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Abstract This paper presents and analyzes the three-
dimensional dynamical structure of intense Mediterranean
cyclones. The analysis is based on a composite approach
of the 200 most intense cyclones during the period 1989—
2008 that have been identified and tracked using the out-
put of a coupled ocean—atmosphere regional simulation
with 20 km horizontal grid spacing and 3-hourly output.
It is shown that the most intense Mediterranean cyclones
have a common baroclinic life cycle with a potential vorti-
city (PV) streamer associated with an upper-level cyclonic
Rossby wave breaking, which precedes cyclogenesis in the
region and triggers baroclinic instability. It is argued that
this common baroclinic life cycle is due to the strongly
horizontally sheared environment in the Mediterranean
basin, on the poleward flank of the quasi-persistent sub-
tropical jet. The composite life cycle of the cyclones is fur-
ther analyzed considering the evolution of key atmospheric
elements as potential temperature and PV, as well as the
cyclones’ thermodynamic profiles and rainfall. It is shown
that most intense Mediterranean cyclones are associated
with warm conveyor belts and dry air intrusions, similar to
those of other strong extratropical cyclones, but of rather
small scale. Before cyclones reach their mature stage, the
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streamer’s role is crucial to advect moist and warm air
towards the cyclones center. These dynamical characteris-
tics, typical for very intense extratropical cyclones in the
main storm track regions, are also valid for these Mediter-
ranean cases that have features that are visually similar to
tropical cyclones.

1 Introduction

The Mediterranean basin is one of the main cyclogenetic
regions in the world (Ulbrich et al. 2009; Neu et al. 2013),
where the most intense cyclones often produce high impact
weather such as floods and windstorms (e.g., Jansa et al.
2000; Kotroni et al. 2006; Kysely and Picek 2007; Nissen
et al. 2010; Pfahl and Wernli 2012). There is no objective
classification of the strength or destructiveness of Mediter-
ranean cyclones, however, it is commonly accepted that
Medicanes and explosively intensifying cyclones constitute
the most intense cases. Medicanes (merging of the words
Mediterranean and Hurricanes; Emanuel 2005) are rare
events of cyclones that present visual characteristics similar
to tropical cyclones, such as an eye and a spiral of dense
cloud coverage (Claud et al. 2010; Tous and Romero 2013).
However, it appears that these systems have limited poten-
tial in reaching the wind speeds induced by a hurricane
(Emanuel 2005). On the other hand, explosively deepen-
ing cyclones are systems that deepen rapidly within a short
time, usually within about 12-24 h (e.g., Lagouvardos et al.
2007; Kouroutzoglou et al. 2011).

Tracking Mediterranean cyclones and identifying their
physical properties is a challenge for cyclone tracking
algorithms. This is mainly due to two reasons; first due to
the fact that Mediterranean cyclones are highly variable in
intensity, size and life time, and second due to the complex
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topography of the Mediterranean region with sharp tran-
sitions between the sea and mountainous land. Despite
these difficulties, all studies analyzing cyclone tracks in
the region agree that cyclogenesis is particularly frequent
on the leeward side of the Alps and that the cyclones’ sea
level pressure (SLP) minima vary from relatively high val-
ues such as 1,030 hPa to deep lows of the order of 980 hPa
(e.g., Trigo et al. 2002; Campins et al. 2011).

Previous studies have shown that intense Mediterranean
cyclones develop within a baroclinic atmosphere and under
the influence of prominent upper-tropospheric precur-
sors. From observations and reanalyses it has been shown
that these precursors mainly occur in the form of narrow
potential vorticity (PV) streamers (Appenzeller and Davies
1992). Such PV streamers constitute a special form of
short-wave upper-level troughs or positive upper-level PV
anomalies, which were realized to be important for Medi-
terranean cyclogenesis already in the early studies by, e.g.,
Bleck and Mattocks (1984), Tosi et al. (1987) and Tafferner
(1990). This importance of upper-level PV precursors is
documented also in many recent studies (e.g., Homar et al.
2002; Chaboureau and Claud 2006; Nieto et al. 2008; Han-
ley and Caballero 2012; Tous and Romero 2013). Indeed,
Fita et al. (2006, 2007) analyzed the contribution of several
PV precursors to the development of strong Mediterranean
cyclones and found that upper-level PV streamers play a
dominant role. On the other hand, the authors showed that
the diabatically generated PV at middle and lower atmos-
pheric levels have a secondary impact on the cyclones’
development. Similarly, local factors such orographic
effects and air—sea interaction also play an important, but
secondary, role for the evolution of Mediterranean cyclones
(e.g., Campins et al. 2000; Trigo et al. 2002; Buzzi et al.
2003; Horvath et al. 2006; McTaggart-Cowan et al. 2010;
Flaounas et al. 2013). Despite the fact that the majority of
studies concentrated on Medicanes and explosive cyclones,
an analysis of the three-dimensional structure of intense
Mediterranean cyclones showed that they develop within a
preceding upper-level trough (Campins et al. 2006).

Comparing Mediterranean cyclones with other extra-
tropical cyclones, it appears that the former are typically
of inferior intensity, life-time and size. Indeed, Campa
and Wernli (2012) analyzed and compared the vertical PV
structure of Mediterranean cyclones with other mature
extratropical cyclones in the Northern Hemisphere for the
period 1989-2009. They showed that on average intense
Mediterranean cyclones are less deep (in terms of SLP)
than intense cyclones in other regions and that they develop
positive mid-tropospheric PV anomalies of only moderate
intensity. The latter is true even for the deepest Mediterra-
nean cyclones, suggesting that heating due to condensation
of water vapor and the associated diabatic PV production
are not the main driver for intense Mediterranean cyclones.

@ Springer

This result agrees with the analysis of previous case studies
on tropical-like cyclones in the Mediterranean basin (e.g.,
Fita et al. 2007), but is in contrast to several cases of explo-
sively deepening cyclones over the Atlantic (e.g., Stoelinga
1996; Wernli et al. 2002).

According to the current state-of-the-art in Mediterra-
nean cyclone research, there are some major questions con-
cerning the dynamical aspects of the most intense features.
For instance, which environmental factors are favorable for
Mediterranean cyclones to evolve into intense systems? Are
there any dynamical criteria that separate Medicanes from
the rest of the intense cases? Are Mediterranean cyclones
a special case of extratropical cyclones? Especially for the
latter it is highly interesting to investigate whether Medi-
terranean cyclones are also associated with warm conveyor
belts (WCBs) and dry air intrusions (DAIs). These types of
coherent airstreams are well known from studies of North
Atlantic cyclones (e.g., Browning 1990; Wernli and Davies
1997) and WCBs have also been identified in idealized
archetypal baroclinic wave life-cycles (Schemm et al. 2013;
Schemm and Wernli 2014). Ziv et al. (2010) have specifi-
cally investigated these airstreams, and also cold conveyor
belts (CCBs), for Mediterranean cyclones that occurred
during the years 2002-2003. They performed an air parcel
trajectory analysis for eight strong cyclones and with the
use of subjective criteria they showed the existence of such
airstreams also for Mediterranean cyclones. However, it is
interesting that in a climatological study, Eckhardt et al.
(2004) found no strong occurrence of winter WCBs over
the Mediterranean region. This result contrasts with the
regional frequency maximum of cyclogenesis in the Medi-
terranean in global cyclone tracking analyzes (e.g., Neu
et al. 2013), suggesting that WCBs might not be a common
feature among the tracked Mediterranean cyclones.

In this study, we apply a cyclone tracking approach in
order to delineate the dynamical aspects of the life cycle
of the 200 most intense Mediterranean cyclones, which
occurred in a regional model simulation during a 20-year
period (1989-2008). Our approach is to investigate com-
posite fields, centered at the time and location of the
cyclones’ mature stage, making no distinction between
Medicanes or other strong events. We follow the cyclones’
dynamics, prior and after their maximum intensity, and we
analyze important aspects of their baroclinic life cycle. For
this reason we show the interaction of upper- tropospheric
PV streamers with low-level temperature gradients, and we
provide an insight on the development of the three-dimen-
sional mesoscale dynamics that characterize the genesis
and lysis of the cyclones. Furthermore we address the issue
of different dynamical life cycles of intense Mediterranean
cyclones and consequently examine the dynamical basis
for distinguishing between Medicanes and other intense
cyclones in the Mediterranean. Finally, we investigate the
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Fig. 1 The MORCE simulation domain and the terrain elevation and bathymetry. Red dots depict the 200 cyclone centers at the time of their

maximum intensity

existence and structure of the WCB and DAI airstreams
associated with Mediterranean cyclones and show their
implication for the overall development of these systems.

Section 2 describes the methodology and datasets
used in this study. Sections 3-5 present the results on the
cyclones’ dynamical evolution, their vertical structure, and
the airstream analysis, respectively. Section 6 hosts the dis-
cussion of the results and Sect. 7 the conclusions and the
prospects of this study.

2 Models and methodology
2.1 Models

In this study we use the results from a 20-year simulation
(1989-2008) performed with the MORCE atmosphere—
ocean coupling platform. The atmospheric component of
MORCE is the Weather Research and Forecasting (WRF)
model (Skamarock and Klemp 2008) and the oceanic com-
ponent is the NEMO model (Madec 2008). Exchanges
between the two components are performed every 3 h,
where WRF receives 3-hourly averaged sea surface tem-
peratures (SST) and NEMO obtains 3-hourly averages of
the 10-m wind stress and surface heat and radiation fluxes.
More details on the set-up and functionalities of MORCE
are given in Drobinski et al. (2012) and Lebeaupin-Brossier
et al. (2013).

The WRF simulation domain, presented in Fig. 1, covers
the Mediterranean region and is composed of 240 x 130
grid points with 20 km horizontal grid spacing and 28 ter-
rain-following vertical levels. The domain is forced every
6 h at its lateral boundaries by ERA-Interim (ERA-I) rea-
nalysis fields with 0.75° horizontal resolution. Three-hourly
model output is provided permitting a more detailed analy-
sis of the cyclone tracks than with the standard 6-hourly
outputs provided, e.g., by ERA-I. Grid nudging is applied
over the whole domain, except within the boundary layer,
for the fields of horizontal wind, temperature and water
vapor. This simulation is performed in the context of the
COordinated Regional Downscaling EXperiment (COR-
DEX, Giorgi et al. 2009) and its Mediterranean declination
MED-CORDEX, and it contributes to the Hydrological
cycle in Mediterranean Experiment (HyMeX, Drobinski
et al. 2014) project, which aims to a better understanding of
the Mediterranean water cycle.

In our simulation set-up, nudging is applied. Such tech-
nique consists of partially imposing the large scale of the
driving fields on the regional climate simulation with the
aim of disallowing large and unrealistic departures between
driving and driven fields. In our article, the large-scale
field is that of ERA-I reanalysis and the regional climate
model is WRF. So during the simulation, WRF’s prognos-
tic variables are relaxed towards ERA-I field values within
a predetermined relaxation time, here equal to 6 h. Such
value is the result of a trade-off between the adverse effect
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of nudging on small scales and the departure of the large-
scales from the ERA-I fields (Omrani et al. 2012, 2013).
Nudging also ensures a dynamical consistency between the
driving large-scale field and the simulated small-scale field
permitting us also to take advantage of the added value of
dynamical downscaling in analyzing the dynamics of Med-
iterranean cyclones at finer scales.

2.2 Methodology

Two types of input fields are commonly used for tracking
cyclones: SLP, a field well describing the synoptic-scale
structure of cyclones, and relative vorticity, a field that
better captures the early phase of cyclones and smaller
cyclones in general. In this article we performed tracking of
Mediterranean cyclones based on the field of relative vorti-
city at the 850-hPa level. Relative vorticity presents some
advantages compared to SLP when used in a compara-
tively small and mountainous region as the Mediterranean.
Indeed, relative vorticity is able to capture also small-scale
circulation features, whereas SLP reflects mainly the syn-
optic-scale circulation and is subject to uncertainties due
to below-ground extrapolation according to the hypsomet-
ric equation (especially over mountains). In addition, rela-
tive vorticity permits to track cyclones from their initial to
their last vorticity signal, potentially before and after they
present a closed SLP contour. This leads to longer tracks,
potentially detecting cyclones earlier and therefore captur-
ing a longer time until they reach their mature stage, which
is an advantage when considering cyclones that reach this
stage in a short time.

Cyclone tracking has been performed using the algo-
rithm by Flaounas et al. (2014). In this study, a few changes
have been made compared to the algorithm set-up in Flaou-
nas et al. (2014), due to the high resolution of the input
dataset and the specificity of Mediterranean cyclones. In
summary, cyclone tracking is performed in two distinct
steps: In step I, all cyclonic centers of the dataset are iden-
tified and located at each output time-step, for the whole
period 1989-2008. Cyclone centers are defined as local
maxima of relative vorticity within enclosed contours
above a threshold value of 4 x 107 s™' (3 x 107 s™!in
Flaounas et al. 2014). Prior to the identification of cyclone
centers, the raw relative vorticity fields were smoothed by
applying three times a spatial moving average in an area of
10,000 km? (i.e., 5 x 5 grid points). Tracking is then per-
formed (step II) by connecting the identified cyclonic cent-
ers at consecutive time steps. This process is done by start-
ing from the cyclonic center presenting the highest value
of relative vorticity and then searching backward and for-
ward in time for all possible tracks within a 5° x 5° area
(10° x 5° in Flaounas et al. 2014). This process creates
several candidate tracks associated with the same mature
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cyclonic state, i.e., the same track point of highest rela-
tive vorticity. The algorithm finally chooses the track that
presents the least average difference of relative vorticity
between consecutive track points, weighted by the distance
between the track points. This algorithm differs from other
tracking tools that have been used in the Mediterranean,
especially when considering the tracking process (step II).
Being a region with complex orography and sharp sea-land
transitions, the Mediterranean region presents a large num-
ber of vorticity maxima and orographic pressure minima.
As a result, when a tracking algorithm chooses the next
location of a tracked feature there might be mistakes if
many candidate cyclones are located close to each other.
To avoid such mistakes our algorithm identifies all possible
tracks and in step II it applies a low cost function based on
physical criteria to determine the “correct” track.

In order to restrain our analysis to a statistically robust
ensemble of intense Mediterranean cyclones, we take
into account the 200 most intense cyclones of the 20-year
period with a life time of at least 1 day (i.e., eight track
points).The selected events are evenly distributed over the
20 years examined here and show no temporal trend. Hence
we analyze about ten intense cyclones per year, a number
consistent with previous studies on intense Mediterra-
nean cyclones (e.g., Homar et al. 2007; Campa and Wernli
2012). Thirteen of the cyclones we detected were identified
as Medicanes by the meteorology group of the University
of Balearic Islands (www.uib.es/depart/dfs/meteorologia/
METEOROLOGIA/MEDICANES), among which figure
the cases of September 2006 (e.g., Moscatello et al. 2008;
Chaboureau et al. 2012) and January 1995 (Pytharou-
lis et al. 2000; Emanuel 2005). Both cases have recently
attracted a lot of scientific attention.

3 The cyclones’ dynamical evolution

Figure 1 presents the location of the centers of the identi-
fied most intense cyclones at the time of maximum relative
vorticity, while Fig. 2 presents the seasonal cycle of occur-
rence and the distribution of the maximum intensity of the
200 cyclones. All detected cyclones are mainly distributed
over the central and western Mediterranean, with some “hot
spots” over the Adriatic Sea (Fig. 1). The seasonal cycle of
the most intense 200 events is shown in Fig. 2a, presenting
a minimum of occurrence during summer and a maximum
in winter. This seasonal cycle of cyclone occurrences comes
in accordance with the results of Flaounas et al. (2013) who
detected all Mediterranean intense cyclones for the same
period as here but using ERA-I. The latter implies that with
respect to the seasonal cycle there is no timing preference
for the development of intense cyclones in the region. Con-
cerning the 200 cyclones’ maximum intensity histogram,
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Fig. 3 Composites for all 200 cyclones of equivalent potential tem-
perature at 850 hPa (in colors), horizontal wind vectors at 850 hPa
(arrows), sea level pressure (white contours, every 2 hPa with

Fig. 2b shows a sharp decrease for approximately 95 % of
the cases, revealing that the strongest cyclones (with peak
relative vorticity of more than 20 x 107> s~!) account for
about 5 % of all cases. The minimum SLP of all 200 cases
ranged between 975 and 1,015 hPa, while about 30 %
of the cases presented values of around 1,000 hPa (not
shown).

To gain an insight in the dynamical evolution of the 200
intense cyclones, composites of atmospheric fields are con-
structed within circular areas with a radius of 1,500 km,
spatially centered at the cyclone track points and tempo-
rally centered at the time of their maximum relative vorti-
city. We follow a similar approach as in Catto et al. (2010)
and we perform a rotation of all fields. For this reason, we
first select an example case. Here we use the Medicane
occurring on 15/12/2005 over the Mediterranean Sea close
to the African coast (Fita et al 2007) as this example case
due to its well-defined eastward track and cold and warm

- -1500
+500 +1000 km 1500 1000 -500 O  +500 +1000 km

1,014 hPa being the outermost contour) and the pressure of the
2-PVU tropopause (black contours, every 15 hPa starting at 290 hPa)
at the times —9, 0 and +9 h

fronts. The fields for the remaining 199 cyclones were
rotated for all angles between 0° and 350°, with an interval
of 10°. The finally chosen rotation angle for each cyclone is
the one that leads to the largest spatial correlation of 850-
hPa equivalent potential temperature between the example
Medicane and the cyclone under consideration. The pur-
pose of rotating all cyclones is for their composite to pre-
sent a frontal structure that is as coherent as possible. Most
cyclones were rotated by no more than 20°-30°. Our analy-
sis was also performed without rotating the cyclone fields,
which did not significantly affect the results. Hereafter, all
composites are calculated with fields that were previously
rotated.

Figure 3 shows the composite fields of equivalent
potential temperature (6.) and wind at 850 hPa, SLP and
tropopause pressure, where the dynamical tropopause is
defined here as the 2 PVU surface. The fields are shown at
the times —9 h (9 h before the cyclones reach their mature
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state), 0 h (mature stage with maximum relative vorticity)
and 49 h (9 h after reaching their mature stage). Figure 3
reveals that during this 18 h time period the dynamical
tropopause tends to wrap cyclonically around the cyclone
center, reflecting a PV streamer, which gradually intrudes
deeper into the troposphere. In parallel, 6, gradients
become stronger, behind and ahead of the cyclone, form-
ing a weak cold front and a more pronounced warm front.
During the mature state of the cyclones, the PV streamer
intrudes deepest over the cold front, the 850-hPa winds
reach their maximum magnitude and the fronts are fairly
perpendicular to each other near the center. At +9 h, the
cold and warm fronts are displaced towards the east and the
PV streamer is located directly above the cyclone center. It
is very important to note the fact that well-defined struc-
tures occur in the cyclone composites indicates that the
200 cases have a similar structure and that the resulting
fields are dynamically meaningful. This cannot be taken for
granted a priori, since very large variability could in prin-
cipal lead to strongly smoothed composite fields, which
would not reveal interesting information.

In order to better understand the dynamical aspects of
the composite cyclone life cycle we follow the methodol-
ogy of Campa and Wernli (2012) by averaging several key
fields for the development of extratropical cyclones within
a radius of 200 km around the cyclone center. The 200 km
radius is also consistent with the characteristic radius of
Medicanes as diagnosed by Tous and Romero (2013).
The temporal evolution of these fields along the cyclone
tracks provides a compact means to quantify important
changes during the life cycle. As a result, Fig. 4 shows
time series of spatially averaged potential temperature
(0) and relative vorticity at 850 hPa, middle tropospheric
PV (vertically averaged between 850 and 500 hPa), and
tropopause pressure. To ease comparison between fields
of different units and magnitudes, all time series are nor-
malized with respect to their average (averages and stand-
ard deviations are shown in Fig. 4). Relative vorticity at
850 hPa evolves symmetrically before and after the time
of maximum intensity (0 h). During cyclone intensification
(from —9 to 0 h), relative vorticity at 850 hPa is well cor-
related with vertically averaged PV in the middle tropo-
sphere. This is expected since the diabatic PV production
necessarily also leads to an increase of relative vorticity.
Both time series reach their maximum at O h. Thereafter,
the middle tropospheric PV decays slower than low-level
relative vorticity. One possible explanation for this is that
diabatic PV production is continuing after time 0 h with
reduced amplitude and with a shift of the production maxi-
mum to slightly higher levels. This would be reflected in a
faster decrease of relative vorticity at 850 hPa. The trop-
opause pressure and 6 at 850 hPa evolve with an oppos-
ing influence on cyclone intensification. Indeed, low-level
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Fig. 4 Composite time series of atmospheric fields, averaged in a
200 km radius around the track points of all 200 cyclone tracks, cen-
tered in time such that O h corresponds to the track point with maxi-
mum relative vorticity. The presented fields are the 850 hPa relative
vorticity and potential temperature, mid-tropospheric PV (averaged
between 850 and 500 hPa), and pressure of the 2-PVU tropopause. To
ease comparison, all fields are normalized and displayed in units of
standard deviations

0 values decrease as the PV streamer wraps around the
cyclone center, whereas at the same time tropopause pres-
sure increases as the PV streamer intrudes deeper into the
troposphere. This co-evolution is valid until approximately
0 h, when the tropopause pressure reaches its maximum
and 6 at 850 hPa its minimum value. This is also evident in
Fig. 3, where it is shown that cold temperatures prevail in
the cyclone center at 0 h, while the PV streamer is located
very close to the cyclone center.

A principal component analysis has been applied for all
time series used in Fig. 4 in order to determine if the aver-
aged evolution of 6, middle atmosphere PV and tropopause
pressure level presented in Fig. 4 is representative for the
baroclinic life cycle of the 200 cases. The results yield a
similar evolution of the three variables for all cases, regard-
less of their location, season or intensity (not shown). In
summary, the cyclones’ mature stage occurs in phase with
the formation of a so-called PV tower over the cyclone
center, i.e., a vertical structure with anomalously high PV
values throughout the troposphere. This occurs just before
the PV streamer wraps over the cyclone center and the sur-
face fronts dislocate to the east of the cyclone center. Then,
the surface cyclone intensity decreases as the cyclone
center is located in the cold air, diabatic processes that pro-
duce the mid-tropospheric PV anomaly get weaker, and
the PV streamer remains located above the cyclone center
without further intruding.
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Fig. 5 Composites for all 200 cyclones, at the times —9, 0 and +9 h
of potential vorticity (in color), equivalent potential temperature
(black and gray contours) and relative humidity (red and magenta
contours) at 850, 500 and 300 hPa. The equivalent potential tem-

To gain further insight into the cyclones three-dimen-
sional structure, Fig. 5 shows the fields of 6, and PV at
the levels of 850, 500 and 300 hPa at the times —9, 0 and
49 h. At all three times, the cyclonic PV streamer is evi-
dent at 300 hPa, characterized by high PV values, while it
is also visible at 500 hPa but with weaker PV values (<2
PVU), suggesting that the tropopause unlikely reaches such
low pressure levels. At 850 hPa, the highest PV values are
always located over the cyclone center, reaching their maxi-
mum (more than 2 PVU) at 0 h, in accordance with the
relative vorticity evolution (Fig. 4). In agreement with the
composite PV profiles shown by Campa and Wernli (2012),
PV values are always weaker at 500 hPa than at 850 hPa,
suggesting that diabatic PV production is most pronounced
at low atmospheric levels during the cyclone intensification.

. -1500
+500 +1000 km -1500 -1000 -500 0 +500 +1000 km

perature contour interval is 1 K, while the gray contours mark values
below 305 K at 850 and 500 hPa and below 315 K at 300 hPa. Rela-
tive humidity red contours start at 50 % and have an interval of 5 %,
magenta contours start at 40 % and decrease by an interval of 5 %

From Fig. 5 it is evident that there are two main posi-
tive PV anomalies. One at 850 hPa over the cyclone center
and another one at 300 hPa that is further upstream and in
the form of a PV streamer. Not surprisingly, the westward
tilt between the lower and upper anomalies is stronger at
time —9 h, when the PV streamer is located further to the
northwest of the cyclone center, and weaker at +9 h, when
the PV streamer is above the cyclone center. In a concep-
tual two-layer model (see, e.g., Figure 18 in Hoskins et al.
1985), the concentrated high PV values at 850 hPa above
the cyclones center results in a cyclonic circulation around
the center. On the other hand, the peak in the equatorward
wind at 300 hPa induced by the lower levels is, due to the
tilted PV structure, right at the location of the streamer,
which further intensifies the upper-level anomaly. Similarly,

@ Springer



E. Flaounas et al.

Z =

)
)
.\a

=
Z %7

700hPa

800hPa

y

i

900hPa .
1000hPa o M ‘

-1500 -1000 -500 0 +500 +1000 km -1500 -1000 -500

Fig. 6 Vertical cross-section composites for all 200 cyclones at the
times —9, 0 and +9 h. The sections extend zonally from —1,500 to
41,500 km across the cyclone center, which is located at the hori-
zontal coordinate 0. The fields shown are equivalent potential tem-
perature (in color), the 2-PVU surface (black thick contour), poten-

this tilted configuration favors advection of warm 6, values
from the south and towards the cyclone center induced by
the displaced upper-level PV streamer. What is remarkable
is that we find these classical patterns of baroclinic interac-
tion when considering the composite structure of the most
intense Mediterranean cyclones simulated at fairly high
resolution.

As the PV streamer approaches the cyclone center, the
reduction of tilting reinforces the low level rotational cir-
culation around the cyclone center. The warm sector is
displaced eastwards, since the low-level warm air advec-
tion is also displaced in-phase with the upper-level PV
streamer. The eastward in-phase displacement between the
warm sector and the PV streamer is shown clearly by com-
paring the 305 K contour of 6, at 850 hPa with the loca-
tion of the PV streamer at 300 hPa. These findings agree
with the analysis of a North Atlantic cyclone by Davis and
Emanuel (1991), who performed a piecewise PV inversion
of the upper and lower PV anomalies to show the result-
ing surface 6 fields in a similarly “PV-tilted environment”.
Although in their case study the stronger PV anomaly was
detected at the surface, the upper-level PV anomalies con-
tributed significantly to advect warm 6 values towards the
cyclone center due to the imposed wind field at lower levels
prior and during the maximum intensity of the cyclone (see
their Fig. 9a, b).

4 Vertical structure, thermodynamic profiles
and rainfall

Figure 5 shows relative humidity at 850, 500, and 300 hPa.
While at 850 hPa the higher values (>70 %) are always
concentrated close to the cyclone center (times —9,
0 and +9 h), at 500 and 300 hPa the spatial structure of
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tial temperature (black contours) and the saturation equivalent
potential temperature (red contours). Notice except from the upper
troposphere, the 2-PVU surface is also visible at the cylone center, at
850 hPa, at O h

humidity is more asymmetric due to the approach of the
PV streamer. Moist values occur typically on the eastern
side of the cyclone and over the surface warm front. Dry
values (<40 %) are clearly located at 500 and 300 hPa to
the western side of the cyclone and over the cold front. The
low values of relative humidity at the western side of the
cyclones and within the middle and upper troposphere sug-
gest that dry air parcels are advected from the northwest in
parallel with the PV streamer wrapping around the cyclone
center. This issue is analyzed further in the next section.

To better understand the thermodynamic evolution near
the cyclone center, Fig. 6 shows vertical sections from
west to east across the cyclone center of the fields e, 9,
saturation equivalent potential temperature (6e*), and the 2
PVU isosurface at times —9, 0 and +9 h. The three vari-
ables 0, e and Be* provide a comprehensive description
of the thermodynamic profile of the atmosphere. Indeed,
during the motion of an air parcel its 6 and PV values are
both conserved under adiabatic conditions, while its Oe
value is conserved even if condensation occurs. In fact, Oe
expresses the 6 value of a parcel, after it was heated by con-
densation of all its moisture content and its negative ver-
tical gradient expresses a potentially unstable atmospheric
layer. Hence, Fig. 6 provides an insight on the dynamical
relation between 6 and PV, while e provides an insight on
the moist thermodynamic frontal structure of the cyclones.
On the other hand, 6e* refers to the atmospheric state and
does not constitute an air mass tracer (Holton 2004). The
values of 6e* are the equivalent of 6e, but for a supposed
saturated atmosphere, where a negative vertical gradient
of Be* reveals an area of conditional instability (Holton
2004). Consequently, differences between 6 and 6e reflect
the resulting temperature difference due to condensational
heating, while differences between 6e and 6e* are propor-
tional to the ratio between the actual temperature and the
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temperature needed for a saturated atmosphere. By defini-
tion, all 6, e and Oe* are equal to each other in the absence
of moisture.

From a dynamical perspective, Fig. 6 shows again the
evolution of the PV streamer: at —9 h it is located approxi-
mately at —300 km, i.e., to the west of the cyclone center,
then at O h, the streamer reaches deeper pressure levels
(approximately 400 hPa), and finally at +9 h it is dis-
placed over the cyclone center, while its penetration in the
troposphere becomes zonally wider. It is noteworthy that
at 0 h, PV values larger than 2 PVU are observed over the
cyclone center at 850 hPa (see caption of Fig. 6) reflecting
the maximum cyclone intensity in terms of relative vorti-
city increased by the intense diabatic PV production within
the lower troposphere. The 6 surfaces slope upward at
—500 km, west of the cyclone center, to reach their lowest
pressure beneath the PV streamer and downslope sharply
over the cyclone center. This reflects the sharp transition
between the cold air to the west of the cyclone center and
the warm sector to the east.

At all three times presented in Fig. 6, e shows two dis-
tinct cold regions, one to the west of the cyclone center and
an even more pronounced one to the east of the cyclone
center where the e values are below 300 K in the lowest
200 hPa, indicating that the cyclones move towards colder
regions. The differences between 6 and 6e are smaller over
the west side of the cyclone center and beneath the PV
streamer (at —500 km). This reflects less water content and
agrees with Fig. 5, which shows relative humidity values
below 50 % at 500 and 300 hPa. The dry air to the west of
the cyclone center is consistent with the spatial pattern of
DALIs, descending behind the cold front (shown in the fol-
lowing section).

East of the cyclone center, the 6e contours intersect
vertically the 0 isosurfaces by sloping sharply from the
cyclone center upwards and towards the east. The differ-
ences between 6e and 6 are large, representing the potential
heat release of the atmospheric water content due to con-
densation. This upward slope of the 6e contours from the
lower to the mid levels represents the warm front structure.
Indeed, the low-level moist air parcels which move north-
eastwards from the cyclone warm sector (see wind field
in Fig. 3), will upslope the front, following the iso-6e sur-
faces and probably form the WCBs. Consequently, upward
moving air masses over the warm front tend to moist the
middle troposphere as shown by the high relative humid-
ity values in Fig. 5 at 500 hPa at all times. In summary,
the two regions east and west of the cyclone center present
a thermodynamic structure that is strongly modulated by
water vapor. Indeed, the western side of the cyclone center
is characterized by dry air due to DAIs and due to advec-
tion from the north by the PV streamer, while the eastern
side is characterized by warm and moist air coming from

the south, upsloping the warm front and moistening the
middle and upper troposphere.

In the cyclone center, at —9 h there are high values of
Be above the center which extend through the entire tropo-
sphere and separate the two cold regions. However, at 0 and
=49 h the transfer of air with low 6e from the northwest of
the cyclone (alongside the PV streamer) fills the cyclone
center with colder 6e (<310 K). This goes along with the
displacement of the warm sector to the east (Figs. 3, 5
at 49 h, at 850 hPa). It is also interesting to note that at
times —9 and 0 h the cyclone center is characterized by a
low-level temperature maximum, sometimes referred to as
warm air seclusion (e.g., Neiman and Shapiro 1993). From
a PV perspective, the vertical alignment of a positive PV
anomaly in the upper troposphere (indicated by the low
tropopause), the diabatically produced positive PV anom-
aly at 850 hPa, and the surface warm anomaly at 0 h consti-
tute an ideal configuration for intense cyclones (e.g., Davis
and Emanuel 1991; Campa and Wernli 2012). Nine hours
later at +9 h, the warm air seclusion and the low-level PV
weaken, in agreement with the slow decay of the cyclone
intensity (Fig. 4). The two distinct regions separated by
the warmer center were also observed in composite verti-
cal profiles of Atlantic extratropical cyclones (Catto et al
2010).

Due to the moisture content difference between the
regions west and east of the cyclone center, the high 0e*
values tend to extend zonally from the east to the west.
Indeed, comparing the same pressure levels, the dry air in
the west results in higher 6e* values than in the east. Con-
sequently, the westward zonal extension of high values of
Be* provokes a negative vertical gradient of the field near
the cyclone center and within the middle troposphere
(between 800 and 500 hPa). This atmospheric layer above
the cyclone center is conditionally unstable, suggesting that
stronger convective rainfall is likely to take place over the
cyclone center. Indeed, the accumulated rainfall patterns
are in agreement with the areas of conditional instabil-
ity. Figure 7 shows the total 6-hourly accumulated rainfall
at —9, 0 and 49 h. It is interesting that at —9 and O h the
strongest rainfall is observed close to the cyclone center,
slightly displaced to the northeast (Fig. 7), while at +9 h
the rainfall pattern attains a more comma-like shape, indic-
ative of intense precipitation along the warm front. Also at
+9 h, the conditional instability is slightly reduced.

Compared to the environment, the peak precipitation
values in the cyclone center at —9 and O h are enhanced
by almost one order of magnitude. The link of this rainfall
pattern to the existence of airstreams is discussed in the
next section. A strong, potentially convective, peak close
to the surface cyclone center has been previously observed
in composite studies of extratropical cyclones, using satel-
lite observations, reanalyses and models (e.g., Chang and
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Fig. 7 Composites of the horizontal distribution of 6-hourly accumulated precipitation for all 200 cyclones, at the times —9, 0 and +9 h. The
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Song 2006; Field et al. 2011). In particular, Field and Wood
(2007) considered rainfall composits for different catego-
ries of extratropical cyclones, depending on their wind
strength and moisture content. According to their results
(their Fig. 8) it is only the weak cyclones and those of mod-
erate intensity that present a pronounced rainfall peak close
to the cyclone center and less rainfall over the warm front,
similarly to our rainfall pattern at O and 49 h in Fig. 7. The
fact that the spatial rainfall pattern of our stronger Mediter-
ranean cyclones is similar to the patterns shown for weak
to moderate extratropical cyclones in the main storm track
areas is consistent with the fact that even the most intense
Mediterranean cyclones are shown to be comparatively
weak compared to the other cyclones forming over the
main oceans (e.g., Campa and Wernli 2012).

5 Warm conveyor belts and dry air intrusions

From a Lagrangian viewpoint, one of the most prominent
features of extratropical cyclones is the existence of coher-
ent airstreams, i.e., of WCBs and DAIs. As outlined in the
introduction, WCBs have been identified as air parcels with
a strong ascent from the boundary layer to the upper tropo-
sphere (forming the often comma-shaped cloud pattern at
the warm front). In contrast, DAIs are dry air parcels, typi-
cally originating from the stratosphere, that descend behind
the cold front and forming a cloudless region (e.g., Brown-
ing 1997). These two airstreams are the most fundamental
ones when considering baroclinic instability, as they pro-
vide a large fraction of the involved poleward transport
of warm air and equatorward transport of cold air (e.g.,
Thorncroft et al. 1993); and they are therefore investigated
in this study. Starting at 0 h for each of the 200 cases, 24-h
backward trajectories were initiated on a regular grid, sepa-
rated by 40 km in the horizontal and 50 hPa in the verti-
cal between 1,000 and 200 hPa, using the Read/Interpolate/
Plot utility (RIP; see http://www.mmm.ucar.edu/wrf/users/
docs/ripug.htm). WCBs were identified as trajectories that
ascended at least 500 hPa, while DAIs were identified as
trajectories with average relative humidity of <30 % and of
average PV of more than 2 PVU. Note that this criterion for
DAIs selects airstreams that remain entirely in the strato-
sphere and airstreams that cross the 2-PVU tropopause (as
long as the averaged values exceed 2 PVU).

Numerous trajectories met the WCB and DAI criteria
and indeed, both airstreams could be identified for almost
all cyclones. In order to provide an insight to the spatial
organization of these airstreams, we performed a trajec-
tory clustering analysis, separately for WCBs and DAIs,
based upon the trajectories’ three-dimensional positions,
following the method introduced by Moody et al. (1998).
First, all longitudes, latitudes and pressure coordinates of

the trajectories have been normalized with respect to the
cyclone center. Then, a square matrix D;; has been con-
structed, where each element represents the average nor-
malized distance between the i-th and j-th trajectories.
Finally, a cluster includes all trajectories that do not vary
by more than two standard deviations of the normalized
average distance. Figure 8 shows the location of all WCB
and DALI clusters at —24 and 0 h, together with the 850 hPa
0, distribution of the Mediterranean cyclone composite at
the time of the backward trajectory initialization (i.e., at 0 h
when the cyclones attain their maximum relative vorticity
at 850 hPa). In order to gain further insight to the physical
characteristics of the WCBs, Fig. 9 shows for all trajectory
clusters the median, and the 10th and 90th percentiles of
PV, relative vorticity, mixing ratio, 6e and 6 as a function
of time.

Figure 8 shows that WCBs start their ascent at —24 h
from the warm sector, while their outflow at O h is close
to the tropopause, located mainly over regions with cold
0, at 850 hPa to the north of the cyclone center. This pat-
tern is partially consistent with WCBs in other extratropical
cyclones. Indeed, in the Mediterranean WCBs present an
equally strong rise of air parcels from lower to upper levels,
transferring air masses with low PV (in average <1 PVU) to
the upper troposphere (Fig. 9, left top panel). On the other
hand, a specific aspect of Mediterranean WCBs is that they
start fairly close to the cyclones and hence over the Sea (see
green dots in Fig. 8), since the basin is surrounded by land
which is also particularly dry over Northern Africa. This is
different compared to cyclones over the main storm track
regions, where WCBs can originate far equatorward from
the cyclone center and travel over long meridional dis-
tances. Indeed, Madonna et al. (2014) showed that on aver-
age WCBs start ascending with a mixing ratio of ~10 g/
kg, compared to 6 g/kg found in the Mediterranean (Fig. 9,
bottom left panel, at —24 h). It is also important to note
that the Mediterranean is not a particular WCB “hot-spot”
(Eckhardt et al. 2004; Madonna et al. 2014) although the
cyclone frequency is high. The results of this study there-
fore indicate that the most intense Mediterranean cyclones
indeed have WCBs, whereas weaker cyclones in the same
region are devoid of such strongly ascending airstreams. In
summary, the Mediterranean WCBs start within the warm
sector (Fig. 8) and they ascend rapidly (Fig. 9, top right
panel) close to the cyclone center and over the warm front.
This ascent of WCBs close to the cyclone potentially con-
tribute to the torrential rain pattern in Fig. 7 (at —9 h and at
0 h) as their air masses lose their water content (Fig. 9, bot-
tom left panel) and present latent heating which raises the
median 0 values by about 20 K (Fig. 9, bottom right panel).
This is consistent with Pfahl et al. (2014), who showed that
WCBs contribute to 20-60 % of the extreme precipitation
events in the Mediterranean, depending on the region. The
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0, values (dashed line in bottom right panel of Fig. 9) are
fairly well conserved even when condensation occurs. The
range of 6, values from 300 to 320 K, as shown in Fig. 9, is
consistent with the 6, values of the warm sector in Fig. 8.

Figure 8 shows that all DAI trajectories start to the
northwest or west of the cyclones and arrive at 0 h behind
the cold front, in accordance with the conceptual picture
of airstreams during the development of baroclinic waves
(e.g., Browning 1997). Some of the DAIs originate south-
west of the cyclone center, from the dry continental areas
of North Africa. The detected DAIs descend on average
by 100-200 hPa in 24 h and they are equally distributed
in the mid and upper troposphere. The DAIs have averaged
PV values of 2-7 PVU and mixing ratios inferior than 1 g/
kg. During the descent, these values slight decrease for PV
and increase for water vapor, most likely due to mixing
with ambient moister air. The role of DAISs for the (thermo)
dynamics of extratropical cyclones is unclear. As discussed
in Browning (1997), they might enhance conditional insta-
bility and the advection of high PV values might enhance
the cyclonic circulation. In our 200 cases we did not find
a significant correlation between the intensity of DAIs and
the cyclones.

In summary, we performed an extended analysis of
WCBs and DAIs on a large population of intense Medi-
terranean cyclones, by applying objective criteria for their
identification. Our results are consistent with Ziv et al.
(2010), who analyzed WCB and DAL trajectories for eight
cases of intense Mediterranean cyclones. In their analysis,
the WCBs extended <2,000 km to the south of the cyclone
center and they originated in most cases over the Sahara.
In our case the WCBs were found to originate from the sea
and close to the cyclone, however our trajectories are rela-
tively short (24 h) and it is possible that some of them come
from further south. However, even if the WCBs are traced
to originate from arid North Africa, their main source of
water vapor is the Mediterranean Sea through surface evap-
oration. This geographical setting and the moisture uptake
fairly close to the cyclone center is a specificity of WCBs
associated with Mediterranean cyclones.

6 Discussion

6.1 On the Mediterranean cyclones common baroclinic
life-cycle

Different baroclinic life cycles have been produced previ-
ously in idealized baroclinic wave experiments, empha-
sizing the importance of the atmospheric barotropic shear
for the development of the upper-level flow structures
(e.g., Davies et al. 1991; Thorncroft et al. 1993). Thorn-
croft et al. (1993) presented two archetypal paradigms
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of baroclinic life cycles with strikingly different types
of upper-level PV streamers. In situations with cyclonic
barotropic shear in the ambient mean state, the simulated
PV streamer presented a “cyclonic” life cycle which is
very similar to the one identified in this study for the
Mediterranean cyclones. In their simulation, this cyclonic
wrapping up of the PV streamer occurred on the cyclonic
(poleward) side of the jet. Later, Shapiro et al. (1999)
suggested that in the real atmosphere, the cyclonic baro-
tropic shear in the region of the polar jet might be an
effect of the presence of a strong subtropical jet. Indeed,
for some cases of intense Mediterranean cyclones it was
shown that the polar and the subtropical jets interact with
the surface cyclone on its northern and southern side,
respectively (Prezerakos et al. 2006). It is noteworthy
that we found no atmospheric mid-level PV production
or rainfall along the cold front. This suggests that frontal
precipitation (and thus PV production through diabatic
heating) does not occur as a robust feature for all cases.
This is consistent with the weak cold front typically
generated during the development of the “cyclonic life
cycle” as proposed by Thorncroft et al. (1993). Certainly
it wouldn’t be surprising if we got cold frontal convective
rainfall in some cases, however, they would be a minor-
ity and consequently their signal would be weak in the
composite.

Using again our ensemble approach, Fig. 10 presents
the composites for all 200 cyclones of wind speed and
direction at 300 hPa, and SLP at O h. Here ERA-I data
have been used, in order to cover a larger region that
extends over the entire North Atlantic (i.e., beyond the
WRF domain). All fields have been centered at the loca-
tion of the cyclones given by maximum relative vorticity,
as shown in Fig. 1. The coordinates in Fig. 10 are hence
relative to the cyclone centers and expressed in degrees.
The Mediterranean basin is zonally located approximately
within —20° to 4+20° and meriodionally between —15°
and +15°. Strong winds are associated with the polar jet
at +15° relative latitude, extending zonally from —100°
to +20°, and the subtropical jet at —20° relative latitude
(i-e., about 2,000 km equatorward of the surface cyclone).
It is thus very likely that the subtropical jet exerts a large
impact on the baroclinic development in the Mediterra-
nean by providing strong cyclonic shear, which provokes
the cyclonic life cycle of the upper-level PV pattern asso-
ciated with the Mediterranean cyclone as proposed by the
earlier studies.

6.2 On the intensity of Mediterranean cyclones
In the previous sections we showed that the most intense

Mediterranean cyclones present characteristics that are
well known from studies of cyclones in the main storm
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track regions. The surface cyclone attains its maximum
intensity when the upper-level PV streamer is located at
its western side and decays once the streamer is located
over its center. This is similar to the schematic baroclinic
scenario as proposed by Hoskins et al. (1985), where an
upper-level PV anomaly induces a positive temperature
anomaly at low levels, which then interacts with the upper-
level anomaly. According to this growth scenario, cyclone
intensification occurs when the upper-tropospheric PV
anomaly and the surface 6-anomaly phase-lock, leading
to a mutual reinforcement. Here, we show that Mediterra-
nean cyclones have at best a short phase of linear growth
as the PV streamer rapidly overtakes the surface anomaly.
But still, at the time of maximum cyclone intensity, a warm
surface anomaly exists, which contributes to the cyclonic
circulation of the systems. This dry dynamical scenario
is enhanced by the diabatic PV production in the center
of the cyclones. Campa and Wernli (2012) compared the
Mediterranean cyclones’ upper and lower troposphere PV
anomalies with those for other extratropical cyclones. Their
results showed that most intense Mediterranean cyclones
have equally strong PV anomalies in the upper troposphere
(~1.5 PVU between 400 and 200 hPa), but comparatively
weak PV anomalies at lower levels (~0.2 PVU between
900 and 650 hPa) and weak surface 6 anomalies (0-2.5 K,
compared to an average of 5 K for all intense cyclones in
the northern hemisphere). Consequently, in accordance
with Fita et al. (2006), the Mediterranean cyclones are pre-
dominantly an effect of the strong upper-troposphere PV
anomalies.

In order to analyze more in depth the PV and baro-
clinic dynamics controlling the intensity of Mediterranean
cyclones we compare our most intense cases with a set of

weaker cyclones. The weaker category is composed of the
consecutive 200 most intense cyclones. For reasons of con-
sistency we only take into account cases that present their
maximum intensity over the Mediterranean Sea. This is
necessary to avoid effects from orographic PV generation,
such as orographic PV banners (e.g., Schir et al. 2003), and
to assure similar geographic conditions. This forms a set of
141 out of the 200 most intense cyclones and 129 out of the
200 weaker cyclones.

Figure 11 shows the differences of the vertical PV pro-
files at —9, 0 and +9 h between the most intense and the
weaker cases, averaged within a 200 km radius around the
cyclone center. At 0 h, i.e., at the time of maximum cyclone
intensity, the more intense cyclones have higher PV val-
ues in the lower troposphere. Interestingly, at 300 hPa,
the PV differences are first negative (at —9 h), then they
get reduced (at 0 h), and finally they turn positive at +9 h
(+0.2 PVU). This change of sign is due to two facts: (1)
the PV streamer has lower PV values for the weaker cases
and (2) the PV streamer reaches the center of the intense
cyclones later than for the weaker cases. Indeed, at —9 h
the PV streamer of the weaker cases covers more of the
area defined by the 200 km radius around the cyclone
center, leading to a higher PV average in the upper tropo-
sphere. Later, when the PV streamers wrap around cyclone
center (from O to +9 h), they fill the 200 km radius around
the cyclones and the PV difference becomes positive due to
the higher PV values of the streamer for the most intense
cases.

As discussed in Sect. 3, the shift between the surface
cyclone center and the upper-tropospheric streamer is
important for the formation of the Mediterranean cyclones.
Indeed, before reaching the cyclone center, the PV streamer
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imposes a cyclonic circulation in the lower troposphere,
which advects warm and moist air towards the cyclone
center, similarly to the cyclogenesis scenario by Hoskins
et al. (1985). Consequently it comes as no surprise that at
—9 h the weaker cases present lower values of 6, in the
lower troposphere (between 1,000 and 500 hPa) compared
to the most intense cases. Following the same analysis
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Fig. 11 Vertical profiles of the PV difference averaged in a radius
of 200 km around the cyclone center between 141 more intense and
129 weaker events, at —9 h (dashed line), 0 h (solid line), and +9 h
(dotted line). For each pressure level, the circles denote the 5 % (red
circles) and 20 % (black circles) level of significance of the differ-
ence between the averages of the two cyclone groups. Significance
is determined by a two-samples 7 test, examining the rejection of the
null hypothesis that the profiles of the two cyclone groups, separately
at each level, come from independent random samples of normal dis-
tributions with equal means
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as for Fig. 11, the 6, differences between the intense and
weaker cases are constantly of the order of 4-0.5 K between
1,000 and 700 hPa, revealing more moisture (i.e., more
moist static energy) for the most intense cyclones. This dif-
ference in moist static energy suggests that ascending air
masses from the center of the intense cyclones would reach
the lifting condensation level earlier for similar profiles of
0.*. Indeed, average 6-hourly accumulated rainfall at O h
within the radius of 200 km around the cyclone center of
the most intense cases is on average 9 mm, compared to
approximately 3 mm for the weaker cases. More rainfall for
the most intense cases is consistent with the 4-0.1 PVU dif-
ference at 850 hPa in Fig. 11.

To extend our analysis, Fig. 12 shows for all 200 intense
cases and the following 200 weaker cases identified in Sect.
6.2, the scatterplot of PV at 850 hPa versus PV at 300 hPa,
both averaged within 200 km around the cyclone center
at —9, 0 and +9 h. It is noteworthy that at O h about 20
cyclones out of the 200 most intense cases present 300-hPa
PV values smaller than 1 PVU. Further analysis on these
cases showed that they present a cyclonic PV streamer and
a baroclinic life cycle similar to the other intense cases as
discussed above. However, their PV streamer is slightly
further to the west of the cyclone center and less deeply
penetrating into the troposphere. We also distinguish a total
of 13 Medicanes in our dataset of the 200 most intense
cyclones, as identified and documented by the meteorol-
ogy group of the University of Balearic Islands (Tous and
Romero 2013). Interestingly, Fig. 12 shows that Medicanes
always have high values of low-level PV compared to the
majority of the cyclones, even at —9 h, when relative vorti-
city has not reached its maximum value at 850 hPa. On the
other hand, Medicanes tend to have rather low PV values
at 300 hPa, also at +9 h when the PV streamer is located
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Fig. 12 Scatterplot of PV at 850 hPa versus PV at 300 hPa at —9,
0 and 49 h for the 200 most intense cyclones (red dots), the 200
weaker cyclones (black dots) and the 13 Medicanes included in our
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dataset (green stars). Fields are averaged within a 200 km radius
around the cyclone centers
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over the cyclone center. This contrast between upper-level
and low-level PV suggests that for Medicanes the diabatic
PV production at lower levels is particularly important. The
latter should be anticipated since Medicanes are defined
as systems of dense cloud coverage and hence systems of
strong latent heating. However, searching in Fig. 12 all
cyclones that present low-level PV values larger than 0.7
PVU at —9 h and larger than 0.8 PVU at 0 and +9 h, we
find ~30 systems, i.e., about two times more cyclones than
the 13 identified Medicanes. Therefore, the criterion of
high, diabatically produced low-level PV is rather a neces-
sary than a sufficient criterion for Medicanes.

7 Summary and perspectives

In this paper we analyzed the baroclinic life cycle of the
most intense Mediterranean cyclones, as tracked in a high
resolution coupled ocean—atmosphere regional simula-
tion. The intense cyclones in the Mediterranean have been
identified according to a relative vorticity threshold (which
provided an ensemble of 200 cases), while our analy-
sis revealed a common baroclinic life cycle for all cases.
According to this cycle, a PV streamer, originating from
the polar jet, intrudes the Mediterranean basin. The surface
cyclone intensity increases while the streamer is located at
the cyclone’s western side and decreases when the streamer
is wrapping over its center. As the cyclone intensifies, tem-
peratures advection induced by the cyclonic PV streamer
provokes a narrowing of the cyclone’s warm sector. The
cyclone structure has also been analyzed using air parcel
trajectories. We showed that WCBs start within the warm
sector of the cyclones, rise and turn anticyclonically in the
upper troposphere. DAIs were identified that emerge from
the exterior of the Mediterranean domain and end above the
warm sector of the cyclones.

In a climatological perspective of the regional dynam-
ics, our main result is that the dynamical structure of the
Mediterranean cyclones presents a fairly common life cycle
irrespective of their intensity. This life cycle is strongly
determined by the protrusion of the PV streamer emerging
from Rossby wave breaking, as already shown by previous
studies. As discussed above, it is our hypothesis that the
subtropical jet might play a crucial role on the baroclinic
life cycle of Mediterranean cyclones by providing ambient
barotropic shear, which favours the formation of cycloni-
cally breaking PV streamers. Numerical sensitivity experi-
ments will address this issue in a forthcoming paper in
order to test our hypothesis.

Finally, we show in terms of processes of cyclone inten-
sification, that Mediterranean cyclones cannot be regarded
as a unique category, but they rather present baroclinc life

cycle characteristics that are similar to other extratropical
cyclones as the ones developing over the main storm track
regions. Medicanes turned out to be cyclones that are simi-
lar to other intense cyclones, however typically with a par-
ticularly intense, diabatically produced, positive low-level
PV anomaly and a PV streamer of slightly below-average
intensity.
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