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ABSTRACT

The presence of a subsynoptic-scale vortex over the Mediterranean Sea in southeastern Italy on 26
September 2006 has been recently documented by the authors. The transit of the cyclone over land allowed
an accurate diagnosis of the structure of the vortex, based on radar and surface station data, showing that
the cyclone had features similar to those observed in tropical cyclones. To investigate the cyclone in greater
depth, numerical simulations have been performed using the Weather Research and Forecasting (WRF)
model, set up with two domains, in a two-way-nested configuration. Model simulations are able to properly
capture the timing and intensity of the small-scale cyclone. Moreover, the present simulated cyclone agrees
with the observational analysis of this case, identifying in this small-scale depression the typical character-
istics of a Mediterranean tropical-like cyclone. An analysis of the mechanisms responsible for the genesis,
development, and maintenance of the cyclone has also been performed. Sensitivity experiments show that
cyclogenesis on the lee side of the Atlas Mountains is responsible for the generation of the cyclone. Surface
sensible and latent heat fluxes become important during the subsequent phase of development in which the
lee-vortex shallow depression evolved as it moved toward the south of Sicily. During this phase, the latent
heating, associated with convective motions triggered by a cold front entering the central Mediterranean
area, was important for the intensification and contraction of the horizontal scale of the vortex. The
small-scale cyclone subsequently deepened as it moved over the Ionian Sea and then maintained its inten-
sity during its later transit over the Adriatic Sea; in this later stage, latent heat release continued to play a
major role in amplifying and maintaining the vortex, while the importance of the surface fluxes diminished.

1. Introduction

It is well known that the western Mediterranean Sea
is an important cyclogenetic area (for a recent review of
the observational literature, see Campins et al. 2006).
As the Mediterranean Sea is bordered by long and tall
mountain chains, orographic lee cyclogenesis [Buzzi
and Tibaldi (1978); for reviews see Pierrehumbert
(1984), or more recently, Davis and Stoelinga (1999)] is
often implicated in the formation of cyclones in this
area. It is also true that, being a large and sometimes

warm body of water, the Mediterranean Sea can be an
area of cyclogenesis influenced by convective instability
and air–sea interaction, producing cyclones with some
of the characteristics of hurricanes (Billing et al. 1983;
Ernst and Matson 1983; Rasmussen and Zick 1987). In
the present study, numerical simulations of the hurri-
cane-like cyclone over southern Italy on 26 September
2006 are analyzed to provide a plausible explanation of
how the combination of lee cyclogenesis, convective
instability, and air–sea interaction produced the ob-
served cyclone.

There have been a number of recent case studies of
hurricane-like cyclones in the Mediterranean. In almost
all observed cases convective instability is shown to
play an important role. Case-to-case differences arise
with respect to the role of upper-level precursors and
orography. For example, Reale and Atlas (2001) de-
scribed two small-scale cyclones with tropical-like char-
acteristics that occurred over the western and central
Mediterranean, showing the importance of the upper-
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level forcing for the low-level cyclogenesis. Similarly,
Romero (2001) and Homar et al. (2002, 2003) examined
the role of finer-scale, upper-level potential vorticity
anomalies in initiating small-scale cyclones in the west-
ern Mediterranean; the role of orography was found in
these studies to be minimal. Fita et al. (2007) charac-
terized the environments in which seven different
Mediterranean tropical-like cyclones developed, point-
ing out the importance of the sea surface temperature,
the initial vertical temperature and humidity profile,
and size of the initial upper-level precursors (e.g., po-
tential vorticity anomalies) present in the synoptic-scale
flow.

As mentioned above, the importance of convective
instability has been cited in all case studies of hurri-
cane-like cyclones in the Mediterranean; the means by
which convective instability is produced has been the
subject of many numerical studies examining the role of
fluxes of heat and moisture from the Mediterranean
Sea. Pytharoulis et al. (2000) performed numerical ex-
periments illustrating that both the surface fluxes of
heat and moisture are fundamental for this type of hur-
ricane-like cyclogenesis and are important and compa-
rable during the subsequent development of the cy-
clone. Sensitivity simulations, carried out by Lagouvar-
dos et al. (1999) for the same case study, stressed the
role played by the fluxes in the formation of the storm
and the strong influence of the latent heat release as-
sociated with convective motions during its mature
stage. Emanuel (2005) hypothesized that a hurricane-
like cyclone can intensify within observed environ-
ments by a process analogous to that demonstrated in
simulations of tropical cyclones.

The present study concerns an intense, small-scale
(�60-km diameter) cyclone that affected southeastern
Italy on 26 September 2006. An observational analysis
of the cyclone was performed by the authors (Mosca-
tello et al. 2008, hereafter MMR08) revealing that the
cyclone possessed features typical of tropical cyclones.
In the present paper, our observational study of the
event is complemented with the analysis of numerical
simulations thereof. As the present simulations agree
very well with the available data, one can reasonably
expect the simulations to provide a surrogate dataset
with which to examine the mechanisms responsible for
the genesis, development, and maintenance of the cy-
clone. In the present case, we find that orography, sur-
face heat and moisture fluxes, and latent heat release
play important roles in the different phases of evolution
of the simulated cyclone. The analysis of these pro-
cesses forms the body of the current work. Section 2
gives a summary of the observational evidence of the
event, as described in MMR08. Section 3 describes the

characteristics of the model used for this study and the
numerical setup employed for the control run and for
the sensitivity experiments. Section 4 discusses the con-
trol run results, showing that the model is able to real-
istically simulate the evolution of the system. Section 5
is focused on the analyses of the sensitivity studies,
aimed at understanding the mechanisms at work during
the different phases of the life of the vortex. A final
discussion and conclusions are presented in section 6.

2. Summary of the observational analysis

The presence of a subsynoptic-scale vortex that
formed over the Mediterranean Sea and affected south-
eastern Italy on 26 September 2006 has been docu-
mented by the authors (MMR08). Radar maps, satellite
images, and surface station data were used to detect the
main features of the vortex and its trajectory from the
time the cyclone crossed the southern part of Apulia,
Italy (the Salentine peninsula; see Fig. 1) to its decay in
the northern part of the region after passing over the
Adriatic Sea.

At 0600 UTC 26 September, the European Centre
for Medium-Range Weather Forecasts (ECMWF)
analyses reveal (Fig. 2 of MMR08) the presence of two
areas of low pressure over the Italian peninsula: the
first one, with a minimum pressure of approximately
1001 hPa approaches the central Tyrrhenian (west)
coast from the west; the second one, of smaller hori-
zontal scale and with a deeper pressure minimum of 998
hPa, is located over the northern Ionian Sea and rotates
around the Tyrrhenian minimum (see its trajectory in
Fig. 1).

The low space and time resolution of the ECMWF
analyses does not allow for the representation of the
mesoscale pressure minimum over the Ionian Sea with
its correct intensity or an accurate reproduction of its
path. Higher-resolution analyses were done in MMR08
using data provided every 15 min from a meso-network
of 33 surface stations distributed in Apulia. The results
showed that the vortex had a horizontal extent of about
60 km, crossed the Salentine peninsula (�40 km wide)
from south-southwest to north-northeast in about 30
min, and reached a sea level pressure minimum of 986
hPa at 0915 UTC.

The pressure gradient associated with the small-scale
cyclone was very large, approximately 10 hPa (20
km)�1, and wind gusts exceeding 78 kt were observed
during its passage across Salento. Radar reflectivity
maps are consistent with this analysis, showing the ab-
sence of precipitation near the pressure minimum, as a
consequence of the passage of the “eye” of the cyclone
through the region (Fig. 5 of MMR08).

After approximately 1000 UTC 26 September, both
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the radar maps and the Meteosat Second Generation
satellite images showed the passage of the vortex over
the Adriatic Sea and its movement northwestward (Fig.
1). Around 1700 UTC 26 September, the cyclone
moved inland and was still very deep, with a pressure
minimum of about 988 hPa recorded in the northern
part of the region at 1700 UTC. Sometime after 2000
UTC 26 September, the minimum mean sea level pres-
sure (MSLP) began to increase as the cyclone moved
farther inland toward the west-southwest, where it fi-
nally decayed (Fig. 1).

By collecting all the available observations, MMR08
determined the full track of the cyclone and pointed out
the main features of the system. As revealed by their
observational analysis, the vortex possessed character-
istics typical of tropical cyclones, such as a spiral shape;
an evident eyelike feature; a deep, rapid pressure fall;
and a strong surface wind, with the strongest wind
found in the vortex eyewall.

3. Model description and setup

The model used in this study is the Weather Re-
search and Forecasting (WRF) Model, version 2.2

(Skamarock et al. 2005; Michalakes et al. 2004; see also
http://www.wrf-model.org/index.php). The model
solves the fully compressible, nonhydrostatic Euler
equations. Terrain-following hydrostatic pressure verti-
cal coordinates are used and the top of the model is a
constant pressure surface. A time-split integration
method using a third-order Runge–Kutta scheme is uti-
lized (Wicker and Skamarock 2002), with smaller time
steps for acoustic and gravity waves modes. In the setup
adopted here, the fifth-order advection scheme is em-
ployed in the horizontal and the third-order scheme is
employed in the vertical.

The model integration domain is shown in Fig. 2; it
has a horizontal grid spacing of 16 km and covers ap-
proximately the central and the western Mediterranean
regions, including northern Africa, Spain, and the Ital-
ian peninsula. The grid is centered at 39°N, 5°E and has
216 � 138 horizontal grid points. Depending on the
phase of the event focused on, different locations were
selected for the inner grid nest. Thus, in some numeri-
cal experiments the inner domain covers southern Italy
and the surrounding seas (“G2a” in Fig. 2), while in
other experiments the inner grid is centered over the

FIG. 1. The best estimate of the track of the Mediterranean cyclone between approximately
0915 and 2000 UTC 26 Sep 2006, as reconstructed from the observational data. The numbers
on the left side of the track denote the minimum values of the MSLP (hPa) at each point; the
time of the passage of the pressure low at each point is denoted on the right side of the track.
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central Mediterranean Sea, between southern Sicily
and the Tunisian coast (“G2b” in Fig. 2). In both con-
figurations, the inner grid has a horizontal resolution of
4 km and is nested into the main domain using a two-
way nesting technique. Thirty terrain following hydro-
static vertical levels are used for both grids, with en-
hanced vertical resolution of about 100 m in the lower
atmosphere.

A full set of parameterizations is included in the
model for microphysics, convection, turbulence, soil
processes, boundary layer processes, and radiation. In
the model configurations used here, the following pa-
rameterizations have been selected: the Thompson et
al. (2004) microphysics, which includes six classes of
moisture species plus number concentration for ice as
prognostic variables; the Kain (2004) cumulus param-
eterization (on the coarser grid; no parameterization is
used on the inner finer grids); the Rapid Radiative
Transfer Model (RRTM) for longwave radiation, based
on Mlawer et al. (1997); the Dudhia (1989) scheme for
shortwave radiation; the Yonsei University (YSU)
scheme for the boundary layer (Hong and Pan 1996);
the surface layer parameterization based on the stabil-
ity functions from Paulson (1970), Dyer and Hicks

(1970), and Webb (1970); and a five-layer thermal-
diffusion soil scheme (Skamarock et al. 2005).

In choosing the setup ultimately used for this study,
different model configurations were tested by changing
the dimensions of the domains, the starting time, the
type of analyses, etc. Although most of these simula-
tions were able to reproduce the evolution of the cy-
clone, a significant sensitivity was found, regarding both
the exact position of the vortex and the intensity of the
pressure minimum. A detailed description of this sen-
sitivity analysis is outside the scope of the present pa-
per, but see Davolio et al. (2008, manuscript submitted
to Nat. Hazards Earth Syst. Sci.) for a multimodel mul-
tianalysis approach to the present case study. In the
present study, the configuration chosen for the control
run was the one that best reproduced the observed cy-
clone characteristics.

4. Evolution of the cyclone in control simulation
coarse grid

A set of numerical simulations has been performed in
order to reproduce the observed development of the
cyclone and to understand the mechanisms involved in
its different phases. The full list of experiments is shown

FIG. 2. Control run (coarse grid): Track of the cyclone from 0000 UTC 25 Sep to 1800 UTC 26 Sep
(black triangles indicate the position of the minimum every 3 h). The numbers denote the minimum
values (hPa) of the mean sea level pressure. The model topography (m) is represented with grayscale-
shaded areas. The rectangular boxes indicate the two different nested grids used in the numerical
experiments.
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in Table 1. In the present section, the results of the
control run are discussed. In this experiment, the inner
grid has 129 � 149 grid points in the horizontal and
covers the area (G2a in Fig. 2 is shown in more detail in
Fig. 1) where the vortex had its strongest intensity. The
simulation started at 0000 UTC 24 September 2006 and
lasted for 72 h. Initial conditions were provided by the
0.5° � 0.5° ECMWF analyses. These analyses were also
used to update the lateral boundary conditions on the
large domain every 6 h.

The results of the numerical simulation on the coarse
domain are discussed here. As a consequence of
mechanisms that will be discussed below, Fig. 2 shows
that a small-scale cyclone is generated south of the At-
las Mountains at around 0000 UTC 25 September. Fig-
ure 2 shows the subsequent evolution of the small-scale
depression for 42 h of simulation. From its initial ap-
pearance at 1200 UTC 24 September, and for the fol-
lowing 12 h, the system neither moves significantly nor
deepens. At approximately 0000 UTC 25 September,
the surface low begins moving eastward under the in-
fluence of an upper-level trough to its northwest (not
shown), without intensifying, and reaches the Mediter-
ranean Sea, east of Tunisia, at 0600 UTC 25 September
as shown in Fig. 2. Subsequently, Fig. 2 shows that the
pressure minimum deepens slightly (from 1008 to 1003
hPa in 15 h) as it moves across the Strait of Sicily; the
track is oriented north-northeastward in the morning,
and then northeastward during the evening, as the cy-
clone’s track was probably influenced by the mountain-
ous island of Sicily.

During the same period, the main upper-level trough
deepens as it reaches the Tyrrhenian Sea (not shown).
At 0000 UTC 26 September, the surface cyclone enters
the Ionian Sea, approaching the Ionian coast of Cala-
bria, Italy. At this time, the vortex moves in a south-
southwest to north-northeast direction and quickly in-
tensifies, reaching a minimum value of 993 hPa at 0600
UTC near the western coast of the Salentine peninsula.

Figure 2 shows that in the following hours, the cyclone
crosses Salento rapidly and moves along the southern
Adriatic Sea, curving strongly toward the northwest in
apparent response to a surface low pressure system on
the Tyrrhenian (west) coast (not shown). During its
passage over the sea, the pressure minimum remains
almost constant around 991–993 hPa; after 1200 UTC
26 September, the system approaches the northern part
of Apulia and ultimately moves inland, where the pres-
sure minimum slowly increases and the vortex decays.
Comparing the trajectory shown in Fig. 2 with that of
Fig. 1, it is clear that the control simulation well predicts
the observed trajectory (at least during the well-
documented final phase), although it overestimates the
value of the pressure minimum by a few hectopascals.

To obtain a more accurate description of the vortex
evolution, we next consider in more detail the results
from the inner high-resolution grid. Figure 3a shows the
trajectory followed by the cyclone along the Ionian Sea
and the Adriatic Sea, until its final decay inland, in the
northern part of the region; the best estimation of the
cyclone track, as presented in Fig. 1, is also shown
(dashed line). The finer resolution allows for a more
detailed description of the intensity of the cyclone and
of its trajectory and so the points identifying the posi-
tion of the pressure minimum are reported in Fig. 3a
every 1 h instead of every 3 h as for the coarser grid.

As illustrated in Fig. 3a, the model indicates a large
pressure fall of 13 hPa in 7 h, during the transit of the
vortex over the Ionian Sea (there is no documentation
of this from the observations, however), from 0000 to
0700 UTC 26 September, with a maximum drop of 7
hPa from 0300 to 0400 UTC. The model predicts the
movement of the cyclone across the Salentine peninsula
from 0700 to 0800 UTC; during this phase, the model
forecasts the MSLP of 989 hPa, which is the lowest
simulated value, occurring along the southern side of
the peninsula. After its quick (1 h) transit over land, the
pressure minimum increases to a value of 992 hPa. Dur-

TABLE 1. Configuration of the different numerical experiments: 1 indicates that the factor, shown in the top row, is activated during
the simulation and 0 indicates that is switched off. G2a and G2b refer to the two different nested grids used in the numerical
experiments; their location with respect to the main domain is shown in Fig. 2.

Expt Atlas orography Latent heat Surface fluxes Inner grid Restart run Simulated period

Control run 1 1 1 G2a No 0000 UTC 24 Sep–0000 UTC 27 Sep
EXP-1 0 1 1 G2a No 0000 UTC 24 Sep–0000 UTC 27 Sep
EXP-2 1 1 1 G2b No 0000 UTC 24 Sep–0000 UTC 26 Sep
EXP-3 1 0 1 G2b Yes 0000 UTC 25 Sep–0000 UTC 26 Sep
EXP-4 1 1 0 G2b Yes 0000 UTC 25 Sep–0000 UTC 26 Sep
EXP-5 1 0 1 G2a Yes 0000 UTC 26 Sep–0000 UTC 27 Sep
EXP-6 1 1 0 G2a Yes 0000 UTC 26 Sep–0000 UTC 27 Sep
EXP-7 1 0 1 G2a Yes 0600 UTC 26 Sep–0000 UTC 27 Sep
EXP-8 1 1 0 G2a Yes 0600 UTC 26 Sep–0000 UTC 27 Sep
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ing the subsequent movement across the Adriatic Sea,
the pressure minimum decreases again, reaching the
value of 990 hPa, and remains constant until the second
landfall of the vortex at 1600 UTC, in the northern part
of Apulia. In the following hours, the pressure center
fills, as the vortex moves inland toward the west-
southwest.

Comparing the observed with the simulated trajec-

tory (Fig. 1 versus Fig. 3a), it is apparent that there is a
good agreement between the model simulations and
the observations, although the arrival of the simulated
cyclone inland precedes that of the observed cyclone by
2 h. In fact, according to the radar data (Fig. 5 of
MMR08), the vortex approaches the Salentine penin-
sula at 0840 UTC, whereas in the control run the land-
fall occurs at about 0700 UTC. Also, the track of the

FIG. 3. Control run (inner grid): (a) as in Fig. 2, except that the track of the cyclone is shown
from 0000 to 2000 UTC 26 Sep and the black triangles indicate the position of the cyclone
every 1 h; the best estimate of the track, as shown in Fig. 1, is superimposed (dashed line). (b)
Wind direction (solid line) and wind speed (dashed line) simulated at the grid point closest to
Galatina airport from 0500 to 1100 UTC.
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simulated cyclone is slightly shifted to the west in the
morning and to the north in the evening with respect to
the observed trajectory (see dashed and solid lines in
Fig. 3), but the overall agreement is satisfactory. The
model also well simulates the pressure minimum val-
ues: the lowest pressure value of 986 hPa observed on
the Salentine peninsula (Fig. 6 of MMR08) is approxi-
mately reproduced by the model (the simulated mini-
mum value is 989 hPa); similarly, the minimum of 988
hPa registered in northern Apulia after the cyclone
moves inland in the evening (Fig. 6 of MMR08) is well
simulated (the model value is 990 hPa). The wind di-
rection and speed simulated at the grid point closest to
Galatina (the location of the observations reported in
Fig. 7 of MMR08) are shown in Fig. 3b. A comparison
of Fig. 3b with MMR08’s Fig. 7 shows that the model is
able to reproduce the rotation of the wind from east to
west and then to south after the passage of the cyclone
(although with a 2-h delay). The intensities of the two
wind maxima are also reduced (the simulated maxi-
mum is about 28 m s�1, i.e., about 50 kt, while the ob-
served value was 78 kt), mainly as a consequence of the
relatively low resolution employed in the experiments,
which is not able to reproduce correctly the smaller-
scale features of the vortex.

In conclusion, compared to the coarse-domain simu-

lation, the finer-grid simulation significantly improves
the agreement of the simulated cyclone’s intensity and
evolution with respect to observations. The control run
can thus be considered accurate enough to provide a
reasonable complementary dataset for further diagno-
sis and analysis of the observed cyclone.

Figure 4 shows the simulated cyclone during its ma-
ture phase, when the vortex is well formed and is ap-
proaching the Salentine peninsula. At this time (0600
UTC 26 September) the observations show (see Figs. 2,
5, and 7 of MMR08) that the system had features typi-
cal of tropical cyclones, such as the spiral cloud struc-
ture, strong convection, and strong low-level winds—
features that the model is able to reproduce well. In
fact, Fig. 4 shows a strong pressure gradient around the
cyclone center, associated with strong surface winds
around the vortex center (not shown), and a rainwater
content at 800 hPa formed in a spiral shape around the
pressure minimum, with a broad band of rainwater on
the northern flanks of the vortex, while the southern
flank is free of precipitation (similar to that found in
Lagouvardos et al. 1999). This structure is similar to the
convective rainbands observed around the eye in the
radar reflectivity fields shown in Fig. 5b of MMR08.
The temperature at 800 hPa shows a maximum above
the vortex (not shown), indicating that the vortex pos-

FIG. 4. Control run (inner grid): Rainwater (g kg�1) at the 800-hPa pressure level (grayscale-
shaded areas) and MSLP [black contours, contour interval (CI) � 1 hPa] at 0600 UTC 26 Sep;
the position of the vortex is denoted by an “L.”
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sesses a warm-core structure, as expected based on the
typical structure of tropical-like cyclones in the Medi-
terranean Sea (Lagouvardos et al. 1999; Pytharoulis et
al. 2000).

5. Sensitivity studies

The analysis of the cyclone in the control run evi-
denced four different phases in its life cycle (Fig. 2):

phase 1: cyclone formation in northern Africa;
phase 2: passage of the cyclone across the Strait of

Sicily (between Tunisia and Sicily);
phase 3: transit of the cyclone over the Ionian Sea

and first landfall over the Salentine peninsula; and
phase 4: transit of the cyclone over the Adriatic Sea

and a second landfall in the northern part of
Apulia.

In this section, we will analyze the main factors re-
sponsible for the formation of the cyclone and the
mechanisms that led to its intensification in the differ-
ent phases. We will first analyze the results of the con-
trol run in more detail in order to have a general over-
view of the synoptic situation before going on to an
analysis of the small-scale vortex.

a. Control run

At 0000 UTC 24 September, two days before the
event affected Apulia, the large-scale flow (not shown),
as simulated by the model (and in agreement with the
ECMWF analysis), is characterized by a deep trough
that extends from the Atlantic Ocean toward North
Africa. Figure 5a shows that by 1200 UTC 24 Septem-
ber, a trough at 500 hPa, with its axis tilted south-
southeast–north-northwest, enters the western Medi-
terranean basin. The eastward progression of the
trough implies developing northerly winds over the At-
las Mountains with southwesterlies ahead of it to the
east. Figure 5b shows that at 850 hPa there is an asso-
ciated cold front progressing southward and eastward
and hence impinging upon the Atlas Mountains.

Figure 6 shows the evolution of the MSLP and the
850-hPa wind in the control run on the coarse domain,
from 1800 UTC 24 September to 1200 UTC 25 Septem-
ber, which we designate as phase 1. A pressure mini-
mum of 1005 hPa is clearly visible to the southeast of
the Atlas Mountains in Fig. 6a; in this phase, west-
northwesterly synoptic flow impinges on the orography.
Subsequently at 1200 UTC 25 September, Fig. 6b shows
that the cyclone has moved eastward over the sea, with
a minimum pressure value of 1008 hPa.

The vertical distribution of potential temperature
and of the north–south wind component in the region
around the vortex are illustrated in Figs. 6c,d, which

correspond respectively to cross sections along the line
AA� shown in Figs. 6a,b. Figures 6c,d illustrate the pas-
sage of air from the top of the mountain toward its lee
side, producing a stretching of the air column and con-
sequently strong cyclonic vorticity [an example of
“transient generation” as described in section 21.5 of
Pierrehumbert (1984); see also Skamarock et al. (1999)]
immediately downwind of the Atlas Mountains. This is
not a rare event, as the climatology in Fig. 6b of Camp-
ins et al. (2006) shows that this area is near the clima-
tological maximum for the production of shallow cy-
clones. After its lee-side generation, the vortex subse-
quently moves over the open sea (Figs. 6b,d),
maintaining a strong circulation, especially in the low-
est levels. The mechanisms involved in the further in-
tensification and contraction of the cyclone are com-
plex and will be detailed below along with sensitivity
experiments to test the roles of the various processes
involved.

b. Experimental configuration

Table 1 contains a description of eight additional ex-
periments performed to investigate further the mecha-

FIG. 5. Control run (coarse grid): (a) 500-hPa geopotential
height (thick solid contours, CI � 100 m), 500-hPa temperature
field (thin solid contours, CI � 4°C), and trough axis (dashed
black line) at 1200 UTC 24 Sep; (b) 850-hPa geopotential height
(thick solid contours, CI � 40 m), 850-hPa temperature field (thin
solid contours, CI � 4°C), and the position of the frontal system
at 1200 UTC 24 Sep.
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nisms responsible for the evolution of the simulated
cyclone during the four phases identified above. To test
the importance of the Atlas Mountains in producing a
lee-side cyclone (phase 1), EXP-1 is performed with the
same grid configuration and numerical set up employed
in the control run, but without the Atlas Mountains.1

To understand the evolution of the vortex once it
emerges from the African continent to the Mediterra-
nean Sea (phase 2) we performed the following experi-
ments: as in the control run, EXP-2 starts at 0000 UTC
24 September 2006 but runs for only 48 h. The model
setup is the same as that of the control run except for
the horizontal grid system employed. EXP-2 includes
two grids: the coarse is the same used in the control run
(G1, in Fig. 2) while the inner grid, with 4-km resolu-
tion, has 137 � 121 grid points and covers the region
between the coast of Tunisia and the southern Sicily
(G2b in Fig. 2). This simulation was designed to provide

1 Initial and boundary conditions are those provided by
ECMWF fields at all pressure levels (including those below moun-
tains) interpolated onto the WRF model vertical levels, which
have been modified after setting the height of the orography to
zero over Africa.

FIG. 6. Control run (coarse grid): MSLP (black contours, CI � 1 hPa) and 850 hPa-horizontal wind (gray arrows) at (a) 1800 UTC
24 Sep and (b) 1200 UTC 25 Sep [the bold horizontal line AA� in (a) and (b) denotes the location of the cross sections represented in
(c) and (d)]; potential temperature (K, grayscale-shaded areas) and V wind component (contours in m s�1, CI � 2 m s�1) along the
vertical cross sections AA� at (c) 1800 UTC 24 Sep and (d) 1200 UTC 25 Sep. The “L” at the bottom of the panels represents the
position of the cyclone. In (a) and (b), the model topography is represented with grayscale-shaded areas, and the 850-hPa wind speed
is proportional to the length of the arrows: the unit length is shown on the bottom-right side of each panel and is equal to 30 m s�1 in
(a) and 20 m s�1 in (b).
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a finer-resolution analysis of the cyclone during phase
2. To explore the role of latent heat release in this
phase, EXP-3 is performed. This new simulation is a
restart from EXP-2, starting at 0000 UTC 25 Septem-
ber, and run for 24 h; the boundary conditions on
G1 are provided, as in the other experiments, by the
ECMWF analyses. Grids and numerical setup in EXP-3
are the same as in EXP-2, but the latent heating is
turned off. The differences in the MSLP between
EXP-3 and EXP-2 can then be attributed only to the
absence of latent heating during the passage of the cy-
clone over the Mediterranean Sea. (If we had sup-
pressed the latent heat from 0000 UTC 24 September
onward, the possible changes in MSLP could have also
been attributed to changes occurring during the earlier
phase when the cyclone was still over the African con-
tinent.) EXP-4 is identical to EXP-3, but with the sur-
face heat and moisture fluxes, instead of the latent heat-
ing, set to zero.

To test the roles of latent heating and surface fluxes
during the time of intensification and transit across the
Ionian Sea (phase 3), EXP-5 and EXP-6 were per-
formed. Both experiments are restart runs with the ini-
tial fields provided by the control run at 0000 UTC 26
September. The two simulations last for 24 h and the
setup is the same as the control experiment. EXP-5 is
performed turning off the latent heat release, while in
EXP 6, the surface heat and moisture fluxes are turned
off.

To study the sensitivity of the cyclone to surface
fluxes and to latent heat release when the vortex passes
over the Adriatic Sea (phase 4), two additional restart
experiments were done: EXP-7 and EXP-8. These ex-
periments are initialized at 0600 UTC 26 September,
using as the initial condition the control run 54 h after
its starting time. As with the previous two simulations,
their configuration is the same as the control run and
they are performed turning off first the latent heating
(EXP-7) and, then, the surface fluxes (EXP-8).

c. Results of the sensitivity simulations: Phase 1

As shown in the control run, the cyclogenesis of the
small-scale vortex seems to be induced by the flow over
the Atlas Mountains. To further support this result, the
Atlas Mountains have been removed in EXP-1. Figure
7 shows the mean sea level pressure field and the wind
at 850 hPa as simulated in EXP-1 at 1800 UTC 24 Sep-
tember (Fig. 7a) and 1200 UTC 25 September (Fig. 7b).
By comparing Figs. 6a,b and Figs. 7a,b, it is apparent
that initially the pressure minimum is still present (Fig.
7a), although shifted to the north and with a reduced
depth with respect to that of the control run (Fig. 6a);
however, it completely disappears in 18 h (Fig. 7b),

leaving only a wide trough associated with the synoptic
low over the northern Tyrrhenian Sea. This result re-
inforces the interpretation that the cyclone, which be-
came a tropical-like vortex over southern Italy, origi-
nates as an orographic vortex on the lee side of the
Atlas Mountains.

d. Results of the sensitivity simulations: Phase 2

After its generation, the small-scale cyclone moves
eastward, reaching the Mediterranean Sea at about
0600 UTC 25 September and then moving farther east-
ward toward southern Sicily. The mechanisms involved
in the deepening of the cyclone during its transit over
the Strait of Sicily are explored in EXP-2; in particular,
Fig. 8 shows the time evolution of the 1000-hPa poten-
tial temperature, the 10-m horizontal wind vector (Figs.
8a,c,e), and the MSLP and 800-hPa rainwater content
(Figs. 8b,d,f) during phase 2. As shown in Fig. 8a, on the
inner grid at 0900 UTC 25 September, there is a low-
level cyclonic circulation over the Mediterranean Sea,
centered offshore of the southeastern coast of Tunisia,
where the pressure minimum has the value of about
1008 hPa (Fig. 8b). The horizontal distribution of the
potential temperature field evidences the advection of
warm air coming from the south on the east side of the
cyclone, and the presence of a cold front, extending in
the northwestern corner of the grid, from the north-
eastern coast of Tunisia to western Sicily (Fig. 8a).
Along the front, precipitation is generated, as revealed
by the distribution of rainwater content at 800 hPa (Fig.
8b).

At 1200 UTC 25 September, Fig. 8c shows that the
cold front moves east-southeastward, while the vortex
moves northeastward; thus, the two features move
closer to each other, and the cyclonic circulation inter-
acts more closely with the cold air following the frontal
system on the north and western side of the cyclone.
While the minimum pressure value remains almost con-
stant, a smaller-scale minimum forms to the southwest
of Sicily as a consequence of the convection operating
along the front (Fig. 8d). With respect to 3 h earlier, the
convective activity is now more intense as evidenced by
the fact that the rainband is longer and the rain content
greater (Fig. 8d). At 1800 UTC 25 September, Figs. 8e,f
show that the orographically generated cyclone has
merged with the smaller-scale convectively produced
low, with the latent heat release associated with the
convective activity apparently leading to the contrac-
tion and intensification of the vortex.

To understand in more detail the model-produced
cumulus convection, vertical profiles of wind, tempera-
ture, and dewpoint are shown in Fig. 9. The simulated
soundings are taken at a few points, the locations of
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which are indicated by the crosses in Figs. 8b,d,f. These
locations were selected in order to represent the
changes of the thermodynamic properties of the atmo-
sphere during the passage of the cyclone over the Strait
of Sicily.

Figure 9a illustrates the characteristics of the air col-
umn above the pressure minimum, in the warm sector
of the frontal system, at 0900 UTC 25 September (the
“X” in the SW quadrant of Fig. 8b). One can see the

strong thermodynamic disequilibrium between the
middle-tropospheric cold air and the low-level warm
air, which is responsible for the large value of CAPE
(3276 J kg�1). However, such instability cannot be re-
leased as a consequence of the strong inversion in the
low levels of the sounding [convective inhibition
(CIN) � 157 J kg�1] because of the presence of a layer
of very warm and dry air advected from the African
continent by the prevailing southwesterly flow.

FIG. 7. Sensitivity experiment without the Atlas Mountains (EXP-1). coarse grid: MSLP (black con-
tours, CI � 1 hPa) and 850-hPa horizontal wind component (gray arrows) at (a) 1800 UTC 24 Sep and
(b) 12 UTC 25 Sep. The 850-hPa wind speed is proportional to the length of the arrows: the unit length
is indicated and is equal to 30 m s�1 in (a) and 20 m s�1 in (b).

NOVEMBER 2008 M O S C A T E L L O E T A L . 4383



At the same time, about 200 km farther away from
the cyclone, the sounding shown in Fig. 9b (the “X” in
the NE quadrant of Fig. 8b) shows that the low-level
southeasterly flow brings air from the southern Medi-
terranean Sea that is cooler and has a much higher
humidity content compared to the air advected toward
the center of the cyclone (Fig. 9b versus Fig. 9a). As a
consequence, the value of CAPE is smaller (1903 J
kg�1). Although the atmosphere is unstable, the advec-
tion of warm air from the African continent from the
southwest in the low levels is responsible for the deep
low-level inversion from about 925 to 825 hPa, which

also prevents the release of convection in this region
(CIN � 164 J kg�1).

At 1200 UTC 25 September, as the vortex moves
closer to the cold front, the characteristics of the air
involved in the cyclonic circulation change. The mecha-
nism that modifies the environment is a combination of
the uplift induced by the frontal system, which is re-
sponsible for the cooling in the low levels, and the la-
tent heat fluxes, which moisten the boundary layer. As
a consequence, the sounding extracted on the north
side of the vortex, about 70 km to the east of the front
(Fig. 9c, marked by the “X” in Fig. 8d), shows, as com-

FIG. 8. EXP-2 (inner grid): 1000-hPa potential temperature (K, grayscale-shaded areas) and 10-m horizontal wind (black arrows) at
(a) 0900, (c) 1200, and (e) 1800 UTC 25 Sep; 800-hPa rainwater (g kg�1; grayscale-shaded areas); and MSLP at (b) 0900, (d) 1200, and
(f) 1800 UTC 25 Sep [black contours, CI � 1 hPa; dashed contour for MSLP � 1007.5 hPa in (d) to better locate the position of the
minimum]. The “X” in (b), (d), and (f) denotes the positions where the thermodynamic soundings in Fig. 9 are taken: in particular, the
southwestern (northeastern) cross in (b) corresponds to the location of the sounding shown in Fig. 9a (Fig. 9b); the cross in (d) [(f)]
corresponds to Fig. 9c (Fig. 9d). The 10-m wind speed is proportional to the length of the arrows: the unit length is shown on the
top-right side of each panel and is equal respectively to 10 m s�1 in (a) and (c), and 20 m s�1 in (e). The grayscale for 1000-hPa potential
temperature in (a), (c), and (e) is shown at the top of the figure. The white squares in (c) and (e) represent the domains shown, at the
same time, in Figs. 10a and 10c, respectively; the black dashed square in (c) represents the domain shown in Fig. 10b.
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pared to Figs. 9a,b, that the air in the low levels is cooler
and mostly saturated, and the profile in the 1000–750-
hPa layer is nearly moist neutral. The fact that the in-
version shown in the previous stage has been elimi-
nated (CIN � 0) and the CAPE is large (1776 J kg�1)
indicates conditions favorable to the release of convec-
tive instability.

Finally, at 1800 UTC 25 September, when the cold
front phases with the orographic cyclone, the air ahead

of the front advects from the south, producing a slight
temperature increase at low levels with respect to 3 h
earlier (cf. Figs. 9c,d). As a consequence, the CAPE
increases (2499 J kg�1) while there is still no tempera-
ture inversion in the low levels (Fig. 9d).

In conclusion, the time evolution of the vertical pro-
files ahead of the frontal system shows that the envi-
ronmental conditions become more favorable for the
development of convection as the cyclone moves closer

FIG. 9. EXP-2 (inner grid): Thermodynamic soundings at (a) 34.5°N, 12.0°E and (b) 36.0°N, 14.0°E at 0900 UTC 25 Sep; at (c) 37.0°N,
13.0°E at 1200 UTC 25 Sep; and at (d) 36.5°N, 15.0°E at 1800 UTC 25 Sep. The gray solid line represents the thermodynamic path of
a parcel lifted from the surface. Wind plotting follows the standard convention (1 small barb � 5 kt; 1 long barb � 10 kt).
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to the frontal system. At the same time, the convective
activity favors the further deepening of the pressure
minimum. To better understand the interaction be-
tween the front and the orographic vortex, the 1-h dif-
ference in MSLP and in 500-hPa potential temperature
fields have been analyzed. Figure 10 shows these dif-
ferences at three distinct time intervals: from 1200 to
1300 UTC (Fig. 10a), from 1400 to 1500 UTC (Fig. 10a),
and from 1700 to 1800 UTC (Fig. 10c). The different
panels show that, as the front moves to the east along
the southwestern coast of Sicily, the 500-hPa tempera-
ture field increases (by more than 3°C h�1; not shown)
ahead of the front and decreases by a similar amount
behind it (not shown); as a consequence, an MSLP de-
crease up to 4 hPa h�1 and an increase up to 3 hPa h�1

are observed, respectively, ahead and behind of the
frontal line. Although the cooling is due to the advance
of the cold air from the northwest, the temperature
increase is mainly a consequence of latent heat released
during the convective processes. The relevance of this
temperature increase for the intensification of the vor-
tex during the afternoon of 25 September is further
emphasized with the sensitivity experiments EXP-3 and
EXP-4 defined above.

In EXP-3, the diabatic heating from condensation is
turned off in the microphysics: as a consequence, con-
vective cells do not develop and the interaction of the
orographic vortex with the cold front is not able to
deepen the pressure minimum (not shown). In fact, the
pressure minimum deepens only 1 hPa in the period
from 0600 to 1800 UTC 25 September, when it reaches
the value of 1007 hPa (instead of 1003 hPa, as simulated
in EXP2). In EXP-4 the latent and sensible heat fluxes
from the surface are switched off: Fig. 11 shows the
MSLP field at 0900 (Fig. 11a), 1200 (Fig. 11b), and 1800
UTC (Fig. 11c) 25 September. It is apparent that, in
contrast with EXP-2 (Fig. 8), the pressure minimum
does not decrease as much and the cyclone track is
modified, as the system moves over the sea from west-
southwest to east-northeast without approaching the
coast of Sicily. Since the pressure minimum decrease is
similar to EXP-3, we can conclude that the latent heat-
ing and the surface fluxes are similarly important in the
deepening of the cyclone during phase 2.

The effect of the suppression of the surface fluxes on
the thermodynamic properties of the atmosphere is
more apparent in Fig. 12, where the vertical profile at
1200 UTC 25 September is plotted in a point located
100 km northeast of the position of the pressure mini-
mum, far ahead of the frontal system (marked by the
“X” in Fig. 11b). We compare this sounding with those
shown in Figs. 9b,c, which are representative of the

atmosphere upwind of the front in EXP-2, at times
when the frontal system and the vortex are quite far
from each other. We observe that the elimination of
surface fluxes reduces the humidity in the low levels

FIG. 10. EXP-2 (inner grid): difference in MSLP (solid contours
for positive values; dashed contours for negative values; CI � 1
hPa) and in 500-hPa potential temperature (K, grayscale-shaded
areas) fields between (a) 1200 and 1300 UTC, (b) 1400 and 1500
UTC, and (c) 1700 and 1800 UTC 25 Sep, focused on the Medi-
terranean Sea, to the southwest of Sicily.
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and hence reduces the potential for convection through
the domain. The absence of convective reinforcement
of the front (and attendant frontal lifting), as illustrated
in Figs. 8–10, allows the temperature inversion to per-
sist (CIN � 393 J kg�1) and the instability to be much
weaker (CAPE � 197 J kg�1) as shown in Fig. 12. Thus,
the atmosphere is no longer favorable to the develop-
ment of convection and hence the convective intensifi-
cation and contraction of the vortex does not occur in
this simulation.

In conclusion, several mechanisms are important
during phase 2: the frontal system, which favors the
triggering of convection and enhances the surface
fluxes in the vicinity of the vortex, through increased
low-level winds and lapse rates; the frontal uplift con-
tributing to the destabilization of the environment and
favoring the release of convection in the region; and the
latent heat released from convection, which further in-
duces cyclogenesis through diabatic heating over a deep
column and is responsible for the contraction of the
horizontal extent of the vortex, as simulated by the
model in EXP-2. The transition of the relatively large
orographically generated cyclone into a much smaller-
scale vortex through the action of convection is a com-
plex process and is beyond the scope of the present
study. We note that, even in the field of tropical cyclo-
genesis research, the means by which deep convection
transforms a weakly rotating flow into a tropical cy-
clone is the subject of active current research, but some
parallels can be seen with the evolution observed in Fig.
8 and the “hot tower” hypothesis for tropical cyclogen-
esis (Montgomery et al. 2006).

e. Results of the sensitivity simulations: Phase 3

EXP-2 shows that the vortex crosses southern Sicily
during the night of 25 September (not shown) and then
enters the Ionian Sea with a minimum pressure value of
1002 hPa; this result is consistent with that of the con-
trol run. The movement of the cyclone in the following
hours, as simulated in the inner grid of the control run,
is illustrated in Fig. 13. At 0300 UTC 26 September, the
vortex is over the central part of the Ionian Sea, close to
the coast of Calabria, and its MSLP minimum is 997
hPa (Fig. 13a). In just a few hours, the pressure mini-
mum decreases significantly, while the cyclone moves
north-northeastward: at 0600 UTC, the vortex is lo-
cated over the northern Ionian Sea, to the southwest of
the Salentine peninsula, with a MSLP minimum of 990
hPa (Fig. 13b). At this time, the system acquires the
characteristics typical of a tropical storm: the strong
pressure gradient in a small horizontal distance, the
existence of a warm core (as shown later in Fig. 18), and

FIG. 11. EXP-4 (sensitivity experiment with heat and moisture
surface fluxes turned off; inner grid): MSLP (black contours, CI �
1 hPa) at (a) 0900, (b) 1200, and (c) 1800 UTC 25 Sep. The black
cross in (b) shows the position where the thermodynamic sound-
ing in Fig. 12 is taken.
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the presence of a spirally distributed cloud band around
the eye and a cloud-free area in its center.

To investigate the thermodynamic state of the atmo-
sphere in this phase, Fig. 14 shows the vertical profile at
0600 UTC 26 September, about 150 km to the southeast
of the pressure minimum, slightly ahead of the convec-
tive band. The humidity profile is very close to satura-
tion near the ground, but becomes progressively drier
moving to the middle troposphere. The temperature
sounding remains close to the pseudoadiabatic profile
over the whole troposphere but is slightly unstable
(CAPE � 943 J kg�1), while there is no convective
inhibition in the low levels: these conditions are typical
of a tropical environment prone to tropical cyclone de-
velopment and have already been observed in the other
subsynoptic vortices over the Mediterranean Sea (Ras-
mussen and Zick 1987).

To investigate the role played by the surface fluxes
and the latent heat release in this phase, two additional

numerical experiments are performed (EXP-5 and
EXP-6). The main results are illustrated in Fig. 15,
which shows the MSLP and the 800-hPa rainwater
fields at 0300 UTC (EXP-5 and EXP-6, Figs. 15a,c, re-
spectively) and 0600 UTC (EXP-5 and EXP-6 Figs.
15b,d, respectively). By comparing Fig. 15 with the con-
trol run results in Fig. 13, it is apparent that the main
process that influences the deepening of the vortex over
the Ionian Sea is the latent heat release associated with
convection. In fact, the evolution of the vortex changes
completely by turning off the diabatic heating from
condensation (Fig. 15b; EXP-5): Figs. 15a,b show that
the pressure minimum value remains almost constant in
time, there is no contraction of the horizontal scale of
the vortex, and the movement of the cyclone is much
slower. Also, the convective band around the cyclone
shown in Fig. 13 is completely suppressed. In contrast,
the exchanges of sensible and latent heat between the
surface and the lower troposphere have a marginal role

FIG. 12. EXP-4. Inner grid: thermodynamic sounding taken at 35.5°N, 14.0°E at 1200 UTC
25 Sep. The gray solid line represents the thermodynamic path of a parcel lifted from the
surface.
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in terms of MSLP deepening during this phase. The
only effect of turning off the surface fluxes (EXP-6) is
an increase of the minimum central pressure of the cy-
clone by 1–2 hPa with respect to the control run. Also,
the convective band around the pressure minimum is
still present, although the rainwater content is reduced.
Thus, the surface fluxes played a minimal role in phase
3 as the vortex intensifies during its transit over the
Ionian Sea; however, since the surface fluxes were nec-
essary in phase 2 to produce the transition from a
larger-scale orographically generated cyclone to a

smaller-scale hurricane-like vortex and to alter the
lower-tropospheric thermal and moisture properties,
producing an environment more favorable to the de-
velopment of convection, they indirectly impacted the
cyclone evolution during the subsequent phases.

To understand the mechanisms responsible for the
intensification of the diabatic heating associated with
convection, and thus of the deepening of the cyclone,
we look more closely at the precipitation field (Fig. 16).
Intense convective rainfall is simulated to the east of
Calabria, along a frontal line moving from the Tyrrhe-
nian to the Ionian Sea. This precipitation occurs ahead
of the cyclone, and its hourly intensity in this phase
suddenly increases from 60 mm h�1 at 0100 UTC 26
September (Fig. 16a) to a maximum of 120 mm h�1 at
0300 UTC 26 September (Fig. 16b). This intensification
can be ascribed to the interaction of the southeasterly
low-level flow, preceding the cyclone, with the steep
orography of Calabria (see Fig. 16a). As a consequence,
strong uplift develops and generates convection in the
area surrounding the cyclone that had become unstable
during phase 2. The development of deep convection
produces large amounts of latent heat release and
warming in the column, and results in a rapid drop of
the pressure minimum (7 hPa in only 1 h; see Fig. 3).

Focusing our attention to the east of the Ionian coast
of Calabria, the analysis shows that the updrafts are
favored by a small-scale cyclogenesis occurring east of
the mountains of Calabria, which is downwind with re-
spect to the prevailing westerly midlevel flow. Figure
16a shows that a closed circulation is generated at low
levels (mainly confined to the lowest 3000 m) by a
mechanism similar to that of the orographic cyclogen-
esis that occurred south of the Atlas Mountains (see
Fig. 6). In a couple of hours, closed isobars develop
over the Ionian Sea, to the north of the pressure mini-
mum moving from Sicily (Fig. 16b). During the follow-
ing hours, the two minima merge and become deeper
(not shown).

Since an upper-level potential vorticity (PV) maxi-
mum moves close to the vicinity of the vortex in this
phase, it would be interesting to evaluate if its role is as
relevant for the development of the vortex as in other
episodes of Mediterranean tropical-like cyclones (Re-
ale and Atlas 2001; Homar et al. 2003). From our simu-
lations, it turns out that the low-level vorticity structure
is already well formed before the passage of the upper-
level PV anomaly (not shown), and it is not possible to
determine any cause-and-effect relationship between
the upper-level PV and the further intensification of the
vortex, at least considering the set of experiments per-
formed in the present study.

FIG. 13. Control run (inner grid): rainwater (g kg�1) at 800-hPa
(grayscale-shaded areas) and MSLP (black contours, CI � 1 hPa)
at (a) 0300 and (b) 0600 UTC 26 Sep. The black cross in (b) shows
the position where the thermodynamic sounding in Fig. 14 is
taken.
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f. Results of sensitivity simulations: Phase 4

Before its ultimate decay, the cyclone moves over the
Adriatic Sea. In Fig. 17a, the control run shows that the
cyclone is still very deep during this phase, with a mini-
mum value of 990 hPa and a spiral rainwater structure
around the eye. To better understand the evolution of
the system in this phase, and investigate the importance
of latent heating and fluxes, two additional sensitivity
experiments are performed; their results are summa-
rized in Figs. 17b,c (EXP-7 and EXP-8, respectively).
At 1200 UTC 26 September, the pressure minimum is
995 hPa in EXP-7 and 993 hPa in EXP-8. Thus, the
absence of either of the two effects significantly reduces
the intensity of the pressure minimum. As a conse-
quence, and in contrast with the previous phase, both
the surface heat fluxes and the latent heat release are
important in maintaining the strength of the vortex.
However, latent heat release still remains the most im-
portant mechanism, since EXP-7 reduces the depth of
the minimum more than EXP-8 and produces a delay in

the temporal evolution of the system, which is not
present in EXP-8.

The analogies with the vertical structure of the tropi-
cal cyclones during this phase can be better appreci-
ated by considering an azimuthal average of differ-
ent meteorological fields in a cylindrical coordinate
system, the origin of which is coincident with the pres-
sure minimum. Figure 18a represents the vertical
cross section of the azimuthally averaged azimuthal
wind component (solid contour line) and of the azi-
muthally averaged potential temperature (shaded ar-
eas) fields at 1100 UTC 26 September. A warm core
is centered over the surface pressure minimum, with
a horizontal extent of about 30 km and a vertical ex-
tent through the lower and the middle troposphere (the
nonlinear scale used for the vertical coordinate in
the figure masks the horizontal temperature gradient at
the top of the domain). Associated with this temp-
erature anomaly, there is a cyclonic circulation in the
surroundings of the minimum: the azimuthal wind
component increases from 0 m s�1, at the center of the

FIG. 14. Control run (inner grid): thermodynamic sounding taken at 39.0°N, 19.0°E at 0600
UTC 26 Sep.
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pressure minimum, to a maximum of 19 m s�1 found
close to the ground at a radial distance of about 30 km.
This structure reflects the distribution of wind speed
(and temperature) typical of tropical cyclones, with a
calm eye and a maximum wind speed centered a few

tens of kilometers away from the center. A similar
velocity distribution was derived by Emanuel (2005)
in simulations performed with the nonhydrostatic
cloud-resolving model of Rotunno and Emanuel
(1987), which, due to its axisymmetric geometry, does

FIG. 15. (a), (b) Sensitivity experiments EXP-5 (with latent heat turned off) and (c), (d) EXP-6 (with heat and moisture surface fluxes
turned off). Inner grid: 800-hPa rainwater (g kg�1) content (grayscale-shaded areas) and MSLP (black contours, CI � 1 hPa) at 0300
UTC 26 Sep in (a) and (c) and 0600 UTC 26 Sep in (b) and (d).
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not include baroclinicinstability but only the air–sea
interaction processes. Similarly, in our case, after its
origin in a baroclinic environment, the vortex as-
sumes tropical cyclone–like features moving over the
Adriatic Sea where baroclinicity is not important (not
shown).

Figure 18b shows the azimuthal average of the wind
vectors resulting from the composition of the radial and
vertical components (black arrows) and the azimuthal
average of the cloud water mixing ratio in a vertical

cross section. As in a tropical cyclone, descending mo-
tions are present above the pressure minimum and up-
drafts are located in the eyewall. There is upward mo-
tion, mainly above the area enclosed between 15 and 40
km from the eye, consistent with cloud systems around
the core of the cyclone. The distribution of cloud water
mixing ratio underscores the presence of a cloud-free
area in the center of the cyclone and of convective
clouds radially distributed around the center, as for a
hurricane.

FIG. 16. Control run (inner grid): MSLP (black lines, CI � 1 hPa) and 900-hPa horizontal
wind (black arrows) at (a) 0000 and (b) 0200 UTC 26 Sep; hourly rainfall (bolded dashed lines,
CI � 25 mm h�1) from (a) 0000 to 0100 UTC 26 Sep and (b) from 0200 to 0300 UTC 26 Sep.
The model topography is represented with grayscale-shaded areas. The 900-hPa wind speed is
proportional to the length of the arrows: the unit length is shown on the bottom-right side of
each panel and is equal to 20 m s�1 in (a) and 30 m s�1 in (b).
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6. Conclusions

An analysis of a simulation of a small-scale cyclone
observed on 26 September 2006 over southeastern Italy
and the surrounding area has been presented. The im-

portance of the event can be appreciated by considering
that a maximum wind speed of 78 kt was recorded at
the Galatina Airport synoptic station, and a minimum
sea level pressure of 986 hPa was registered in the area.
This value is the lowest in the records of the minimal
pressure during similar storms in the Mediterranean
area (Fita et al. 2007). The WRF model was used to
simulate the evolution of the system and to investigate
the leading mechanisms contributing to the genesis, de-
velopment, and intensification of the small-scale cy-
clone. By comparing the observed data with the simu-
lations, good agreement is found overall, although a
temporal delay of several hours is observed in the evo-
lution of the simulated vortex.

The features of a tropical-like cyclone, such as a
warm core, a spiral-like cloud distribution, and high
wind speed in the eyewall, are reproduced by the model
during the mature phase of the life cycle of the vortex,
after the system is well formed over the northern Ionian
Sea (from 0600 UTC 26 September onward). The diag-
nosis of the control run suggests that the evolution of
the system can be divided into four different phases: the
cyclone formation; the passage of the cyclone over the
Mediterranean Sea, along the Strait of Sicily; the transit
of the cyclone over the Ionian Sea and its landfall over
the Salentine peninsula; and finally the passage of the
cyclone over the Adriatic Sea and its landfall in the
northern part of Apulia. The different stages of evolu-
tion of the cyclone are summarized in Fig. 19.

During the initial phase, a mesoscale depression is
generated in the lee of the Atlas Mountains, on 24 Sep-
tember 2006, two days before the event affected
Apulia. The system develops in a synoptic environment
characterized at 850 hPa by northwesterly flow that en-
ters the Mediterranean Basin and is modified by the
northern Africa orography. From its initial appearance
at 1200 UTC 24 September and for the following 12 h,
the mean sea level pressure minimum neither moves
significantly nor does it deepen. Subsequent to this gen-
eration phase, the mesoscale cyclone moves eastward
and reaches the Mediterranean Sea, east of Tunisia, at
0600 UTC 25 September. In the following phase, the
mesoscale cyclone crosses the western Mediterranean
Sea and intensifies, as a consequence of its interaction
with convection produced along a synoptic-scale cold
front moving eastward from the Tyrrhenian Sea. At
0000 UTC 26 September, the now-small-scale cyclone
enters the Ionian Sea, where, in the following 6 h, the
model simulates a pressure fall of 13 hPa as a conse-
quence of the cyclone’s interaction with convection en-
hanced by the orography of Calabria.

The transition of the extratropical disturbances into
tropical cyclones is frequent in the Atlantic tropical ar-

FIG. 17. 800-hPa rainwater (g kg�1, grayscale-shaded areas) and
MSLP (black contours, CI � 1 hPa) at 1200 UTC 26 Sep in (a) the
control run, (b) EXP-7, and (c) EXP-8.

NOVEMBER 2008 M O S C A T E L L O E T A L . 4393



eas (McTaggart-Cowan et al. 2007) and is the subject of
active current research. According to the classification
of Davis and Bosart (2004) for tropical cyclone devel-
opment, the cyclone described in the present paper
would belong to the weak extratropical cyclones

(WEC) category, meaning that the orographically gen-
erated low-level cyclone is not capable of self-organized
convection. Indeed, an intermediate process is needed
to enhance mesoscale vorticity, organize convection,
and produce a self-sustaining vortex. In the present

FIG. 18. (a) Vertical cross section of the azimuthal average of the azimuthal wind velocity
(m s�1, black lines) and potential temperature (K, grayscale-shaded areas) at 1100 UTC 26
Sep, in a coordinate system where the origin of the system is located over the pressure
minimum; (b) component of the wind vector resulting from the composition of the radial and
vertical components (black arrows) and cloud water mixing ratio (g g�1, grayscale-shaded
areas) at 1100 UTC 26 Sep. The horizontal axis represents the radial distance (km) from the
center of the pressure minimum; the vertical axis represents the height (m) (the vertical levels
of the model are equidistant along the vertical axis; thus, the scale of distances is not linear
with respect to the vertical and the numbers on the vertical axis are only approximate, since
the model levels are only approximately at a fixed height). The wind speed of the component
resulting from the radial and vertical components is proportional to the length of the arrows:
the unit length is shown on the bottom-right side of (b) and is equal to 10 m s�1.
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case, the interaction with the synoptic-scale cold front
(and the upper-level trough) over the Strait of Sicily
and the orographically generated cyclone to the east of
Calabria seem to play that role.

In the following hours, the system crosses the Salen-
tine peninsula, where the model simulates the lowest
pressure value of 989 hPa near the middle of the pen-
insula, in good agreement with the observations. After
its quick transit over land, the vortex reaches the Adri-
atic Sea. At this time, the pressure minimum is still
deep (990 hPa) and remains constant throughout the
vortex’s transit over the sea until its second landfall in
the northern part of Apulia, where the system finally
decays.

Additional numerical simulations were performed to
better understand the mechanisms responsible for the
genesis and the evolution of the vortex. A numerical
experiment without the Atlas Mountains shows that the
small-scale intense cyclone that ultimately affected
southern Italy originated as an orographic vortex on the
lee side of the Atlas Mountains. In the cyclone’s sub-
sequent passage over the Mediterranean Sea, the sys-
tem evolves into a smaller-scale cyclone with high mois-
ture content in the very low levels. Surface heat fluxes
and convection are shown to be important during this

phase. The surface fluxes are fundamental for the de-
stabilization of the environment, while the latent heat,
released within the convective motions that developed
near the approaching cold front, is necessary to pro-
duce the intensification and contraction of the horizon-
tal scale of the vortex. During its subsequent crossing of
the Ionian Sea, the deepening of the now-small-scale
vortex is very rapid, and is mainly due to latent heating
associated with moist convection, as turning off the la-
tent heat release due to condensation has the effect of
delaying and weakening the system development. The
results are consistent with those found by Lagouvardos
et al. (1999), who stressed the significant role played by
the sensible and latent heat fluxes in the formation of a
tropical-like Mediterranean storm and the strong influ-
ence of the latent heat release due to convective mo-
tions, during its mature stage.

In its last stage, the small-scale cyclone crosses the
Adriatic Sea. During this phase, both the surface fluxes
and the release of latent heat are important in main-
taining the strength of the vortex. At this time the sys-
tem is well formed, and its similarities with tropical
cyclones are apparent by azimuthal averages of the
wind, potential temperature, and the cloud water con-
tent, in a coordinate system where the origin is located

FIG. 19. Summary representing the different stages of evolution of the cyclone. The chain of
events leading to the small-scale vortex over southern Italy begins with the action of the
northerly flow (gray arrows) impinging on the Atlas Mountains (“�” symbols) and producing
an orographic cyclone occurring downwind (“L” indicates pressure low). As the orographi-
cally produced cyclone moves to the east over the Strait of Sicily, its interaction with a
cold-frontal system favors the development of convection (represented by the gray clouds)
nourished by sea surface fluxes (represented with the wave symbols). The latter interaction
transforms the larger-scale orographic vortex into an intense smaller-scale vortex (represented
with the increased number of circles around the “L”), which deepens further due to the
convection over the Ionian Sea and is maintained by both convection and sea surface fluxes
as it progresses over the Adriatic Sea.
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over the pressure minimum. In this last stage, the re-
sults are very close to those found in previous studies
obtained with theoretical models containing only air–
sea interaction processes (Emanuel 2005; Fita et al.
2007).

Finally, several sensitivity experiments were per-
formed to address the predictability of these types of
cyclones. Simulations with different initial and bound-
ary conditions were run; also, different limited-area
models were used, following a multimodel approach
(Davolio et al. 2008, manuscript submitted to Nat. Haz-
ards Earth Syst. Sci.). Although most of these simula-
tions were able to reproduce the evolution of the cy-
clone, a significant sensitivity was found, depending
mainly on the large-scale analysis/forecasts and less on
the choice of the model. The effects of the initial/
boundary conditions will be analyzed further in future
work.
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