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Abstract Medicanes, strong mesoscale cyclones with

tropical-like features, develop occasionally over the Med-

iterranean Sea. Due to the scarcity of observations over sea

and the coarse resolution of the long-term reanalysis

datasets, it is difficult to study systematically the multi-

decadal statistics of sub-synoptic medicanes. Our goal is to

assess the long-term variability and trends of medicanes,

obtaining a long-term climatology through dynamical

downscaling of the NCEP/NCAR reanalysis data. In this

paper, we examine the robustness of this method and

investigate the value added for the study of medicanes. To

do so, we performed several climate mode simulations with

a high resolution regional atmospheric model (CCLM) for

a number of test cases described in the literature. We find

that the medicanes are formed in the simulations, with

deeper pressures and stronger winds than in the driving

global NCEP reanalysis. The tracks are adequately repro-

duced. We conclude that our methodology is suitable for

constructing multi-decadal statistics and scenarios of cur-

rent and possible future medicane activities.

Keywords Mediterranean hurricanes � Dynamical

downscaling � Mesoscale tropical-like cyclones �
Medicanes climatology

1 Introduction

1.1 Context of present study

Over the last decades, the occasional occurence over the

Mediterranean Sea of sub-synoptic scale storms presenting

several similarities with tropical cyclones has been reported.

Given their resemblance to tropical storms, and in particular

considering the strong winds associated with them, these

systems have been referred to in the recent literature as

‘‘medicanes’’ (from Mediterrranean hurricanes).

Medicanes are considered rare phenomena, since only a

few have been directly observed—the number of cases well

documented in the literature is around ten. It has to be

noted however that, due to their marine character and their

sub-synoptic scale, most of the medicanes that have been

observed and documented are the cases associated with

impacts and damage on coastal areas. It is thus likely that a

substantial number of medicanes that occurred in the past

have not been detected at all.

Indeed, the availability of observations of such storms

by in-situ weather reports is generally poor, and limited to

ships cruising nearby. Since the 1980s, more cases have

been detected by searching for structures similar to those of

observed medicanes in satellite imagery (Tous and Romero

2011). However, due to the difficulty encountered in

defining unequivocally a set of conditions to assess on firm
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grounds detection of medicanes, even after inspection of a

large amount of satellite images the number of known

medicanes is still limited to a few tens.1

Contemporary meteorological analyses capture most

cases of medicanes because of high grid resolution and

powerful initialisation techniques, which include the use of

satellite data. However, when running frozen analysis

systems, which are the basis of re-analysis such as NCEP/

NCAR (Kalnay et al. 1996), a homogeneous description of

the statistics of the sub-synoptic scale formation and life

cycles of medicanes cannot be expected because of

changing density and quality of observations on synoptic

and sub-synoptic scales. Instead, changing statistics from

such an inhomogeneous data set will represent more the

effect of changing observational efficiency than changes in

the physical phenomenon.

Thus, it is not possible to construct homogeneous sta-

tistics of the formation and life cycle of medicanes for the

past decades by conventional data analysis or by analysing

re-analyses. The same problem holds for the case of polar

lows and for tropical cyclones. In both cases, a dynamical

downscaling strategy has been employed, in which large-

scale state descriptions provided by re-analysis are

dynamically downscaled, using the concept of spectral

nudging (von Storch et al. 2000), running an atmospheric

limited area model in climate mode (Feser and von Storch

2008; Zahn et al. 2008). In the present study, we apply the

same methodology to simulate the formation and life

cycles of four medicanes studied in the literature (Reale

and Atlas 2001; Davolio et al. 2009; Moscatello et al.

2008a, b; Homar et al. 2003; Lagouvardos et al. 1999;

Pytharoulis et al. 2000). As in the previous studies on polar

lows and typhoons, we examine how well known cases of

the formation and life cycle of medicanes can be repro-

duced. We are not aware of any previous attempts to

reproduce medicanes in climate mode simulations. Since

our results are encouraging, we will in a second study run

the system for the six decades of NCEP/NCAR reanalysis,

to identify and track all medicanes and estimate their trends

and variability.

The paper is organized as follows. In Sect. 2 we

describe the experimental setup, the main features of the

selected test cases and the model configuration. In Sect. 3

we discuss the model performance in reproducing the sea

level pressure and wind patterns associated with medi-

canes, and how this information can be used to derive

the storm track. In Sect. 4 we show how the model’s

ability to simulate the vertical structure of cyclones can

be exploited to study the dynamical characterization of

medicanes.

Table 1 Main features of the

selected test cases
Event (YYMM) Radius (km) Lifetime (days) Distance (km) Eye Genesis region

9501 150 3 *1,000 Yes Ionian

0609 70 1 *500 No Ionian

9609 150 1.5 *2,000 Yes Balearic

9610 200 5 *3,000 Yes (twice) Balearic

Fig. 1 Domains of the coarse

(yellow) and high (grey)

resolution simulations

1 A list of known medicanes cases is maintained on the website

http://www.uib.es/depart/dfs/meteorologia/METEOROLOGIA/

MEDICANES.
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Fig. 3 Mean sea level pressure fields on January 16 at 00 UTC in the

ECMWF analysis (top left), MERRA reanalysis (top right), and in the

low resolution 9501sn2lo (bottom left) and high resolution 9501sn2hi

(bottom right) simulations. Contour lines are plotted at 2 hPa

intervals. The label 9501sn2lo/hi refers to the case of January 1995,

and the 2nd simulation with a spectrally nudged formulation with

low/high grid resolution. ‘‘dd/mm hh’’ labels indicate date and hour

associated with the corresponding position. In the second panel two
different markers have been used for a better visualization: red empty
squares correspond to the part of the track where the storm was

moving northwards, blue filled circles to the part where it was moving

southwards
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1.2 Medicanes

Medicanes resemble tropical cyclones (Emanuel 2005).

They are indeed characterized—besides the associated

winds that can reach hurricane speed—by a vertically

symmetric structure, a cloud cover with a spiral shape and

a cloud-free eye in the middle, and a warm core. Most of

the cases occur during late summer and autumn.

The main features of medicanes and the typical values

of their parameters, derived from the few observed events,

can be summarized as follows:

– A radius between 70 and 200 km.

– A lifetime between *12 h and *5 days.

– The travelled distance is between *700 and

*3,000 km.

– A clearly defined eye develops in most cases, and is

visible for as long as 3 days. In some cases the eye does

not appear, while in some others it develops twice

(disappearing when the storm crosses land areas).

– Wind speed up to *40 m/s.

– The most frequent genesis regions are the Balearic

islands and the Ionian sea.

– Most of the medicanes occur during autumn, but some

have been detected also in winter and spring.

The formation of sub-synoptic scale storms with tropi-

cal-like features over relatively cool waters, in comparison

with the empirical threshold of 26�C derived from the

analysis of tropical cyclones, is not an isolated phenome-

non; similar storms, the polar lows, have long been known

to develop over high latitude oceans (Rasmussen and

Turner 2003).

It has been shown, from a theoretical perspective, how

the presence of a cold low in the upper layers of the

atmosphere over warm enough waters can provide an

environment favourable to the formation of medicanes

(Emanuel 2005). Numerical process studies confirmed the

role played by this mechanism in the development of some

of the observed medicanes (Fita et al. 2007).

2 Experimental setup

2.1 Test cases

We selected four different test cases of historical medi-

canes documented in the literature to be reproduced in the

model simulations. The main characteristics of these cases

are reported in Table 1.
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Fig. 4 The same of Fig. 3 on January 16 at 18 UTC
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The choice of these particular events is motivated by the

fact that they span a wide range of the typical phenome-

nological parameters of medicanes, including both typical

and extreme values. They are all from recent decades,

when observational coverage by satellites was good, and

when operational analyses, as done by ECMWF, have good

skills also on sub-synoptic scales (Simmons 2006), so that

we have adequate data available for assessing the quality of

our simulations. Indeed, we use the following observational

data for validation:

1. the NOAA ‘‘SeaWinds’’ product at 6-h time resolution

(Zhang et al. 2006). SeaWinds contains gridded, high

resolution ocean surface vector winds and wind

stresses on a global 0.25� grid for the period 9 July

1987—present. The wind speeds are generated by

blending observations from instruments mounted on

multiple satellites. The accuracy of scatterometer-

based wind retrievals is very good for winds up to

20 m/s, while it is highly diminished for stronger

winds (see e.g. Ebuchi et al. 2002; Ricciardulli and

Wentz 2011)

2. Mean sea level pressure fields from ECMWF opera-

tional analysis data, at 0.25� grid resolution.

In order to assess the added value of the dynamical

downscaling approach, we also compare the model results

with a state-of-the-art reanalysis product, the NASA’s

MERRA reanalyses (Rienecker et al. 2011), featuring a

0.5� horizontal resolution and 72 vertical levels.

2.2 Dynamical downscaling approach

The downscaling is performed in the CCLM atmospheric

limited area model (Rockel et al. 2008), the climate

version of the COSMO weather model. The model fea-

tures non-hydrostatic equations and has 32 r vertical

levels.
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Fig. 5 Measured wind speed field on January 16 at 18 UTC as

reconstructed in the NOAA ‘‘Blended Sea Winds’’ (top). 10-m wind

speed in 9501sn2lo (bottom left) and 9501sn1hi (bottom right)
simulations. Every contour represents a 3 m/s increment. The label

9501sn2lo/hi refers to the case of January 1995, and the 2nd

simulation with a spectrally nudged formulation with low/high grid

resolution
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We employ two different horizontal resolutions. The

‘‘low’’ resolution simulations use a 0.22� (*25 km) grid

on a domain of 176 9 106 grid points (see Fig. 1) and are

driven by initial and boundary conditions derived from

NCEP/NCAR reanalyses (Kalnay et al. 1996). The domain

covers the whole Mediterranean Sea and the main moun-

tain ranges around it. The grid spacing of 0.22� is the finest

that can be used for a single nested downscaling of NCEP/

NCAR reanalyses, since the model performance decreases

for downscaling factors higher than 10. We use the NCEP/

NCAR reanalyses, which will be employed in the long

integrations, because of their longer period of coverage.

Although higher resolution reanalysis products are avail-

able, these cover shorter time periods.

The ‘‘high’’ resolution simulations are run at 0.09�
(*10 km) in a double nested configuration, on a domain of

386 9 206 grid points (see Fig. 1). Other than the grid

resolution, the two model versions do not differ.

For each of the test cases under study, two ensembles of

four simulations each are produced. The ensemble mem-

bers differ in their start dates, which are separated by

intervals of 24 h. In order to ensure that the simulation

results do not depend on initial conditions (‘‘climate

mode’’), the starting date preceeds the formation of the

medicane by about 2 weeks.

In the first ensemble the evolution of atmospheric

variables is forced only through initial and lateral boundary

conditions. The members of this ensemble are labelled as

‘‘YYMMnn1lo/hi’’–‘‘YYMMnn4lo/hi’’. In the second

ensemble there is an additional forcing in the interior of the

domain, derived from spectrally nudging wind above

850 hPa. The simulations of this ensemble will be referred

to as ‘‘YYMMsn1lo/hi’’–‘‘YYMMsn4lo/hi’’.

The aim of spectral nudging (von Storch et al. 2000) is

to force the large scale components of the atmospheric

fields to stay close to the reanalyses, while the small scale

components are left free to evolve in the regional model.

Spectral nudging is applied on the wind field components,

for scales larger than 4 NCEP/NCAR grid points, corre-

sponding to 1,000 km. Moreover, nudging is applied only

on vertical levels above 850 hPa, while wind in the lower

layers is left free to interact with the local orography. In
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Fig. 6 Mean sea level pressure fields on September 26 at 12 UTC in

the ECMWF analysis (top left), MERRA reanalysis (top right),
0609sn2lo (bottom left) and 0609sn2hi (bottom right) simulations.

Contour lines are plotted at 2 hPa intervals. The label 0609sn2lo/hi

refers to the case of September 2006, and the 2nd simulation with a

spectrally nudged formulation with low/high grid resolution. ‘‘dd/mm

hh’’ labels indicate date and hour associated with the corresponding

position
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both the low and high resolution simulations the values of the

atmospheric fields used as a reference in spectral nudging are

the ones provided by the NCEP/NCAR reanalysis.

2.3 Tracking

A simple tracking procedure is applied, consisting of two

steps. First, pressure minima are searched for and recorded

in the hourly model outputs; then a clustering algorithm

assigning to the same track the pressure minima within a

radius of 100 km at two consecutive timesteps is applied.2

The following conditions (most of which are adapted

from Zahn et al. (2008); Zahn and von Storch (2008)) are

enforced:

– Only pressure minima associated with a pressure

gradient greater than 25 Pa over two gridpoints are

recorded (this choice makes the threshold resolution-

dependent, coherently with the increase in the depth of

simulated cyclones with model resolution).

– Only pressure minima detected in a grid box with a

land fraction smaller than 40% are recorded.

– Tracks composed of less than five points (correspond-

ing to a duration shorter than 5 h) are discarded.

– In order to avoid spurious signals along the coast, only

tracks with at least three points in a grid box with

strictly no land content are considered.

– Tracks with a distance between the starting and final

points smaller than 100 km are not taken into account,

in order to discard persistent stationary lows.

3 Results: surface patterns

In this section we discuss the model’s ability in repro-

ducing the sea level wind and pressure patterns associated

with the medicane test cases under study. We begin by
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Fig. 7 Measured wind speed field on September 26 at 12 UTC as

reconstructed in the NOAA ‘‘Blended Sea Winds’’ (top). 10-m wind

speed in 0609sn2lo (bottom left) and 0609sn2hi (bottom right)
simulations. Every contour represents a 3 m/s increment. The label

0609sn2lo/hi refers to the case of September 2006, and the 2nd

simulation with a spectrally nudged formulation with low/high grid

resolution

2 In a few cases where there are gaps in the reconstructed track, for

example due to the cyclone crossing an island, the single parts have

been assigned to the same track manually.
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discussing only the 2nd realization of the spectrally nudged

simulations, i.e, YYMMsn2lo and YYMMsn2hi, in low

and high resolution. The rationale for doing so will become

clear in Sect. 3.5, when we demonstrate that the spectrally

nudged simulations are very close to each other, while the

non-nudged cases show some divergence.

3.1 15 January 1995 medicane

The January 1995 case (Lagouvardos et al. 1999; Pytha-

roulis et al. 2000) is probably the most well known medi-

cane, due to the striking similarities between its cloud

pattern visible in satellite imagery and those of tropical

cyclones.

Synoptic analysis show a larger scale low moving from

the central Mediterranean (Fig. 2), northwards of Libya,

towards the Ionian coast of Greece in the two days pre-

ceding the medicane formation. Ships crossing the Ionian

sea measured winds up to 30 m/s associated with the pre-

cursor low. By the night of January 15, as the disturbance

had reached the coast of Greece, satellite pictures reveal a

structure presenting typical hurricane features, that origi-

nated in the center of the large scale low and remained

approximately stationary as the parent low kept moving

eastwards towards the Aegean Sea and Turkey. During the

following afternoon the medicane started to move south-

westwards and kept travelling towards the coast of Lybia

during the following 48 h; during that time observations by

ships cruising the Mediterranean reported strong winds,

heavy precipitation and positive temperature anomalies in

the vicinity of the center of the storm. After making

landfall in the Gulf of Sirte the storm dissipated in the next

few hours.

Figure 3 shows a comparison of mean sea level pressure

on January 16 at 00 UTC in ECMWF analysis, MERRA

reanalysis, and in 25 km resolution and 10 km resolution

simulations, together with the medicane track as recon-

structed, respectively, in the low resolution and high res-

olution simulations. In both cases, with the pressure

thresholds used, the storm disappears before reaching the

Lybian coast. In the low resolution simulation, the part of

the track where the storm was moving northwards (marked
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Fig. 8 Mean sea level pressure fields on September 12 at 06 UTC in

the ECMWF analysis (top left), MERRA reanalysis (top right),
9609sn2lo (bottom left) and 9609sn2hi (bottom right) simulations.

Contour lines are plotted at 2 hPa intervals. The label 9609sn2lo/hi

refers to the case of September 1996, and the 2nd simulation with a

spectrally nudged formulation with low/high grid resolution. ‘‘dd/mm

hh’’ labels indicate date and hour associated with the corresponding

position
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with red squares) corresponds roughly to the development

of the medicane in the core of the precursor low; the second

part (blue dots) corresponds to the life cycle of the fully

developed medicane, after it had split from the parent low.

In the high resolution simulation the first part of the track

does not appear because the corresponding pressure min-

ima are less deep and less steep. There is a good agreement

on the position of the pressure minimum in the four charts.

The pressure value at the minimum is 1,014 hPa in the

ECMWF diagram, 1,010 hPa in the MERRA reanalysis,

1,016 in the coarse resolution, and 1,000 hPa in the high

resolution run.

Figure 4 shows the same fields of Fig. 3 18 h later, on

January 16 at 18 UTC. The difference in the positions of

the central pressure minima in the two simulations has

increased to a few hundred kilometers. The minimum

pressure value is 1,022 hPa in the ECMWF analysis,

1,020 hPa in the MERRA reanalysis, 1,022 hPa in the

coarse resolution simulation, and 1,006 hPa in the high

resolution simulation.

Figure 5 shows a snapshot of the wind speed in NOAA

measurement and model simulations on January 16 at 06

UTC. In the satellite measurement the observed wind

speed reaches a maximum value of approximately 25 m/s.

In the low resolution simulation this value is underesti-

mated by about 30%. In the high resolution simulation, on

the other hand, the maximum wind speed agrees with the

measured value; moreover, the fine structure of the wind

pattern is visible, showing a windless air column above

the pressure minimum, corresponding to the cyclone’s

eye.

3.2 26 September 2006 medicane

The September 2006 medicane (Davolio et al. 2009;

Moscatello et al. 2008a, b; Miglietta et al. 2011; Conte

et al. 2011) has the smallest radius and shortest lifetime

among all known cases. Moreover, it is the only case

among the four considered in this work where a well

defined eye does not develop at any stage of the storm

evolution. It is therefore expected to be a representative test

for the model ability to reproduce smaller medicanes.

The synoptic and observational analysis (Moscatello

et al. 2008b) shows a cyclonic disturbance moving across

the Strait of Sicily and travelling northwards over the

Ionian Sea along the coast of Calabria on September 25th.
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Fig. 9 The same of Fig. 8 on September 13 at 06 UTC
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The numerical analysis in Moscatello et al. (2008a) shows

that the cyclone was formed the previous night in the lee of

the Atlas mountains. During the night of September 26 a

strong deepening is observed and, as the cyclone reached

the western coast of Salento the following morning, it had

evolved to a medicane. The storm then crossed the Salento

peninsula, where extreme wind speeds were measured by

ground stations and several damages were produced. It

finally traveled northwestwards over the Adriatic Sea and

the afternoon of the same day it made landfall on northern

Apulia, where it rapidly dissipated.

Mean sea level pressure on September 26 at 12 UTC in

ECMWF operational analysis, MERRA reanalysis, and

model simulations, along with the medicane track as

reconstructed in the low resolution and high resolution

simulations, is shown in Fig. 6. The displacement in the

minimum position between the two model simulations

reflects the different storm velocities. The pressure value at

the minimum is 996 hPa in the ECMWF analysis, coarse

resolution simulation, and high resolution simulation. The

medicane is not visible in the MERRA reanalysis.

Wind speed in satellite observation and model simula-

tions on September 26 at 12 UTC is shown in Fig. 7. The

maximum wind speed of 22 m/s reported in the satellite

measurements is reproduced with good accuracy in the low

resolution simulation, while it is underestimated by about

10–15% in the high resolution simulation. It has to be

noticed however that, due to the different storm propaga-

tion speeds in the two simulations, the fixed-time snapshots

might not represent the same phase of the evolution of the

actual storm.

3.3 12 September 1996 medicane

The case of September 1996 (Homar et al. 2003) is an

example of a typical medicane developing in the Balearic

region, one of the areas where medicanes formation is

more often encountered.
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Fig. 10 Measured wind speed field on September 12 at 12 UTC as

reconstructed in the NOAA ‘‘Blended Sea Winds’’ (top). 10-m wind
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simulations. Every contour represents a 3 m/s increment. The label
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The system developed between the night and early

morning of September 12 off the Valencian coast, where

heavy rainfall was reported; an eye structure was already

fully developed at the end of this first stage. During the

morning of September 12 the storm started to move quickly

eastwards crossing Maiorca and later in the day the

southern extremity of Sardinia. During the following night,

the medicane made landfall on the coast of southern Italy

and it dissipated.

Figure 8 shows mean sea level pressure charts on Sep-

tember 12 at 06 UTC from ECMWF analysis, MERRA

reanalysis, and model simulations, and the medicane track

as reconstructed in the 25 and 10 km resolution simula-

tions. While the track in the coarse resolution simulation

ends as the storm reaches Sardinia, in the high resolution

simulation the storm is tracked until it reaches the Italian

coast. The mesoscale low structure corresponding to the

medicane is not visible in the ECMWF and MERRA

pressure fields. However analysis of satellite pictures

confirms the presence of the storm (see Figs. 1a and 2a in

Luque et al. 2007). The value of the pressure minimum is

996 hPa in the coarse resolution, and 990 hPa in the high

resolution run.

Figure 9 shows the pressure distributions 24 h later,

after the storm has crossed southern Sardinia. At this stage

of the storm evolution, closed isobars are not visible either

in the ECMWF and MERRA pressure charts or in the

coarse resolution simulation. The medicane is still clearly

visible in the high resolution simulation, with a pressure

minimum of 1,000 hPa.

Figure 10 shows the wind speed in NOAA observa-

tions and model simulations on September 12 at 12

UTC. Both the satellite measurement and the coarse

resolution simulation show a maximum wind value of

about 20 m/s, while in the high resolution simulation this

value reaches 24 m/s. The characteristic pattern associ-

ated with the storm eye is clearly visible in the high

resolution simulation.
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Fig. 11 Mean sea level pressure fields on October 7 at 18 UTC in the

ECMWF analysis (top left), MERRA reanalysis (top right),
9610sn2lo (bottom left) and 9610sn2hi (bottom right) simulations.

Contour lines are plotted at 2 hPa intervals. The label 9610sn2lo/hi

refers to the case of October 1996, and the 2nd simulation with a

spectrally nudged formulation with low/high grid resolution. ‘‘dd/mm

hh’’ labels indicate date and hour associated with the corresponding

position
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3.4 7 October 1996 medicane

The 6 October 1996 case (Reale and Atlas 2001) has one

of the longest lifetime and largest radius among the

known medicanes. During October 6th the medicane

developed northwards of Algeria and deepened while it

was moving between the Balearic islands and Sardinia.

There are no surface observations available for this part

of the track, but satellite pictures show a well defined

eye-like structure. On the night of October 8 while the

storm was crossing southern Sardinia, it weakened and

the eye structure was lost. In the following morning

however, as the cyclone traveled eastwards over the

Tyrrenian Sea, it deepened and a smaller eye developed

again. Several surface reports about 100 km off the center

of the storm indicate winds of 25 m/s. On October 9, as

the medicane was travelling north of Sicily, severe

damages caused by extreme winds were reported in the

Aeolian islands. The medicane started to dissipate while

moving southeastwards across Calabria.

Figure 11 shows the mean sea level pressure distribution

on October 7 at 18 UTC in ECMWF analysis, MERRA

reanalysis, and in the coarse and high resolution

simulations, and the medicane track as reconstructed in

model simulations. With the thresholds used the storm is

tracked only until it approaches the western part of Sicily.

There is a good agreement on the position of the pressure

minimum in the different charts. The minimum pressure

value is 1,004 hPa in the operational analysis, 1,000 hPa

in the MERRA reanalysis, 1006 hPa in the 25 km resolu-

tion simulation, and 998 hPa in the 10 km resolution

simulation.

Figure 12 shows the pressure distributions 18 h later,

after the storm has crossed Sardinia. The difference in the

positions of the central pressure minima has grown to a

few hundred kilometers. The minimum pressure value

is 1,003 hPa in the ECMWF analysis, 1,002 hPa in

the MERRA reanalysis, 1,005 hPa in the low resolu-

tion simulation, and 1003 hPa in the high resolution

simulation.

Figure 13 shows the wind speed in satellite measure-

ment and model simulations on October 7 at 18 UTC.

There is an evident mismatch between observations and

simulations in the wind speed values of the background

pattern. This is probably due to the presence of a Mistral

outburst, corresponding to the darker area in the upper part
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Fig. 12 The same of Fig. 11 on October 8 at 12 UTC
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Fig. 13 Measured wind speed field on October 7 at 18 UTC as

reconstructed in the NOAA ‘‘Blended Sea Winds’’ (top). 10-m wind

speed in 9610sn2lo (bottom left) and 9610sn2hi (bottom right)

simulations. Every contour represents a 3 m/s increment. The label

9610sn2lo/hi refers to the case of October 1996, and the 2nd simulation

with a spectrally nudged formulation with low/high grid resolution

Table 2 Minumum central

pressure spread between

ensemble members

The labels #1-#4 indicate the

ensemble member; the labels on

the first line refer to the different

simulations, with the following

meaning: ‘‘lo nn’’ refers to low-

resolution non-nudged

simulations, ‘‘lo sn’’ refers to low-

resolution nudged simulations, ‘‘hi

nn’’ refers to high-resolution non-

nudged simulations, and ‘‘hi sn’’

refers to high-resolution nudged

simulations

lo nn (hPa) lo sn (hPa) hi nn (hPa) hi sn (hPa)

9501 (Jan. 16 at 00 UTC)

#1 1,010 1,016 1,002 998

#2 1,010 1,016 998 998

#3 1,016 1,018 996 1,004

#4 1,018 1,018 1,000 1,006

0609 (Sept. 26 at 12 UTC)

#1 996 996 996 996

#2 998 996 996 996

#3 996 996 998 994

#4 998 994 998 996

9609 (Sept. 12 at 06 UTC)

#1 994 996 992 992

#2 994 996 990 990

#3 994 996 990 990

#4 996 996 992 994

9610 (Oct. 7 at 18 UTC)

#1 1,006 1,008 1,002 1,002

#2 1,006 1,006 1,002 998

#3 1,006 1,008 1,004 1,002

#4 1,006 1,006 1,006 1,000
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of the plot, that is not fully reproduced in the model.

Outside of this area however, the presence of the medicane

is clearly visible, with simulated winds in the range of

20 m/s. In the NOAA wind field the medicane location

corresponds to the cusp in the bottom of the 27 m/s

contour.

3.5 The role of spectral nudging

In order to assess the robustness of the results shown

above, and the effectiveness of the downscaling procedure

applied in the study of medicanes long-term statistics, some

evidence is required to support the assumption that the

ability of the model to reproduce the medicanes does not

depend on the specific initial conditions.

Table 2 shows the spread of minimum central pressure

among the different ensemble members, both nudged and

non-nudged, for all the four test cases. The largest spread is

observed for the 9501 medicane. Figures 14 and 15 show

the reconstructed track for the full set of ensemble simu-

lations (with spectral nudging switched on and off, at both

25 km and 10 km resolutions) for the 9501 medicane. As

the pictures show, in the low-resolution non-nudged sim-

ulations (Fig. 14) the medicane development diverges

substantially among the ensemble members. In the nudged

simulations on the other hand, the medicane evolution is
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Fig. 14 January 1995 medicane track in the low resolution spectrally nudged 9501sn1lo-9501sn4lo simulations (top) and low resolution non

nudged 9501nn1hi-9501nn4hi simulations (bottom). In the top panels two different markers have been used for a better visualiztion: (red) empty

squares correspond to the part of the track moving northwards, (blue) filled circles to the part moving southwards
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Fig. 15 January 1995 medicane track in the high resolution spectrally nudged 9501sn1lo-9501sn4lo simulations (top) and high resolution non

nudged 9501nn1hi-9501nn4hi simulations (bottom)
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Fig. 17 Vertical profiles of Jan 95 medicane on 01/16 at 00 UTC in
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similar in all the simulations. Even if the evolution of the

storm among the high-resolution simulations (Fig. 15) is

more similar than in the low-resolution results, the

ensemble variability in the spectrally nudged simulations is

markedly smaller than in the case without employing the

large scale constraint.

In the 0609 case, even if the spread in minimum central

pressure among ensemble members reported in Table 2 is

limited, in two of the four high-resolution non-nudged sim-

ulations (not shown) the simulated storms are weaker in

comparison with the corresponding nudged simulation—

exhibiting in particular smaller pressure gradients. As a

result, the tracking algorithm fails to capture the medicane

formation and evolution in those ensemble members.

Among the nudged simulations, the storm life cycle is cor-

rectly reproduced and tracked in all the ensemble members.

In the two remaining cases, the medicane formation and

life cycle is tracked in all the simulations, at both low and

high resolution. The inter-ensemble variability is bigger in

the non-nudged ensembles.

In order to stress the importance of nudging in

enhancing the model ability to reliably reproduce the

formation and life cycle of medicanes irrespective of ini-

tialisation, we show in Fig. 16 the reconstructed tracks in

the nudged high resolution ensemble simulations for the

0609, 9609 and 9610 medicanes.

The results discussed above show how spectral nudging

is a crucial feature to ensure that the effect of the nonlinear

chaotic regional dynamics generated by the regional model

does not drive the system to a different large scale state

with respect to the one described by the external fields—so

that the synoptic conditions triggering the medicane

development may not be present.

4 Results: vertical structure

So far we have devoted our attention to the analysis of

the sea level wind and pressure patterns associated with

medicanes. However, in order to study the features

related to the tropical-like nature of medicanes, such as

for example their axis-symmetry or warm core, the full

vertical structure of the cyclone has to be taken into

account.
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Fig. 18 The same of Fig. 17 for September 06 medicane, on 09/26 at 12 UTC in 0609sn2hi simulation
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Besides giving an insight on the dynamical character-

ization of medicanes, the analysis of their vertical structure

has also a practical interest. Several modelling studies on

tropical cyclones (Walsh 1997; Walsh et al. 2007; Hart

2003) in fact exploited features of the TCs 3D structure to

detect and track them in the model output. It is thus

interesting to investigate whether a similar characterization

can be applied to the medicanes.

We will focus on the variables that are expected to

reflect the most typical signatures of a tropical-like cyclone

dynamics: geopotential, potential temperature and hori-

zontal velocity.

Figures 17 and 18 show distributions of the aforemen-

tioned variables for, respectively, the 9501 and 0609 cases,

in the spectrally nudged high resolution simulations. The

two remaining cases (not shown) exhibit a similar behav-

ior. The geopotential profiles show an almost perfect axis-

symmetric structure, extending up to 300 hPa. In all the

cases, positive temperature anomalies are found in the

vicinity of the cyclone center, reflecting the medicanes

warm core structure. Velocity profiles show as well a

structure very similar—at a smaller scale—to the one of

tropical cyclones, characterized by a region in the center of

the storm with very low wind speed, corresponding to the

cyclone’s eye; outside of this region, wind speed has a

maximum a few grid points away from the storm center, in

the lower troposphere, and then decreases upwards and

outwards. The region of maximum wind is interpreted as

being associated with the eyewall.

Figure 19 shows profiles corresponding to Fig. 18 in a

coarse resolution run for the 0609 medicane. While the typ-

ical structure of the geopotential and velocity profiles is still

visible, it is more difficult to keep track of the warm core

structure. In the velocity profile, the region of maximum

winds is displaced farther from the cyclone center, reflecting

a poorer representation of the eye structure. Similar differ-

ences between low and high resolution vertical profiles

emerge from the analysis of the remaining cases.

5 Conclusions and outlook

In the present study we showed that a high resolution

regional climate model (CCLM) driven by boundary con-

ditions derived by NCEP/NCAR renalysis is able to

reproduce a number of medicanes test cases, provided
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Fig. 19 The same of Fig. 18 in 0609sn2lo low-resolution simulation
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spectral nudging is applied. Not only are the medicanes

generated at about the correct time and location, but also

their internal dynamical structure, including characteristic

features such as vertical symmetry and warm core, is well

simulated. For both the surface variables and the vertical

structure, most details are fully resolved only in the high

resolution simulations.

The degree of accuracy of the values of the atmospheric

fields produced by the model in the vicinity of the storm

depends on the resolution. The depths of pressure minima

coincide with good accuracy with the observed ones in the

low resolution simulation, while a deepening due to the

better resolved cyclone fine structure is generally observed

in the high resolution simulations. The value of wind

speed, on the other hand, tends to be underestimated by

10–30% in the coarse resolution simulations.

These results suggest that performing the dynamical

downscaling of reanalyses data is an effective method to

investigate long-term statistics of the emergence, tracking

and of dynamical properties of medicanes.
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