistic use of
EarthCARE, geostationary and LEO passive microwave observations, combining vertically
resolved microphysical and dynamical information from EarthCARE with GEO monitoring
of cloud evolution and PMW signatures of hail. The area focus of the study is over the
Mediterranean basin where the Meteosat Second Generation Rapid Scan Service (MSG RSS)
data are available. The Mediterranean Basin is a region of complex and highly variable
convective activity, shaped by the interaction of land-sea contrasts, surrounding moun-
tainous terrain and synoptic-scale atmospheric disturbances. Convective activity exhibits a
pronounced seasonal evolution, occurring predominantly over land during summer and
progressively shifting toward the sea during autumn, when enhanced convection is ob-
served over several sub-basins, including the Adriatic, Ionian and western Mediterranean.
Such spatial and temporal variability, together with the limited availability of observations
over the sea, makes the Mediterranean an important region for investigating the structure
and dynamics of convective systems [23,24].

The paper is structured as following: Section 2 describes the methodology and the
datasets used; in Section 3 a list of case studies is proposed to analyze the different points
of the proposed characterization; in Section 5, conclusions of the study are given.

2. Materials and Methods

The life cycle of Mediterranean convection can be investigated through the com-
plementary information provided by GEO (IR and lighning sensors) and LEO satellites,
combining the continuous monitoring of cloud evolution with observations of hail and
electrical activity. These observables are closely linked to convective intensity and devel-
opment, with particularly strong relationships reported between lightning activity, deep
convective development and hail occurrence (e.g., [25-29]).

2.1. EC

Reflectivity data from the Level 1b C-NOM (500 m resolution) and Level 2a C-PRO
(1 km resolution) products, corrected for gaseous attenuation and second-trip echoes, are
utilized [17]. Doppler velocity data are taken from the Level 2a products and consist of
1 km resolution velocities corrected for antenna mispointing [30]. To characterize convective
updrafts at the finest spatial resolution (1 km), two additional diagnostic parameters were
calculated: (i) the Number of Doppler Velocity Foldings (NDVF), where a folding event
was identified by examining successive vertical range gates (100 m resolution) whenever the
absolute velocity difference between adjacent gates was smaller after adjusting the velocity of
the subsequent gate by 2 x vy than when using the recorded velocity; and (ii) the number of
pixels with vertical velocities outside the typical stratiform cloud velocity range of —2to 3 m/s
referred to as the Number of Non-Stratiform Pixels (NNSP). Given the challenges associated
with W-band observations of the rain layer in convective clouds, including attenuation,
multiple scattering and hydrometeor sedimentation, the calculation of Doppler-velocity-based
qualitative proxies is restricted to the region above the freezing level. These two parameters
serve as qualitative proxies for the intensity of vertical motions [12].

2.2. EUMETSAT NWC SAF Convection Product

The convective scenarios were characterized using the Rapidly Developing Thunder-
storm (RDT) product from the EUMETSAT Satellite Application Facility on support to Now-
casting and Very Short Range Forecasting (NWC SAF, https:/ /www.nwcsaf.org/) [31,32].
The RDT product was generated with the GEO software package v2021.3 applied to MSG
RSS data to guarantee the highest available temporal resolution (i.e., 5 min) over the
Mediterranean, which is essential for tracking the evolution of convective systems. ERA5
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hourly data at 0.25° spatial resolution [33] supplied the synoptic conditions required by the
algorithm. The RDT was used to characterize CPR-detected convective cells, including their
spatial extension, development phase (i.e., triggering, growing, mature and decaying), cool-
ing rate (i.e., by tracking the minimum of the cloud top temperature during the convective
system life cycle) and presence of overshooting tops. Cloud cells are identified as connected
IR pixels below an adaptive, cell-specific BT threshold, determined by scanning 198-278 K
in 1 K increments. The cell bottom is defined by the highest temperature threshold that
distinguishes the cell from the warmer cloud background, while the top corresponds to the
lowest temperature level differing by at least 6 K from the cell minimum BT. These two BT
levels determine the contour lines delimiting the cloud cell. Parallax correction is applied
to improve the spatial consistency between GEO and CPR observations.

GEO cloud-top temperature observations can provide a qualitative estimate of cloud-top
ascent, based on the assumption that rising cloud tops penetrate colder atmospheric layers,
causing IR BT to decrease over time. Spatially continuous cloud-top vertical velocity fields
were derived from consecutive MSG RSS 10.8 um BT observations 5 min apart. The retrieval
uses BT differences between successive slots and is applied only to pixels within the convective
cell bottom contours identified by the RDT product. Following [22], the cloud-top cooling
rate is converted to vertical velocity by dividing it by a constant moist adiabatic lapse rate of
6.5 K/km [34]. This retrieval is subject to several limitations: the 5 min temporal resolution
may not capture rapid convective evolution; horizontal cloud advection may contribute to the
observed BT changes, as no cloud-element tracking is performed; the assumed lapse rate is
constant despite its dependence on the thermodynamic environment; and the coarser MSG
RSS spatial resolution (approximately 4-5 km at mid-latitudes) prevents direct pixel-to-pixel
comparison with EarthCARE CPR observations. Therefore, the derived fields should be
interpreted as qualitative proxies for the location and relative intensity of cloud-top ascent and
convective growth, rather than quantitative estimates of in-cloud vertical air motion, providing
useful context for the EarthCARE observations.

2.3. MASHA Algorithm for Hail Retrieval

Due to the strong connection between hail and convection [35,36], the Multi-sensor
Approach for Satellite Hail Advection (MASHA) algorithm was applied to detect hail and
track hail-bearing convective systems at the MSG RSS spatio-temporal resolution. The al-
gorithm is based on a blended GEO-IR and low-Earth-orbit (LEO)-passive microwave
(PWM) technique at the rapid update originally conceived for precipitation retrieval [37].
It combines GEO-IR and LEO PMW observations from the Global Precipitation Measure-
ment satellite constellation (GPM-C) through a histogram-matching approach, linking
hail probabilities derived from the MicroWave Cloud Classification for Hail (MWCC-H)
algorithm to MSG 10.8 um BTs. MWCC-H estimates hail probability from 150-170 GHz BTs
using logistic regression, exploiting the enhanced microwave scattering associated with
increasing hail size and distinguishing three hail categories as shown in Table 1 [27,28].

Table 1. Categorization of the different hail types as classified by the MWCC-H algorithm.

Probability of Hail (P) Diameter Range (cm) Category Description

0.00 <P <0.20 - No Hail (NH)
020<P <0.36 - Hail Potential (HP)
0.36 <P <045 <2 Graupel /Hail Initiation (HI)
0.45 <P <0.60 [2,10] Large Hail (H)

P > 0.60 >10 Super Hail (SH)
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A key aspect of the MASHA method is the identification of spatio-temporally col-
located GPM-C and MSG observations. This task is performed using a spatial tolerance
of 10 km and a temporal tolerance of 15 min. These criteria are used to generate the co-
incidence dataset, which is subsequently employed to apply the MWCC-H algorithm to
GPM-C data. Coincident observations are aggregated within 0.5° spatial grid cells, starting
from the oldest observations (up to 24 h before the acquisition time of the GEO slot being
processed) and progressing to the most recent. The aggregation continues until either the
spatial coverage of the 0.5° cell exceeds 75% or the number of coincident observations
reaches 80. These thresholds ensure that a sufficient number of samples is available to
derive, through histogram matching, the relationship between IR BTs and the correspond-
ing MWCC-H hail probabilities. Each relationship is updated whenever new coincident
observations become available within its 0.5° cell. The most recent relationship is then used
to assign a hail probability to every GEO pixel located within that cell, provided that it is
no older than 24 h relative to the acquisition time of the processed GEO slot. Despite its
high temporal resolution, MASHA may underestimate or miss hail events when suitable
PMW overpasses are unavailable or when rapidly intensifying convective systems evolve
faster than the IR BTs—PMW relationships can be updated. MASHA provides an innovative
satellite-based approach for tracking hailstorms across Central Europe, the Mediterranean
Basin and North Africa. It has been successfully applied to hail-prone convective systems,
particularly rapidly intensifying severe storms [38], and is also suitable for long-lasting
synoptic systems such as Medicanes, whose hail production remains largely unexplored.

2.4. Geostationary Lightning Observations

The Meteosat Third Generation (MTG) geostationary satellite carries the Lightning Im-
ager (LI), which provides continuous observations of lightning activity over our study area.
The instrument detects transient increases in cloud-top radiance produced by lightning
discharges and therefore observes total lightning activity without distinguishing between
intra-cloud, cloud-to-cloud and cloud-to-ground lightning. Because a single lightning
discharge can produce simultaneous detections in several neighboring pixels, individual
pixel-level detections, called events, are clustered in space and time into lightning groups
and flashes [39]. In this study, for selected events, we examined LI Level 2 lightning groups
that were collocated with EarthCARE observations [40].

3. Census of Case Studies over the Mediterranean Region

A series of 20 case studies were analyzed between September 2024 and September
2025, covering distinct convective events in the region. The date, UTC time and features
description of each event are listed in Table 2 to facilitate spatial and temporal interpretation.
A selection of five case studies are discussed in the following representing convection events
at different temporal stages (i.e., growing, mature and decaying), with different duration
and presence of lighting activity.

The selected cases provide representative examples of Mediterranean convection
observed by EarthCARE CPR, including both developing and mature systems. They are not
intended as statistically representative climatology but rather illustrate the complementary
capabilities of the different observing systems used in this study. The cases encompass
different convective environments and stages of development. The criteria of Takahashi
and Luo [41] were used as a general reference for deep convection, while developing
systems below the 10 km cloud-top threshold were also retained.
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Table 2. List of convection case studies over the Mediterranean basin from September 2024 to
September 2025. The main features of the convective systems are listed. SU: Strong Updraft; OT:
Overshooting Top; SLS: Short-Lived System; LCS: Life Cycle Stage; LA: Lightning Activity (MTG-LI);
HP: Hail Probability; S: Surface. For SU and OT, “yes” and “no” indicate the occurrence or absence of
the feature, respectively. For LA, “yes” indicates the presence of lightning activity. A v' indicates that
the system is classified as a SLS, while a “no” indicates that it is not. The LCS is specified where it
can be determined, while X indicates that the life-cycle stage is ambiguous or cannot be verified. HP
and S indicate the corresponding hail probability and surface characteristics, respectively. “no data”
means that no sufficient data were available for the analysis.

Orbit Date UTC Time SU oT SLS LCS LA HP S
1534D  2024-09-04 13:30 yes yes no mature nodata  60% Sea
2530D  2024-11-07 13:43 yes no no mature nodata nodata Orography
2654D  2024-11-15 13:08 yes yes no mature yes no data Sea
3035B  2024-12-10 00:19 yes no no early yes no data Sea
4062B  2025-02-14 00:22 yes no no growing yes no data Land
4459D  2025-03-11 13:08 no no v growing nodata nodata Sea
5027B  2025-04-17 00:48 yes yes no mature nodata nodata Orography
5292B  2025-05-04 01:31 yes no v growing yes <30% Land
5307B  2025-05-05 00:41 no no no mature nodata <40%  Orography
5354B  2025-05-08 01:08 yes no no mature nodata  <50% Coast
5634B  2025-05-26 01:06 yes no no decaying nodata no hail Sea
5953D  2025-06-15 13:28 yes no v growing yes no hail  Orography
5953D  2025-06-15 13:29 yes no v decaying yes no hail Land
6280D  2025-07-06 13:49 yes yes no decaying yes no hail  Orography
6311D  2025-07-08 13:38 no no no mature yes <30% Land
6451D  2025-07-17 13:35 yes no no growing yes no hail Coast
6622D  2025-07-28 13:20 yes no no mature yes no hail Coast
6692B  2025-08-02 00:55 yes no X yes <40% Land
6856D  2025-08-12 14:15 yes no no mature yes nodata Orography
6965D  2025-08-19 14:23 yes yes no mature yes <30% Land
7167D  2025-09-01 13:57 yes yes no X yes no data Sea

In principle, geostationary imagery can aid in this situation, as it provides extensive
views of cloud tops. However, depending on event location, the spatial resolution of
geostationary data can be coarse—for instance, MSG RSS infrared imagery has a nadir
resolution of about 3 km, which decreases moving away from the sub-satellite point.

3.1. Case Study I: Mature Deep Convection with Overshooting Top

This section presents a case study of a convective cell occurred on 4 September 2024
over the Tyrrhenian sea and overpassed by EC at 13:30 UTC. This case is useful to illustrate
the main challenges associated with interpreting CPR Doppler velocity measurements and
highlight the limitations of GEO observations in this context.

At 39.6°N latitude, the convective core exhibits an overshooting top, as indicated by
the high-reflectivity protrusion extending above 15 km. Note that this is not an artifact
introduced by the second trip echoes [42] that are clearly present when looking at the Level
1b C-NOM reflectivity (Figure 1, top panel) but are characterized by reflectivity values much
lower than those occurring in the overshooting. The figure highlights the kilometer scale of
the convective features, which cannot be captured by the coarser resolution GEO products.

https://doi.org/10.3390/rs18203481
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Figure 1. Top panel: reflectivity from Level 1b C-NOM product, 500 m along-track resolution, frame
1534D, recorded on 4 September 2024, over the Tyrrhenian Sea. Central panel: Doppler velocity at
1 km along-track resolution of the CPR scene. Bottom panel: the number of Doppler velocity pixels
that fold and that exceed the stratiform region [—2, 3] m/s in the frozen part of the cloud.

The NWC SAF software (v2021) detects and tracks the convective cores and the
overshooting top presence over time (Figure 2 red contour lines). When it is overpassed by
the EarthCARE CPR, the cell is in its growing stage. This convective system was tracked by
the RDT product from 08:30 UTC, persisting for over 9 h. The anvil, characterized by very
low cloud-top temperatures, has reached its maximum horizontal extent, while a strong
convective updraft remains active beneath it, producing overshooting tops that penetrate
the tropopause. These features are highly localized and transient, making them particularly
challenging to detect with nadir-viewing radars aboard LEO satellites and to resolve in
GEQO satellite imagery with coarse spatial resolution. Since in this case the convection is
vigorous and the overshooting top is extended, it is visible in the MSG imagery as a cold
spot that overshoots the tropopause, characterized by IR BTs of around 205 K.

Where the strong updrafts occur, levels where reflectivities exceed 10 dBZ are located
very close to cloud top [13], and the Doppler velocity shows very high variability both along
track and along range. As presented in Figure 1 (bottom panel), the number of foldings
and non-stratiform pixels per profile has been counted: as expected, these numbers sharply
increase in correspondence with the convective core, while they drop where only the anvil
is present. This confirms how useful these metrics can be as qualitative proxies for strong
convection detection.

https://doi.org/10.3390/rs18203481
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Figure 2. Series of four RDT product images overlapped to MASHA hail probabilities separated
by 10 min around the EarthCARE overpass time of Figure 1 at 13:30 UTC. Contour lines define
the extension of the convective cell (cell bottom with solid lines and cell top with dashed lines, see
Section 2.2) using colors related to the system phase of life as indicated in the legend. Star symbol
indicates the position of the overshooting top. The black line represents the EC trajectory.

To support the above discussion, the reflectivity and Doppler velocity profiles within
the strong convective core corresponding to the overshooting top are shown in Figure 3.
Reflectivity reaches its maximum around 13 km height and then starts decreasing due
to strong attenuation. The presence of multiple scattering is confirmed by the character-
istic long tail with the absence of any surface peak, as can be observed in Figure 1, top
panel [43]. Doppler velocity is considered a reliable measure only when reflectivity is above
—21 dBZ, ensuring positive SNR and when it is not affected by strong multiple scattering.
For this reason, in the Doppler profile (right panel in Figure 3), the section below 10 km
is discarded. By convention, negative velocity indicates updrafts, while positive velocity
indicates downward motion. The interpretation of Doppler velocity in convection is very
challenging. The narrow Nyquist range (5.5 m/s) and the noisiness of the measurements
create ambiguities in the reconstruction of the Doppler velocity profiles. The two profiles
plotted with solid lines represent the most plausible solutions corresponding to the CPR
measurements (purple dots in Figure 3). The two profiles plotted with dashed lines are the
same as the solid ones but shifted by twice the Nyquist velocity, making them indistinguish-
able to the CPR. The final downselection among the four profiles is challenging; it could be
guided by boundary conditions (e.g., updraft or downdraft at cloud top). In this case, the
MSG RSS can provide support for the interpretation of the CPR Doppler velocity, reflecting
the sensitivity of visible and infrared channels to cloud-top structure. The presence of an
overshooting area that is spatially and temporally collocated with the CPR overpass pro-
vides clear evidence of the existence of an updraft. Nevertheless, this information lacks the
spatial resolution required to constrain the selection of the Doppler vertical velocity profile
by providing an indication of the cloud-top vertical velocity. Therefore, both positive and
negative cloud-top velocities (see Figure 3) remain equally plausible in the CPR retrieval.
Moreover, to effectively constrain the CPR retrieval, the GEO cloud-top vertical velocity
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would be needed at the pixel level, taking into account the advection of the convective
system, which can be substantial and result in displacements comparable to or even larger
than the MSG pixel size. For example, in this case study, the convective cell has a horizontal
velocity of approximately 15 m/s at 13:30 UTC (data from RDT output), corresponding to
a displacement of about 4.5 km over 5 min. In these conditions, the computation of the
cloud-top vertical velocity as described in Section 2.2 is not applicable due to the strong
contribution from cloud advection.

Figure 3. EarthCARE CPR Reflectivity and Doppler velocity profiles in correspondence to the
overshooting top marked with a dashed line in Figure 1.

To further confirm the convective strength of this episode, the hail probability has
been computed by MASHA (Figure 2). Large hail reaching the ground associated with
probability greater than 50% is identified in the area near the overshooting top.

The 4th September case study highlights the effectiveness of the proposed observation
strategy. All utilized tools contribute to characterizing the convective system, including
the identification of the overshooting top, its vertical velocity profile and the associated
increase in hail probability reaching the Super Hail category.

3.2. Case Study II: Growing and Decaying Convection

Another convective case occurred on 15 June 2025, over the Lazio region in Central
Italy (Figure 4). The presence of convection is confirmed by the spatial structure of the
reflectivity and the Doppler velocity measurements with strong attenuation and large
Doppler variability in correspondence to the convective cores. In addition, it is confirmed
by peak values of the number of velocity foldings and the number of pixels exhibiting
vertical velocities exceeding the typical stratiform cloud velocity range [-2, 3] m/s.

EarthCARE is overpassing two convective systems at 13:28 UTC, indicated with A
and B in Figure 4 (central panel). RTD-based analysis reveals that the cloud system A is
triggered at 12:25 UTC and remains active until 14:00 UTC, but, at the CPR overpass time, it
is already in the decaying phase (i.e., IR BTs are stable around 214 K and the convective area
is not expanding, see Figure 4). The first identification of cloud system B is at 13:05 UTC in
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the growing phase characterized by negative cooling rates from 13:05 to 13:40 UTC. No
overshooting tops are identified for both cells.

Figure 4. Top panel: reflectivity from Level 1b C-NOM product, 500 m along-track resolution, frame
5953D, recorded on 15 June 2025, over Central Italy. Mid panel: Doppler velocity at 1 km along-track
resolution of the CPR scene. Bottom panel: the number of pixels that fold (blue line) and that exceed
the stratiform range [—2, 3] m/s (red line) in the frozen part of the cloud.

The map of cloud-top vertical velocity derived from MSG RSS data near the Earth-
CARE overpass time confirms that the two convective cells are at different stages of
development (Figure 5). In this case, both cells exhibit horizontal displacement velocities
substantially lower than those in the previous case study, ranging from 2 to 5 m/s, resulting
in horizontal displacements over the 5 min interval between consecutive MSG images
that are smaller than the spatial resolution of MSG at midlatitudes, particularly for cell
B. This is further supported by the nearly stationary cell contours shown in Figure 5 and
by the close correspondence of the minimum BT locations. Under these conditions, it is
reasonable to use the MSG-derived cloud-top vertical velocity without accounting for the
advection contribution as described in Section 2.2. For system A, the cloud-top vertical
velocities are close to zero at the time of the EarthCARE overpass, consistent with the
cell being in its decaying phase. Moreover, the area where an updraft core may still be
active, as shown in the bottom panel of Figure 5, is only barely discernible. The large
positive and negative velocities observed along the boundaries of the convective system
are instead attributable to residual advection effects. In contrast, cell B is characterized by
large negative cloud-top vertical velocities, providing strong evidence for the presence of
an active updraft extending to the cloud top.
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Figure 5. MSG RSS-derived cloud top velocity within the cells overpassed by EarthCARE, shown
in Figure 4. Cyan and red lines represent the cell contours at 13:25 and 13:30 UTC, respectively. BT
minimum values are indicated with star symbols; values at 13:25 UTC are not visible because they
overlap with the collocated values at 13:30 UTC. The horizontal velocities (SpeedTraj) and direction of
the advection (DirTraj, degrees to North) are reported for the two cloud cells at 13:25 and 13:30 UTC.

The MASHA algorithm does not detect hail in the two convective cells because no
recent calibration of the GEO infrared BTs with LEO passive microwave observations is
available. However, a hail report was issued by the European Severe Storms Laboratory at
12:45 UTC in system A (41.8°N, 13.22°E), and an intense lighting activity was recorded by
the lighting network LAMPINET. At that time, cell A was in the mature stage according to
RDT product.

3.3. Case Study III: Short-Lived Convective Cells

Figure 6 presents a convective scene over the Mediterranean basin with two distinct
convective cores: one near 39.8°N and another around 40.05°N, but only the first one
produces an increase in the number of foldings and the number of non-stratiform pixels
(Figure 6 bottom). Both develop beneath a cirrus layer, likely the anvil remnant of a
preceding convective event. Although the towers are not particularly deep, their horizontal
scale is on the order of 10 km, compatible with the GEO spatial resolution.

Using the SAF software (v2021), a convective cell was detected over the Apulia region
beginning around 12:00 UTC (EarthCARE CPR overpass at 13:08 UTC) and persisting for
roughly one hour. Although short-lived, the system was still relatively intense.

The core at 39.8°N is located within the coldest region of the convective system, where
BTs are below 225 K (Figure 7), and is characterized by a negative cooling rate of —0.005 K/s.
In contrast, the other core, at 40.05°N, is shallower than the former, with BTs exceeding
230 K. The finer spatial resolution of the MSI (left panel of Figure 7) reveals the shallower
convective core. However, this core is embedded within the extensive anvil generated
by preceding convective activity, which obscures the underlying updraft structure and
prevents its identification from the GEO perspective. Also note the advantage of the finer
MSI resolution in capturing kilometer-scale features (compare right and left panels). No
hail presence is detected according to the MASHA algorithm.
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Figure 6. Top panel: reflectivity from Level 1b C-NOM product, 500 m along-track resolution, frame
4459D, recorded on 11 March 2025, over the south of Italy. Central panel: Doppler velocity at 1 km
along-track resolution of the CPR scene. Bottom panel: The number of pixels that fold and that
exceed the stratiform region [—2, 3] m/s in the frozen part of the cloud.

Figure 7. Left panel: IR BT map from MSI. Right panel: IR BT map from MSG RSS, 11 March 2025
13:05 UTC. The red (black dashed) contour line represents the convective cloud bottom (cloud top).
The BT minimum value location on the cloud top is indicated by a star symbol. The blue lines
correspond to the CPR groundtrack.

3.4. Case Study IV: Embedded Convection

In Figure 8, the case study occurred on 8 July 2025 characterized by deep convec-
tive cores embedded in a big system is presented. Where the stronger updrafts occur,
the number of foldings and non-stratiform pixels increases dramatically (bottom panel
in Figure 8).

The two convective cores are embedded within a cell that transitioned from the
growing to the mature stage (minimum IR BT below 233 K) between the MSG slots at
13:30 and 13:35 UTC. At 13:35 UTC, a previously identified convective cell located north
of 46° latitude is included in this cell, resulting in the configuration shown in Figure 9.
The area north of 46° latitude is characterized by the MASHA hail probability lower than
0.3, which only indicates the presence of ice in the cloud system (Figure 9). Due to the
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high advection velocity values (i.e., 15-16 m/s), it is not possible to isolate the region
characterized by updraft through the analysis of MSG-derived cloud top vertical velocity.

Figure 8. Top panel: reflectivity from Level 1b C-NOM product, 500 m along-track resolution, frame
6311D, recorded on 8 July 2025, over the northern Italy. Central panel: Doppler velocity at 1 km
along-track resolution of the CPR scene. Bottom panel: The number of pixels that fold and that
exceed the stratiform region [—2, 3] m/s in the frozen part of the cloud.

Figure 9. MASHA hail probability at 13:35 (left) and 13:40 UTC (right) within the cell hit by
EarthCARE (CPR overpass at 13:38 UTC), shown in Figure 8. Solid lines represent the convective cell
bottom contour; dashed lines delimit the top. Star symbols identify the IR BT minimum values.

3.5. Case Study V: Lightning

Figure 10 depicts a strong convective storm intercepted by EarthCARE CPR on
19 August 2025, over southern Spain. In this case, the cloud top reaches significantly
low BTs (<220 K) with cloud tops exceeding 13 km, indicating a deep and intense convec-
tive system.

The RDT product tracking of this system begins at 12:45 UTC and continues until
16:50 UTC. The system is still in the growth phase at the EC passage (MSG slot 14:20 UTC),
reaching the mature stage in the successive slot (14:25 UTC) with the formation of an
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overshooting top (Figure 11) corresponding to the area where the number of foldings
and the number of non-stratiform pixels reach their maximum values (Figure 10) and the
expansion of the cell. MASHA detects the hail potential category but without hail on
the ground.

Figure 10. Top panel: reflectivity from Level 1b C-NOM product, 500 m along-track resolution, frame
6965D, recorded on 19 August 2025, over the south of Spain. Central panel: Doppler velocity at
1 km along-track resolution of the CPR scene. Bottom panel: The number of pixels that fold and that
exceed the stratiform region [—2, 3] m/s in the frozen part of the cloud.

Figure 11. Convective cell contour from RDT product and MASHA hail probability on 19 August
2025, at 14:20 (left) and 14:25 (right) UTC. Solid lines represent the bottom contour of convective cell;
dashed lines delimit the top. The overshooting top at 14:25 UTC is indicated with a star symbol in
yellow. Symbols in black indicate the locations of the IR BT minimum values.

A peak of intense lightning activity as detected from the MTG-LI is associated with
this event (Figure 12). The lightning maximum coincides with the coldest cloud-top temper-
atures and with peaks in both Doppler velocity foldings and the number of non-stratiform
pixels. The bottom panel of Figure 12 shows the evolution of lightning activity in the
convective system up to 60 min before and after the EarthCARE overpass, highlighting the
mature stage of the system and its persistence over time.
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Figure 12. Lightning activity observed by MTG-LI over a convective cell on 19 August 2025, Earth-
CARE frame 6965D. Top panel: MSI visible image with MTG-LI lightning groups occurring within
+2.5 min of the EarthCARE overpass. Central panel: along-track lightning group counts within
+2.5 min and +2.5 km of the EarthCARE overpass. Bottom panel: temporal evolution of lightning
activity in the convective system within +1 h of the overpass.

4. Discussion
Statistics of Convection Across the Mediterranean Basin

The results from the case studies analyzed in the previous subsections are summarized
in Table 3. Overall, the selected cases show that low cloud-top brightness temperatures,
enhanced radar-derived dynamical signatures and high lightning activity provide comple-
mentary qualitative indicators of convective intensity with valuable contextual information
but not a direct quantitative measure of convective activity. In contrast, the NDVF and
the NNSP derived from the radar observations provide quantitative measures that can
be systematically applied across a larger sample of convective systems. Although the
additional cases listed in Table 2 were not discussed individually above, they provide
further evidence supporting the interpretation of these dynamical signatures in convective
systems. Based on these results, we therefore introduce a dynamics-based methodology for
the quantitative identification of convection using NDVF and NNSP.

The spatial correspondence between enhanced Doppler velocity signatures, lightning
activity, cold cloud tops and hail probability is also physically consistent with the occurrence
of vigorous convective updrafts. In particular, regions characterized by strong hydrometeor
motions may favor the conditions for charge separation and hail growth, which can be
reflected by enhanced lightning activity and hail probability. These observations therefore
provide complementary signatures of the same active convective regions, although their
correspondence should not be interpreted as evidence of a direct causal relationship.

Because EarthCARE samples only a narrow swath, the satellite may observe convective
systems at different stages of their life cycle or intersect only part of an active convective core.
Convection is consequently classified on a profile-by-profile basis. Only profiles containing
a continuous cloud layer extending at least 5 km above the surface are considered. Pixels
with reflectivity below —21 dBZ are excluded because Doppler velocity estimates are
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considered unreliable at such low signal levels. A profile is classified as convective when
it contains at least two Doppler velocity foldings and at least ten non-stratiform pixels
within the frozen portion of the cloud, where large Doppler velocity magnitudes are
observed. Note that the thresholds used here should not be interpreted as universal values
but rather as a physically motivated first step toward exploiting Doppler observations for
the identification and characterization of convective cores. A more comprehensive analysis,
including intercomparison with climatologies based on morphological criteria, such as that
of [44], will be presented in a forthcoming manuscript.

Table 3. Summary of the analyzed case studies using the multi-sensor approach. The main features of
the convective systems identified through the analysis are reported. EC-MSG: time interval between
EC overpass and the closest in time available MSG RSS observation (in minutes); LGC: Lightning
Group Counts; HP: Hail Probability; NDVF: Number of Doppler Velocity Foldings; NNSP: Number
of Non-Stratiform Pixels; MBT: Minimum IR 10.8 um Brightness Temperature. HP indicates the
corresponding hail probability from MASHA. NDVF and NNSP indicate the total number of foldings
and non-stratiform pixels, respectively, identified within the analyzed core.

Orbit EC-MSG LGC HP NDVF NNSP MBT [K]
1534D 0 no data 60% 213 2263 220.2
5953D (A) 2 341 no hail 108 1179 209
5953D (B) 1 341 no hail 63 674 219.9
4459D 3 no data no hail 17 114 220.2
6311D 2 57 <30% 31 398 226.3
6965D 2 180 <30% 97 1231 209.7

Figure 13 shows the percentage of convective profiles relative to the total number
of EarthCARE profiles within each 2° x 2° grid cell. The analysis is restricted to the
Mediterranean region, and the red crosses indicate the centers of the deep convective
cases listed in Table 2. The resulting statistics remain noisy because of the limited spatial
sampling associated with EarthCARE’s nadir-viewing geometry. This limitation is expected
to diminish as additional years of observations become available, improving the statistical
robustness of the analysis. Future work will also investigate a convection-classification
framework based on coherent convective cells rather than individual radar profiles, using
clustering algorithms to identify contiguous convective structures and provide a more
physically consistent representation of convective systems.

Figure 13. Percentage of convective profiles relative to the total number of radar profiles within
each 2° x 2° grid cell, derived from one year of EarthCARE observations (January—December 2025).
Convective profiles are identified using the EarthCARE dynamical methodology based on Doppler
velocity measurements. Red crosses indicate the centers of the deep convective case studies listed
in Table 2.
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5. Conclusions

The recently launched EarthCARE Mission, equipped with a Doppler-capable Cloud
Profiling Radar, represents a major advance in satellite-based observations of atmospheric
convection. Despite this progress, significant scientific challenges remain, particularly
in the interpretation of Doppler velocity signals. The present study exploits the synergy
between complementary satellite observations from GEO and LEO platform to improve
the detection and characterization of convective cores. The analysis is focused on the
Mediterranean Basin, where a selected set of case studies from September 2024 to September
2025 is examined.

The main conclusions drawn from this work are summarized below.

1.  Multi-sensor observations provide complementary information for the detection and
characterization of deep convection. The case studies demonstrate that the combina-
tion of EarthCARE Doppler-radar observations with GEO, passive-microwave and
lightning observations provides a more comprehensive characterization of convective
systems than any individual observation alone. Cold cloud-top brightness tempera-
tures, lightning activity, hail probability and Doppler-velocity variability provide com-
plementary indicators of convective activity and intensity. In particular, the continuous
temporal sampling and morphological information provided by GEO observations
place the instantaneous EarthCARE measurements within the broader evolution of
the convective system, helping to interpret the observed Doppler signatures in their
appropriate storm-scale context.

2. The combined observations provide useful constraints on convective evolution,
but their different sampling characteristics limit quantitative interpretation. GEO
observations have substantially coarser spatial resolution than the active EarthCARE
measurements, resulting in significant non-uniform beam filling effects. Moreover,
differences in the scanning modes and sampling times of the instruments make the
matching of the observed cloud extent and lifecycle stage challenging. Consequently,
even Rapid Scan observations may not fully resolve rapidly evolving and spatially
localized features such as overshooting tops throughout their lifecycle. These limi-
tations need to be considered when relating GEO-derived indicators of convective
evolution to instantaneous EarthCARE Doppler observations.

3. Quantitative retrievals of vertical air motions remain challenging. The present analysis
does not demonstrate reliable quantitative retrievals of vertical air velocity. Estimates
of cloud-top vertical motion from GEO infrared observations provide potentially
useful dynamical information but are inherently limited to the vicinity of the cloud
top and can be affected by horizontal advection, complicating their interpretation as
direct measures of vertical air motion. On the other hand, Doppler-velocity ambi-
guities and uncertainties in sedimentation velocities seriously hamper the retrieval
of vertical motions from EarthCARE. The limited spatial and temporal resolution
of independent observations further restricts the availability of robust and spatially
representative boundary conditions for Doppler-velocity de-aliasing. Thus, while
EarthCARE Doppler-velocity variability provides a useful indicator of convective
activity, further developments are required before spaceborne Doppler observations
can provide quantitative estimates of convective vertical motions.

Future investigations should focus on the following aspects.

1. Quantifying the relationships between lightning, hail and convective intensity. Light-
ning observations are particularly valuable because their continuous GEO sampling
enables the evolution of convection to be monitored throughout the storm lifecycle.
Hail-probability products provide an additional indicator of intense convection, al-
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though their validation remains challenging because of the sparse temporal sampling
of current passive-microwave observations. A larger statistical analysis, extending
the methodology to full-disk observations and multiple years, is therefore needed to
robustly quantify the relationships among lightning activity, hail occurrence, cloud-top
evolution and convective intensity as characterized by the proposed proxies.

2. Improving GEO-LEO synergy and Doppler-velocity interpretation. The new genera-
tion of Meteosat observations (MTG), including the Rapid Scan Service with 2.5 min
temporal sampling and spatial resolution down to about 1 km in the 10.5 um infrared
channel, offers new opportunities for improved spatial and temporal matching with
EarthCARE and for characterizing rapidly evolving convective systems. Further work
is also needed to improve Doppler-velocity unfolding and assess whether higher-
resolution GEO observations can provide stronger constraints on the interpretation of
EarthCARE Doppler measurements.

3. Validation through dedicated field campaigns. Independent observations are needed
to validate the proposed Doppler-based convective diagnostics and other quantitative
indicators. Such validation remains challenging because of the limited spatial and
temporal coincidence between the narrow-swath EarthCARE CPR and ground-based
or airborne observations, particularly for rapidly evolving and localized convective
systems. Dedicated field campaigns will therefore be important for assessing the
performance and limitations of these diagnostics, as well as for supporting the devel-
opment of future convection-focused missions, including NASA INCUS and FALCON,
JAXA-PMM and ESA-WIVERN.
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