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Abstract: Mediterranean hurricanes (Medicanes) are characterized by the presence of a quasi-cloud-
free calm eye, spiral-like cloud bands, and strong winds around the vortex center. Typically, they
reach a tropical-like cyclone (TLC) phase characterized by an axisymmetric warm core without frontal
structures. Yet, some of them are not fully symmetrical, have a shallow warm-core structure, and a
weak frontal activity. Finding a clear definition and potential classification of Medicanes based on
their initiation and intensification processes, understanding the role of convection, and identifying
the evolution to a TLC phase are all current research topics. In this study, passive microwave (PMW)
measurements and products are used to characterize warm core (WC) and deep convection (DC) for
six Medicanes that occurred between 2014 and 2021. A well-established methodology for tropical
cyclones, based on PMW temperature sounding channels, is used to identify the WC while PMW
diagnostic tools and products (e.g., cloud-top height (CTH) and ice water path (IWP)), combined with
lightning data, are used for DC detection and characterization. The application of this methodology
to Medicanes highlights the possibility to describe their WC depth, intensity, and symmetry and to
identify the cyclone center. We also analyze to what extent the occurrence and characteristics of the
WC are related to the Medicane’s intensity and DC development. The results show that Medicanes
reaching full TLC phase are associated with deep and symmetric WCs, and that asymmetric DC
features in the proximity of the center, and in higher CTH and IWP values, with scarce lighting
activity. Medicanes that never develop to a fully TLC structure are associated with a shallower
WC, weaker and more sparse DC activity, and lower CTHs and IWP values. Ultimately, this study
illustrates the potential of PMW radiometry in providing insights into dynamic and thermodynamic
processes associated with Medicanes’ WC characteristics and evolution to TLCs, thus contributing to
the ongoing discussion about Medicanes’ definition.

Keywords: tropical-like cyclone; Medicane; remote sensing; Mediterranean cyclones; passive
microwave; warm core; deep convection

1. Introduction

A small fraction of Mediterranean cyclones present tropical-like characteristics, namely
a cloud-free calm “eye”, spiraling cloud bands, and strong winds near the vortex center
which may be associated with the absence of fronts, weak vertical wind shear, and a warm
core (WC) with an axisymmetric structure. Yet, these characteristics are seldom detected
simultaneously in most Mediterranean tropical-like cyclones (Medicanes). Furthermore,
model-based diagnostics (e.g., [1]) reveal that some cyclones classified as Medicanes are not
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fully symmetrical, have shallow WC structure, and weak fronts. Medicanes also resemble
polar lows, since both mesoscale weather systems share the same characteristics, such as
high low-level relative vorticity, comparable size of a few hundred kilometers in diameter,
and development within marine air masses with low static stability [2].

It has been suggested that Medicanes develop first as extratropical cyclones that
undergo tropical-like transition [3] (eventually forming a WC [4]), meaning that they do
not attain any fronts due to a lack of differing air masses. The WC can form either by a
relatively warm-air mass that is transported to the center of the Medicane and it is cut off
from the main flow [4,5] or the WC can be formed by convective activity close to the center
of the cyclone due to strong diabatic heating [6,7]. There are still many questions about
the physical and dynamical processes that determine Medicanes’ genesis, intensification,
and possible evolution to the TLC phase. Medicanes’ definition and potential classification
are topics of research of the European network for Mediterranean cyclones in weather and
climate—MedCyclones COST Action [8].

Model-based diagnostics show the presence of a WC during the TLC phase (e.g., [6,9,10]),
although in most cases the WC is confined to the lowest parts of the troposphere. In some
other cases according to [11], low-level diabatic processes become important and strong
vertical motions during deep convection (DC) events close to the Medicane’s center con-
tribute to the intensification of the low-pressure system through latent heat release in moist
ascent, thus warming the core of the Medicane in great vertical extent. The wind-induced
surface heat exchange (WISHE) [12,13] mechanism has also been considered responsible
for WC development in Medicanes, in analogy with tropical-cyclone theory. However, all
systems tend to grow through the interaction of an upper-tropospheric potential vorticity
(PV) streamer or a cut-off system within a low-level baroclinic area, as typically expected
for extratropical cyclones (e.g., [14,15]). Nevertheless, different evolutions can be iden-
tified when baroclinic forcing and diabatic processes, including air–sea interactions and
convection, may all play an important role in cyclone development [10,14].

Miglietta and Rotunno [16] show that sea–surface fluxes and/or condensation latent
heating are fundamental to explain the intensification of cyclones. However, the impor-
tance and the spatial and temporal distribution of diabatic processes can differ among
different cases. The authors proposed a classification of Medicanes depending on driving
intensification mechanisms and suggested grouping them in three categories. When a large
amount of energy is transferred from the ocean to the atmosphere in the area where a
cyclone develops, the vortex is able to sustain itself in a barotropic environment and reach
a TLC phase (Category A). Baroclinicity is relevant only in the initial stage, and, as for
tropical cyclones, the WISHE theory can explain their intensification. For such Medicanes,
the vertical thermodynamic structure, as well as the spatial and temporal distribution of
DC and lightning activity are similar to that of tropical cyclones. In some other cases, they
never develop to a fully tropical-like structure, and evolve in a baroclinic environment asso-
ciated with an upper-level PV streamer in which the cyclone formed (Category B). In these
cases, warm-air seclusion is sufficient to explain the presence of the WC [15]. Convection
appears to be relevant to cyclogenesis and responsible for the rapid intensification of the
system and becomes weak during the mature phase. In other cases, smaller-scale vortices
develop within the circulation associated with a synoptic-scale cyclone, and tropical-like
transition occurs after the interaction with an upper-level PV streamer associated with the
large-scale cyclone (Category C) (e.g., [17,18]). Therefore, most cyclones might fit Category
C. The authors of [14] identified the need to objectively quantify the relative contribution
of baroclinic and diabatic processes to the development of Medicanes, showing that both
play an important role in the mature stage of several known cases of Medicanes.

Deep convective clouds are crucial for the tropical transition phase and develop mainly
during the intensification period, while lightning activity is mostly pronounced about one
day before the maximum cyclone intensity [19,20]. While some Medicanes exhibit the
presence of DC in the vicinity of the cyclone center, in most cases DC is far away from the
center, most probably hindering the formation of a full-WC structure. In a recent study,



Remote Sens. 2023, 15, 2838 3 of 24

Dafis et al. [21] used infrared and microwave satellite products, in conjunction with model
reanalysis, to study the evolution of DC in nine Medicanes between 2005 and 2018. They
found that only a fraction of these cyclones experienced long-lasting intense convective
activity close to their centers, and that the convection is deeper and more intense prior to the
Medicanes’ maximum intensity, as also shown for some cases in previous studies [19,22,23].
They also found that only DC in the upshear quadrants led to intensification periods, and
that short-lived tropical-like structures develop only during symmetric convective activity.
However, even in these cases, lightning activity in the proximity of the cyclone center is
rarely observed during the TLC phase (see also [19,23–25]). During the early phases, when
the storm is under the influence of baroclinic forcing (pre-TLC phase in the following), the
majority of clouds show convective characteristics, and lightning activity takes place close
to the cyclone center. As the cyclone deepens and the surface wind speed increases during
its mature phase, the lightning activity decreases moving away from the center. Electrical
activity is more likely in regions with substantial updraft, where mixed-phase regions
occur with graupel, supercooled cloud water, and vapor-grown ice crystals in the charging
zone, i.e., between −15◦ and −25 ◦C and results first from the gravitational separation of
particles carrying different signs of charge, followed by differential advection of net charge
regions [26]. Such conditions are clearly met during Medicanes’ pre-TLC phase but not
during the TLC phase. This behavior agrees well with what has been observed in tropical
cyclones (TC) [27,28], where the maximum frequency of lightning activity anticipates
the deepening of the cyclones. As observed by Black and Hallett [27] in their study on
electrification processes in TCs, even if charge separation occurs in multiple locations in the
eyewall or in the rainbands, strong horizontal winds ensure that charged particles become
widely dispersed in a relatively short time, thereby weakening both the horizontal and
vertical gradients of charge, resulting in a lower probability of cloud electrification and
chances of lightning. Some authors ([23,24]), have speculated that a similar mechanism is
responsible for the lack of electrical activity observed during most Medicane TLC phases.
However, observational evidence or modeling studies of such mechanisms have not yet
been conducted.

Passive microwave (PMW) radiometers provide unique diagnostic tools to identify
and describe Medicanes’ WCs, which are one of the key elements characterizing Medicanes,
although they are not a sufficient condition to establish if a Medicane has reached its TLC
phase. They also provide unique measurements to identify DC. WC depth and axisymmetry
can be diagnosed using MW temperature sounding (54 GHz) channels. The approach has
been developed and extensively applied to TCs [29] and several studies have demonstrated
that PMW WC detection contributes to build well-established tools to improve tropical-
cyclone analysis and forecasting [30]. Previous work using the satellite-borne Advanced
Microwave Sounding Unit (AMSU) [31–33] and the Advanced Technology Microwave
Sounder (ATMS) [34] have found that the strength of the WC is related to TC intensity,
in particular the height of the WC generally increases with the TC intensity quantified in
terms of minimum sea level pressure [35] and maximum sustained wind speed [36]. This
is consistent with previous studies that demonstrated theoretically the importance of an
upper-level WC in mature TCs ([12]). The applicability of PMW WC detection in Medicanes
and its use as a diagnostic tool for studying Medicanes’ intensity or transition to TLC phase
has never been explored. PMW high-frequency channels (i.e., =89 GHz) available in
most radiometers can be used to infer DC occurrence, spatial extension, and intensity.
Moreover, diagnostic tools and products based on PMW radiometry have been developed
and provide information on precipitation [37–40] and cloud properties [41] which can be
used to analyze Medicanes’ precipitation structures throughout their development and
transition to TLC phase.

In this study, PMW radiometry is used to extract insights about Medicanes’ WC
structure and associated cloud and DC properties. For the first time, a well- established
methodology used for WC detection in TCs is applied to Medicanes. The goal is twofold:
(1) explore the potentials of such methodology in describing Medicanes’ WC depth, symme-
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try, and intensity, highlighting the potentials of PMW radiometry in providing new insights
into thermodynamic processes associated with Medicanes’ WC and (2) characterize DC
(including cloud properties and lighting activity) within the WC and analyze how WC
characteristics are related to DC properties. For this purpose, six previously documented
Medicanes that developed between 2014 and 2021 are analyzed. Different cloud properties
(e.g., cloud-top height -CTH and ice water path-IWP), DC features, and WC occurrence
inferred or retrieved from PMW radiometry are analyzed in detail. The ultimate goal of
this research is to contribute to the ongoing discussion about Medicanes’ definition and
possible classification providing a satellite-based perspective on their formation processes
and possible occurrence of the TLC phase.

In Section 2, the data and methodology used in this study are presented. Section 3 is
dedicated to the analysis of one case study and of the results of the WC and DC. This is
followed by the Discussion in Section 4, while the Conclusions and future perspectives are
presented in Section 5.

2. Materials and Methods

In this study, six different Medicanes that occurred between 2014 and 2021 (affecting in
most cases the coasts of southern Italy and Greece) are analyzed using PMW observations
in conjunction with ground-based lightning detection network data to detect and analyze
DC features in the presence of the WC. The six Medicanes and the start and end dates
considered for the analysis of the satellite overpasses for each Medicane are listed in Table 1.
The minimum mean sea-level pressure (MSLP) and some references to previous studies that
have analyzed these Medicanes are also provided. The group for each Medicane according
to the classification by [16] is also indicated. It is worth noting that the authors classify the
cyclones based on whether they reach a milestone phase, thus, there is only one category
for each Medicane. Such categorization is based on the cited previous articles and it was
made possible after discussing these cases with the leading author of [16].

Table 1. Synopsis of the six Medicanes considered in the study: Start and end date considered for
the analysis of the satellite overpasses used in this study, Region (IS = Ionian Sea, SM = Southern
Mediterranean, EM = Eastern Mediterranean), minimum MSLP (hPa) reached in the life cycle of the
cyclone, and Group (as defined in [16]—see text for details).

Start Date
(0000 UTC)

End Date
(23:59 UTC) Region Minimum

MSLP (hPa) Group References

Qendresa 06/11/14 08/11/14 SM 986 B [21,42]
Trixie 28/10/16 31/10/16 SM EM 1005 B [1,21]
Numa 16/11/17 18/11/17 SM IS 1002 B [21,23]
Zorbas 27/09/18 29/09/18 SM IS 997.6 A [21,43]
Ianos 16/09/20 18/09/20 IS 984.3 A [10,24,44]

Apollo 28/10/21 30/10/21 SM 999 B [45,46]

2.1. Passive Microwave Radiometer Observations

All overpasses available from seven operational cross-track scanning microwave ra-
diometers are used: five Advanced Microwave Sounding Unit-A (AMSU-A)/Microwave
Humidity Sounders (MHS) on board NOAA-18, NOAA-19, MetOp-A, MetOp-B and
MetOp-C satellites, and two Advanced Technology Microwave Sounders (ATMS) on board
Suomi NPP and NOAA-20 satellites. AMSU-A is equipped with 15 channels, 12 channels
in the 54 GHz oxygen band for temperature sounding, and 3 additional window chan-
nels at 23.8, 31.4, and 89 GHz. MHS, designed for humidity sounding, has 3 channels
in the 183.31 GHz water vapor absorption line, and 2 window channels at 89 GHz and
150 GHz. ATMS has 22 channels, ranging from 23 to 183 GHz, providing both temperature
and humidity soundings. Specifically, ATMS channels 1–15 provide measurements at
microwave frequencies below 60 GHz (13 in the 54 GHz oxygen absorption band), and
channels 16–22 are located at higher microwave frequencies above 88 GHz, with 5 channels
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in the 183.31 GHz water vapor absorption band. The angular sampling changes with
frequency are 2.2◦ for channels 3–16 (50.3–57.29 and 88.2 GHz), and 1.1◦ for channels
17–22 (165.5–183.3 GHz). The corresponding nadir resolutions are 31.64 km (compared
to 48.6 km for AMSU), and 15.82 km (similar to MHS), respectively. ATMS has the great
advantage of a wider swath (2600 vs. 2250 km of AMSU/MHS) that practically eliminates
the orbital gaps.

Opaque channels (bands around 54 and 183 GHz) are designed to retrieve temperature
and water vapor profiles due to their different sensitivity to specific layers of the atmo-
sphere [47]. However, they are also affected by the presence of liquid and ice hydrometeors.
Due to the differential penetration ability of radiation as a function of frequencies, clouds
have a specific effect on a given channel if the sounded atmospheric layers are within the
precipitating cloud (below the cloud top). Such a frequency dependent effect is due to
emission by liquid droplets or rain and to the scattering by the ice hydrometeors present
above the sensed atmospheric layer. In presence of DC, the predominant effect for channels
peaking in the mid to upper troposphere is due to scattering by the ice hydrometeors in
the upper levels, which tends to lower the brightness temperatures (TBs) measured at a
given channel.

All AMSU/MHS and ATMS measured TBs are corrected for the limb effect due to the
fact that the satellite scans a thicker layer in the atmosphere as the field of view departs
from the nadir position. The limb effect causes a shift in the weighting function to a higher
altitude at a larger field of view, leading to an artificial TB cooling (tropospheric channels)
or warming (stratospheric channels), as shown in [48] (Figure 1). In this study the limb
effect is managed through the application of different shallow neural networks, specifically
designed and developed to correct this issue for the 54 GHz channels. Each neural network
has a two-hidden-layer structure and uses as input variables all the 54 GHz channels,
excluding the channel that needs to be corrected.

2.2. Lightning Data

The World Wide Lightning Location Network (WWLLN) consists of ground-based sen-
sors providing lightning locations in real time and globally by measuring the time of group
arrival of very low frequency (VLF) radiation produced by lightning discharges [49,50].
Currently, the network counts 70 detectors around the world and is managed by the Univer-
sity of Washington. The reliability of lightning data recorded by WWLLN in characterizing
tropical cyclones and convective systems has been demonstrated in different works. The
authors of [51,52] found that regions with higher lightning occurrence during Atlantic and
western Pacific tropical cyclones were the rainband and the eyewall. Furthermore, they
observed a lightning outbreak in the eyewall region prior or during most major intensity
changes, with an increase of cloud-to-ground (CG) strokes in the inner core in correspon-
dence of cyclone weakening. On the other hand, [53] investigated the detection efficiency of
the network at global scale applying a methodology which exploited the energy variation
of strokes. They found a high detection efficiency (around 80%) between −30◦N and +30◦N
even if the number of working stations was lower than the actual number. The author
of [54] compared WWLLN with the lightning imaging sensor (LIS) on board the Tropical
Rainfall Measuring Mission satellite (TRMM), highlighting that WWLLN detected more
strokes over ocean and more cloud-to-ground strokes.

In the following, WWLLN strokes registered within 15 min (±7.5 min) around each
ATMS or AMSU/MHS overpass are considered in the analysis focusing mainly on their
relative location with respect to the Medicane WC.

2.3. Warm-Core Detection

The WC is one of the key elements characterizing Medicanes. It is identified using
the AMSU/MHS and ATMS 54 GHz oxygen absorption band channels typically used for
temperature sounding. Similarly to what is done for TCs [29], the WC identification is based
on the analysis of the TB warm anomaly measured in these channels. A positive TB anomaly
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indicates the warm temperature anomaly associated with the WC. In particular, Ch 6(7)
(54.4 GHz), Ch 7(8) (54.94 GHz), and Ch 8(9) (55.5 GHz) for AMSU/MHS(ATMS), are used.
For these channels the maximum contribution to the upwelling microwave radiation sensed
by the radiometer (i.e., the peak of the weighting function) derives from the atmospheric
layers at approximately 400, 350, and 200 hPa (the actual peak pressure level depends on
the local temperature and water vapor conditions, while dependence on the scan angle
is reduced by limb effect correction). In these channels the surface precipitation has a
reduced impact on the measured TBs which is sensitive to mid- and upper-troposphere
temperature variations. However, in the presence of DC, the scattering by mixed-phase
or solid hydrometeors in the upper levels may lower the measured TB at a given channel
and decrease the magnitude of the WC signal. This is especially problematic when the
WC temperature anomaly is weak. The scattering effect, which is mostly pronounced in
the channels whose weighting functions are lower in the atmosphere (AMSU-A Ch. 6, or
ATMS Ch. 7) where the presence of scatterers predominates, has been taken into account
and corrected using the approach of [55].

In this study, the methodology applied to TCs is applied for the first time to identify
and characterize the WC of six Medicanes that occurred between 2014 and 2021. The TB
anomaly is computed as the difference of the measured TB in each pixel minus the mean
TB computed over a 7◦ × 7◦ area (land/coast pixels are not included) around the minimum
MSLP. Figure 1 summarizes the process to calculate the TB anomaly. The TB measured
at 54.4 GHz (as well as at 54.94 and 55.5 GHz) (Figure 1a) is corrected for scattering by
applying the methodology developed by [55] for TCs. The result of this correction is
depicted by the TB field shown in Figure 1b, where the 7◦ × 7◦ area considered (dotted
square) for the calculation of the mean TB is also reported. The difference between the TB
calculated after the scattering correction for each pixel over sea (Figure 1b) and the mean
TB, leads to the TB anomaly field reported in Figure 1c.
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Figure 1. Example of the TB anomaly calculation process for the 54.4 GHz frequency channel: panel
(a) shows the measured TB, panel and (b) is the same as panel (a) but after the application of the
scattering correction methodology [55]. The dotted area is the 7◦ × 7◦ area centered around the
minimum MSLP considered for mean TB. Panel (c) shows the TB anomaly.

The presence of the warm TB anomaly for the different channels and its steady position
in the different channels (as the height increases), indicates the depth of the WC and its
barotropic structure. Strength and depth are the two most common variables characterizing
the WC. The occurrence of a nearly isolated WC around the cyclone center is identified
by visual inspection of the corrected TB anomaly. Different characteristics of the WC
anomaly are delineated, such as its intensity (magnitude of maximum TB anomaly), size
(area of positive TB anomaly), symmetry (round shape of the positive TB anomaly), and
depth. Three depth categories are defined in this study based on visual inspection of the
TB anomaly in Ch. 6(7), 7(8), and 8(9) of AMSU(ATMS): very shallow if WC is visible
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only in Ch.6(7), shallow if it is visible in Ch. 6(7) and 7(8), and deep if it is also visible in
Ch. 6(7), 7(8), and 8(9). Such characteristics vary across the different Medicanes analyzed,
and throughout each Medicane’s life cycle.

All AMSU/MHS and ATMS overpasses available within the time frame indicated
for each Medicane in Table 1 are considered and only the overpasses with a well-defined
WC are analyzed in detail. The characteristics of the TB warm anomaly may provide an
indication of the dominant dynamical processes during the Medicanes’ life cycle (e.g., latent
heat release and stratospheric air intrusion). The TB warm anomaly is also used to identify
the WC center. To this purpose, the TB anomaly maps at 54.4 GHz (i.e., Ch. 6 and Ch. 7
for AMSU and ATMS, respectively) are re-gridded to a common higher resolution grid at
0.01◦ spacing (to avoid issues related to the variable spatial resolution along the radiometer
scan). The cyclone center is identified by convolving a 5 × 5-pixel area centered in each
grid point and taking the one with the maximum TB anomaly. The WC center position is
also compared to the minimum MSLP position identified using the European ReAnalysis
version5 (ERA5) dataset [56] provided by the European Center for Medium-Range Weather
Forecast (ECMWF) at 0.25◦ resolution.

2.4. Deep Convection Detection

For all overpasses where the WC presence is identified, DC is analyzed in terms of
occurrence, strength, and position with respect to the WC center using PMW-based proxies
and methods. The lightning data is used as an additional source of information. The author
of [54] derived methods to detect deep convective clouds and convective overshooting
using TB differences in the three MHS 183.31 GHz water vapor absorption band channels.
For these channels, TB depression increases as the frequency moves away from the center
of the absorption band. Therefore, the radiation at 183.31 ± 7 GHz can penetrate deeper
into the cloud and therefore it is subject to larger scattering from mid and low cloud layers;
the 183.31 ± 1 GHz channel primarily responds to DC with large high-density ice particles
in the upper atmosphere. These different responses of the three 183.31 GHz channels
suggested the possibility of analyzing the vertical distribution of hydrometeors (see [57]
for further details).The authors of [48,58] have further analyzed and assessed the use of
these 183.31 GHz TB differences together with AMSU-A channels to detect DC, upper-level
disturbances, and areas of significant precipitation in the Mediterranean region. In the
present study the [57] (H2005) methodology, applied also to the ATMS corresponding
channels, is used for DC detection.

Window channels around 88 GHz are mostly affected by the scattering of heavily
rimed and large ice hydrometeors and are useful in delineating the convective cores within
the clouds. The minimum TBs at these frequencies are a very good proxy of updraft
strength, since they are associated with the presence of large ice particles in the mid/upper
cloud layers. The window channels at higher frequency channels (150–157 GHz), as well as
the 183.31 GHz water vapor band channels, are sensitive to smaller sized ice particles due
to their shorter wavelength and this facilitates the identification of ice in the upper layers
often associated with stratiform precipitation.

2.5. Deep Convection Properties

In order to get a deeper understanding of detected deep convective clouds, ice water
path (IWP), and cloud-top height (CTH) are also included in the analysis. The DEEPSTORM
(DEEP moiSt aTmospheric cOnvection from micRowave radioMeter) algorithm [41,59]
relies on a machine learning approach to retrieve IWP and CTH using passive microwave
radiometry. Specifically, it trains a gradient boosting and neural network to estimate IWP
and CTH using PMW TBs and viewing angle together with ERA5 humidity, temperature,
and ground elevation as inputs. DEEPSTORM parameters are fitted to four radiometer
types including MHS and ATMS. Evaluation against Cloud Profiling Radar (CRP) measure-
ments shows that DEEPSTORM is better at retrieving IWP greater than 0.5 kg m−2 and
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CTH above 2000 m. In this study DEEPSTORM outputs have been extracted during the
lifetime of each Medicane for every available overpass.

3. Results
3.1. Case Study: Ianos

As an illustration of a Medicane’s WC TB anomaly, and the associated cloud properties
(DC occurrence, IWP, CTH, and strokes) one MetOp-B AMSU/MHS overpass capturing
Medicane Ianos during its TLC phase on 17 September 2020 at 08:35 UTC is analyzed
in detail (Figures 2 and 3). During its phase of maximum intensity on September 17–18,
torrential rainfall and severe wind gusts affected the western coasts of Greece and the
Ionian islands. Ianos has been identified as the most intense Medicane ever recorded
by [44], with tropical-like features (low-level vortex, deep WC, and axisymmetry) during
the mature phase [10].

Figure 2 shows TB imagery at 89 and 183 ± 7 GHz (top panels) and the corresponding
estimates of CTH and IWP (bottom panels). In the top panels, DC pixels, identified with
the H2005 approach are also shown, while the WWLLN strokes detected within 15 min
around the time of the overpass are superimposed to the CTH image. DC is detected at the
north-west of the cyclone center, mostly within a 100 km radius, and over the Calabrian
coast in southern Italy; it corresponds to the areas of TBs at 183 ± 7 GHz below 220 K.
The two regions, however, are characterized by different TB signatures at 89 GHz and
183 ± 7 GHz, and different lightning activity, a clear indication of different microphysical
processes. The lack of a strong scattering signal at 89 GHz and the hardly visible strokes in
the proximity of the cyclone center suggest the presence of rimed ice particles (graupel),
limited in size, which are blown away by a strong horizontal wind in slanted trajectories
in the inner rainband, limiting the possibility of electrification processes and lightning
activity. Electrical activity occurs over the Calabrian coast, where a substantial updraft
favors the growth of graupel to a larger size (indicated by the lower TBs at 89 GHz) and
where gravitational charge separation and electrification processes can take place (see
also [24]). On the other hand, the stronger scattering signal at 183 ± 7 GHz around the
cyclone center indicates the presence of larger amounts of ice and deeper clouds than
over the Calabrian coast. In the bottom panels, CTH distribution indicates a closed-eye
cyclone, which is well centered around the location of the WC center (black open circle)
(note that the position of the ERA5 minimum MSLP (black cross) does not correspond to
the cyclone center). Shallow clouds (CTH < 6 km) are visible in the southern region around
the center (likely characterized by warm rain processes (see also [24]), while deep clouds
with CTH > 12 km are observed in the regions associated with DC. The deepest clouds
(CTH > 13 km) are found in the vicinity of the cyclone center, where the highest IWP values
are found, reaching a peak (around 6 kg m−2) (note that only significant IWP values above
0.4 kg m−2 are shown), and where no WWLLN strokes are registered. From Figure 2 the
lack of symmetry in the cloud distribution around the cyclone center is evident. It is also
evident that lightning data alone are not a good proxy for DC and their occurrence is more
related to the scattering signal at 89 GHz than to the CTH or IWP. This finding is in line
with several studies reporting no (or very weak) lightning activity within 200 km from the
cyclone center during Medicanes’ mature phases [19,20], although DC features are often
observed also in the proximity of the cyclone center during this phase [21,24].

Figure 3 shows a TB anomaly derived from AMSU-A measurements at Ch. 6, 7, and 8.
In this phase a nearly axisymmetric WC is visible for Ch. 6 and 7. Although a correction for
the cloud contribution to the upwelling MW signal has been applied, the cloud signature is
still visible in Ch. 6 as a cold TB anomaly due to the scattering by ice particles in the areas
of larger TB depression at 89 GHz (Figure 2) (more visible over the Calabrian coast than in
correspondence with the main rainband). At Ch. 8, the TB warm anomaly is still visible
but without an axisymmetric structure. At this frequency, the TB field is affected by the
upper troposphere thermal field, by the tropopause height, which usually increases moving
north to south, and by the possible presence of troughs associated with stratospheric
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intrusion [48]. This is confirmed by the negative anomaly south of 36◦N due to the negative
gradient of atmospheric temperature around 200 hPa moving north to south (not shown).
The WC is not centered around the position of the ERA5 minimum MSLP (black x), which is
shifted to the west with respect to the WC center (small black circle). This confirms the shift
of the position of the ERA5 minimum MSLP with respect to the cyclone center identified by
the CTH in Figure 2. Such inconsistency is due to three main factors: the uncertainty in the
WC center definition linked to the low spatial resolution of the AMSU-A 50 GHz channels,
especially at the edge of the radiometer swath and possible mismatch with ERA5 regular
grid; the fact that the channel used for the WC center location peaks around 400 hPa; and
possible model bias in the reanalysis. The WC anomaly seems to be very well defined and
it is classified as a deep WC (warm anomaly visible at all three channels). It is worth noting
the alignment in Ch. 6 and Ch. 7, consistently with the barotropic structure, which is a clear
indication of Ianos’ TLC phase. It is worth noting that the deep well-defined WC observed
for Ianos in all three channels is a rare feature (see Section 3.2).
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Figure 2. MetOp-B AMSU-A/MHS overpass on 17 September 2020 at 08:35 UTC. Top panels: MHS
TBs at 89 GHz (a) and 183.31 ± 7 GHz (b). Black dots indicate the deep convection pixels as identified
by H2005. Bottom panels: Cloud-top height (c) and IWP (d) estimated by DEEPSTORM (uncertain
estimates for CTH (<2.5 km) and IWP (<0.4 kg m−2) are displayed in gray). Black stars in panel
(c) indicate WWLNN strokes measured 15 min (±7.5 min) around the time of the overpass. The black
circle indicates the 100 km radius area around the WC center (identified by the small black open
circle), while the black “x” indicates the location of the minimum MSLP from ERA5.

As an example of a WC classified as shallow, Figure 4 refers to a different phase during
Ianos’ development, about 8 h before the overpass shown in Figure 3. It shows the TB
anomaly measured at ATMS NOAA 20 Ch. 7, 8 and 9. At this earlier stage, the WC is well
defined only at lower levels (i.e., ATMS Ch. 7 and 8). The different classification of the
WC lies in the TB anomaly structure visible at Ch. 9, which reveals the presence of a deep
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trough to the west of the cyclone center. This intense shallow WC structure evidences that
in the earlier phases the barotropic nature of the system is limited to the lower levels, with
a significant alignment of the TB anomaly signal at Ch. 7 and 8, while Ch. 9 reveals the
stratospheric air intrusion, which might have favored the formation of the deep WC at a
later stage (Figure 3).
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Figure 3. MetOp-B AMSU-A/MHS overpass on 17 September 2020 at 08:35 UTC. AMSU-A limb-
corrected TB anomaly for channels 6 (a), 7 (b), and 8 (c) with scattering correction. The black x
indicates the position of ERA5 minimum MSLP, while the black circle indicates the 100 km radius
circle around the warm-core center position (small black circle).

Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 25 
 

 

resolution of the AMSU-A 50 GHz channels, especially at the edge of the radiometer swath 
and possible mismatch with ERA5 regular grid; the fact that the channel used for the WC 
center location peaks around 400 hPa; and possible model bias in the reanalysis. The WC 
anomaly seems to be very well defined and it is classified as a deep WC (warm anomaly 
visible at all three channels). It is worth noting the alignment in Ch. 6 and Ch. 7, 
consistently with the barotropic structure, which is a clear indication of Ianos’ TLC phase. 
It is worth noting that the deep well-defined WC observed for Ianos in all three channels 
is a rare feature (see Section 3.2). 

 
Figure 3. MetOp-B AMSU-A/MHS overpass on 17 September 2020 at 08:35 UTC. AMSU-A limb-
corrected TB anomaly for channels 6 (a), 7 (b), and 8 (c) with scattering correction. The black x 
indicates the position of ERA5 minimum MSLP, while the black circle indicates the 100 km radius 
circle around the warm-core center position (small black circle). 

As an example of a WC classified as shallow, Figure 4 refers to a different phase 
during Ianos’ development, about 8 h before the overpass shown in Figure 3. It shows the 
TB anomaly measured at ATMS NOAA 20 Ch. 7, 8 and 9. At this earlier stage, the WC is 
well defined only at lower levels (i.e., ATMS Ch. 7 and 8). The different classification of 
the WC lies in the TB anomaly structure visible at Ch. 9, which reveals the presence of a 
deep trough to the west of the cyclone center. This intense shallow WC structure evidences 
that in the earlier phases the barotropic nature of the system is limited to the lower levels, 
with a significant alignment of the TB anomaly signal at Ch. 7 and 8, while Ch. 9 reveals 
the stratospheric air intrusion, which might have favored the formation of the deep WC 
at a later stage (Figure 3). 

 
Figure 4. ATMS limb-corrected TB anomaly for channels 7 (a), 8 (b), 9 (c) with scattering correction, 
for the overpass on 17 September 2020 at 00:18 UTC. The black x indicates the position of ERA5 
minimum MSLP, while the black circle indicates the 100 km radius circle around the WC center 
position (small black circle). 

  

Figure 4. ATMS limb-corrected TB anomaly for channels 7 (a), 8 (b), 9 (c) with scattering correction,
for the overpass on 17 September 2020 at 00:18 UTC. The black x indicates the position of ERA5
minimum MSLP, while the black circle indicates the 100 km radius circle around the WC center
position (small black circle).

3.2. Very Shallow, Shallow, or Deep Warm Cores

The analysis illustrated in Section 3.1 has been applied to all studied Medicanes. In
particular, Figure 5 reports the TB anomaly map for the other five Medicanes analyzed in
this study. From top to bottom, each row refers to a Medicane in the temporal order in
which they occurred (i.e., Qendresa, Trixie, Numa, Zorbas, and Apollo), while the three
columns from left to right report the TB anomaly at 54.4, 54.94, and 55.5 GHz, respectively.
Figure 5 aims to give an overview of the different WC structures that can be detected by
AMSU and ATMS overpasses, although during each Medicane lifetime the WC structure
may change in size, intensity, and depth. While the considered overpass for Qendresa
and Zorbas shows a deep WC, a shallow WC has been detected for Trixie and Apollo.
On the other hand, Numa shows a very shallow WC. The WC structure is very similar
for Qendresa and Zorbas (both characterized by deep WCs) both in terms of TB anomaly
maximum and WC shape (i.e., the 1 K isoline is limited in the 100 km radius in all cases).
The WC structure is also in agreement with Ianos (Figure 3). At the same time, Trixie
and Apollo show the same WC structure, with a clear warm area at 54.4 and 54.94 GHz
channels, while this feature is not visible at 55.5 GHz channel. The Numa overpass is one
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of the very few cases where a very shallow WC has been detected and it is characterized by
a very weak warming area visible only at 54.4 GHz channel.
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Figure 5. From top to the bottom, first row: AMSU limb-corrected TB anomaly for channels 6
(54.4 GHz, left column), 7 (54.94 GHz, middle column), and 8 (55.5 GHz, right column) with
scattering correction, for the overpass on 7 November 2014 at 19:55 UTC during Medicane Qendresa;
second row: ATMS limb-corrected TB anomaly for channels 7 (54.4 GHz, left column), 8 (54.94 GHz,
middle column), and 9 (55.5 GHz, right column) with scattering correction, for the overpass on
31 October 2016 at 00:38 UTC during Medicane Trixie; third row: AMSU limb-corrected TB anomaly
for channels 6 (54.4 GHz, left column), 7 (54.94 GHz, middle column), and 8 (55.5 GHz, right
column) with scattering correction, for the overpass on 18 November 2017 at 02:38 UTC during
Medicane Numa; fourth row: AMSU limb-corrected TB anomaly for channels 6 (54.4 GHz, left
column), 7 (54.94 GHz, middle column), and 8 (55.5 GHz, right column) with scattering correction,
for the overpass on 28 September 2018 at 08:29 UTC during Medicane Zorbas; fifth row: ATMS
limb-corrected TB anomaly for channels 7 (54.4 GHz, left column), 8 (54.94 GHz, middle column),
and 9 (55.5 GHz, right column) with scattering correction, for the overpass on 29 October 2021 at 12:00
UTC during Medicane Apollo. The black x indicates the position of ERA5 minimum MSLP, while the
black circle indicates the 100 km radius circle around the WC center position (small black circle).
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Table 2 summarizes the main characteristics inferred from the analysis of all the over-
passes where a well-defined, isolated WC (very shallow, shallow, or deep) was observed.
For each Medicane, the approximate maximum duration of the WC (i.e., time interval
between the first and the last overpass showing a well-defined WC) and the number of
overpasses for the different WC types is reported. Moreover, Table 2 reports the lowest,
highest, and mean value of the TB anomaly maximum (∆TBmax) measured (which identifies
the WC center), the number of overpasses where strokes and DC were found around the
WC center (within 100 km), and the number of strokes and the percentage of DC area in
each case. The last column reports the minimum, maximum, and mean distance of the WC
center from the ERA5 minimum MSLP (in km).

Table 2. Analysis of the overpasses with warm cores: approximate maximum duration of warm
cores (time interval between the first and the last overpass showing a well-defined WC), minimum,
maximum, and mean of the maximum TB anomaly at WC center, number of overpasses for the
different warm-core types; number of overpasses with strokes and number of strokes (within 100 km
from the center); number of overpasses with deep convection and deep convection area (within
100 km); and minimum, maximum, and mean distance of the WC center from the ERA5 minimum
MSLP (in km).

Dates and Max
Duration (h)

of Warm Cores

Min/Mean/Max
WC Center

maximumTB
Anomaly at

54.4 GHz (K)

Number of
Overpasses with

Warm Cores

Number of Overpasses with
Strokes within 100 km

Radius (Number of Strokes)

Number of Overpasses with
DC within 100 km Radius
(Percentage of DC Area)

Min/Mean/Max
Distance of WC

Center from
ERA5 Minimum

MSLP (km)

Shallow Deep Shallow Deep Shallow Deep

Qendresa
(2014)

7/11
(9 h) 0.97/1.12/1.24 4 1 3 (9) - - 1 (7.8) 35.3/39.7/48.1

Trixie
(2016)

28–31/10
(2 h) 0.69/0.89/1.08 4 0 2 (16) - 3 (8.2) - 11.1/23.6/42.3

Numa
(2017)

17–18/11
(21 h) 0.39/0.63/0.82 9 0 2 (3) - 6 (6.8) - 8.4/32.8/49.6

Zorbas
(2018)

28–29/09
(36 h) 0.57/1.03/1.40 3 8 3 (63) 5 (18) 3 (12.8) 5 (9.0) 12.8/46.3/62.1

Ianos
(2020)

16–18/09
(41 h) 1.03/1.41/2.07 7 10 1 (1) 4 (8) 6 (12.6) 4 (15.0) 4.8/28.9/55.8

Apollo
(2021)

28–30/10
(21 h) 0.73/1.04/1.64 9 0 - - 4 (1.9) - 11.8/23.0/47.1

Only Ianos and Zorbas show a persistent deep WC structure (captured by 59% of the
overpasses with WC in Ianos and by 73% of overpasses in Zorbas), although they both show
some weaker phases with shallow WC structures during their lifetime. Their WCs last for
41 h and 36 h, respectively, and the highest ∆TBmax among the six Medicanes is registered
for Ianos (1.41 K on average, with peaks over 2 K). DC occurring in the proximity of the
WC is visible only in 40–60% of the available overpasses during the deep WC phase, with
higher occurrence for Ianos (covering 15% of the 100 km radius area in four overpasses)
than for Zorbas (covering 9% of the 100 km radius area in five overpasses). Nevertheless,
for these overpasses, lightning strokes close to the cyclone center are very few: 8 for Ianos
and 18 for Zorbas. During their shallow WC phase, DC is more likely (detected in 90%
of the overpasses), and for Zorbas it is associated with the most intense lightning activity
(63 strokes). A shallow WC is observed also for Apollo (nine overpasses, max duration
21 h) and Qendresa (four overpasses, max duration 9 h), with mean ∆TBmax comparable to
Zorbas (although Apollo shows larger variability with a peak at 1.64 K), very few strokes
registered only for Qendresa (9) and rare occurrences of DC for both. Numa is characterized
by both very shallow (i.e., weak warm TB anomaly visible only in Ch. 6) and shallow
(TB anomaly visible in Ch. 6 and 7) WC phases. The lightning activity is almost absent
throughout these phases, while DC is observed only during the very beginning of the
shallow WC phase. Numa shows the lowest ∆TBmax among all Medicanes (mean around
0.6 K). Finally, Trixie is characterized by a very shallow (visible only in Ch. 6), and weak
(mean ∆TBmax around 0.9 K) WC phase (only for four scattered overpasses), and both the
lightning activity and DC are more intense than for the other cases (except for Ianos and
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Zorbas). Overall, lightning activity (DC) in the proximity of the cyclone center is observed
only in 38% (58%) of the available overpasses in presence of a WC.

It is worth noting that in all cases there are very few strokes registered compared to
what is observed during the Medicanes’ development phases (not shown, see
also [19,23,24,44]) or at larger distances from the WC centers (as seen in Figure 2). This
is quite evident, for example for Ianos and Zorbas in the presence of a deep WC. Some
authors have suggested that, similarly to TCs, strong horizontal winds during the mature
phase might inhibit cloud electrification processes [24].

As shown in Figures 2–4, the distance of the cyclone center from the ERA minimum
MSLP position is noticeable. In the last column in Table 2, the distance (minimum, maxi-
mum and mean values) of the WC center (defined on the basis of the warm TB anomaly)
from the ERA5 minimum MSLP (in km) is provided. The deviation from the reanalysis can
vary significantly for each case (from few km to tens of km), and it is comparable to ERA
5 grid spacing in most cases, while the largest differences are found for Ianos (55.8 km)
and Zorbas (62.1 km). However, as it will be discussed in Section 4, it must be pointed out
that the WC center position may be affected by some uncertainty due to the cross-track
radiometer low and variable spatial resolution across the scan.

3.3. Deep Convection Characteristics

In order to further highlight the relationship between WC occurrence and DC charac-
teristics, Figure 6 presents several DC and cloud features in the proximity of the cyclone
center in presence of the WC (i.e., for all the overpasses relative to each Medicane reported
in Table 2). The distribution of the parameters is shown for all pixels within 100 km from
the WC center. For CTH, IWP, and the TB measured at 89 GHz (which is a good proxy of
updraft strength) it is split between DC and no-DC pixels.

Figure 6a shows a feature common to the analyzed Medicanes (except Qendresa): the
DC pixels are quite far from the WC center (e.g., the 25th percentile of the distribution is
always higher than 50 km, with a peak close to 80 km for Apollo). The two most intense
Medicanes (Zorbas and Ianos) show a quite wide distribution, with a limited number of DC
pixels detected at 20 km or less distance from the WC center. Looking at the distributions,
we can infer that the DC can occur rarely at very close distance from the WC center (except
for the few DC pixels found for Qendresa), the median values are typically around 70–90 km
from the center (except for Apollo) and distance shows a large variability (except for the
few DC pixels of Apollo and Qendresa). Such variability is an indication that baroclinic
forcing might have a large share on Medicanes’ intensification [60] and that DC away from
the cyclone center might be related to the large-scale ascent and to the presence of weak
frontal activity. It is worth noting, that such distance is not meant to be a definition of the
Medicane’s eye, since the WC occurs also when the closed eye is not yet visible. However,
according to [61], the size of the eye in TCs is mostly less than 60 km in radius (although it
shows some variability). Our observations show a larger (on average) distance of DC from
the WC center than in TCs. Trixie and Apollo show relatively high CTH and IWP compared
to the weaker Medicanes (Numa or Qendresa) especially in the presence of DC (median
CTH around 11–12 km, and median IWP around 4–5 kg m−2), with DC occurring at larger
distances from the cyclone center (on average) compared to the other Medicanes (Figure 6a).
Numa shows slightly lower IWP and CTH values on average for DC cases, and Qendresa
presents the lowest values (CTH < 10 km and IWP < 4 kg m−2). It must be noted that
for Qendresa the DC activity is very limited (only seven pixels for one satellite overpass)
and it is found very close to the cyclone center. Zorbas shows comparable median values
of IWP to Apollo and Trixie but with larger variability, also due to the presence of both
shallow and deep WC phases, reaching peaks around 6 kg m−2 for DC cases. It also has
larger values of CTH (mean around 12 km) for DC pixels. Ianos stands out with respect to
the other Medicanes in terms of both IWP and CTH (median around 5 kg m−2 and 13 km
respectively for DC pixels) which show the largest variability with peaks above 9 kg m−2
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observations do not show significant variability (mean values ranging between 2 and 2.5 kg
m−2) compared to the DC observations (mean values ranging between 3.7 and 5.2 kg m−2).
The TB at 89 GHz, which can be used as proxy of the intensity of convection, does not show
very low values on average compared to typical deep convective systems (as shown in
Figure 2) or to Medicanes in early development stages (see also [23,24]); this is compatible
with the scarce lightning activity observed in most cases in presence of the WC (Table 2).
For Zorbas and Ianos the TB at 89 GHz shows the largest variability with lowest values
around 210 K and 180 K, respectively, which is another indication of the severity of these
two Medicanes (Ianos in particular) with respect to the others (lowest values > 220 K).
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In Figure 7 we aimed to investigate the spatial distribution of IWP around Medicanes’
centers during WC lifetime to notably identify quadrants with highest IWP probability.
Thus, we built the composite distribution of the IWP for DC and no-DC pixels around the
WC center for all six Medicanes. The distribution is affected by the different duration of the
WC and different number of overpasses available for each Medicane (see Table 2) (e.g., there
are fewer ice cloud observations available for Trixie and Qendresa, especially compared to
Ianos or Zorbas). In general, no-DC observations (on the left of each subplot pair), which
account for 74% of the dataset, are associated with lower IWP (mean IWP = 2.2 kg m−2),
while DC observations on the right (which account for 26% of the dataset) are associated
with higher IWP (mean IWP = 4.5 kg m−2). A limited number of DC pixels are observed
in proximity to the WC center, except for Apollo and Trixie. The IWP values and spatial
distribution found for the different Medicanes are consistent with the analysis carried out
before, with Ianos and Zorbas being characterized by the largest values (up to 9 kg m−2 for
Ianos) and highest occurrence, while lower DC occurrence and IWP values are found for
Numa Trixie, Apollo and Qendresa. No-DC observations do not show significant variability
of IWP values compared to the DC observations (as shown in Figure 6), but their spatial
distribution varies significantly among the different Medicanes. We can notice that the
actual cyclone center is quite well defined for most Medicanes (in particular for Ianos,
Apollo, and Numa), and an ice-free (IWP < 1 kg m−2) region within 0.5◦ is visible more or
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less in the region of the closed eye. As pointed out before, there is some uncertainty in the
WC center definition, due to the low and variable spatial resolution of the 54 GHz channels
(especially for the overpasses capturing the Medicanes at the edge of the swath). This is
quite evident for Zorbas, where the closed-eye (i.e., ice-free in this case) region at the center
is not well defined. A nearly circular distribution of no-DC ice clouds characterizes all
Medicanes, although it may be affected by the low number of overpasses as for Qendresa
and Trixie, or by the presence of low level clouds (IWP < 1 kg m−2) as in the southern
sector of Ianos, as observed in [24]. The distribution of DC is more similar for Medicanes
with deep WC (Ianos and Zorbas, recorded as the most intense Medicanes), where it is
more asymmetric, mostly located in the north-west quadrant, while it is more scattered
and azimuthally symmetric for Medicanes with weaker WCs.
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Figure 7. Composite position of ice clouds (IWP > 1 kg m−2) around the cyclone center defined by
the position of the maximum TB anomaly separated between DC (right panels of each pair) and
no-DC (left panels of each pair) pixels; the color of each dot provided in the colorbar corresponds
to the value of the IWP estimated by the DEEPSTORM algorithm. The 100 km radius circle is also
shown as reference.

3.4. Variables’ Importance in Defining the Warm Core

In this last section, we evaluated the relationship between WC occurrence and type
(very shallow, shallow, or deep) and several input variables. For this purpose, we used
a machine learning algorithm able to identify such relationships, either direct or indirect.
Specifically, we trained a random forest [62] algorithm to detect WC occurrence and type
using the following input variables: TBs at 54.4 GHz, 54.94 GHz, and 55.5 GHz (Ch. 6(7),
Ch. 7(8), and Ch. 8(9) for AMSU(ATMS)), TBs at 89 GHz, and IWP, CTH, and strokes
number and DC occurrence within 100 km from the storm center. This approach allows the
identification of all input variables related to WC occurrence and WC type while evaluating
the strength of the relationship with the so-called “variable importance” [62]. A variable
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with high variable importance indicates that it is strongly used by the random forest model
and, as such, is strongly related to the target variable (i.e., WC occurrence or type). A
random variable has been added in the algorithm as an input variable to distinguish
between variables that are significantly (or not) related to WC occurrence or type. It is
worth noting that this machine learning tool cannot be used for prediction as we have
only a limited amount of data in our training database. In addition, the algorithm uses a
pixel-by-pixel method while a predictive method should consider 2- or 3D structures of
the patterns.

Figure 8 shows the input variables selected by the algorithm as related to the WC occur-
rence (top panel) and WC type (bottom panel) (from the most relevant to the least relevant).
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As expected, Figure 8 highlights the strong relationship between TBs in the tempera-
ture sounding channels and WC occurrence and type. However, while TB at 54.94 GHz
(Ch. 7(8)) is found to be the most important variable for WC occurrence, TB at 55.5 GHz
(Ch. 8(9)) is better at discriminating between shallow and deep WCs. This result is intuitive
since lower frequencies probe deeper in the atmosphere and are able to detect shallower
WC occurrence (see Figure 3). On the other hand, as shown in Figures 3 and 4, TB 55.5 GHz
is essential for distinguishing between shallow and deep WCs. It must also be highlighted
that CTH is more important to discriminate between WC types than for detecting WC
occurrence. Once again, this might be because this variable allows the identification of
elevated clouds, which are a signature of deep WC. TB 89 GHz and IWP have a more
marginal impact. This is likely because, as we showed previously (e.g., in Figure 2), areas
with high ice content are not always associated with WC occurrence. Note that stroke
number and DC occurrence have not been selected as significant in any case and thus
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have been deemed as unrelated to WC occurrence or type by the algorithm. As explained
before, stroke occurrence is not a good indicator of WC occurrence or intensity, and this is
confirmed here.

4. Discussion

In this paper, we argue that MW-based diagnostics of the WC which were originally
developed for TC can also be applied to Medicanes, as highlighted in Section 3. In particular,
the 54 GHz temperature sounding channels can provide useful information on the WC’s
characteristics (cyclone center, depth, symmetry, and intensity). Moreover, the MW-based
analysis of the cloud (IWP and CTH) and DC properties (occurrence, position, strength,
and lightning activity) in the proximity of the cyclone center, combined with the evolution
and characteristics of the WC, provides additional information to delineate Medicanes’
formation processes during their possible transition to the TLC phase. From the analysis of
the six Medicanes presented in Section 3.2, it is evident that WC and DC characteristics vary
significantly among them, thus making it difficult to identify common behaviors. This is in
line with the current debate in the scientific community about finding a comprehensive
definition for “Medicane” (see also [15]). For instance, persistent deep WC, i.e., a clear
isolated round-shape positive TB anomaly region visible in all channels, was observed
only for the two most intense cases (Ianos and Zorbas). In all other cases, a shallower
WC was observed in both Ch. 6/7 and Ch. 7/8 and hardly ever only in Ch 6/7 (only
in two overpasses for Numa, one for Qendresa, and one for Trixie at the early stages of
their evolution).

The DC properties also highlight very interesting features. The distribution of the
DC distance from the WC center (shown in Figure 6a), shows a limited spread because it
refers only to the DC pixels within the 100 km radius and only to the overpasses with WC
(where DC occurs rarely, see the low percentage values in Table 2). It also evidences that
DC mostly occurs at the edge of the area considered. Such behavior is very different from
what is usually observed for the overpasses with no WC, such as at the early development
phases (not shown in this study) where DC activity is stronger and in close proximity to
the cyclone center (see also [23,24]). The results suggest that the behavior of DC during
the WC is highly variable. The median DC distance from the WC center (around 80 km)
seems to be consistent with [63], where the composite of ERA5 precipitation distribution
for 59 Medicanes shows that it increases from the center to ~0.8◦ and then decreases. Our
results seem different from what observed in most Mediterranean cyclones associated with
heavy precipitation [60], where development of DC “is favored close to cyclone center (and
towards their eastern side), most probably due to the system fronts”. Another important
aspect is the lack of symmetry in DC distribution around the WC center which finds
some correspondence with convection distribution in TCs. For example, [64] investigates
the asymmetric distribution of convection in TCs over the western North Pacific during
the period 2005–2012. The rear-left quadrant relative to TC motion shows the highest
occurrence rate of convection, while the front-right quadrant has the lowest. In terms of
intensity, weak convection is favored in the front-left of a TC at large distances, whereas
strong convection is more likely to appear to the rear-right of a TC within a 300 km range.
The authors of [65] analyzed TCs of hurricane strength showing the occurrence of an
eyewall precipitation and updraft asymmetry whose maxima are located in the downshear
and downshear-left regions.

It is worth noting that satellite-based WC and DC properties can provide further
elements to identify different formation processes in Medicanes in support of model-based
studies [14,16]. In those studies, different categories (or groups) of Medicanes have been
identified based on the role of diabatic versus baroclinic processes in WC development.
For example, it is clear that Ianos and Zorbas have very distinct features compared to the
others. The PMW deep WC structure observed during their mature stage, with highest
TB anomaly, is an indication that diabatic forcing might be much stronger in Ianos and
Zorbas, which are associated with Category A Medicanes defined by [16] (see also Table 1),
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than it is for the other Medicanes. However, it is difficult to attribute the role of WISHE or
upper-level dynamics. For example, [66] shows that at first, Zorbas on 27 September 2018,
12:00 UTC, was dependent on the upper-level dynamics, and was associated with a warm-
air seclusion. At a later stage, on 28 September 2018, which is the time we have focused
on here, before landfall in Greece, strong DC had eroded the upper-level PV streamer
suggesting that the observed WC at upper levels is due to intense DC activity close to the
cyclone center. It is worth noting that Ch. 8/9 can be very useful in revealing stratospheric
intrusions and merging of the WC with upper-level troughs in the early or late phases
of the Medicane’s development (as shown in Figure 4); this is consistent with previous
studies where AMSU-A Ch.8 has been used for diagnostics of potential vorticity intrusions
in the Mediterranean [48]. Figure 9, for example, shows the TB in Ch. 8 and Ch. 9 over a
larger area (to possibly identify stratospheric intrusion) for the ATMS and AMSU-A/MHS
overpasses shown in Figures 3 and 4, respectively.
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For the ATMS overpass (Figure 9a), when the WC is visible in the lower channels, a 
stratospheric warm-air intrusion is depicted by higher values of TB in Ch. 9 located north-
west of the Medicane’s WC. Eight hours later the AMSU Ch. 8 reveals the transition to a 
fully tropical-like structure, with a deep WC system extending to the tropopause, as 
shown in Figure 3, but the upper-air trough has substantially weakened. In this case, a 
bottom-up WC development is probable (i.e., the upper-level trough has weakened but 
the WC has a clearer definition); however, we cannot exclude the possibility of 
stratospheric air intrusion given the absence of in situ observations. 

Figure 9. Limb-corrected TBs for 55.5 GHz frequency channel (ATMS Ch. 9 (a) and AMSU-A Ch. 8 (b),
respectively) relative to the Ianos overpasses on 17 September 2020 shown in Figure 4, at 00:18 UTC,
and Figure 3, at 08:35 UTC, respectively. Note that Ch. 8/9 have weighting functions peaking around
200 hPa. The black x indicates the position of ERA5 minimum MSLP, while the black circle indicates
the WC center position.

For the ATMS overpass (Figure 9a), when the WC is visible in the lower channels,
a stratospheric warm-air intrusion is depicted by higher values of TB in Ch. 9 located
north-west of the Medicane’s WC. Eight hours later the AMSU Ch. 8 reveals the transition
to a fully tropical-like structure, with a deep WC system extending to the tropopause, as
shown in Figure 3, but the upper-air trough has substantially weakened. In this case, a
bottom-up WC development is probable (i.e., the upper-level trough has weakened but the
WC has a clearer definition); however, we cannot exclude the possibility of stratospheric
air intrusion given the absence of in situ observations.

A cut-off low transition to a WC system can be difficult to interpret with satellite data
since the lowered tropopause and subsequent intrusion of warm stratospheric air in the
upper channels can suggest an upper-level WC. In these cases, the transition to a TLC can
often be seen in the lower AMSU/ATMS channels first in correspondence with DC near the
inner core of the cyclone, which gradually warms the mid-troposphere through the release
of latent heat. A TB warm-anomaly signal may continue to be detected in the AMSU upper
channels during the detection of a low-level WC. According to [16], such a set-up may be
associated with Category B Medicanes when baroclinicity is still present (evident by the
upper-level trough detection) even at the mature Medicane phase. Eventually, increasing
wind shear may erode the upper WC and the TB warm anomaly may disappear from Ch.
8/9, although lower channels may continue to depict the Medicane WC. Our findings
suggest that such behavior seems to correspond to Medicanes Apollo and Trixie, which
exhibit a similar shallow WC structure with scarce DC activity, at the furthest distance
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(on average) from the WC center among the analyzed Medicanes. They also show similar
cloud properties (in terms of CTH and IWP) (Table 2 and Figures 5–7). On the other hand,
Qendresa and Numa show distinct features with respect to the other two. Numa remained
almost stationary over the Ionian Sea for 36 h [1,23] and shows a long-lasting (21 h) but
very weak shallow WC structure (limited in size and with the lowest TB anomaly among
all analyzed cases), and weak DC activity in proximity to the WC center. Qendresa is very
intense in terms of minimum MSLP, although our analysis shows weak and very limited
DC activity during the WC phase (low CTH and IWP in Figure 6), with very few DC pixels
found only within the deep WC (shown in Figure 5). This seems to be consistent with [42]
who found that the upper-level dynamics play an important role in cyclone development.
According to [1], Qendresa never developed an upper-level warm core, but is nevertheless
widely recognized as a Medicane (e.g., [18]). Qendresa’s WC and DC characteristics that
are highlighted in this study, including the deep WC shown in Figure 5, suggest that it
could have originated from a warm-air seclusion (see [4]).

MW-based diagnostics can be used also to track Medicanes (e.g., the cyclone center
position). In some of the analyzed cases, the WC center position determined from the
maximum TB anomaly is positioned within or near the area of minimum CTH at the
center and some deviations with respect to the ERA5 minimum MSLP are observed often
(Figures 2–4, and last column in Table 2). However, there are some important limitations
to be considered in the usage of the (limb-corrected) TB anomaly derived from 54 GHz
channels for WC detection and characterization. One is the low and variable spatial
resolution (as pointed out in Section 3), and the other is contamination due to precipitation
on the measured TBs, in particular the cooling effect due to the scattering by the ice
hydrometeors in correspondence with convective clouds. In this study, such cooling effects
on TBs have been corrected using correction parameters that have been derived from
tropical-cyclone climatology [55] but, as seen in Figure 3, they are not always completely
eliminated in the presence of strong scattering. Moreover, due to the low spatial resolution,
which varies across the radiometer’s swath, the WC may be undersampled, especially on
the edges of the swath. In this case, the TB anomaly (which can be used as a proxy of the
Medicane intensity) is underestimated, and the WC center position may be affected by large
uncertainty (at least of the field-of-view (FOV) size). The use of high-frequency channels or
the CTH (as shown in Figure 2), or ASCAT surface winds when available, provide further
elements to verify to what extent the WC center corresponds to the cyclone center.

5. Conclusions

In this study, we used PMW measurements together with ancillary data, such as
lightning stroke occurrences, to shed a new light on six Medicanes that developed between
2014 and 2021. Specifically, we focused on WC and DC occurrence and characteristics to
better understand dynamics and thermodynamics within Medicanes. First, we applied a
methodology, originally developed for TCs, which is able to identify and characterize WC
using the 54 GHz oxygen absorption band observations. Results highlight the possibility to
describe WC depth, intensity, and symmetry using this approach. For instance, we show
that only Ianos and Zorbas (and marginally Qendresa) were associated with a deep WC
structure. We expanded the Medicane analysis focusing on DC-related cloud properties
including CTH, IWP, and lightning activity. Hence, we show that IWP ranges, on average,
between 3.5 and 5 kg m−2 in DC while being around 2 kg m−2 outside the DC cluster.
CTH shows significant variability among Medicanes ranging from 10 to 13 km in DC
(between 8.5 and 11.5 km outside convective clouds). The six Medicanes are characterized
by scarce lightning activity and a weak scattering signal at 89 GHz in the WC region, also
in the presence of DC, with high CTH and large IWP, indicating the possibility that strong
horizontal winds inhibit the growth of large-size rimed particles, as well as gravitational
charge separation and electrification processes, as suggested by [24]. We also investigated
the relationship between WC characteristics and DC behavior. Firstly, we analyzed DC
properties within a 100 km radius from the WC center and then we built a temporal
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composite of IWP around each Medicane center in order to highlight potentially favored
quadrants for heavy DC development. Even if north-western quadrants have the most
intense DC activity (with IWP values above 9 kg m−2) for the two most intense Medicanes,
i.e., Ianos and Zorbas, no final conclusion can be drawn on a privileged region for intense
convective development. This analysis also revealed that cyclone centers, deduced from
the WC TB anomaly, are well defined with ice-free central regions. In the last section of
results, we went a step further into the WC–DC relationship as we used a machine learning
model to identify the variables, among TB, IWP, CTH, stroke number, and DC occurrence,
that are the most effective to detect WC and to discriminate between shallow and deep
WCs. Therefore, we computed so-called variable importance and showed the high impact
of temperature sounding channels for characterizing WC with TB at 54.94 GHz (Ch. 7(8))
being the most effective for detecting WC and TB at 55.5 GHz (Ch. 8(9)) being the best for
distinguishing between shallow and deep WC.

This study also aims at contributing to our understanding of the connection of DC
(i.e., the intensity and asymmetry in the radial distribution) to WC structure. The two
Medicanes with predominant deep WCs, Ianos and Zorbas, exhibit an asymmetric but
deep and intense convection, while in other cases (mostly shallow or very shallow WC)
an azimuthally symmetric and weak convection is observed. As shown in a previous
study [17], the distribution (symmetry and distance from the center) and intensity of DC
activity in the storm plays an important (but not exclusive) role in Medicanes intensification.
Our study shows that during the WC phase in Medicanes categorized as Category A
(Table 1), DC is more intense (although much weaker than during the early development
phase), asymmetrically distributed around the WC center, and found in close proximity
to the WC center. On the other hand, in the other four Medicanes, which are categorized
as Category B (Table 1), DC is weaker, rare, and hardly found in proximity to the WC
center. These four Medicanes show a large variability in WC and DC characteristics. Trixie
and Apollo exhibit a similar shallow WC structure with scarce DC activity, at the furthest
distance (on average) from the WC center; Numa shows the weakest and most shallow WC
structure, although weak DC activity is found in proximity to the WC center; Qendresa,
which is very intense in terms of minimum MSLP, shows mostly shallow WC and almost
absent DC activity (found only during the brief deep WC phase).

This study shows, for the first time, the relationship of WC to DC in the Mediterranean
from an observational perspective. A more extensive study will be carried out in the
future to analyze the changes in Medicanes’ DC activities before, during, and after the WC
phase and to explore more in-depth differences and analogies with Mediterranean cyclones’
climatology. In this regard, analogies with TCs could be further investigated in the future.
Rogers et al. [65] analyzed rapid intensity change (RIC) in TCs in relation to the occurrence
of DC with respect to the dynamically significant vortex structure (as depicted by the radius
of maximum wind (RMW)). The authors found that for intensifying TCs the peak in the
distribution of DC was preferentially located inside the RMW, at close distances from the
storm center, whereas for steady-state TCs the DC was primarily located outside the RMW.
An extensive study based on satellite-based surface winds, WC, and DC diagnostics would
be useful to assess if similar behavior is observed in Medicanes, although baroclinic forcing
might have a large share on the intensification and on the DC location.

The PMW-based diagnostics of the WC, associated DC, and cloud features presented
in this study offer important information about the nature of cyclones and their possible
transition to the TLC phase. Such satellite-based information can be exploited to provide
insights about the different Medicanes’ driving formation mechanisms and can contribute
to the current debate in the scientific community on their definition and classification
based on the relative importance of baroclinic and diabatic processes [11,12]. Analyzing
the evolution of the WC exploiting the different satellite overpasses available, it is possible
to capture the transition to a fully tropical-like structure (Category A), or a persistent
warm-anomaly signal in upper channels (Ch.8/9) during the detection of a low-level WC
(Category B), or the merging with a pre-existing baroclinic system (Category C) (case
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not analyzed in the present article). PMW radiometers can also be effectively used for
surface rainfall estimation associated with precipitation systems over the Mediterranean
Sea including Medicanes (see for example [67,68]). A detailed and extended analysis of
PMW-based precipitation estimates in relation to WC and DC properties will be carried
out in the future to gain insights about the role of diabatic processes in Medicanes’ WC
development and transition to TLC phase.

This study represents the first step towards an automated PMW-based identification
of WC features (depth, symmetry, and intensity) which, associated with DC and cloud
properties diagnostics, could be used for tracking Medicanes’ (and more generally Mediter-
ranean WC cyclones’) center positions, as well as their formation and evolution processes,
integrating the information available from NWP models. To this purpose the scattering
correction procedure and the WC center detection presented in this study will be refined
using machine learning approaches trained on large datasets of Mediterranean cyclones.

It is worth noting that all current operational PMW radiometers (AMSU/MHS on
board NOAA and MetOp satellites, and ATMS on board SNPP and JPSS series satellite)
as well as the future European MetOp-SG MWS and MWI radiometers, are equipped
with 54 GHz band temperature sounding channels to be used for WC detection, and with
high frequency channels for DC and cloud properties diagnostics. The availability of a
large number of operational satellites (eight at the moment) and the wide swath (around
2500 km for cross-track scanning radiometers) ensure a very good spatial and temporal
coverage over the Mediterranean area. These radiometers can be exploited in the future
towards the development of satellite-based tracking and intensity estimation of Medicanes
in a operational setting (similarly to what is done for TC, [30]), possibly combining the
MW-based products with the Meteosat Third Generation (MTG) VIS/IR and lightning
measurements (which will be soon available) to enhance tracking methods, especially when
the WC is of limited size.
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