
Unveiling the Relationship Between Mediterranean
Tropical‐Like Cyclones and Rising Sea Surface Temperature
E. Avolio1 , C. Fanelli2 , A. Pisano3 , and M. M. Miglietta4

1National Research Council of Italy, Institute of Atmospheric Sciences and Climate (CNR‐ISAC), Lamezia Terme, Italy,
2National Research Council of Italy, Institute of Marine Sciences (CNR‐ISMAR), Naples, Italy, 3National Research
Council of Italy, Institute of Marine Sciences (CNR‐ISMAR), Rome, Italy, 4National Research Council of Italy, Institute of
Atmospheric Sciences and Climate (CNR‐ISAC), Padua, Italy

Abstract Leveraging the Copernicus high‐resolution multi‐year Mediterranean Sea Surface Temperature
(SST) dataset, 15 selected tropical‐like cyclones (TLCs) are analyzed with the objective of elucidating the
anomalies of SST at the time of cyclogenesis and the connection between the change in SST during the cyclone
lifetime and its characteristics. The long‐term SST increase associated with climate change is identified by
comparing detrended and original anomalies. Detrending removes the effect of the intensification of SST
anomaly over time, revealing that no significant anomalies generally emerge in the early stages of the TLC
lifetimes. Conversely, winter events exhibit early‐stage positive SST anomalies. Also, high SST values were
observed during the intensification of the most intense cyclones. A cold SST anomaly is left after the passage of
the cyclones, due to the intense sea surface fluxes extracting heat from the sea.

Plain Language Summary Mediterranean tropical‐like cyclones are severe weather events able to
produce large socio‐economic and environmental impact, as well as considerable damage. On average, 1.5 such
events affect the Mediterranean each year. In this study we assess the Sea Surface Temperature conditions
related to the events reported in the literature of the past four decades. We use a high‐resolution multi‐year SST
dataset over the Mediterranean Sea, to reveal the potential relationship between the change in SST before and
during the cyclone's lifetime and their features. Our results show that SST plays an important role in the
intensification phases of the events, while no significant SST anomaly emerges in the early stages for most of the
cyclones.

1. Introduction
Mediterranean Tropical‐Like Cyclones (TLCs), also known as medicanes (short for MEDIterranean hurri-
CANES; Emanuel, 2005), are mesoscale low‐pressure systems showing visual and physical similarities with
tropical cyclones. As tropical cyclones, medicanes develop over the sea and rapidly decay after landfall, showing
a deep warm core, a central eye, and spiral‐like cloud bands; although TLCs have smaller horizontal scales and
weaker intensity than tropical ones, they may be still responsible for severe damage on coastal areas, mainly
caused by strong winds, heavy rainfall, storm surges and flooding (Flaounas et al., 2022).

In their initial stage, TLCs develop through baroclinic instability, which is the main mechanism of development of
extratropical cyclones. Conversely, in their mature stage, they are mostly or partly driven by strong diabatic
processes fed by the transfer of energy from the sea to the atmosphere (air–sea interaction), similarly as tropical
cyclones (Emanuel, 2005). A clear difference between the Mediterranean and the Tropics lies in the different
values of sea surface temperature (SST): the well‐known threshold of 26.5°C, which is not valid for TLCs
affecting the subtropics (McTaggart‐Cowan et al., 2015), is also not satisfied in the Mediterranean Sea during
autumn and winter (e.g., Table 1 in Miglietta et al., 2013), the period favorable to their development.

Few studies have explored the influence of SST on TLCs. Almost all refer to case studies and/or sensitivity
experiments with numerical models where the SST is modified to assess cyclone intensity changes (e.g., Miglietta
et al., 2011). Also, coupled atmosphere‐ocean models have been employed to represent the feedback between the
sea and the atmosphere (e.g., Ricchi et al., 2017). These studies suggest that the role of SST on the development of
TLCs largely depends on the peculiarities of the individual cases; some of these studies are briefly commented in
the Supporting Information S1 (SI hereafter) section.
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The objective of the present work is to further investigate the possible relationship between SST and TLCs,
considering the most important Mediterranean TLCs identified in the literature in the last 42 years (1982–2023).
Our analysis includes original (SSTA) and detrended (DSSTA) SST anomalies, whose comparison allows to
account for the impact of climate change (further discussion in Supporting Information S1). Furthermore, we aim
to reconsider the outcomes of Cavicchia et al. (2014) (which was based on NCEP/NCAR reanalysis downscaled
by CCLM at 10 km resolution in the period 1948–2011) that SST anomaly is not relevant at medicane formation
time, using a higher resolution dataset and extending the analysis to recent cyclones.

2. Materials and Methods
2.1. TLCs Detection and Tracking

All the considered TLC tracks are identified adopting a new methodological approach (Flaounas et al., 2023), that
combines overlapping tracks from 10 different cyclone detection and tracking methods, originally applied to
ERA5 reanalysis (Hersbach et al., 2020) in the 42 year period 1979–2020. These methods consider, for the
cyclone center detection, the local maxima of relative vorticity or the local minima of geopotential height or mean
sea level pressure (MSLP). For the most recent TLCs (from 2020 onward), not included in the dataset, we
considered the ERA5 (Hersbach et al., 2023) local minima of MSLP for the cyclone detection.

To study each cyclone during its lifecycle we have defined two specific times, which correspond respectively to
the initial phase (T1) and the mature phase (T2) of each TLC. The former refers to the time of cyclogenesis (i.e.,
the time at which the cyclone forms), the latter is the time of the minimum value of MSLP during the cyclone
lifecycle; each time corresponds to a (different) position.

2.2. SST Data Set

The employed SST dataset is the Mediterranean Sea – High Resolution L4 Reprocessed Sea Surface Temperature
product, freely distributed through the Copernicus Marine Service (European Union‐Copernicus Marine Ser-
vice, 2015). This dataset consists of daily (nighttime), multi‐sensor optimally interpolated (level‐4, L4) estimates
of the foundation SST (i.e., the temperature free of diurnal cycle), provided at 0.05° × 0.05° nominal grid res-
olution and covering the period from 1 January 1982 to present (up to 1 month before real time).

A daily SST climatology, defined as the daily pixel‐wise mean over the period 1982–2021, is used to compute
daily SST anomalies and detrended SST anomalies. Further information about the dataset and the climatology/
anomalies computation are provided in Supporting Information S1.

Following the TLC tracks obtained from the 3 hr ERA5 fields, the corresponding daily SSTs and SST anomalies
have been calculated considering the average over squared boxes of 100 km side centered at the points along each
track, in order to include the areas where the air–sea interaction is most intense, as well as considering the
medicane's dimensions and the typical length scale of relevant mesoscale ocean dynamics. In the cases where a
track‐point was over land, the nearest track‐point over sea was considered.

3. Results and Discussion
3.1. SST Trend and TLCs

The Mediterranean Sea, known for its high sensitivity to climate variability and change (Giorgi, 2006), is
experiencing significant warming in SST. Between 1982 and 2023, the Mediterranean SST has increased at a rate
of 0.041 ± 0.001°C/year (Figure 1a) (Pisano et al., 2020), nearly four times faster than the global average SST
trend of 0.009 ± 0.0006°C/year for the period 1981–2018 (Bulgin et al., 2020).

The spatial distribution of theMediterranean SST trend (Figure 1a) makes evidence of an uneven warming pattern
across the entire basin, the western basin getting warmer at a slower rate than the eastern one. This analysis leads
to the identification of a cumulative average warming in 42 years of about 1.47 ± 0.18°C in the western Med-
iterranean (i.e., between 5°30′W and 10°E), 1.76 ± 0.19°C in the central Mediterranean (i.e., between 10°E and
22°E), and 2.08 ± 0.18°C in the eastern Mediterranean (Levantine‐Aegean seas, namely for longitudes greater
than 22°E).
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Monthly mean SST, SSTA and DSSTA time series are also reported, covering the same period, with 15 points
superimposed to represent the absolute (Figure 1b) and anomaly temperature values (Figures 1c and 1d) for each
medicane at time T1. This graphical representation provides a global view of the basin‐average monthly mean
temperatures (computed between 5°W and 22°E, i.e., the region where all the considered TLCs developed),
showcasing SST, SSTA and DSSTA values. Obviously, the DSSTA time series (Figure 1d) does not show the
linear increase present in the SSTA time series (Figure 1c) owing to the warming trend. The overlaid points allow
to highlight the presence of possible patterns of warmer or colder SST (or anomalies in panels c,d) in the TLCs'
development areas, compared to the average monthly values calculated on the central and western Mediterranean;
vertical bar charts in Figure 1b) further facilitate this assessment.

Most of the cyclones (12 cases) developed with SST values higher than the corresponding basin‐average monthly
mean SST (Figure 1b). In two cases, SSTs were in line with the average and only one cyclone, Ilona, originated
over colder SST compared to the corresponding spatial‐averaged monthly mean. A different behavior emerges
when detrended anomalies are considered (Figure 1d), with 11 cyclones formed over negative anomalies. It is

Figure 1. (a) Spatial map of the Mediterranean SST trend (°C/year) over the period 1982–2023; monthly mean time series
from 1982 to 2023 spatially averaged between 5°W and 22°E of (b) SST, (c) SSTA and (d) DSSTA. Superimposed on the
three time series, 15 points represent the SST (b) and SST anomalies (c), (d) of each medicane at T1. Bar charts in panel
(b) indicate, for each TLC, the difference between SST at T1 and the spatially averaged monthly SST; red (blue) colors
indicate SSTs warmer (colder) than the monthly average.
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interesting to note the features of some cyclones. Leucosia, Callisto, Celeno, and Cornelia all developed over an
area with SST warmer than the basin‐average monthly mean (Figure 1b), but the two “autumn” TLCs (Callisto
and Cornelia) developed with negative SST anomalies, while the two “winter” TLCs (Leucosia and Celeno) with
positive SST anomalies. Ianos and Daniel, two recent TLCs, both developed under very warm sea conditions
(Figure 1b) but with slightly negative DSSTA (Figure 1d). This result suggests that, for the development of
medicanes, the absolute SST values have a more marked role rather than that of their anomalies.

3.2. TLC Tracks and Along‐Track SST Anomaly

The spatial mapping of the 15 tracks shows that almost the whole Mediterranean basin is affected by at least one
medicane (Figure 2a) during its lifecycle. Based on the positions at both T1 and T2 times (Table 1, and Figure S1
in Supporting Information S1), it follows that the medicanes considered in this study mainly developed in the
central and western Mediterranean basin, with a major concentration in the Ionian Sea (nine events). None of the
considered events developed in the Levantine–Aegean Sea or in the Adriatic Sea. Most events occurred in the
months of September–October–November (11), while only a small fraction in December–January (4), confirming
the marked seasonality of these events known from climatological studies (Cavicchia et al., 2014; Tous &
Romero, 2012; Zhang et al., 2021).

Along their path, the medicanes crossed marine areas with predominantly negative DSSTA (predominant bluish
colors, Figure 2b); analogous considerations hold when considering SSTA (Figure S2 in Supporting Informa-
tion S1). Few exceptions refer to the December‐January TLCs (Figure 2e), mainly developing in a positive

Figure 2. (a) Tracks of the 15 medicanes identified by different colors and (b) DSSTA (°C) along the tracks; black points represent points over land. The three bottom
panels show DSSTA track‐time series (grouped for months) for TLCs occurring in (c) September, (d) October–November and (e) December–January.
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detrended SST anomaly environment. Recently, Gutierrez‐Fernandez et al. (2024) showed that two of these
cyclones (Celeno and Leucosia) have peculiar characteristics, with features similar to polar lows (sensible heat
fluxes larger than latent heat fluxes). Considering their occurrence in January, we can hypothesize that the SST
needs to be somehow above average to determine a vertical temperature gradient with the upper troposphere
sufficient to trigger intense convection (Palmen, 1948).

Table 1 reports the list of the TLCs considered in the study. For each cyclone, the SST and anomaly values (SSTA
and DSSTA) are calculated at both T1 and T2 times, considering the average in a box of 100 × 100 km centered at
the T1/T2 positions. Furthermore, the table reports the SST difference from 5 days before to 5 days after the
mature phase (averaged in a 100 km wide box centered at T2). The cyclogenesis occurred, on average, over SSTs
of 21.8°C, in agreement with previous findings (Tous et al., 2013), and with a weak negative DSSTA of − 0.2°C;
in their mature phases the TLCs evolve in the presence of larger negative DSSTAs, on average of − 0.8°C, due to
the larger extraction of heat from the sea when the cyclone is stronger.

A limited number of cyclones developed over positive DSSTA. These cases are mainly winter events growing in
their initial phase over the Ionian Sea (i.e., Leucosia, Celeno, and Zeo), with the only exception of Rolf that
developed in November over the Balearic Islands. Two events are characterized by a clearly (early‐stage)
negative DSSTA: Callisto and Cornelia. Since these events occurred at the beginning of the considered time
series, the detrending has a stronger effect and the negative anomaly is even more intense if we consider the SSTA
value. Conversely, the most recent cyclone Daniel develops in an environment with a slightly positive SSTA
(0.1°C) but, once the trend is removed, it presents a negative DSSTA (− 1.1°C). Hence, no positive detrended SST
anomalies are needed for the generation of medicanes although, as suggested by previous studies, a higher SST
value may be favorable to their intensification (Miglietta et al., 2011; Pytharoulis, 2018).

Table 1
List of the Selected Medicanes

T1 T2

Name
Time [dd/mm/

yy hh] LON‐LAT [°]
SST
[°C]

DSSTA
[°C]

SSTA
[°C]

Time [dd/mm/
yy hh] LON‐LAT [°]

SST
[°C]

DSSTA
[°C]

SSTA
[°C]

△SST
[°C]

Leucosia 23/01/82 12 15.52–33.76 17.76 1.53 0.68 25/01/82 03 15.60–35.98 14.67 − 0.05 − 0.74 − 0.43

Callisto 26/09/83 09 17.30–34.96 23.72 − 1.18 − 1.99 27/09/83 18 10.95–37.09 22.90 − 0.55 − 1.36 − 1.45

Celeno 13/01/95 00 16.56–36.06 16.75 0.86 0.63 14/01/95 15 19.48–36.90 15.67 0.11 − 0.19 − 0.97

Cornelia 06/10/96 06 4.76–37.22 21.55 − 1.51 − 1.78 07/10/96 03 5.85–39.17 20.87 − 1.79 − 2.19 − 2.67

Zeo 13/12/05 03 14.02–32.93 20.63 0.82 0.91 14/12/05 03 13.05–34.48 19.09 0.28 0.35 − 1.90

Querida 26/09/06 00 16.58–36.68 24.53 − 0.49 − 0.44 26/09/06 12 16.64–40.47 23.83 − 0.37 − 0.25 − 0.76

Rolf 04/11/11 18 0.19–40.49 20.59 0.69 0.92 04/11/11 18 0.19–40.49 20.59 0.69 0.92 − 1.63

Ilona 18/01/14 21 − 11.50–39.96 14.74 − 0.39 − 0.09 19/01/14 09 − 2.55–36.15 15.52 − 0.15 0.21 − 0.27

Qendresa 06/11/14 03 11.16–33.45 23.17 − 0.19 0.15 07/11/14 09 12.39–36.00 20.69 − 1.22 − 0.89 − 1.80

Numa 14/11/17 00 13.51–39.62 19.31 − 0.74 − 0.05 14/11/17 00 13.51–39.62 19.31 − 0.74 − 0.05 − 1.12

Zorbas 27/09/18 00 18.85–33.21 25.93 − 0.80 − 0.05 28/09/18 03 18.79–33.93 24.17 − 2.22 − 1.52 − 3.09

Ianos 15/09/20 00 16.83–32.22 27.24 − 0.52 0.24 17/09/20 03 17.60–36.69 23.66 − 2.85 − 2.09 − 2.40

Apollo 24/10/21 00 13.00–35.00 24.22 − 0.30 0.44 28/10/21 06 16.00–34.75 23.64 − 0.65 0.10 − 1.19

Blas 07/11/21 06 8.00–39.25 20.42 − 0.10 0.55 11/11/21 06 3.25–40.00 19.18 − 1.08 − 0.38 − 2.31

Daniel 04/09/23 18 20.75–37.50 25.86 − 1.08 0.09 11/09/23 00 23.00–31.00 26.13 − 1.29 − 0.33 − 1.24

MEAN 21.76 − 0.23 0.01 20.66 − 0.79 − 0.56 − 1.55

Note. The table reports the names, the dates (hours in UTC), the positions (longitude‐latitude), the SST values, the SST anomalies (both detrended and not detrended),
and the difference in SST (from T2 − 5 days to T2 +5 days). All the information is provided for both T1 and T2 times. Last row (bold‐italic values) refers to the average
values of the corresponding columns.
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3.3. TLCs in the Early Stage

A comprehensive view of the spatial anomaly distribution over which all TLCs developed is depicted in Figure 3.
While the DSSTA fields are shown for a fixed time (T1), the overlaid cyclone trajectory occurs over a time‐
evolving SST; however, this representation allows us to assess:

1. the prevailing presence of small negative DSSTA in the cyclone triggering phases (in agreement with Table 1).
2. a moderate positive DSSTA for the winter TLCs.

For completeness, we report a similar figure for SSTA (Figure S3 in Supporting Information S1), from which a
more pronounced positive anomaly can be seen for many events.

Particular attention should be paid to three very intense cyclones: Ianos (Lagouvardos et al., 2022), Rolf (Ricchi
et al., 2017), and Zorbas (Portmann et al., 2020). Only Rolf developed on positive detrended SST anomalies,
while for Ianos and Zorbas the values were slightly negative at T1; however, anomalies for Ianos and Zorbas
became strongly negative at T2 (Table 1). Our interpretation is that Zorbas and Ianos extracted a lot of energy
from the Mediterranean Sea during their intensification phase; these cyclones developed over the far south
Mediterranean Sea in September, when the SST beneath them was still high, even if the anomaly was negative; by
their mature stage, they have already cooled down the sea (thus the anomalies at T2 were strongly negative; see
Figure S4 in Supporting Information S1). Apparently, for these intense TLCs, the high SST values were favorable
for their strong intensification and no positive anomaly was needed. Our results do not contradict the presence of a
positive SST anomaly in Ianos (near Greece, as mentioned in Lagouvardos et al., 2022), since this was present at

Figure 3. Spatial map of DSSTA (°C) at time T1 for each medicane with its (time‐varying) trajectory overlaid on each map.
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T1 (Figure 3). However, when the cyclone moved toward Greece and reached its mature stage (T2), the SST
anomaly below the cyclone was negative.

3.4. TLCs in the Mature Phase: Cooling Effect

In this section we discuss the SST cooling from 5 days before to 5 days later, centered at each T2 time/position for
all TLCs (thus covering the longest‐lasting cyclone lifetime). The time series in Figure S4 (Supporting Infor-
mation S1) represents the change in SST due to the extraction of energy from the sea surface by the cyclone, also
favored by the increase of vorticity and wind speed in the mature stage. The curves confirm, for Zorbas and Ianos,
the most evident cooling in the areas of maximum cyclone intensity, both considering DSSTA and SSTA. A
cooling of the upper‐ocean layers has been observed and simulated in several medicanes (Bouin & Lebeaupin
Brossier, 2020; Ricchi et al., 2017; Varlas et al., 2020). The synergistic combination of intense water evaporation,
vertical mixing mechanisms, and mixed layer uplift induced by the intense wind associated with TLCs, may
determine a SST cooling along the TLC's trajectories (Kassis & Varlas, 2021; Menna et al., 2023). Scardino
et al. (2024) have assessed that the thermal drops of some medicanes at different water depths may occur already
before the time of cyclogenesis. As discussed in Miglietta et al. (2021), some medicanes, like Zorbas or Cornelia,
show strong sea surface fluxes not directly related to the cyclonic circulation, but associated with mesoscale wind
outbreaks over the Mediterranean induced by topographic features, that contribute to create a favorable envi-
ronment for the intensification of the cyclones already before their development. Finally, a short discussion about
the possible relationship between the cooling and the (monthly) mixed layer depth (MLD) is provided in Sup-
porting Information S1.

Figure 4 permits evaluating the cooling effects associated with TLCs considering the whole Mediterranean basin.
Each panel shows the 10‐day difference in SST centered at time T2. On average, the medicane‐induced cooling
effect (at T2 time/position) is − 1.6°C (Table 1); some “autumn” cases (Callisto, Cornelia, Qendresa, Zorbas,
Ianos, Daniel and Blas) exhibiting an even more pronounced cooling (on average − 2.1°C). This is not unex-
pected, considering that these cyclones are among the most intense, developing over warmer SST, and therefore
the ones that drain more energy from the sea to the atmosphere.

It is interesting to note some analogies and differences between three cyclones (Zorbas, Ianos and Daniel) all
occurring in September and affecting the same area. In particular, these cyclones exhibit the highest (similar)
early‐stage SST: 25.9°C (at T1) for Zorbas and Daniel, 27.2°C (at T1) for Ianos, and a similar early‐stage negative
DSSTA (about − 0.8°C, on average). At the same time, the SST pattern and cooling are different: for the Daniel
case, a prevailing negative SST anomaly at T1 is visible over the whole basin, while in the other two cases the
anomaly is negative near the development area, but positive in the rest of the basin (Figure 3); also, the cooling at
T2 over the sea affects the whole basin for Zorbas (this abrupt surface cooling was also studied by Kassis &
Varlas, 2021), while for the other two TLCs, the cooling is confined in the area crossed by the cyclones (Figure 4).

4. Conclusions
Results suggest that the SST anomaly does not play a significant role in the development of Mediterranean
cyclones. In fact, the SST anomaly at the early stage is on average nearly zero. This result aligns with Cavicchia
et al. (2014), who found no significant SST anomalies where the cyclones developed. Also, the most intense
(Autumn) cases developed over high SST values, with small (often negative) SST anomaly; this result is
consistent with the results of several sensitivity studies (e.g., Bouin & Lebeaupin Brossier, 2020; Miglietta
et al., 2011; Varlas et al., 2023) which shows that a higher SST values (though not necessarily anomalous) favor
the development of the most intense cyclones.

On average, the medicanes analyzed are distributed in the whole basin, but with a major concentration in the
Ionian Sea. They most frequently occur in the months of September–October–November (11 cases out of 15).
Along their path, the TLCs cross marine areas with predominantly negative SST anomalies; this means that a
positive SST anomaly is not necessary for the development of medicanes. In particular: the TLCs develop, on
average, over SSTs of 21.8°C and with a (weak) negative detrended SST anomaly of − 0.2°C. For a few winter
cases, local positive SST anomalies of a few °C are observed, thus they contribute to the instability and the
intensification of these cyclones, which show characteristics similar to polar lows.
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The cyclones extract energy from the sea, so that a cold anomaly is left after their passage. A general cooling is
present for each TLC (on average an SST difference of − 1.6°C is observed between the cyclogenesis and after the
mature stage).

During cyclone formation, DSSTA is predominantly negative for most of the medicanes studied (11 out of 15). In
contrast, SSTA shows an increasing trend from negative to positive over the 1982–2023 period, reflecting the
influence of the warming trend, which is eliminated upon detrending (Figures 1c and 1d). The occurrence of the
most intense cyclones over warmer SST (early Fall) suggests that their intensification may be enhanced under
climate change conditions; this assessment aligns with prior research findings (e.g., Gonzalez‐Aleman et al.,
2019; Koseki et al., 2021).

While detrending separates the impact of climate change on SST, a comprehensive analysis of climate variability
should include the possible contributions of leading climate modes influencing the Mediterranean region, such as
the North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO) (see, e.g., Criado‐
Aldeanueva & Soto‐Navarro, 2020), to the detrended SST signal. This topic could be covered by future
investigation.

Figure 4. Spatial map of difference (from T2 − 5 days to T2 +5 days) in SST (°C) for each medicane with its (time‐varying) trajectory overlaid on each map.
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Data Availability Statement
The considered dataset for the ERA5 reanalysis is the “ERA5 hourly data on single levels from 1940 to present”
(Hersbach et al., 2023).

Composite cyclone tracks are derived by Flaounas et al. (2023). Data are provided as a Supplement in ASCII
format (Supplement of Weather Clim. Dynam., 4, 639–661, 2023, https://doi.org/10.5194/wcd‐4‐639‐2023‐
supplement).

The Mediterranean Sea L4 Sea Surface Temperature Reprocessed dataset is publicly available through the
Copernicus Marine Service (European Union‐Copernicus Marine Service, 2015) with product name
SST_MED_SST_L4_REP_OBSERVATIONS_010_021.
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