
Received: 21 April 2022 Revised: 29 November 2022 Accepted: 4 January 2023 Published on: 7 February 2023

DOI: 10.1002/qj.4432

R E S E A R C H A R T I C L E

A high-impact meso-beta vortex in the Adriatic Sea

Mario Marcello Miglietta1 Federico Buscemi2 Stavros Dafis3

Alvise Papa4 Alessandro Tiesi1 Dario Conte1 Silvio Davolio1

Emmanouil Flaounas5 Vincenzo Levizzani1 Richard Rotunno6

1National Research Council - Institute of
Atmospheric Sciences and Climate
(CNR-ISAC), Bologna, Italy
2University of Bologna, Bologna, Italy
3National Observatory of Athens, Institute
for Environmental Research and
Sustainable Development (NOA/IERSD),
Athens, Greece
4Centro Previsioni e Segnalazione Maree,
Venice, Italy
5Institute of Oceanography, Hellenic
Centre for Marine Research (HCMR),
Athens, Greece
6NCAR, Boulder, Colorado, USA

Correspondence
Mario Marcello Miglietta, CNR-ISAC,
corso Stati Uniti 4, 35127 Padua, Italy.
Email: m.miglietta@isac.cnr.it

Funding information
European Cooperation in Science and
Technology, Grant/Award Number: COST
Action CA19109 “MedCyclones”;
National Infrastructures for Research and
Technology S.A. (GRNET S.A.) in the
Greek HPC facility - ARIS, Grant/Award
Number: project adapt2CC; Tide Forecast
and Early Warning Center (CPSM) - Civil
Protection - Municipality of Venice,
Grant/Award Number:
Technical-Scientific Collaboration
Agreement with CNR-ISAC

Abstract
On the evening of November 12, 2019, an exceptional high tide – the
second-highest in the ranking since sea-level data have been recorded – hit the
city of Venice in northern Italy and its entire lagoon, damaging a large part of
its historical center. A small warm-core mesoscale cyclone, which formed in the
central Adriatic Sea and intensified during its northwestward movement toward
the Venice lagoon, was responsible for the event. The cyclone was preceded by
intense northeasterlies (Bora) in the northern Adriatic, which turned to south-
easterlies (Sirocco) and then southwesterlies after its passage. Simulations with
different initialization times were carried out with the Weather Research and
Forecasting (WRF) model. Simulation results show a strong sensitivity to the ini-
tial conditions, since the track (and strength) of the cyclone was determined by
the exact position of an upper-level potential vorticity (PV) streamer. The factors
responsible for the cyclone development and its characteristics are also investi-
gated. The pre-existence of positive low-level cyclonic vorticity, associated with
the convergence of the Sirocco and Bora winds in the central Adriatic, made the
environment favorable for cyclone development. Also, the interaction between
the upper-level PV anomaly and the low-level baroclinicity, created by the advec-
tion of warm, humid air associated with the Sirocco, was responsible for the
cyclone’s intensification, in a manner similar to a transitory (stable) baroclinic
interaction at small horizontal scales. Sensitivity experiments reveal that con-
vection, latent heat release and sea-surface fluxes did not play a significant role,
indicating that this cyclone did not show tropical-like characteristics, notwith-
standing its low-level warm core. Thus, the warm-core feature appears mainly as
a characteristic of the environment in which the cyclone developed rather than
a consequence of diabatic processes. Lastly, the cyclone does not fall into any of
the existing categories for Adriatic cyclones.
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1 INTRODUCTION

The Mediterranean basin is one of the “climate hotspots”,
where the intensity and/or frequency of intense weather
events (e.g., strong winds, heavy precipitation, storm
surges) is expected to increase (IPCC, 2021). The societal
impact of such extremes and the possible implications of
climate change have raised a renewed interest in the study
of Mediterranean cyclones, both in the scientific commu-
nity (Flaounas et al., 2022) and by the general public.
Accurate predictions are needed several days in advance
to prevent or at least to mitigate potential damage to peo-
ple, property, and environment. On a longer time scale,
the changes in cyclone location and intensity induced by
global warming have important implications for long-term
policy planning.

While most cyclones affecting the Mediterranean
have extratropical characteristics, subsynoptic, hybrid vor-
tices, known as Medicanes or Mediterranean tropical-like
cyclones, are occasionally observed in the Mediterranean
(Emanuel, 2005; Miglietta, 2019). Although they are
receiving increasing attention in the scientific literature,
the mechanisms of development and intensification are
not yet fully understood.

The intensification of Medicanes was shown to criti-
cally depend on sea-surface temperature (SST; Miglietta
et al., 2011; Pytharoulis, 2018; Noyelle et al., 2019), as it
affects the strength of air–sea interaction processes and
thus the thermal disequilibrium responsible for deep con-
vection. However, baroclinic instability may cooperate for
their development (Flaounas et al., 2021); thus, a classifica-
tion was proposed, depending on the relative importance
of baroclinic and diabatic processes during the mature
stage (Miglietta and Rotunno, 2019; Dafis et al., 2020).
The SST may play a secondary role in the development
of very intense extratropical cyclones, which are governed
by baroclinic instability, as the recent Vaia storm (Davo-
lio et al., 2020). In all cases, upper-level dynamics control
the cyclones’ evolution, determining their track and pre-
dictability (Miglietta et al., 2017; Portmann et al., 2020).
Mediterranean cyclones are also affected by the complex
topography surrounding the basin: for example, the orog-
raphy may play a key role in their genesis (Buzzi and
Tibaldi, 1978; Alpert et al., 1999; Moscatello et al., 2008a;
Buzzi et al., 2020), while the modulation by the rough
coastline may affect their subsequent development (Ras-
mussen and Zick, 1987; Ricchi et al., 2019).

Within the category of Mediterranean cyclones, those
developing in the Adriatic Sea show specific characteris-
tics, such as a limited extent, due to the morphology of
the basin (a narrow NW-SE stretch of sea roughly 200 km
wide confined between the Apennines and the Dinaric
Alps). From a climatological perspective, the northern

Adriatic was identified as a region of high cyclonic activ-
ity (e.g., Campins et al., 2006), or even as a prominent
area for explosive deepening in the cold season (Maheras
et al., 2001). Horvath et al. (2008) identified four types of
cyclones over the Adriatic Sea, each with peculiar charac-
teristics and distinctive dynamical features:

• Type A: connected with pre-existing Genoa cyclones,
they are the result of the Alpine lee cyclogenesis process
(e.g., Buzzi et al., 2020);

• type B: developed in situ without connections with
other pre-existing cyclones; they develop either because
of dynamical and thermal effects contributing to a
low-level thermal anomaly in the northern Adriatic area
(B-I type), or of lee cyclogenesis downwind of the cen-
tral Apennines (B-II type), but with scales of motions
much smaller than that in Alpine cyclogenesis;

• type AB: with mixed types A and B characteristics; this
category includes cases where two cyclones coexist, in
the Gulf of Genoa and in the northern Adriatic respec-
tively (“twin” or “eyeglass” cyclones); Brzović (1999)
indicates that the Adriatic twin is generated as a lee
cyclone with respect to the Dinaric Alps;

• type C: cyclones of different origin moving from the
Atlantic or from the western Mediterranean Sea (as
in Ricchi et al., 2019), apart from the Gulf of Genoa
(belonging to type A).

Therefore, most cyclones reach the Adriatic after crossing
the Apennines from the west; the complex orography sur-
rounding the basin and the presence of the sea may reduce
their predictability.

On November 12, 2019, a small, but very intense Adri-
atic cyclone contributed to a high tide, exceptional for
the conditions in which it occurred (Ferrarin et al., 2021),
that flooded 85% of the city of Venice and affected its
entire lagoon, causing major damage to the buildings.
The high tide was the result of concurrent in-phase fac-
tors: the storm surge related to the meteorological forcing
(the water in the northern Adriatic was pushed by the
strong Sirocco and deflected westward by the Bora winds),
the astronomic tide, the deep small-scale pressure mini-
mum (inverse barometric effect), the very high sea-level
values over all of the Adriatic Sea in the days before
the event, and – above all – the intense southwesterlies,
that pushed water toward the lagoon and generated high
waves following the passage of the small-scale cyclone.
The highest sea level observed in Venice was 189 cm,
the second-highest ever recorded since 1872, the year in
which data collection began, just 5 cm below the record
reached on November 4, 1966. Unfortunately, operational
weather models slightly underestimated the intensity of
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MIGLIETTA et al. 639

the cyclone and misplaced the track by some tens of kilo-
meters, in most cases predicting its transit to the south-
west of the lagoon, and not across it as it was observed
(Bianco et al., 2020). Hence, considering the very spe-
cific location and topography of the affected regions and
the small scale of the cyclone, current state-of-the-art
models may be problematic in terms of flooding poten-
tial: even a slight misplacement may cause errors of
several centimeters in the prediction of sea-level height.
The specific sensitivity of the region to even the small-
est errors in the cyclone track/intensity requires addi-
tional guidance involving ocean metrics (as in Ferrarin
et al., 2021).

The present paper aims at investigating the charac-
teristics of the environment in which the cyclone devel-
oped, using an extensive set of surface observations and
high-resolution numerical simulations. The paper is orga-
nized as follows: material and methods are reported in
Section 2, synoptic analysis and surface data are described
in Section 3, numerical simulation results are analyzed in
Section 4, while the Discussion and Conclusions are in
Section 5.

2 MATERIALS AND METHODS

The surface data analyzed in the present study were
acquired from the integrated weather–tide networks of
the Italian Institute for Environmental Protection and
Research (ISPRA) and of the Tide Forecast and Early
Warning Center of the city of Venice (CPSM). Also,
the data from two weather–tide stations (Piattaforma
Acqua Alta CNR and Meda Abate), belonging to the
National Research Council–Institute of Marine Sciences
(CNR-ISMAR), located offshore respectively at about 15
and 40 km from the Venetian coast, are analyzed. All these
stations were installed to provide a detailed representa-
tion of the meteorological/marine conditions in the North
Adriatic, with the purpose of improving the predictabil-
ity of high tides that frequently affect Venice (Bianco
et al., 2020).

A selection of weather stations was used in this work
to better understand the evolution and the track of the
cyclone (Figure 1). These stations were selected to rep-
resent the atmospheric conditions in Venice (Palazzo
Cavalli), in different lagoon subareas (Diga Sud Lido e
Faro, Chioggia Porto, Malamocco Porto), in the open sea
(Piattaforma CNR and Meda Abate) as well as far away
from the lagoon, on its western (Padova Meteo) and south-
ern side (Foce Po). The real-time data and the historical
series of all the 42 stations in the network are avail-
able online (www.venezia.isprambiente.it, www.comune.
venezia.it/maree).

F I G U R E 1 Selected weather stations in and around the
Venice lagoon [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 2 Domains used in the Weather Research and
Forecasting (WRF) model simulations. The places mentioned in the
text are also indicated [Colour figure can be viewed at
wileyonlinelibrary.com]

Numerical simulations were performed with the
WRF-ARW model, version 4.0 (Skamarock et al., 2019)
using three one-way nested domains (Figure 2). The grids
cover respectively the western Mediterranean (grid 1, hor-
izontal spacing 9 km, 250× 220 grid points), northern and
central Italy and most of the Adriatic regions (grid 2, hori-
zontal spacing 3 km, 382× 235 grid points), and the north-
ern Adriatic Sea (grid 3, horizontal spacing 1 km, 322× 364
grid points); 41 vertical levels were employed. Global
Forecast System (GFS) analysis/forecasts (0.25◦ horizontal
resolution) were used as initial and three-hourly bound-
ary conditions respectively. The implementation in the
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“control” runs includes Thompson et al. (2008) micro-
physics, the Kain–Fritsch convection scheme (activated in
the two outer domains; Kain, 2004), Mlawer et al. (1997)
long-wave radiation, Dudhia (1989) short-wave radiation,
Noah land-surface model (Niu et al., 2011), and the Yon-
sei University boundary layer (YSU; Hong et al., 2006).
The configuration is the one used for the simulations of
an intense storm in the same region (Manzato et al., 2020),
with the difference that the Thompson parameteriza-
tion is preferred to the WSM5 scheme following the
results of preliminary sensitivity tests. Additionally, the
one-way nesting option produced more realistic results
than the two-way nesting configuration and was therefore
employed.

3 SYNOPTIC CONDITIONS AND
SURFACE DATA

On November 10, a wide trough in the middle tropo-
sphere elongated southward from the North Sea toward the
western Mediterranean (Figure 3A) and deepened due to
the arrival of cold air. A surface cyclone, formed between
Sardinia and the Balearic Islands at around 1200 UTC
(Figure 3A), shrank and strengthened in the following
12 hr (Figure 3B). In the meantime, an upper-level pres-
sure low appeared in the western Mediterranean. Then,
its center moved over Algeria at 0000 UTC, November 11
(Figure 3B), southwest of Tunisia at 1200 UTC (Figure 3C)
and approached again the Mediterranean Sea at around
0000 UTC, 12 November (Figure 3D). On November 11,
the surface cyclone moved southward and gradually weak-
ened after landing over Algeria in the evening. Another
surface cyclone moved from the leeward of the Atlas
Mountains, where it originated, to the southern Mediter-
ranean at around 1200 UTC (Figure 3C), intensifying in
the following 12 hr as it moved to Sicily (Figure 3D).

On November 12, the upper-level and the surface
cyclones were almost aligned over the southern Tyrrhe-
nian Sea, between Sicily, Sardinia, and Tunisia, and
reached their maximum intensity (Figure 3E). The slow
evolution of the depression was favored by the presence
of the Azores high to the west and an anticyclone over
eastern Europe (Figure 3E). Only in the evening the low
weakened progressively as it moved toward the Tyrrhe-
nian coast of southern Italy (Figure 3F). Along the north-
eastern border of this large-scale cyclonic circulation,
a weaker, smaller-scale pressure minimum formed over
the Adriatic Sea at around 1200 UTC (Figure 3E), and
started moving northwestward, almost parallel to the Ital-
ian coast, reaching the Venice lagoon at around 2100 UTC
(Figure 3F).

Figure 4 shows the temporal evolution of the mean
sea-level pressure (mslp) at some selected stations. The
rapid variation of the mslp values was associated with the
passage of the small-scale cyclone, which produced a pres-
sure drop of about 7 hPa in 3–4 hr at the stations near
the cyclone track, while the recovery to the values preced-
ing the passage of the cyclone was even faster. Because of
the cyclone movement, a temporal delay of about 1.5 hr
is apparent between the southern and the northernmost
stations. The lowest pressure minimum (of about 987 hPa)
was recorded at Piattaforma CNR, suggesting that the max-
imum intensity of the cyclone was probably reached over
the open sea, just before it reached the lagoon.

Some indications on the precise track of the cyclone
can be extracted from the overview of the observed wind
fields at selected time steps (Figure 5). At 1600 UTC,
a moderate Bora wind blew over the lagoon, while the
cyclone was still some 100 km far south; at 1920 UTC, the
approaching cyclone was revealed by easterly winds over
the open sea and a progressive wind rotation in Foce Po to
northwesterly and then to southwesterly at 2005 UTC, the
latter associated also with an intensification of the wind
speed. Thus, at 2005 UTC the observations indicate that
the cyclone center was located on the north side of the Po
Delta, close to the Adriatic coast. The wind barbs at 2040
and 2055 UTC identify a small-scale cyclonic circulation
entering the lagoon from its southern part, where wind
directions reversed over a distance of a few km; also, while
intense southeasterlies blew over the open sea, sustained
northeasterlies were still affecting the northern side of the
lagoon.

Lastly, at 2125 UTC, as the cyclone moved inland,
the wind rotated to southwesterly in the southern part
of the lagoon and over the open sea, attaining its maxi-
mum intensity in response to the strong pressure gradient
on the rear of the cyclone. Many stations in and around
the lagoon (Figure 6) recorded fierce winds up to 29 m⋅s−1

in “Diga Sud Lido e Faro” station. The strong southwest-
erlies pushed the water toward the northern side of the
lagoon, contributing to the extreme high tide. Following
these considerations, the cyclone center is estimated to
have remained close to the Adriatic coast along its entire
track, landing just north of Chioggia (Figure 1).

Figure 7 compares the evolution of different surface
parameters at two selected stations respectively over the
open sea (Piattaforma CNR) and in Venice (Palazzo Cav-
alli). The measurements show an increase in the 2-m air
and dewpoint temperature as the cyclone approached the
stations: in Piattaforma CNR, a sudden increase of more
than 4 K in 10 min preceded the arrival of the pressure
minimum by about 50 min. During the next hour, the air
temperature remained almost constant, decreasing rapidly
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MIGLIETTA et al. 641

F I G U R E 3 ERA5 reanalysis of 500 hPa geopotential height (dashed lines, in gpdam) and mean sea level pressure (mslp) (dark lines, in
hPa) at (a) 1200 UTC, November 10, 2019; (b) 0000 UTC and (c) 1200 UTC, November 11, 2019; (d) 0000 UTC, (e) 1200 UTC, and (f) 2100
UTC, November 12, 2019. The red “L” denotes the position of the upper-level low [Colour figure can be viewed at wileyonlinelibrary.com]

15 min after the passage of the minimum. The increase in
dew point temperature was smaller, determining a reduc-
tion in relative humidity from saturation to 80%. At the
Venice station a similar evolution was observed, but with

a delay of 30 min; however, the temperature increase was
less steep and mainly distributed in two distinct phases.
After the passage of the cyclone, the environmental param-
eters went back to the previous values.
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642 MIGLIETTA et al.

F I G U R E 4 Mean sea level
pressure (mslp) (hPa) between 1700
UTC and 2300 UTC, November 12,
2019 in selected surface stations
[Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 5 Wind barbs in selected surface stations at six significant time steps during the cyclone transit. [Colour figure can be viewed
at wileyonlinelibrary.com]

In conclusion, the presence of a low-level warm core
(Figure 7), the rapid change in wind speed near the cen-
ter (Figure 6), and the appearance of a cloud-free center in
the visible satellite image (not shown) suggest a possible
tropical-like nature of the cyclone, although the horizontal
extent appears smaller than that recorded in any previous
case (cf. Miglietta et al., 2013). However, for a Medicane,
which is mainly driven by air–sea interaction and latent

heat release due to convection around the cyclone, the
warm core is expected to be nearly symmetric and close to
center. Figure 7 shows that in the present case the warm
core preceded the arrival of the pressure minimum by
about 1 hr and ended abruptly after its passage. Hence,
considering these contrasting features, numerical simula-
tions were performed to better clarify the nature (baro-
clinic vs tropical-like) of the cyclone.
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F I G U R E 6 Five-min average
wind speed peaks (top) and direction
(bottom) recorded in selected weather
stations [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 7 Upper panel: Air
temperature (T, solid line), dew point
temperature (Td, wide dashed line) and
relative humidity (RH, narrow dashed
line). Bottom panel: sea level pressure.
The fields are shown at Piattaforma
CNR and Palazzo Cavalli stations
[Colour figure can be viewed at
wileyonlinelibrary.com]

4 NUMERICAL SIMULATIONS

4.1 Preliminary results

To investigate the predictability of the event and to under-
stand the physical mechanisms responsible for the devel-
opment of the cyclone, numerical simulations were carried
out with the WRF-ARW model. A first intercomparison

was performed among three model simulations starting
at different initial times, that is, 1200 UTC, November
11, 0000 and 1200 UTC, November 12 (hereafter named
as run 1,112, 1,200, and 1,212 respectively). As described
below, the cyclone track and intensity differed significantly
among the simulations.

Figure 8A shows the time evolution of mslp simulated
at the grid point closest to the Palazzo Cavalli weather
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F I G U R E 8 Mean sea level
pressure (mslp) at Venice in control
runs and observed value (Palazzo
Cavalli weather station) – grid 3 (left);
cyclone track – grid 1 (right). The
tracks in grid 1 are shown since they
are smoother than in the inner grid
[Colour figure can be viewed at
wileyonlinelibrary.com]

station (Figure 1). Only run 1,212 is able to correctly repro-
duce the intensification of the cyclone in the late evening,
although it underestimates the minimum by 4 hPa; in
contrast, run 1,112 precedes its occurrence by a few
hours, while ERA5 reanalysis, and to a greater degree run
1,200, strongly underestimate its deepening. Simulations
performed with other models (BOLAM, COSMO-LAMI,
ECMWF IFS) have similarly showed large uncertainties
in reproducing the observed cyclone evolution (Bianco
et al., 2020).

Similarly, the cyclone track (i.e., the line connecting
the minimum mslp locations at different times) signifi-
cantly differs among the numerical experiments. Figure 8B
shows that only run 1,212 correctly predicts the landfall
on the southern side of the lagoon; the ERA-5 track is
positioned to the west, and, consequently, precedes the
observed landfall (over the Po Delta) by a few hours; run
1,200 puts the cyclone track too far east, while run 1,112
reproduces an intermediate track, which crosses the north
side of the Venice lagoon. The limited predictability of
the cyclone track can be also inferred from the ECMWF
IFS runs issued 1–4 days earlier, which simulate an early
landfall near the Po Delta only partially corrected in the
later run initialized at 0000 UTC, November 12 (Cavaleri
et al., 2020).

Another relevant aspect emerging from the simula-
tions is the extremely weak sensitivity to grid spacing.
For all experiments, the outputs on the three domains
are nearly identical to each other; this result is some-
what unexpected considering the small dimensions of the
cyclone, which should be better resolved at higher resolu-
tion. The archive of the operational runs performed with
two limited area models developed at CNR-ISAC, that is,
BOLAM (Davolio et al., 2020; 8.3 km grid spacing) and
MOLOCH (Malguzzi et al., 2006; Trini Castelli et al., 2020;

1.25 km grid spacing), available at https://www.isac.cnr.it/
dinamica/projects/forecasts/, shows similar results, as the
strength of the cyclone simulated with the coarser model
(hydrostatic, convection parameterized) appears very sim-
ilar or even slightly more intense than that obtained with
the finer-scale model (non-hydrostatic, convection per-
mitting). Similarly, Hallerstig et al. (2021) found that for
four polar lows the difference in performance between
the 9-km and 5-km versions of the ECMWF model, either
with parameterized or with explicit convection, was rela-
tively small, especially for the two cyclones with baroclinic
characteristics (their Figure 8). Following the hypothe-
sis of Cioni et al. (2018) for a Mediterranean tropical-like
cyclone, that “simulations performed with a grid spac-
ing larger than 5 km are not able to correctly resolve the
deep convection” and that convection “weakening or even
absence compromises the forecast of the cyclone evolu-
tion over time”, and given the simulation results described
above, we speculate that latent heat release in convective
cells does not play a relevant role for the present case study.
This conclusion is also supported by the negligible differ-
ences in cyclone track and depth among simulations using
a treatment of convection other than the control run (i.e.,
explicit convection either in the two inner grids or in all
three grids; not shown).

Lastly, further numerical experiments were performed
to test different model parameterization schemes and
domains (not shown). Sensitivity to these characteristics
is significantly weaker than that due to initial/boundary
conditions (as discussed above) but is still responsible for
changes in the cyclone strength and track. These changes,
although small from a meteorological point of view, may
yield problematic guidance in terms of flooding potential,
having a strong effect on the simulation of wave height and
surge (Ferrarin et al., 2021). In fact, the impact of the latter
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in a small-scale basin such as the Venice lagoon is strongly
dependent on even minimal variations in meteorological
parameters and requires additional guidance in terms of
ocean metrics.

4.2 Insight into the development
mechanism

The atmospheric conditions in which the cyclone devel-
oped are analyzed here using the run 1,212 to better under-
stand the physical mechanisms responsible for its intensi-
fication. As discussed in Section 3, the cyclone appeared
in the central Adriatic, in the lee of the Apennines, in
the afternoon of November 12, and then moved counter-
clockwise driven by the larger-scale cyclonic circulation
centered over the Tyrrhenian Sea. As a result of the lat-
ter, the Mistral developed over the western Mediterranean
basin, while intense Sirocco winds affected the southern
and central Adriatic Sea, with greater intensity on the
eastern (Croatian) coast (Figure 9). Meanwhile, the north-
ern Adriatic was still under the influence of northeasterly
(Bora) wind, so that, at the border between the two circula-
tions (Sirocco and Bora), strong low-level cyclonic vorticity
(an ingredient favorable to the formation of Mediterranean
cyclones; Cavicchia et al., 2014) developed over the central
Adriatic before the appearance of the cyclone. Later, the
Sirocco progressively strengthened and entered the north-
ern Adriatic, so that the developing cyclone was advected
northward by the southeasterly steering flow.

Figure 10 shows the 2D frontogenesis function
(Petterssen, 1936), defined as the rate of change over
time of the horizontal potential temperature gradient:

F I G U R E 9 Mean sea level pressure (mslp) (hPa) and wind
speed (m/s) at 1400 UTC, November 12, 2019 (grid 1) [Colour figure
can be viewed at wileyonlinelibrary.com]

F = d
dt
||∇p!||; here it is calculated at 950 hPa (the highest

values are observed in the layer 1,000–950 hPa) from the
large-scale GFS data used to force the numerical simu-
lations. As the warm environment in which the cyclone
developed moved northward, the horizontal thermal gra-
dient in the baroclinic zone on the northern side of the
cyclone progressively increased.

The change in the thermal environment surround-
ing the cyclone can be identified in Figure 11. A baro-
clinic zone appeared at the upper level in the afternoon,
associated with the approach of cold air from the south
that produced an increase in the thermal gradient in the
layer 600–300 hPa (green contours). Conversely, a core of
low-level warm air in the layer 1,000–700 hPa (red con-
tours) surrounded the mslp minimum, remaining con-
fined around it at 2000 UTC. Meanwhile, a tongue of
low-level warm air moved from the central to the northern
Adriatic coast in about six hours, as indicated by the north-
ward movement of the 290 K isotherm at 1000 hPa (blue
contours).

Consequently, in the low levels the low-!e air in the
northern Adriatic was progressively replaced by a high-!e
air tongue carried by the Sirocco from the southern Adri-
atic Sea. A comparison of the low-level !e at different times
in the three panels of Figure 12 reveals the warm tongue
progressively weakened as the air moved northward, due
to the mixing with the surrounding low-!e air, which was
transported over the northern Adriatic initially by the Bora
and later by southwesterly winds from the Po valley on the
rear side of the cyclone. In fact, the counterclockwise cir-
culation associated with the small-scale cyclone advected
the high-!e air to its front side, preceding the arrival of its
center. Meanwhile, on its rear, the outflow of cold/dry air
from the eastern Po valley, generated by the evaporative
cooling of the precipitation at the foot of the Apennines
(as discussed in section 3.2 of Ferrarin et al., 2021), inter-
rupted the supply of warm and moist air from the south
(Figure 12C).

Therefore, the cyclone pressure center was not aligned
with the low-level !e maximum, but lagged instead at
its back, in an environment of strong horizontal thermal
gradient, in accordance with the observed temporal shift
between the arrival of warm air and the pressure minimum
(Figure 7). Considering the distribution and temporal evo-
lution of !e, one may speculate that the warm air was not
a consequence of diabatic processes associated with the
cyclone (i.e., generated by the latent heat released by con-
vection), but rather a characteristic of the environment in
which the cyclone formed. This is consistent with the anal-
ysis of the simulations in Section 4.1, where convection
was inferred to play only a marginal role in the develop-
ment of the cyclone, and with the sensitivity experiments
in Section 4.3.
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646 MIGLIETTA et al.

F I G U R E 10 950 hPa
frontogenesis function at 1200
UTC (cyan), 1500 UTC (blue),
1800 UTC (green), 2100 UTC
(red). The contours refer to 1, 2,
3 K ⋅ (km)−1 ⋅ h−1 (the outer the
contour, the lower the value).
The figure is based on GFS data
[Colour figure can be viewed at
wileyonlinelibrary.com]

To further illustrate this point, Figure 13 reports the
vertical velocity at different levels (850, 700, 500 hPa) one
hour before the cyclone reached its pressure minimum
(2000 UTC). Only scattered and shallow convection was
simulated, mainly confined below 5-km altitude. The most
intense ascending motions appear in the Alpine area, due
to the southerly flow over the orography (Figure 13B), and
near the Venice lagoon (Figure 13C), at the northern and
western end of the high-!e air tongue, where the warm air
was raised above the pre-existent cold low-level air (in the
region, the latter often acts as an obstacle to the incoming
moist and warm southerly flow; Davolio et al., 2016). Thus,
the numerical simulations appear consistent with the spo-
radic lightning activity observed on the northwestern side
of the cyclone before its landfall (https://www.blitzortung.
org/en/historical_maps.php?map=10).

Finally, the contribution of the upper-level atmo-
spheric features to the development of the cyclone is ana-
lyzed in Figure 14, which shows the 300-hPa potential
vorticity (PV) at 2000 UTC for the three runs. In both runs
1,112 (Figure 14A) and 1,212 (Figure 14C), the cyclone
was positioned near an upper-level PV anomaly: in the
first case, a secondary PV maximum was reproduced on
the north side of the lagoon (the main streamer was posi-
tioned to the west), while in the latter, an intense PV
streamer approached its southwestern part. In contrast,
run 1,200 (Figure 14B) reproduced the PV anomaly inland,
apparently unrelated to the position of the cyclone. There-
fore, there are significant differences among the simula-
tions in terms of intensity and exact position of the PV
streamer. These results suggest that in run 1,212 its posi-
tion just above the observed cyclone location was critical
to correctly reproduce the cyclone track: the PV anomaly

was in correspondence with the left exit of a jet stream
that surrounded the synoptic cyclone (not shown), thus
its location was favorable to the cyclone’s intensification.
Hence, we suppose that the upper-level dynamics played
an important role for the evolution of the cyclone, and
that were also fundamental for the correct prediction of
the event, consistent with the results recently obtained for
an intense Mediterranean cyclone (Portmann et al., 2020),
although the scales involved here are much smaller. The
role of the upper-level PV streamer and of its interaction
with the warm and moist air advected in the low levels will
be further discussed in the next subsection.

4.3 Sensitivity experiments

To further investigate the mechanisms responsible for the
intensification of the cyclone, a series of sensitivity exper-
iments was undertaken. As in run 1,212 (control run),
the GFS analysis and forecasts initialized at 1200 UTC
on November 12 were used as initial and boundary con-
ditions. Only one domain (9-km horizontal spacing) was
employed, considering the marginal effect of the resolu-
tion on the simulation results.

The sensitivity to different physical processes was
explored in five numerical experiments:

1. NoSFFX: Full physics, but surface fluxes turned off;
2. NoLH: full physics, but latent heat release turned off;
3. OnlyPBL: microphysics, radiation, and cumulus

schemes turned off;
4. NoPhys: surface fluxes, latent heat release, and all

physics parameterization schemes turned off;
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MIGLIETTA et al. 647

F I G U R E 11 Weather
Research and Forecasting (WRF)
model simulation, Grid 1: 1000 hPa
temperature (blue contours; values:
282, 286, 290 K), 700–1,000 hPa
depth (red contours; values: 2930,
2,940, 2,950, 2,960 gpm),
600–300 hPa depth (green contours;
values: 4960, 4,980, 5,000, 5,020,
5,040, 5,060 gpm), at 1400 UTC (A,
top), 1800 UTC (B, middle), 2000
UTC (C, bottom). The isobar of
991.5 hPa is also shown (purple
dashed contours) at 1800 UTC and
2000 UTC to identify the cyclone
location [Colour figure can be
viewed at wileyonlinelibrary.com]
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648 MIGLIETTA et al.

F I G U R E 12 950 hPa equivalent potential temperature (K) and wind at 1400 UTC (A), 1800 UTC (B) and 2000 UTC (C), November 12,
2019 (grid 3) [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 13 Vertical velocity (colors) and horizontal wind (barbs) at 1900 UTC, November 12, 2019, at 850 hPa (A), 700 hPa (B) and
500 hPa (C) (grid 3) [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 14 300 hPa PV (PVU) at 2000 UTC, November 12, 2019, in run 1,112 (A), 1,200 (B) and 1,212 (C) (grid 1). The bolded “L”
denotes the position of the mean sea level pressure (mslp) minimum [Colour figure can be viewed at wileyonlinelibrary.com]

5. NoPhysNoTopo: as NoPhys, but with terrain height
equal to 1 m everywhere over land in the domain.

In all experiments 1–4, the track and landfall time were
very close to those of the control run, so that the changes

in the outputs can be considered as an effect of the physics
and cannot be attributed to changes in the track.

In the NoSFFX run, the absence of surface fluxes
caused a weakening of the small-scale minimum by
about 2 hPa (Figure 15A). However, the cyclone can
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MIGLIETTA et al. 649

F I G U R E 15 Mean sea level pressure (mslp) difference (colors; hPa) between the control run and (A) the NoSFFX run, (B) the NoLH
run; mean sea level pressure (mslp) (colors and contours; hPa) in (C) NoSFFX run, (D) NoLH run, (E) Only PBL run, and (F) NoPhys run.
Figures are shown at 2130 UTC, November 12, 2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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650 MIGLIETTA et al.

still be identified near Venice (Figure 15C), showing that
the air–sea interaction processes, while participating in
the cyclone intensification, were not fundamental for
its occurrence and persistence. Likewise, surface fluxes
only marginally affected the large-scale cyclone over the
Tyrrhenian Sea.

In the NoLH run, the absence of latent heat release
produced a substantial increase in mslp in all the areas
affected by the large-scale cyclonic circulation covering
the central Mediterranean basin, the strongest increase
(greater than 4 hPa) being near the center of the Tyrrhe-
nian cyclone (Figure 15B). The Adriatic cyclone was only
marginally affected, since the variation in mslp was only
1 hPa greater than in the surrounding areas, so that closed
isobars can still be clearly identified around the mslp
minimum (Figure 15D). Hence, the NoLH run confirms
that convection had a secondary effect on the small-scale
cyclone. The two sensitivity experiments NoSFFX and
NoLH indicate that the cyclone would persist even after
removing air–sea interaction and convection, although the
latter explain part of its intensification. In order to apply
the “factor separation” technique (Stein and Alpert, 1993)
and estimate the interaction of the two terms, an additional
sensitivity experiment has been undertaken by removing
simultaneously the surface fluxes and latent heat release,
showing results very close to that of the NoLH run. This
means that the small-scale cyclone had distinctive charac-
teristics from Mediterranean tropical-like cyclones, which,

conversely, are mostly sustained by diabatic processes and
a strong feedback between air–sea interaction and convec-
tion.

Even in the OnlyPBL run (microphysics, convec-
tion, and radiation switched off; boundary layer pro-
cesses active) and in the NoPhys run (all parameteriza-
tion schemes, sea-surface fluxes and latent heat release
switched off), the cyclone, albeit weaker, can still be iden-
tified near the Venice lagoon (Figure 15E,F respectively).
Apparently, physics changed the cyclone evolution, but it
was not required for its existence.

Lastly, a simulation without physics (as in the NoPhys
run) and with flat orography (NoPhysNoTopo run) was
performed. Even in this case, a closed minimum formed
near the northern Adriatic Italian coasts, on the north-
ern side of the trough axis extending from the large-scale
minimum. The absence of orography apparently modi-
fied the location of the cyclone, which in this run was
located inland, instead on the lee side of the Apennines,
as observed. However, the presence of a small-scale min-
imum even without physics and orography (Figure 16A)
suggests that the large-scale forcing was the main driver
for the development of the cyclone.

Using a diagnostic module implemented into the
WRF model for the PV budget (Flaounas et al., 2021),
PV was calculated and decomposed into one conserved
and several non-conserved partitions at each model time
step. All these PV partitions are treated by the model

F I G U R E 16 (A) Mean sea level pressure (mslp) (white contours; hPa) and adiabatic, conserved part of the potential vorticity (PV)
anomaly PVCO (colors; PVU) at 300 hPa; (B) vertical cross section across the cyclone center of equivalent potential temperature (K; colors)
and dynamic tropopause (PV = 2 PVU; green line). Figures are shown at 1900 UTC, November 12, 2019, and refer to the NoPhysNoTopo run.
The position of the cross section in (B) is shown in (A) [Colour figure can be viewed at wileyonlinelibrary.com]
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MIGLIETTA et al. 651

as scalars, subject to advection. The adiabatic, con-
served PV tracer (PVCO) represents the contribution
of the large-scale flow and is only subject to advec-
tion. Conversely, non-conserved PV partitions are also
subject to accumulations of gains/losses of PV, and
derive from the net temperature and momentum forcings
associated with the physical parameterization schemes.
Overall, six non-conserved PV tracers are used, deriv-
ing from: latent heat release (microphysics and con-
vection parameterizations); turbulent fluxes of tempera-
ture (boundary layer); atmospheric warming and cool-
ing (short-wave and long-wave radiation), and a momen-
tum acceleration term (boundary layer). Details on how
these terms are calculated can be found in Flaounas
et al. (2021).

Positive values of PVCO appear close to the cyclone
center before and around the time of its intensification
(Figure 16A). Figure 16B clarifies the interaction of the
upper-level PV anomaly, associated with the lowering of
the dynamic tropopause, with the baroclinicity at the side
of the low-level warm tongue (i.e., high values of equiva-
lent potential temperature), which was shifted westward
with respect to the control run because of the suppres-
sion of the orography. Low values (below 10 K) of the
coupling index (Bosart and Lackmann, 1995), around the
area of cyclone development (central Adriatic) at 1200
UTC and over the region of its maximum intensification
(Venice lagoon) at 1800 UTC, indicate the presence of
conditions favorable to the interaction between positive
upper-tropospheric and lower-tropospheric PV anomalies
around the cyclone location (not shown).

Also, these results suggest some analogies with the
mechanism theoretically described in Rotunno and Fan-
tini (1989), their Figure 2, that is, a transitory (stable)
baroclinic interaction. In this kind of development, a
surface cyclone forms and deepens when a pre-existing
upper-level trough encounters a low-level baroclinic zone
(Petterssen’s Type-B extratropical cyclones; Petterssen and
Smebye, 1971) even for wavelengths shorter than that
required for instability, since the system is capable of
extracting energy from the mean flow.

4.4 Surface pressure tendency

To further investigate the atmospheric processes that con-
tributed to the deepening of the cyclone, we used an addi-
tional diagnostic, that is, the surface pressure psfc tendency
equation (Fink et al., 2012):

"psfc

"t = DF + ITT + EP + RES (1)

where: DF = #sfc
"$p2
"t is the contribution due to the changes

of the geopotential height $ at p2 (#sfc: air density at the
surface), EP = g (E − P) is the contribution of the change
in water vapor mass due to evaporation E and precipitation
P (g: gravitational acceleration), ITT = #sfcRd∫ p2

sfc
"Tv
"t d ln p

is the vertically integrated virtual temperature Tv tendency
(Rd: gas constant for dry air), and RES is the residual
term due to numerical discretization. The equation was
applied to a vertical column from the surface to the upper
boundary p2 = 50 hPa as in Fita and Flaounas (2018).

ITT can be further decomposed into:

ITT = TADV + VMT + DIAB + RES, (2)

where: TADV = #sfcRd∫ p2
sfc − v⃗ ⋅ ∇pTvd ln p is the

contribution of the horizontal virtual tempera-
ture advection (v⃗ is the horizontal wind), VMT =
#sfcRd∫ p2

sfc

(
RdTv
cpp − "Tv

"p

)
&d ln p is the contribution of

the vertical motion (cp is the specific heat capacity at
constant pressure p; & the vertical wind component
in isobaric coordinates), DIAB = #sfcRd∫ p2

sfc
TvQ
cpT d ln p =

TBL + THD + TLW + TSW represents the rate of change
of temperature due to diabatic processes calculated by
the WRF physical parameterizations (Q is the diabatic
heating, TBL planetary boundary layer-related processes,
THD microphysics and convective processes including
latent heat release, TLW long-wave radiation, and TSW
short-wave radiation).

Integration was performed every 30 min over a circle
of 100-km radius centered at the position of the surface
cyclone; hence, due to the progressively smaller cyclone
size, the area-average psfc remained nearly constant or
slightly increased (rates less than 1 hPa 1 hr−1), although
the minimum mslp progressively decreased as the cyclone
approached Venice. All terms with time tendencies were
calculated as area- or volume-averaged changes in 30 min,
while the instantaneous terms TADV and VMT were com-
puted by integration over the volume and then averaged
over the time interval.

Figure 17A shows the different contributions to the
equation and the total pressure tendency. The contribu-
tion of evaporation/precipitation EP appears marginal,
while the geopotential change DF at the upper boundary
is mainly responsible for a decrease of psfc at the time the
PV streamer wrapped around the cyclone and the dynamic
tropopause lowered just above its center (from about 1830
to 2000 UTC in the control run).

Figure 17B shows the different contributions to the
ITT term. Although a comprehensive interpretation is not
possible due to the non-negligible residual, some consid-
erations can be drawn:
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652 MIGLIETTA et al.

F I G U R E 17 (A) Surface
pressure tendency (black line),
decomposed into: contributions
by 50 hPa geopotential height
(DF), integrated column
temperature (ITT), evaporation
and rainfall (EP), and a residual
term (RES). (B) Integrated
temperature term (ITT; black
line), decomposed into
contributions by: horizontal
advection (TADV), vertical
motion (VMT), and diabatic
heating processes due to
boundary layer (TBL),
microphysics and convection
(THD), long-wave (TLW), and
short-wave radiation (TSW).
Model outputs are reported
every 30 min, while pressure
tendency is shown in hPa ⋅ h−1

[Colour figure can be viewed at
wileyonlinelibrary.com]

• THD is very small during the cyclone intensification,
confirming that microphysical processes (e.g., latent
heat release) play a marginal role in its evolution;

• TADV is always negative, which is indicative of warm
advection associated with the northward transport of
warm air from the southern Mediterranean;

• TSW and TBL provide almost no contribution;
• TLW represents a small positive contribution (diabatic

cooling);
• VMT is always positive and can be attributed to the

large-scale ascent associated with the lifting of the warm
air advected from the south over the cold air pre-existent
in the low levels in the northern Adriatic Sea.

These results appear consistent with those emerg-
ing from the sensitivity experiments and in the previous
subsections and are indicative of the high influence of
synoptic-scale dynamics on the cyclone evolution.

5 DISCUSSION AND
CONCLUSIONS

The present paper describes the unusual Mediterranean
cyclone that affected the Venice lagoon on November 12,
2019. Although the skill of the real-time weather forecasts
was generally acceptable from a meteorological perspec-
tive (cyclone track missed by few tens of km and depth
underestimated by few hPa), the fine details necessary

for impact applications were missed; consequently, the
operational prediction of the storm surge peak was under-
estimated by some tens of cm, misrepresenting the severity
of the tide that unexpectedly flooded most of the town,
with dramatic consequences in terms of costs and impact
to human activities. Here, the event is re-analyzed from
a meteorological perspective, to understand the mecha-
nism(s) of development of the small-scale cyclone that was
responsible for the extreme tide.

Numerical simulations performed with the WRF
model, using three nested domains, show a strong sensi-
tivity to the initial conditions: over the three full-physics
simulations starting at different initial times, only the one
starting closer to the occurrence of the cyclone shows an
excellent agreement with the observed track, although it
slightly underestimates the strength of the cyclone. The
high-resolution inner domain, which explicitly resolves
convection, does not improve the simulation results com-
pared to the coarsest domain that uses parameterized con-
vection; a similar behavior was reported in the numerical
simulations performed for the same case with other mete-
orological models. This unexpected result is a consequence
of the scattered and shallow convection simulated by the
model, which has a negligible impact on the intensifica-
tion of the cyclone.

The strong PV advection in the upper levels, combined
with a pre-existing relative vorticity maximum (associated
with the confluence of the Sirocco with the Bora wind)
and the advection of warm and moist air in the lower lev-
els, appear as the main factors responsible for the strong
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MIGLIETTA et al. 653

intensification of the cyclone in the northern Adriatic. In
particular, the interaction of the upper-level (adiabatic) PV
anomaly with the low-level baroclinic zone recalls a tran-
sitory (stable) baroclinic interaction at small horizontal
scales.

The cyclone analyzed in the present work shows pecu-
liar characteristics, which do not exactly fit into any of
the categories proposed in Horvath et al. (2008) for Adri-
atic cyclones. Like category B-II cyclones, it has a small
scale and originates downwind of the central Apennines;
however, its movement along the Adriatic coast and its
strong intensity differ from the typical characteristics of
B-II cyclones (see Figure 3 in Horvath et al., 2008). As
type-AB cyclones, it is characterized by the simultaneous
presence of a large-scale cyclone, belonging to the same
upper-level system, on its western side; however, it differs
since the large-scale cyclone does not form over the Gulf
of Genoa (it originates in the lee of the Atlas Mountains)
and both cyclones do not move southeastward along the
Tyrrhenian coast and the Adriatic Sea respectively (they
move northward, driven by a southerly steering flow).
Finally, like category C-II cyclones, the large-scale system
does not originate over the Adriatic and over the Gulf of
Genoa, but it differs since the small-scale pressure mini-
mum detaches from the large-scale cyclone (the presence
of two simultaneous cyclones is not contemplated in the
C-II category).

Sensitivity experiments indicate that sea-surface fluxes
were not important for the intensification of the cyclone.
The secondary role played by the air–sea interaction
processes and by convection indicate that the cyclone,
even if it has a low-level warm core (its vertical extent
can be estimated from 1,000 to about 650 hPa), shows
very different dynamics compared with Mediterranean
tropical-like cyclones or with intense Mediterranean extra-
tropical cyclones partially sustained by intense convection
(e.g., Vaia storm; Davolio et al., 2020). Furthermore, the
cyclone appears different from vortices in which the warm
core is the result of seclusion of warm air (as described in
Mazza et al., 2017; Fita and Flaounas, 2018; Category B in
the classification of Miglietta and Rotunno, 2019 or Group
3 in the classification of Dafis et al., 2020); in fact, the
cyclone develops at the southern tip of the warm and moist
air tongue advected northward from the southern Mediter-
ranean, several 100 km distant from the large-scale cyclone
center, thus it is not associated with pre-existent baroclinic
zones related to this larger-scale vortex. Some analogies
can be found with Medicanes of Category C (Miglietta and
Rotunno, 2019), such as the Ionian cyclone of September
2006 (Moscatello et al., 2008b), which showed a similar
extent of a few tens of km and underwent a strong intensifi-
cation after its interaction with an upper-level PV streamer
associated with a large-scale pressure minimum over the

Tyrrhenian Sea, as it moved near the left exit of a jet stream
(Chaboureau et al., 2012). However, in contrast to the lat-
ter, the present cyclone did not exhibit a deep warm core,
but rather hybrid characteristics.

In conclusion, the present study re-affirms the exis-
tence of a continuum of cyclones between tropical and
extratropical systems, showing how the complex orogra-
phy and rough coastline of the Mediterranean basin make
the range of possible characteristics of cyclones even wider
compared to environments with more uniform morphol-
ogy. As suggested in Garde et al. (2010), a strong effort
should be put in the numerical exploration of the gray
areas between these two categories of cyclones, especially
considering that the region is highly responsive to climate
change (Giorgi, 2006), and that the risk related to Mediter-
ranean cyclones is expected to increase in the future (e.g.,
Romera et al., 2017). This is especially true in the northern
Adriatic, where a projected increase between 5 and 10 cm
is expected in 100-year return times for Medicane-induced
coastal sea-surface elevations, with significant intermodel
agreement (Toomey et al., 2022). It is right along this line
that the COST Action CA19109 “MedCyclones” has been
trying to gather scientists of weather and climate, as well
as the operational meteorological community, with the
aim of improving our understanding of Mediterranean
cyclones and attaining more accurate forecasts. The col-
laboration within the present research activity is a clear
example of the powerful impact of sharing tools and
expertise.
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