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[1] The variability of Mediterranean cloud systems is investigated using 8.5 years (from
January 1987 to June 1995) of TIROS-N Operational Vertical Sounder (TOVS)
observations acquired aboard the National Oceanic and Atmospheric Administration
(NOAA) series of operational polar satellites. Cloud systems and troughs are
automatically detected with the retrievals of the cloud top pressure (CTP) and the
temperature of lower stratosphere (TLS). Observed cloud systems have a typical size of
few hundred kilometres with a larger occurrence between March and October. A threefold
cloud system typology reveals the presence of an upper-level anomaly for about 30% of
the cloud systems in winter, 26% in spring and 7% in autumn (but 23% in October).
During summer, in contrast, the forcing is very likely local, and according to the
composite analysis, weakly related to upper-level anomaly. During the cold seasons
(15 October to 15 April), more cloud systems are found during negative North Atlantic
Oscillation (NAO) phase when the north Atlantic storm track takes its southernmost
position. Consistently, more systems are observed during the Greenland Anticyclone and
the Atlantic Ridge regimes, compared to the Zonal and Blocking regimes. Finally, severe
precipitation events over the Alpine region are associated with a warm TLS anomaly
upstream the cloud system, showing once more the impact of the upper levels on the
weather over this area.

Citation: Chaboureau, J.-P., and C. Claud (2006), Satellite-based climatology of Mediterranean cloud systems and their association

with large-scale circulation, J. Geophys. Res., 111, D01102, doi:10.1029/2005JD006460.

1. Introduction

[2] The Mediterranean basin is a region known for its
cyclonic activity. Due to its specific orography (the Medi-
terranean Sea is surrounded by an almost continuous barrier
of mountains) and the high sea surface temperature, the
distribution of cyclones over this area is complex, as
confirmed by a pioneer subjective analysis [Petterssen,
1956]. There have been since then several studies aiming
at characterizing the sub-areas of cyclogenesis, the season-
ality and the generation mechanisms of Mediterranean
systems, which all rely on reanalyses and/or simulations.
Alpert et al. [1990a] first and then Trigo et al. [1999], using
European Center for Medium-Range Weather Forecasts 15-
year reanalysis (ERA-15), showed that the characteristic
time and space scales of cyclones in the Mediterranean
region are smaller than in the Atlantic, with over 65% of
cyclones having a radius less than 550 km and an average
time of about 28 hours. Larger systems were found in the
western Mediterranean. Picornell et al. [2001] used High
Resolution Limited Area Modelling (HIRLAM) 0.5� reso-

lution fields to study mainly short-living cyclones and found
that most systems have a radius between 150 and 300 km.
Maheras et al. [2001], using 40 years of the National
Centers for Environmental Prediction (NCEP) National
Center for Atmospheric Research (NCAR) data, studied
seasonal and diurnal variations of cyclones occurrence, as
well as the trend in cyclone frequency. All these studies
(plus earlier ones) indicate that there are different generation
areas, different cyclone types and generation mechanisms
and also a strong seasonal and even inter-monthly variabil-
ity [Alpert et al., 1990a, 1990b; Trigo et al., 1999]. Also, a
number of cyclones have a null or even negative deepening
rate, which means that they originated in other regions and
just cross the Mediterranean during their attenuation phase.
As mentioned before, several mechanisms play a role like
orography, latent heat release at the sea surface (local
forcing) but the intensity of the cyclogenetic activity is to
a large extent controlled by large-scale processes over
Europe and especially those characterized by mid and
upper-tropospheric southward air mass intrusions and tro-
popause foldings, which are often associated with potential
vorticity (PV) structures and jet streaks [e.g., Massacand et
al., 1998; Buzzi and Foschini, 2000; Stein et al., 2000;
Liniger and Davies, 2003].
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[3] Instead of considering reanalysis where cyclones are
usually detected by identifying 1000 hPa height minima, an
alternative source of data is used here in order to study both
the climatological features and the associations with large
scale patterns. It consists of satellite data as recently shown
by Chaboureau and Claud [2003] who have investigated
the wintertime variability of large precipitating weather
systems over the North Atlantic Ocean. Their study was
based on the signature of the storms on the water budget
(clouds and precipitation) as observed from the TIROS-N
Operational Vertical Sounder (TOVS) on board National
Oceanic and Atmospheric Administration (NOAA) satel-
lites. They showed that three retrieved fields, the tempera-
ture of the lower stratosphere (TLS), the cloud top pressure
(CTP), and a precipitation index DMSU, can be used to
characterize the intraseasonal variability. Moreover, a com-
posite study of the weather systems with the largest precip-
itation signature suggested a relationship between types of
precipitating systems and low frequency variability de-
scribed by the North Atlantic Oscillation (NAO).
[4] The objective of this study is to adapt this work to the

Mediterranean cyclones, that is, to provide a typology of
cloud systems for each season, to determine the proportion
of lows for which the dynamics is dominated by the upper-
level situation and to examine the potential relationship
between individual cloud systems and low-frequency vari-
ability. In addition, the links between precipitation and the
upper-level configuration will be studied for the Alpine
region, for which a daily precipitation climatology exists.
Section 2 presents the data and the classification method.
Section 3 describes the cloud system climatology obtained
for the 8.5 years. Section 4 details the cloud-system typol-
ogy season by season. Section 5 explores the link between
the cloud system variability and the Atlantic large-scale
circulation. Section 6 concentrates on the Alpine region.
Section 7 provides a conclusion to the study.

2. Data and Methodology

2.1. Satellite Data

[5] Observations used for this study are from NOAA-10
and NOAA-12 satellites and cover 8.5 years from 1 January
1987 to 30 June 1995. The TOVS radiometer, which flies
on board the NOAA satellites, mainly consists of two
instruments: HIRS-2 (High resolution Infrared Radiation
Sounder) and MSU (Microwave Sounding Unit). HIRS-2 is
a radiometer with 19 channels in the infrared band and one
in the visible band and its spatial resolution is about 17 km
at nadir. MSU is a four-channel passive microwave radi-
ometer for which the horizontal resolution is ranging from
110 km at nadir to 323 km at the edges of the swath. The
raw TOVS data have been converted into atmospheric
parameters using the Improved Initialization Inversion al-
gorithm [Chédin et al., 1985; Scott et al., 1999]. Among a
large number of variables, this physico-statistical method,
relying on pattern recognition approach, determines the
temperature of the lower stratosphere and the cloud top
pressure. All these variables are retrieved at a spatial
resolution of 100 km by 100 km every 12 hours at best,
that is at 7:30 and 19:30 local time.
[6] The temperature of lower stratosphere (TLS) is used

to describe the thermal structures at the tropopause level

[Fourrié et al., 2000]. TLS is obtained through a combina-
tion of brightness temperatures from five TOVS channels
(HIRS 2 and 3; MSU 2, 3, and 4) weighted by a set of
regression coefficients. These TOVS channels are the most
sensitive to the temperature around the tropopause. While
MSU3 plays the major role, the other channels are also
significant. As a consequence, TLS fields show more
variability than the raw MSU3 data alone. As shown
through quantitative comparisons with model analysis,
TLS is a good indicator of the averaged temperature
between the 4 and 8 PVU (potential vorticity unit, 1 PVU =
10�6 K m2 s�1 kg�1) levels (i.e., in the layer 1–4.5 km
above the tropopause). In particular, warm anomalies of TLS
can be used to detect upper level precursors. Moreover, TLS
fields allow detecting other upper level structures such as
troughs, ridges, and tropopause breaks along the cyclonic
shear side of an upper level jet [Fourrié et al., 2000, 2003].
[7] In the 3I algorithm, clouds are detected at the HIRS

spatial resolution (18 km at nadir) by a succession of 7
(night)/8 (day) threshold tests, which depend on the simul-
taneous MSU radiance measurements probing through
clouds. Cloud parameters are determined from the radiances
averaged over all cloudy HIRS pixels within the 3I box,
assuming a single, homogeneous cloud layer. The average
cloud top pressure (CTP) and the effective cloud amount are
obtained by a weighted-c2 method from four 15 mm CO2

band radiances and the 11 mm atmospheric window radiance
(HIRS 4 to 8) [Stubenrauch et al., 1999a]. The empirical
weights reflect the usefulness of a spectral channel at a
cloud level for the determination of the effective cloud
amount. A cloud cover fraction is also determined as the
fraction of cloudy HIRS pixels in each grid box. The 3I
cloud parameters have been evaluated on a global scale
[Stubenrauch et al., 1999b] by comparison with time-space
collocated, reprocessed ISCCP cloud parameters. The
remaining discrepancies with ISCCP can be explained by
differences in cloud detection sensitivity, differences in the
atmospheric temperatures profiles used, and by inhomoge-
neous or partly cloudy fields.

2.2. Classification Method

[8] In [Chaboureau and Claud, 2003], only weather sys-
tems with both a large precipitation signature and a high level
cloud cover were considered. These precipitating events were
defined by areas covering more than 200,000 km2

(corresponding to an equivalent radius of 250 km) with
normalized DMSU less than 16 K (a threshold indicator of
rain) and with a CTP less than 400 hPa. In the case of the
Mediterranean Basin, the precipitation index cannot be used:
as a matter of fact, continental surfaces and precipitating
hydrometeors have similar microwave emissivities, which
prevents from discriminating between them. Therefore, the
selection is done only on the cloud level. Considering systems
with CTP less than 400 hPa means that shallow systems are
not included in our study. In contrast with studies quoted
above, there is no tracking procedure, which implies that a
single system can be detected several times on subsequent
orbits. In addition, we consider the area between 30�N–48�N
and 10�W–45�E, encompassing all the Mediterranean Sea
and the surrounding regions.
[9] The variability of the selected cloud systems is

investigated using a composite method. TLS and CTP fields
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are extracted in a square of 3600 km side length for which
the Y axis is toward the north. To enlarge the view upstream
of the cloud event (i.e. to the west), the box is shifted
900 km to the east from the geometric centre of the box. A
principal component analysis (PCA) is then performed on
the normalized fields of TLS and CTP. The latter are
projected onto the components of the first eigenvectors
which represent the larger variance. So the PCA yields the
ability to select only the pertinent information, that is, the
field of variation around their average, and the large-scale
structures as described by the first eigenvectors. The mean
fields of TLS and CTP, and the small-scale structures are
therefore filtered out. Here, we have chosen to retain the
first components that represent 45% of the total variance.
Then, the components kept are clustered using an ascending
hierarchical classification, which minimizes the intraclass
variance: each case is then included in a class. Finally,
composites within each class are build from averaging the
original fields (i.e., not the filtered fields described by the
first eigenvectors). This yields realistic structures as illus-
trated below.

3. Cloud System Climatology

[10] Over the 102 months, a total of 9906 cloud systems
have been identified, without any particular interannual
variation. With two observations per day, this leaves about
48 systems per month. 35% of the cloud systems have an
equivalent radius of 250 km, and over 70% less than 550 km
(Figure 1). This result is in agreement with the 65% of
cyclones having a maximum radius less than 550 km
obtained by Trigo et al. [1999] using reanalyses. This

confirms that most of the Mediterranean lows are within
the mesoscale, in contrast to synoptic North Atlantic cloud
systems with typical sizes lying between 1000 and 3000 km
[Chaboureau and Claud, 2003].
[11] The number of selected cloud systems per grid point

for the whole period is shown in Figure 2. The cloud
systems are found in preferential areas: The western North
Africa, the eastern coast of the Iberian Peninsula, the
Balearic Islands, the Gulf of Genoa, southern Italy, the
Aegean Sea, and Cyprus. However, this geographical dis-
tribution is more spread than the map of the first cyclone
detections shown by Trigo et al. [1999] or those of the
cyclonic occurrence by Maheras et al. [2001]. Two reasons
can explain this difference. First, in contrast to these studies,
the present analysis groups not only cyclones, but also
fronts and convective systems. Moreover, since we have
no tracking procedure, this map does not correspond to the
first detection but to the cumulated number of detections
during the whole life-cycle of the cyclones. Second, less
cyclones are found over the eastern Black Sea, and the
Middle East but for this latter region, Trigo et al. [1999]
mention that the number is probably overestimated due to
being near the domain’s boundary. Concerning the Black
Sea, differences might be due to the fact that satellite passes
are at 7:30 and 19:30 local time while the frequency of
cyclones increases over this area during the night, especially
in summer [Maheras et al., 2001], which corresponds to a
peak of activity.
[12] For a better geographical and temporal character-

isation of the systems, the domain has been partitioned off
according to the latitude of 36�N and the longitude of 20�E
yielding four regions (SW, NW, SE, NE). Figure 3 presents
the monthly fraction of cloud systems for the 8.5 years.
Overall, the fraction is the largest between March and
October with local maxima in May and in October. The
fraction of cloud systems is during the whole year larger in
the western part of the Mediterranean basin compared to the
eastern part. This is due to a peak of activity in May and
June over the SW region (Sahara). Also a higher activity is
found in the NW region, with a maximum in March and
August, over the Balearic Islands and the Iberian Peninsula,
respectively. The cloud system occurrence in the SE region

Figure 1. Frequency distribution of the cloud-system
radius.

Figure 2. Number of selected cloud systems per grid point
for the full 8.5-year period.

Figure 3. Fraction of cloud systems per month for
different geographical areas (see text).
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(Cyprus and Middle East) is maximum between April and
October with a peak in July. In the NE region, the maximum
activity peaks between April and July.
[13] Moreover, the monthly distribution is shown accord-

ing to different size classes depending on the equivalent
radius (Figure 4). Around 35% of the systems fall into the
category 300–400 km, independently of the month with the
exception of April. Systems within categories 300–400 km

and 400–500 km are more frequent in spring and summer.
On the other hand systems within categories less than
300 km and larger than 600 km occur preferentially during
spring, but present also a peak in October.

4. Threefold Seasonal Cloud System Typology

[14] A typology of these 9906 cloud systems with their
TLS field is now presented. For the sake of simplicity, a
classification with only three classes is shown here. The
partition into three classes gives however some indications
on the way the cloud systems can develop. Furthermore, the
composite method is applied separately to the four seasons.
Studies by Trigo et al. [1999, 2002], among others, have
nevertheless shown that the Mediterranean weather is char-
acterized by three distinct seasons, namely winter (DJF),
spring (MAM), and summer (JJA), while autumn months
(SON) more easily fall either into the (late) summer or
(early) winter categories. Our results suggest that fall is a
season in itself. October follows its own peculiar behavior,
and as such, it has been considered alone.

4.1. Winter

[15] A total of 1742 cloud systems are selected in winter.
Figure 5 shows the resulting composite fields and the
number of cases for each class which lies between 274
and 522 cases. A large variability between the composites is
observed according to the orientation of the cloud system,
its extent (as seen by CTP less than 560 hPa), the meridional
tilting and the magnitude of the TLS field, and the cloud

Figure 4. Fraction of cloud systems per month for
different categories of cloud-system radius.

Figure 5. Winter. (top) Composite views of the three classes resulting from the hierarchical
classification. The ordinate (abscissa) of the coordinate system corresponds to northward (westward)
displacements in kilometers from the cloud system center located at (0,0) km. The shading indicates CTP
every 80 hPa, the white solid line CTP less than 400 hPa, the black contours TLS every 2 K, and the
hatched patterns TLS over 218 K. (bottom) Number of cloud systems selected per grid point for each of
the three classes.
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system location relative to the TLS gradient. Class 1 is
characterized by a warm TLS pattern upstream the cloud
system. These cloud systems have a south-north orientation
with a slight cyclonic curvature and are relatively large.
This configuration suggests that these systems are triggered
by an upper-level trough located upstream, as also observed
in the north Atlantic [Chaboureau and Claud, 2003]. They
represent about 30% of the whole wintertime systems and
are found preferentially over the southern Mediterranean
Sea. In contrast, cloud systems from class 2 are found
mostly in the western part of the domain and to a lesser
extent to the northeast. The composite high-cloud cover is
rather compact and the associated TLS field presents a more
zonal orientation with a larger gradient to the south. These
systems are associated with a trough located over Europe
and represent more than 54% of the cases. Finally, class 3
groups systems that occur preferentially in the southern part
of the domain, associated with subtropical air intrusions.
Clouds are pointing towards the north and are embedded in
a weak TLS gradient.

4.2. Summer

[16] In summer a total of 2852 cloud systems are selected.
The composite high-cloud field, as seen by CTP less than
560 hPa, is compact whatever the class (Figure 6). This
compactness can been partly explained by the larger occur-
rence of cloud systems within categories 300–400 km and
400–500 km in summer compared to the other seasons
(Figure 4). On the other hand, all the TLS composite fields
present a zonal gradient. However, they differ from each
other by the TLS value, i.e. the larger the TLS, the
northernmost the class. The absence of any strong meridi-
onal pattern in the TLS field indicates a weak influence of
tropopause anomalies, such as troughs or cut-off lows, on
the cloud system development. As expected, this hints that

summertime cloud systems are forced by more local (me-
soscale) factors (land-sea contrast and topography) than by
synoptic ones. Note also that a large number of cloud
systems are found over land, in contrast to the location of
the wintertime cloud systems.

4.3. Spring

[17] The composite analysis done on the 2822 cloud
systems selected in spring is presented in Figure 7. Class
1, which represents 26% of the total selected cloud systems,
displays a composite cloud field oriented north-south with a
slight cyclonic tilting to the east of a warm TLS pattern, and
mostly occurs in the north of the Basin. Cloud systems from
classes 2 and 3 are embedded in a symmetrical zonal
gradient and are found in the southern part of the domain.
These springtime composite fields of classes 2 and 3 present
some similarities to those found in autumn, as discussed
below.

4.4. Autumn

[18] The selection results in 2492 cloud systems for the
fall season (Figure 8). Class 1 represents only 7% of the
cases but very likely corresponds to extreme cases of
precipitation and floods. It corresponds to the typical
configuration expected for baroclinic interaction (cloud
field oriented north-south with a slight cyclonic tilting to
the east of a warm TLS pattern) that mostly occurs in the
northern part of the Mediterranean Basin, and preferentially
over land. The TLS pattern presents the warmest anomaly
(TLS larger than 220 K) of all the seasonal composites.
Class 2 essentially groups elements from the western part,
while class 3 corresponds to southernmost cases. They
represent about 43% and 50% of the cases, respectively.
They show similar composite cloud fields embedded in a
zonal TLS gradient. Class 2 displays a slightly larger TLS

Figure 6. Same as Figure 5, but for summer.
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gradient than class 3. As such, cloud systems from class 2
are found more to the north than those of class 3.

4.5. Summary

[19] In conclusion, the analysis shows that during win-
ter, for about 30% of the cloud systems, the dynamics is
dominated by an upper PV anomaly. This rate decreases to

26% in spring and only 7% in autumn. However, it must
be noted that if the composite analysis is restricted to
October (not shown), then 23% of the systems display a
tropopause anomaly. In addition, these events in autumn
are likely to be severe, since these are the only cases
where the TLS values are larger than 220 K. Finally, in
contrast, during summer, the forcing is very likely local,

Figure 8. Same as Figure 5, but for autumn.

Figure 7. Same as Figure 5, but for spring.
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and according to this composite analysis, not related to PV
anomaly.

5. Cloud System Variability During Cold Season
and Its Links With Atlantic Large-Scale
Circulations

[20] During winter, or more generally the cold season
(from 15 October to 15 April), the Mediterranean Basin is
primarily influenced by the tail end of the Atlantic storm
tracks [e.g., Hurrell, 1995; Quadrelli et al., 2001]. The
low-frequency variability in the Northern Atlantic Basin is
often described by the leading empirical orthogonal func-
tion of the sea level pressure (SLP) or the geopotential
field which yields the North Atlantic Oscillation (NAO).
The index used here is the daily NAO index generated by
the NOAA Climate Prediction Center. After Hurrell
[1995], during the positive NAO phase, precipitating
systems follow a more southwest-to-northeast Atlantic
storm track. Conversely, during the negative NAO phase,
the precipitating systems follow a west-east storm track.
Figure 9 presents the number of cloud systems per day vs.
NAO (i.e. the number of detected cloud systems over the
number of days within the considered NAO bin) for the
cold season. As expected, a larger number of cloud
systems are found for negative NAO values, especially
in the NE area.
[21] The interannual variability in the North Atlantic

domain can also be examined through non-linear
approaches such as cluster analysis. This yields the con-
cept of weather regime, a dynamically equilibrated pattern
corresponding to quasi-steady persistent weather as de-
fined by Vautard et al. [1988]. A regime identification
based on the 700 hPa geopotential field of the four-daily
analyses produced by European Center for Medium-Range
Weather Forecasts (ECMWF) performed by Ayrault et al.
[1995] is considered. Four weather regimes are identified:
the Zonal (ZO), Blocking (BL), Greenland Anticyclone
(GA), and Atlantic ridge (AR) regimes. The ZO regime
corresponds to a maximum eastward penetration of the

zonal jet, associated with a low centred over northern
Europe extending upstream to Greenland. The BL is
characterized by the jet confined to the western part of
the Atlantic, bringing easterlies over Western Europe. The
GA regime corresponds to an anticyclone over Greenland
and the polar jet moved southward by reference to its ZO
regime position, almost in continuity with the African
subtropical jet. This gives a zonally symmetric pattern to
its southern part. The AR regime is characterized by a
ridge over the mid-eastern Atlantic, bringing over Europe
moist cold air advected from the north Atlantic. In contrast
to the typical NAO pattern identified through linear
approaches, some spatial asymmetries are found, in par-
ticular a significant eastward displacement towards Europe
for the ZO regime (that mimics the positive NAO phase)
compared to the GA regime (corresponding to the negative
NAO phase) [Cassou et al., 2004].
[22] The cloud system geographical distribution for each

regime is shown in Figure 10. During the ZO regime, a
vast majority of the cloud systems is found between 10�W
and 20�E. During the BL regime, the cloud systems are
also more frequent in the western part of the domain, more
particularly over the Balearic Islands and the Gulf of
Genoa. During the GA regime, again, cloud systems occur
more frequently in the western part of the Basin. In
contrast, the preferential areas during the AR regime are
almost everywhere in the domain, with a high concentra-
tion around Cyprus. However, the cloud system distribu-
tions shown in Figure 10 also depend upon the occurrence
of the Atlantic weather regimes. During the period studied
here, the occurrence is 36% for the ZO regime, 24% for
BL, 14% for GA, and 26% for AR. Therefore, for a
similar number of days, more cloud systems are found
during the AR regime than the BL one. In a similar way
than in Figure 9 for NAO, the number of cloud systems
per day for each Atlantic weather regime is shown in
Figure 11. During the ZO and BL regimes, less than one
cloud system is found while during the GA and AR
regimes, more than 1.3 cloud systems are detected. This
difference is mainly due to a doubling of detected cloud
systems in the NW, SE, and NE regions. This result
underscores the influence of the north Atlantic storm track
in the Mediterranean domain during the cold season.
[23] Figure 11 also displays the cloud-system distribu-

tion per day among different categories of cloud-system
radius. During the ZO, GA, and AR regimes, the number
of systems with a radius less than 400 km is roughly
equivalent to the number of larger systems. Only the BL
regime is characterized by a larger fraction of small-scale
systems (60%). A study by Trigo et al. [2004], based on
the 40 years of NCEP-NCAR reanalysis, showed that
during blocking episodes, most cyclones have a more
south-easterly trajectory, so that there are more systems
during blocking episodes than during non-blocking ones.
Our results do not confirm this finding. However, a
different definition of the weather regimes has been
considered in these two studies. In particular, their
definition is less conservative for blocking episodes
(e.g., four successive days, considered blocked, followed
by one non-blocked day and then by five successive
blocked days, will lead to a 10-day blocking event),
while we have more variability [see, e.g., Chaboureau

Figure 9. Number of cloud systems per day according to
the NAO during the cold season (15 October to 15 April)
for different geographical areas.
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and Claud, 2003, Figure 5]. Besides, Trigo et al. [2004]
consider only DJF months.

6. Cloud Systems, Upper-level Forcing, and
Precipitation in the Alpine Region

[24] The detection of a warm TLS anomaly upstream of a
cloud system suggests a strong upper-level forcing, and
potentially more intense precipitation. The daily Alpine
precipitation climatology built by Frei and Schär [1998]
allows examining such a scenario. This climatology consists
of gridded daily precipitation analyses, constructed by
spatial aggregation of rain gauge observations onto a regular
latitude-longitude 0.5� grid-spacing. It covers the Alpine
area, between 43�N–49�N and 2�E–17�E. A selection of
cloud systems in the same area has been carried out,
providing 284 cloud systems for which the composite fields
are shown in Figure 12a. On average, a warm TLS pattern is
present to the west of the cloud system.
[25] A similar analysis has been performed, restricted to

precipitating events larger than 50 mm/day on a grid point
of the precipitation climatology (Figure 12b). The threshold
of 50 mm/day corresponds to the 90% quantile over where
heavy precipitations occurs in three distinct regions: south-
east of the Central Massif, south central Alps, and north of
Adriatic Sea [Frei et al., 2003]. The 129 selected events
occurred mainly in summer and in autumn (Figure 13).
Composites show a warmer TLS field to the west of the
CTP field, compared to the full set. Cloud systems also have

a slightly more elongated shape. This is a typical configu-
ration for baroclinic interaction.
[26] The analysis is done one step further by selecting only

the events with rainrate larger than 100 mm/day. This leaves
44 events that occurred mainly in autumn (Figure 13). The
associated composite fields resemble those of the previous

Figure 10. Number of cloud systems selected per grid point for each Atlantic weather regime: (a) ZO,
(b) BL, (c) GA, and (d) AR during the cold season (15 October to 15 April).

Figure 11. Number of cloud systems per day for each
Atlantic weather regime during the cold season (15 October
to 15 April) for different categories of cloud-system radius.
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subset, but with even more elongated cloud system shape and
a southernmore warm TLS anomaly (Figure 12c).

7. Conclusion

[27] The variability of Mediterranean systems has been
investigated using polar satellite data covering the period
January 1987–June 1995, in contrast with previous studies
which all consider reanalyses. An automatic detection of
cloud systems is performed, based on retrievals of cloud top
pressure (CTP). Over the 102 months, a total of 9906 cloud
systems (storms, fronts, and convective systems) have been
identified, with a rather low interannual variation. 35% of
the systems have an equivalent radius of 250 km, and over
70% less than 550 km, which is agreement with previous
studies, and confirms the fact that over the Mediterranean,
most of the lows are within the mesoscale or subsynoptic
range, in contrast to North-Atlantic systems. Cloud systems
are preferentially detected over western North Africa, the
east coast of Spain, the Balearic Islands, the gulf of Genoa,
southern Italy, the Aegean Sea and Cyprus. Their most
frequent occurrence is between March and October.
[28] Using consistent CTP and TLS fields, a seasonal

cloud system typology has been constructed. For the four
seasons, the threefold classifications result in composites
with size-varying CTP fields, the smallest composites being
observed during summer. The variability in shape is rather
weak, and much less pronounced than the one obtained by
[Chaboureau and Claud, 2003] over the North Atlantic with
zonally elongated or cyclonically tilted systems. This weak
variability in the Mediterranean can be explained by the
typical mesoscale or sub-synoptic size of the cloud systems.
A systematic difference on the TLS field is found between
the three classes of each season. Overall, the larger the TLS,
the northernmost the class. This analysis shows that during
winter, for about 30% of the cloud systems the dynamics is
dominated by an upper PV anomaly. This rate decreases to
26% in spring and only 7% in autumn. However, it must be
noted that, if the composite analysis is restricted to October,
then 23% of the systems display a tropopause anomaly. In
addition, these events in autumn are likely to be severe,
since these are the only cases where the TLS values are

larger than 220 K. This confirms the role of upper level
troughs in the development of Mediterranean cloud sys-
tems, in agreement with Trigo et al. [2002]. Finally, in
contrast, during summer, the forcing is very likely local, and
according to the composite analysis, weakly related to PV
anomaly.
[29] Moreover, the association between cloud systems

and large scale circulation over the Atlantic during the cold
season (from 15 October to 15 April) has been investigated.
Two concepts have been considered to characterize this
circulation: the NAO concept, and the weather regime
concept. More systems are observed for negative NAO
values, and this is especially true for the NE area and to a
certain extent the SE area. For the period of interest, the
number of detected systems was the largest during the
Greenland Anticyclone regime. The Atlantic Ridge is also
more favourable in terms of occurrence of cloud system,
compared to the Zonal and Blocking regimes. In addition,
during the Blocking regime, there is a larger fraction of
small-scale systems (radius less than 400 km). Associated to
each regime, preferential locations for cloud systems have
been found. To our knowledge, this study is the first to

Figure 12. Alpine composite fields from (a) the full set, and the sets restricted to events with rainrate
higher than (b) 50 mm/day and (c) 100 mm/day within a 50 km grid point. The white line indicates
rainrate higher than 1 mm/day.

Figure 13. Monthly fraction of cloud systems per different
categories of daily precipitation.
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consider all Atlantic weather regimes and the characteristics
of the Mediterranean cloud systems.
[30] Finally, this study has concentrated on the Alpine

region in order to investigate the relationship between
precipitation and the upper-level situation. It was found that
severe precipitation events over this region are associated to
a warm TLS anomaly upstream of the cyclone, showing
once more the impact of the upper levels on the weather
over this area. While this study consolidates previous ones,
it also complements them especially in terms of establishing
large scale configurations that are prone to developments
over the Mediterranean Basin.
[31] These results have implications on the forecasting of

Mediterranean storms: they show that the quality of the
short-range forecasts (12–24 hours) can be improved by a
better representation of the situation around the tropopause
in the initial conditions for about one out of three cases. The
potential of satellite sounder data for the study of storms is
also illustrated. Further work will consist in considering the
whole period of time during which TOVS data are available
(since 1979).
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