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Summary

This paper characterizes Mesoscale Convective Systems
(MCSs) during 2001 over Iberia and the Balearic Islands
and their meteorological settings. Enhanced infrared
Meteosat imagery has been used to detect their occurrence
over the Western Mediterranean region between June and
December 2001 according to satellite-defined criteria based
on the MCS physical characteristics.

Twelve MCSs have been identified. The results show that
the occurrence of 2001 MCSs is limited to the August–
October period, with September being the most active peri-
od. They tend to develop during the late afternoon or early
night, with preferred eastern Iberian coast locations and
eastward migrations. A cloud shield area of 50.000 km2 is
rarely exceeded. When our results are compared with pre-
vious studies, it is possible to assert that though 2001
MCS activity was moderate, the convective season was
substantially less prolonged than usual, with shorter MCS
life cycles and higher average speeds. The average MCS
precipitation rate was 3.3 mm � h�1 but a wide range of
values varying from scarce precipitation to intense events
of 130 mm � 24 h�1 (6 September) were collected. The results
suggest that, during 2001, MCS rainfall was the principal
source of precipitation in the Mediterranean region during
the convective season, but its impact varied according to the
location.

Synoptic analysis based on NCEP=NCAR reanalysis show
that several common precursors could be identified over the
Western Mediterranean Sea when the 2001 MCSs occurred:
a low-level tongue of moist air and precipitable water
(PW) exceeding 25 mm through the southern portion of
the Western Mediterranean area, low-level zonal warm

advection over 2 �C � 24 h�1 towards eastern Iberia, a modest
1000–850 hPa equivalent potential temperature (�e) diffe-
rence over 20 �C located close to the eastern Iberian coast,
a mid level trough (sometimes a cut-off low) over Northern
Africa or Southern Spain and high levels geostrophic vorti-
city advection exceeding 12 � 10�10 s�2 over eastern Iberia
and Northern Africa. Finally, the results suggest that synop-
tic, orographic and a warm-air advection were the most rele-
vant forcing mechanisms during 2001.

1. Introduction

In recent decades much attention has been fo-
cused on severe weather events. Most of them
exhibit a convective origin. Among these con-
vective situations, a particular group is known to
be particularly hazardous and harmful in certain
areas. They are termed Mesoscale Convective
Systems (MCSs) and Mesoscale Convective Com-
plexes (MCCs). They occur at the meso-scale
displaying spatial and temporal scales larger than
the typical individual thunderstorms or multi-
cellular storms by two or three orders of magni-
tude. Remote sensing has proved to be a reliable
tool for assisting MCS identification and life
cycle tracking.

Maddox (1980) provided the first MCC defini-
tion as a particularly well-organized mid-latitude
thunderstorm system of meso-�-scale (spatial



lengths of 250–2500 km and durations >6 hours).
This definition was based on the physical cha-
racteristics observed in infrared (IR) satellite ima-
gery such as size, duration and shape of the cloud
shields.

Later, MCCs were defined as a special group
with different mesoscale structures included within
a more common type of convective phenomena
known as MCSs (Zipser, 1982; McAnelly and
Cotton, 1989; Cotton et al, 1989). They result
from a similar convective origin and phenome-
nology, but show a meso-�-scale structure (spatial
lengths of 25–250 km and durations >3 hours)
(McAnelly and Cotton, 1986). In fact, MCCs can
be characterized by multiple convective meso-�-
scale components that jointly produce MCC
(McAnelly and Cotton, 1989). Nevertheless,
MCCs are merely a subset of MCSs. Thus, the
MCSs definition is similar to that for MCCs’,
but the conditions of the satellite-defined criteria
become less restrictive and the shape criterion
is not required. Both produce similar effects,
although MCCs are probably more significant
in terms of rainfall (Fritsch et al, 1986; McAnelly
and Cotton, 1989). Ashley et al (2003) found that
between 8% and 18% of the total warm season
precipitation can be attributed to MCC rainfall
over significant portions of the Great Plains of
USA.

There is not a commonly objective accepted
definition of MCSs due to the difficulty in iden-
tifying convective features. Some works con-
sider that a parcel originating below the 700 hPa
level and reaching the level of �28 �C ensures
the existence of deep convection (Machado et al,
1998). Thus, it seems that the values below
a threshold of �28 �C appropriately identify
convective systems (Miller and Fristch, 1991;
Machado et al, 1998). Nevertheless, the thresh-
old temperature varies from �75 �C (Mapes and
Houze, 1993) to �6 �C (Fu et al, 1990) and
the area below the reference isotherm be-
tween 100.000 km2 (Maddox, 1980) and about
10.000 km2 (Riosalido, 1991; Jirak et al, 2003).
In this paper, we will consider MCCs (MCSs)
as well-organized precipitation systems in the
meso-�-scale (meso-�-scale) according to fixed
satellite characteristics based on Augustine and
Howard’s (1988) definition. These criteria differ
from those that Maddox originally applied to
MCCs, simplifying the required conditions

(Augustine and Howard, 1988; Mc Anelly and
Cotton, 1989).

MCCs and MCSs frequently occur in North
and South America, India, China, Africa and
Australia where numerous annual summaries
have been published (Maddox, 1980; Maddox
et al, 1982; Rodgers et al, 1983; 1985; Augustine
and Howard, 1988; 1991; Laing and Fritsch, 1997;
2000). These weather systems have been also
detected in the Iberian Peninsula and the Western
Mediterranean. They occur at late summer or
during autumn, being particularly widespread
over the Western Mediterranean Sea (Riosalido,
1991; Canalejo et al, 1993; 1994; Carretero et al,
1993; Martı́n et al, 1994; Elvira et al, 1996;
Hernández et al, 1998; Riosalido et al, 1998).

Although MCS are sometimes beneficial to
many areas in terms of the rainfall they bring,
they usually produce intense rainfall, vigorous
flash floods, important structural and agricultural
damages, destruction of infrastructure and, some-
times, casualties over the western Mediterranean
region (40 deaths in the breaking of the dam of
Tous in 1982). This has led to an increasing
social concern during recent years.

The objective of this paper is to identify the
MCSs that occurred in 2001 over the Western
Mediterranean and describe their synoptic, dyna-
mical and thermal environments as well as their
associated precipitation in order to compare with
previous studies over this region.

The paper is organized as follows. The me-
thodology and data section describes the criteria
selected to identify the MCSs and the viewpoints
used to describe the systems and their envi-
ronments. The next section presents the results
of the 2001 MCS characterization (time-spatial
distribution, tracks and life cycle features), asso-
ciated rainfall impact and their occurrence envi-
ronments (thermodynamic structure and synoptic
features). Finally, the results are summarized and
some conclusions presented.

2. Methodology and data

2.1 MCS identification criteria

IR imagery from the METEOSAT satellite was
used to detect MCSs. Data have been extracted
from Meteosat station’s semi-hourly IR images
of the Departamento de Fı́sica de la Tierra II
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(Univ. Complutense de Madrid). The chosen
criteria were a set of combined size-duration con-
ditions distinguished by the continuous cloud-
shield area enclosed by a reference isotherm.
All are listed in Table 1 and must be met in order
to classify convective weather systems as MCS or
MCC. They are based on the satellite definition
of the MCCs and MCSs proposed by Maddox
(1980) and modified by other authors (Augustine
and Howard, 1988; Mc Anelly and Cotton, 1989).
However, the threshold has been fixed on �48 �C
in agreement with previous studies for this area
(Riosalido, 1991; Carretero et al, 1993; Canalejo
et al, 1993; 1994). The second size condition pro-
posed by Maddox (1980) related with the �32 �C
threshold has been discarded because the infor-
mation is redundant (Augustine and Howard,
1988; McAnelly and Cotton, 1989). No shape
condition is imposed on the MCS criteria while
those of MCCs must possess an eccentricity
greater than 0.7 at the maximum extent.

Therefore, we consider an MCS (MCC) to
be initiated when the contiguous extension
within �48 �C IR isotherm exceeds 10.000 km2

(50.000 km2). The MCS (MCC) reaches its ma-
ture stage when the area achieves its maximum
value, ending or dissipating when the �48 �C
area becomes less than 10.000 km2 (50.000 km2).

MCSs tend to occur at the end of summer and
during the autumn due to a warmer Mediterranean
Sea following the summer insolation. Warm-air
advection combined with moisture influx off the
sea leads to low static stability (Doswell III et al,
1998a; Romero et al, 2000). Thus, the period of
analysis has been restricted to the seven months
from June to December 2001 and the region of

analysis to the domain limited by (35,45)�N and
(�5,10)�W (Fig. 1), in agreement with previous
studies over this area (Cana, 1997; Riosalido et al,
1998). MCSs were omitted if they did not move
across this domain. If a different MCS or MCC
joined the phenomenon of interest, a new MCS
was categorized, since the perturbations induced
by these new systems might change the natural
evolution of the pre-existing systems (Cotton
et al, 1989; McAnelly and Cotton, 1989).

2.2 Identification of MCSs

2.2.1 Remote sensing techniques

Once the 2001 convective systems have been
detected, they must be properly characterized.
IR remote sensing measurements enable the

Table 1. Definitional criteria of MCSs and MCCs based on IR satellite imagery used in this paper

Parameter MCS MCC

Size Cloud shield with continuously
low IR temperature <�48 �C
must have an area >10.000 km2

Cloud shield with continuously
low IR temperature <�48 �C
must have an area >50.000 km2

Duration Size definition must be satisfied
for a period >3 hours

Size definition must be satisfied
for a period >6 hours

Shape – Eccentricity (minor axis=major axis)
>0.7 at time of maximum extent

Initiation Time when minimum size is satisfied
Maximum extent Time when the continuous cold cloud shield is at its maximum size
Termination Time when minimum size is not satisfied

Fig. 1. Study domain of the western Mediterranean area
with an indication of geographical locations and mountain
systems mentioned in the text
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cloud-shield evolution and track of the convec-
tive systems to be examined. Satellite-derived
products have been produced from IR imagery
in order to characterize MCS life cycles. The
analysis is based on a description of the systems’
life phase consisting of genesis, maturity and de-
cay. The cloud shield extent has been computed
each half-hour, being corrected by the latitudinal
effect of satellite’s measured angle (Cana, 1997).

2.2.2 Precipitation analysis

As previously mentioned, MCSs may be one of
the most devastating rainfall systems over this
area, leading to heavy precipitation (Rivera, 1987;
Ramis, 1994; 1998). Consequently, a precipi-
tation analysis is essential to characterize the
impact of MCSs (Fritsch et al, 1986; Watson
et al, 1988; Kane et al, 1987). A daily and hourly
precipitation database from August to October
(convective season) of 2001 has been analyzed.
The Instituto Nacional de Meteorologı́a (INM)
provided rainfall data. Hourly rainfall records
consist of a set of hourly precipitation data and
accumulated data from 0000 to 2400 UTC for
186 stations (Fig. 2b). On the other hand, 3649
daily stations provide the bulk precipitation from
0700 UTC of a certain day to 0700 UTC of the
next day (see Fig. 2a). In order to characterize
the convective precipitation, the precipitation
associated with each MCS has been evaluated
by computing cumulative amounts during its life
cycle in those stations affected by the �48 �C
cloud shield. Considering the time range of
mesoscale systems, an hourly network has been

employed. For every case, hourly stations affect-
ed by each MCS were identified and the station
with maximum precipitation was selected. Strict-
ly speaking, rainfall data may underestimate
the actual precipitation for a given convective
system, since the data observational density is
not usually sufficient, especially for the northern
and maritime MCSs.

2.3 Characterization of MCS environments

As has been noted previously, MCSs occur fre-
quently but only in certain locations of the world.
This tendency to concentrate in preferred regions
suggests that particular common environmental
features must favor their genesis, which are
not met in other zones of the world (Laing and
Fritsch, 2000). Augustine and Howard (1991),
among others, proposed that the necessary sy-
noptic conditions for convective development are
instability, external forcing and low-level mois-
ture. Thus, in order to address those common fea-
tures of MCS occurrence, the circumstances in
which they develop have been characterized from
two different viewpoints: those of thermodynam-
ic structure and synoptic fields.

The analysis has been performed using NCEP=
NCAR reanalysis data (Kalnay et al, 1996). The
required parameters are acquired as fields on a
2.5� � 2.5� latitude-longitude grid at six-hour
intervals, and at different standard levels. Data
were obtained for every date when an MCS or
MCC was detected. In order to identify the most
representative environmental features for the

Fig. 2. Spanish daily (a) and hourly (b) rain networks
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genesis of these events attention was focused on
the data covering the six-hour period immedi-
ately preceding MCS initiation.

2.3.1 Instability parameters

Firstly, the six-hourly Lifted Index (Galway,
1956) has been derived as a measure of condi-
tional instability from the surface to 500 hPa
level. Convective instability (CI) has also been
computed as the equivalent potential temperature
(�e) difference between 1000 and 850 hPa. This
measures the supply of buoyant energy assisting
deep convection (Maddox and Vonder Haar,
1979). Finally, precipitable water (PW), which
provides a measure of potential source for con-
vective rainfall, is calculated as the six-hourly
condensed water vapor content of the total at-
mospheric column.

2.3.2 Synoptic analysis

MCSs originate from the interaction of several
factors occurring at different scales, embracing
convective, mesoscale, and synoptic features
(Maddox, 1980; Rodgers et al, 1983; Anderson
et al, 1998). Maddox’s synoptic analysis (1983)
noted that MCSs occurring over U.S.A. are typi-
cally formed in the vicinity of a weak surface
front with a pronounced low-level jet transpor-
ting warm, moist air into the region. The growth
stage is linked to a weak, eastward propaga-
ting short-wave trough at mid-levels. As has
frequently been emphasized, synoptic and en-
vironmental features such as upward vertical
movements and low-level moisture are necessary
conditions to ensure convection (Cotton et al,
1989; Augustine and Caracena, 1994; Laing and
Fritsch, 2000).

Consequently, the following fields have
been analyzed from NCEP=NCAR reanalysis:
temperature, wind, and geopotential height at
SLP (Surface-Level Pressure), 925 hPa, 850 hPa,
500 hPa and 300 hPa, and mixing ratio at low
levels. This analysis supplies information on the
large-scale synoptic patterns favoring convective
development.

In addition to this, several synoptic forcing
fields have been computed. The synoptic quanti-
tative response to a strong low-level wind shear
has been evaluated by computing the thermal
wind between 1000 and 850 hPa levels. In order

to identify synoptic upward areas, divergence
of Q-vector and quasigeostrophic forcing (QF)
have been also derived (Caracena and Fritsch,
1983; Doswell III, 1987; Barnes, 1985; Durran
and Snellman, 1987) through the formulation
of Q-vector (Hoskins and Pedder, 1980) using
six-hourly NCEP=NCAR data in 850, 500 and
300 hPa levels during the MCS life cycle. On
the other hand, horizontal geostrophic vorticity
advection (GVA) has been computed at 500 and
300 hPa levels from six-hourly NCEP=NCAR re-
analysis. Six-hourly horizontal thickness advec-
tion (TA) through the 1000–500 hPa layer has
also been evaluated during each MCS date in
order to assess the horizontal transport of average
temperature layer towards convective area and
the quasi-geostrophic vertical motion.

3. Results

This section discusses the results by comparing
them with previous works. Additionally, precursor
fields during the MCS days (those days when a
MCS genesis was recorded) and non-MCS days
(no MCS registered) have also been analyzed.
Thus, comparative studies for MCS and non-
MCS days have been conducted for the 2001 con-
vective season. The statistical significance of the
differences has been computed using a t-test.

3.1 The 2001 MCSs

IR satellite images enabled the identification of 12
convective systems according to size-duration cri-
teria of Table 1 (see Fig. 3 for some examples).
Eleven MCSs were detected whereas only one of
the convective systems fitted size-duration-shape
MCC criteria. Table 2 shows their most relevant
satellite-derived characteristics. Numerous papers
concerned with Mediterranean mesoscale convec-
tion show an average frequency of occurrence of
about 12 or 13 MCSs and 3 or 4 MCCs during the
convective season (Canalejo et al, 1993; 1994;
Martı́n et al, 1994; Elvira et al, 1996; Hernández
et al, 1998; Riosalido et al, 1998; Romero et al,
2000). When our results are compared to the lat-
ter, the level of convective activity in 2001 can be
considered moderate, with close to average fre-
quency of MCSs but low frequency of MCCs.

Although there were some differences between
the individual life cycles, most of the 2001 MCSs
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(58%) began with individual thunderstorms that
merged into a convectively organized system.
These initial cells grew and=or merged to gene-

rate a contiguous cold cloud shield exceeding
10.000 km2. When they reached their maximum
area they displayed a diversity of geometries

Fig. 3. IR satellite imagery of several 2001 MCSs identified in
this paper. (a) Case 3, (b) Case 4, and (c) Case 9

Table 2. Characteristics of the 2001 Mesoscale Systems

Case
number

Date Initiation
(UTC)

Termination
(UTC)

Duration
(hours)

<�48 �C area
max. extent (km2)

Lowest
temp. (�C)

Eccentricity Origin�

1 25=8 1800 2200 4.0 15012 �62.3 0.5 I.C.
2 30–31=8 2230 0900 10.5 24281 �62.3 0.5 F.C.
3 1–2=9 2330 0530 6.0 45232 �67.7 0.5 F.C.
4 5–6=9 2000 0100 5.0 21148 �64.6 0.8 F.C.
5 6–7=9 2230 0500 6.5 64471 �67.7 0.2 F.C.
6 19–20=9 1700 0530 12.5 39260 �66.8 0.8 I.C.
7 22=9 1800 2300 5.0 42099 �72.3 0.8 F.C.
8 22=9 1900 2300 4.0 73984 �72.3 0.8 I.C.
9þ 28=9 1100 2300 12.0 93712 �74.1 0.8 I.C.

10 9=10 1300 2230 9.5 70035 �67.7 0.7 I.C.
11 10–11=10 2300 0300 4.0 21082 �65.9 0.6 F.C.
12 10–11=10 2230 0130 3.0 16742 �64.2 0.7 F.C.

Average – 1900 0200 7.0 43921 �67.3 0.6 –

� The origin indicates how each MCS originated (I.C.¼ Isolated cell; F.C.¼Fusion of cells)
þ MCC
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varying from circular to irregular forms. How-
ever, the shapes of the identified systems usually
included an elliptical shield of clouds colder than
�48 �C at the maximum area, with an average
eccentricity of 0.6. The observed dimensions of
2001 systems revealed lengths of the major semi-
axis between 100 and 400 km.

3.2 MCSs and life cycle statistics

The time distribution indicates that the 2001 con-
vective systems were confined to the period of
seven weeks from the end of August to the be-
ginning of October, although the most common
convective period usually runs from September
to November, as has been inferred previously
(Cana, 1997; Riosalido et al, 1998). September
was the month with most MCSs, 58% of the total
(Fig. 4a). MCS initiation (Fig. 4b) occurred during

mid or late-afternoon (1800–2100 UTC) (33%)
or during the first hours of the night (2100–0000
UTC) (42%). The growth into the mature stage,
in which the system is well organized, occurred
around midnight, usually reaching its maximum
extent after 0000 UTC.

The average growth and dissipation phases
usually lasted about 3.5 hours with total life
cycle, from initiation to termination, extending
to about 6.5 hours. Half of the episodes were
shorter than this value (see Fig. 4c). The average
maximum area enclosed within the �48 �C iso-
therm was 43.921 km2. However, most of them
(67%) did not exceed 50.000 km2.

The spatial distribution of the 2001 convective
systems has also been analyzed. Figure 5 illus-
trates the initial position of the coldest tops
of the 2001 MCSs, showing the preference to
develop over the Mediterranean Sea (33%) and

Fig. 4a. Monthly distribution of the 2001 MCSs. (b) Distribu-
tion of the initiation hour of the 2001 MCSs. (c) Duration
distribution of the 2001 identified MCSs
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the eastern half of Iberia (42%), although other
regions are possible (the Alborán Sea, the north-
ern African coast or northern Iberia). The tracks
(not shown) were computed by interpolating from
the first to the last geometric center locations
for each system. The trajectory lengths varied
between 200 and 700 km with typical velocities
range of 45 to 90 km � h�1 (75%) and average
values of 393 km and 61 km � h�1, respectively.
Tracking of the paths revealed a common ten-
dency to an eastward displacement component.

Table 3 summarizes some satellite-derived pro-
ducts obtained from this work and compares them
with those from Riosalido et al (1998), although
some parameters have been derived following
slightly different criteria (reference temperature
changes from �48 �C to �32 �C or �52 �C). The
results are similar with close spatial distribution
trends to those obtained by Riosalido et al (1998)
(28% of MCSs over Mediterranean Sea with 64%

originating over eastern Iberian). Foremost dis-
crepancies are derived when comparing durations
and speeds with significant lower durations and
higher speeds for the 2001 MCSs. Apart from
this, no further substantial differences have been
found in the literature.

3.3 MCS precipitation analysis

Table 4 lists maximum rainfall amounts accumu-
lated during the life cycle for those MCSs for
which rainfall satations were available for analy-
sis. The average MCS precipitation rate was
3.3 mm � h�1. However, the individual cases show
a wide range of values with instantaneous rain
rate varying from zero to 2.4 mm per minute.

The daily maximum value was recorded on
6 September (case number 5), with more than
130 mm in several locations of the Balearic
Islands, and more than 90 mm over the Valencia
coastline. Another major event occurred on 19
September (case number 6), which affected the
Valencia coast with over 90 mm of precipitation.
Likewise, MCSs 11 and 12 yielded totals in
excess of 50 mm over Valencia and Murcia. In
spite of the intensity of these events neither mate-
rial damage nor casualties were reported.

In order to evaluate the convective precipitation
influence over the rainfall pattern during the
convective season, data from observational sta-
tions with complete daily precipitation series and
affected at least by one MCS were analyzed.
Figure 6a shows the distribution of such stations.
Days with bulk precipitation over 0 mm were
defined as ‘‘rainy day’’ whereas those ‘‘rainy
days’’ in which one or more MCS occurred were
classified as a ‘‘MCS day’’. Subsequently, a clas-

Fig. 5. Initial positions of the coldest cloud tops of the
2001 MCSs

Table 3. Average values of the MCS life cycle’s features during 1989–1993 period (Riosalido et al, 1998) and the results
obtained in this paper

IR characteristic 2001 (�48 �C) 1989–1993 (�52 �C)

Maximum MCS frequency (%) September (58%) September (66%)
Area maximum extent (km2) 43.921 41.443
Maximum initiation frequency (UTC) 1800–2100 (33%) 1200–1500 (28%)�
Duration (hours) 6.8 9
Length of major semi-axis (km) 249 426�
Eccentricity 0.6 –
Lowest temperature (�C) �67.5 �67
Velocity (km � h�1) 61 47
Distance (km) 393 377

� With isotherm threshold of �32 �C
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sification of MCS days and non-MCS days was
made for every station. Figure 6b displays the
number of rainy days in the whole convective sea-
son. The stations located in the Gulf of Biscay
show higher frequency of rainy days, while those
over the Mediterranean coast, especially Murcia
and Balearic Islands, are scarce. However, a com-
parison between MCS and non–MCS days shows
that the Gulf of Biscay stations hardly ever ex-
hibited any MCS events, while the number of
MCS days was greater in the Mediterranean area,
especially in the Balearic Islands and Valencia
(see Fig. 7a). Furthermore, the average MCS pre-
cipitation impact was significant in the Mediterra-
nean region, while the rainfall regime exhibited a

clearly non-MCS origin in the north of Iberia (the
Gulf of Biscay area and Catalonia – see Fig. 7b).

Thus, although during the 2001 convective
season frequent precipitation events affected the
Gulf of Biscay area, they tended to be moderate
and showed a non–MCS origin, whereas Medi-
terranean rainfall regime was characterized by
scarce but heavy rainfall events, most of them
derived from MCS events.

3.4 Characterization of the thermodynamic
fields

The analysis of the NCEP=NCAR fields reveals
that the most relevant and universal feature is the

Fig. 6a. Selected hourly rainfall stations. (b) Distribution of precipitation days for the convective season at selected hourly
rainfall stations of Fig. 6a

Table 4. Maximum cumulative rainfall recorded for 2001 Mediterranean Mesoscale Convective Systems with available hourly
rainfall stations

Case
number

Total MCS
precipitation
(mm)

MCS
prec. rate
(mm � h�1)

Max. 10 min
(mm)

Hour max.
10 min (UTC)

Max. 30 min
(mm)

Max. 1 h
(mm)

Max. 6 h
(mm)

Duration
max. (h:m)

1 2.5 0.6 0.9 1950 1.8 2.3 2.7 0130
2 7.8 0.7 7.0 0550 20.0 40.0 48.4 0140
3 11.1 1.8 5.7 0010 10.0 10.9 11.1 0250
4 32.3 6.5 9.2 2215 26.7 31.2 32.3 0110
5 45.6 7.0 8.7 2330 22.5 45.0 61.4 0300
7� 19.5 3.9 8.0 2220 18.0 21.2 22.7 0720
9þ 22.5 1.9 10.0 1720 23.90 36.3 38.5 0215

10� 0.1 0.01 12.0 0915 26.8 44.9 46.3 0110
11 3.6 0.9 9.6 2100 15.0 23.0 34.9 0435
12 30.1 10.0 14.0 2335 26.1 28.3 30.3 0220

Average 17.5 3.3 8.5 2340 19.1 28.3 32.9 0240

� Only one hourly station available
þ MCC
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presence of a PW tongue greater than 25 mm
along the southern portion of the Western Me-
diterranean, occasionally reaching values of over

35 mm (cases 7, 8 and 10) for those MCSs
formed over the Sea. A pronounced centre of ne-
gative LI values is usually located in the vicinity

Fig. 7a. Distribution of rainy (dark bars) and MCS days (light bars) of the overall precipitation days for the convective season
at selected stations in Fig. 6a. (b) Average of rainy day rainfall (dark bars) and convective day rainfall (light bars) for the
convective season at selected hourly stations of Fig. 6a

Fig. 8a. LI (�C) (solid and dashed lines displaying negative
and positive values, respectively) and PW (mm) (shaded areas)
fields for case 5. The contour interval for the PW is 5 mm
starting at 20 mm (light shaded). (b) As (a), but for case 3.
(c) �e (�C) at 1000 hPa (solid lines) and CI (�C) across 1000–
850 hPa thickness layer (shaded areas) for case number 3. The
contour interval of CI is 5 �C starting at 10 �C (light shaded)
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of southern Italy or northern Morocco, sometimes
shifted to eastern Spain and the south of Balearic
Islands. However, LI values in those areas where
MCSs formed ranged from weakly unstable
values to a minimum lower �4 �C (case 5, for
example), revealing that instability is only one
contributor to convection (Doswell et al, 1996).
Thus, cases 11 and 12 developed in poor unstable
environments, 1, 2 and 3 in weakly unstable envi-
ronments while the rest of MCSs formed in mo-
derately or strongly unstable environments. PW
and LI field distributions of two representative
cases (number 5 as the strong unstable example
and number 3 as the weak unstable case) have
been represented in Fig. 8a and b, respectively.

An intense centre of CI (computed as 1000–
850 hPa �e difference) with values greater than
25 �C is always present over the Mediterranean
basin. These high values stretch from the Strait
of Gibraltar to South of Corsica and Sardinia,
through a channel along the African coastline.
CI varied from values slightly lower than 20 �C
(cases 2, 3, and 11) to greater instabilities with
values of over 30 �C in the areas where the MCS
formed (see Fig. 8c).

A t-test of PW and LI composites between
MCS days and non-MCS days reveals significant
differences when confined to events over the Sea
(confidence level of 95%). Average LI values
during MCS days are 2 �C lower than those with-
out MCS, whereas mean PW is even 5 mm
greater when a MCS develops (Fig. 9a) revealing

more unstable conditions over the Mediterranean
Sea. This is reinforced when CI and 1000 hPa
�e field MCS composites are examined. At the
1000–850 hPa layer an intense area of CI close
to 20 �C evolved over the western Mediterranean
region (Fig. 9b).

3.5 Synoptic environmental features
characterization

Although the MCS genesis may occur under a
wide variety of synoptic precursor patterns, se-
veral common synoptic features have been de-
tected that might favor the mesoscale convection.

3.5.1 Low levels

A wide variety of SLP situations has been found.
Nevertheless, it is worthwhile pointing out that in
many cases a 850 hPa low center in northern
Africa or southeastern Iberia was recorded (67%
of the cases). A high-pressure center dominating
northwestern Spain or Central Europe can also
be frequently found. When this configuration,
with a high-low dipole, occurs, a stagnant synop-
tic pattern is favored. This configuration results
in warm moisture advection and strong low-level
jets impinging on the western Mediterranean
coast. Nevertheless, a strong low-level jet of
more than 10–15 m � s�1 is rarely present at
925 hPa. This feature only occurs when the low
northern African center is strengthening and shift-
ing northwards (cases 11 and 12).

Fig. 9a. Significant PW (mm) (shaded areas displaying positive differences starting at 1 mm (light shaded) with intervals of
1 mm) and LI (�C) (dashed lines displaying negative differences) differences between MCS and non-MCS days of convective
season at 95% level. (b) Averaged CI (�C) (shaded areas starting at 20 �C with intervals of 5 �C) and 1000 hPa �e (�C) (solid
lines) fields for all MCS days

The 2001 MCSs over Iberia and the Balearic Islands 235



A low-level moisture tongue is present through
the southern portion of the Western Mediterranean
in all case studies (see Fig. 10a for an example).

Moisture advection supplies amounts over
2 g � kg�1, sometimes exceeding 5 g � kg�1, in
24 h, (cases 3, 11 and 12), the Mediterranean
Sea being the main moisture contributor. Thus,
the most typical situation is linked to a zonal ad-
vection component from the Sea (see Fig. 10b).
Only cases 6, 7 and 8 displayed both meridional
and zonal advection components. Higher su-
pplies of moist air towards MCSs occurred for
inland situations such as cases 3, 4 or 12,
whereas smaller quantities were associated with
maritime trajectories (cases 7, 8 and 10).

Temperature fields at 925 hPa revealed a tilted
thermal ridge over Iberia or the Western Medite-
rranean region as a dominant feature. An intense
temperature gradient with isotherms aligned along
the African coastline was also present. This

region isolates warm African air from cold air
originating in higher latitudes, thereby providing
warm air over the Western Mediterranean area
(Fig. 10a).

Because of weak low level winds, warm
advection directed toward MCS areas usually
exhibit values close to 1 �C in 24 h (cases 2, 3,
4, 5, 6 and 9). However, amounts over 5 �C in
24 h have been also found (cases 7, 8, 11 and
12), especially if an easterly wind component is
dominant (Fig. 10c).

Low-level MCS pattern composites (see
Fig. 11a) show that the required supply of mois-
ture for MCS occurrences takes the shape of a
large tongue stretching throughout the southern
Mediterranean towards the Atlantic Ocean. The
highest values are concentrated along the Medi-
terranean Sea, encompassing the eastern side of
Spain. A pronounced thermal ridge with a warm
center above 35 �C and located over the north of

Fig. 10a. Temperature (�C) (solid line) at 925 hPa and mixing
ratio (g � kg�1) (shaded areas) at 1000 hPa for case number 3.
The contour interval for the mixing ratio is 2 g � kg�1 starting
at 12 g � kg�1 (light shaded). (b) Zonal component (g � kg�1 �
24 h�1) (solid lines), meridional component (g � kg�1 � 24 h�1)
(dashed lines) and total (shaded areas starting at 1 g � kg�1 �
24 h�1 with intervals of 1 g � kg�1 � 24 h�1) 1000 hPa moisture
advection for case 3. (c) Zonal component (�C � 24 h�1) (solid
lines), meridional component (�C � 24 h�1) (dashed lines) and
total (shaded areas starting at 1 �C � 24 h�1 with intervals of
1 �C � 24 h�1) 1000 hPa thermal advection for cases 11 and 12

236 R. Garcı́a-Herrera et al



Africa accompanies a dipole high-low close to
the Britain-northern Africa axis. Low-level ther-
mal advection provides values of over 2 �C in 24
hours through the south-eastern Iberian, excee-
ding 3 �C � 24 h�1 over the northern African land
mass. Mean 1000 hPa moisture advection pat-
terns exhibit zonal moisture advection greater
than 2 g � kg�1 � 24 h�1 over the eastern half of
Iberia (Fig. 11b).

When a t-test is performed (not shown), nega-
tive significant differences (low pressures) are
detected over the southern portion of Iberia and
northern African (95% confidence level), with
relative high pressures over the Atlantic Ocean
and northwestern Iberia. This synoptic pattern
exhibits a weak easterly wind component en-
hancing moisture advection towards western
Mediterranean margins. Additionally, the zonal
moisture advection patterns show differences
higher than 4 g � kg�1 � 24 h�1 between MCS and
non-MCS days along the eastern Iberian coast.
The presence of significant (95% confidence level)
850 hPa zonal warm advection (higher than
2 �C � 24 h�1) over southeastern Iberian and me-
ridional advection over northern Africa (reaching
3 �C � 24 h�1) is also detected.

The thermal contrast between the ridge
and cold air masses delineates a baroclinic zone
capable of promoting a strong thermal wind
through the 1000–850 hPa layer along the north-

ern African coast in all MCSs. When a t-test is
performed between MCS and non-MCS days,
1000–850 hPa TA differences provide significant
values exceeding 1 �C in 24 hours along the
southeastern Iberian and the northern Africa.
Since the thermal wind has arisen from vertical
wind shear, a vigorous wind shear occurs across

Fig. 11a. 1000 hPa temperature (�C) (shaded areas), geopotential height (gpm) (solid lines) and mixing ratio g � kg�1 (dashed
lines) composite for all MCS days. Temperature shaded areas start at 20 �C with intervals of 5 �C. (b) Zonal component
(g � kg�1 � 24 h�1) (solid lines), meridional component (g � kg�1 � 24 h�1) (dashed lines) and total (shaded areas starting at
1 g � kg�1 � 24 h�1 with intervals of 1 g � kg�1 � 24 h�1) 1000 hPa moisture advection composite difference between MCS and
non-MCS days for the convective season

Fig. 12. Geostrophic streamlines at different standard le-
vels following MCS initial location for case 9. Streamline
thickness is in proportion to wind speed
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this thickness layer. Streamlines have been com-
puted following geostrophic wind at different
standard levels from MCS initial location. In-
ferred tracks display an anticyclonic circulation
across 1000–850 hPa layer, whereas middle and
high level streamlines tend to follow similar tra-
jectories revealing that directional shears are
lower at mid-high levels (Fig. 12).

Low-level quasigeostrophic forcing for upward
movement (Q-divergence) exhibits variable values
in the vicinity of MCS. The 850 hPa Q-divergence
displays forcing amounts between slightly positive
values (downward motion) and �10�15 hPa�1 � s�3

(upward motion). Cases 7, 8, 9 and 10 present
Q-divergence values close to�3 �10�16 hPa�1 � s�3,
whereas cases 3, 4, 5, 11 and 12 develop under
intense dynamic forcing with values higher than
�5 � 10�16 hPa�1 � s�3 even �10�15 hPa�1 � s�3

(cases 11 and 12) (Fig. 13). In contrast, no signi-
ficant forcing was present in cases 1, 2 and 6,
which suggests that MCS occurrences cannot
be always linked to large scale upward forcing
mechanisms. When mean MCS days composites
are performed, quasigeostrophic forcing patterns
at 850–925 hPa present two principal signifi-
cant regions for rising movement, embracing
the northern African coast and Balearic Islands
respectively (not shown).

3.5.2 Midlevels

At the 500 hPa level two patterns have been
detected: (i) a stagnant trough over Iberia area
or approaching the western Mediterranean region
with an axis slightly tilted in NE–SW direction
(70% of the cases – see Fig. 14a), (ii) a cut-off
low with a cold core impinging on the same area
(30% – see Fig. 14b). This is in agreement with
results from previous authors (Garcı́a-Dana et al,
1982; Llasat, 1987; Cana, 1997, Homar et al,
2002). For the first situation, a ridge usually
dominates the Western Mediterranean in an
omega configuration. Both configurations are
associated with intense westerly or southwesterly
geostrophic wind speeds embracing Morocco,
the Western Mediterranean and greater part of

Fig. 13. Quasi-geostrophic forcing (shaded areas) in units of
10�19 m � kg�1 � s�1 and Q-vector (arrows) at 850 hPa for case
4. A representative value of 1 �C �m�1 � s�1 is presented on
the down left corner. Shaded values are negative

Fig. 14. Vector wind field and horizontal wind speed (shaded areas) at 500 hPa. The contour interval of wind speed is 5 m � s�1

starting at 10 m � s�1 (light shades). (a) Trough for case 10. (b) Cut-off low for case 12
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Iberia; the higher velocities are obtained around
the upstream edge of the trough (cut-off low).
Sometimes this pattern leads to a synoptic stag-
nation pattern due to the presence of a high over
the Atlantic Ocean. When a t-test is performed,
the geopotential difference distribution presents a
similar but more evident pattern than at low
levels with positive (negative) differences close
to Britain (the southern Iberia) greater than
120 gpm (not shown).

Results from 500 hPa QF reveal values from
�2 � 10�16 hPa�1 s�3 to �4 � 10�16 s�3 observed
during the MCS life cycle promoting upward
motions. Cases 4, 5, 9, 11 and 12 present max-
imum forcing whereas weaker rising movements
are found in cases 7, 8 and 10. Almost all cases
present 500 hPa forcings slightly weaker than
850 hPa QF values, in agreement with Maddox
(1983), Cotton et al (1989), and Riosalido et al
(1998).

The 500 hPa GVA field shows positive values,
which reveals cyclonic circulation advection to-
wards the MCS genesis area. These quantities vary
from moderate GVA (below 5 � 10�10 s�2) in cases
1, 2, 3, 6 and 9 to large values of over 8 � 10�10 s�2

in cases 4, 5, 7, 8, 10, 11 and 12 (Fig. 15).
On the other hand, positive thickness advec-

tion (TA) through the 1000–500 hPa layer have
been found in all case studies (not shown), fluc-
tuating between advection close to 2 �C in 24 h
(cases 1, 2, 3, 4 and 5) and values of over 2 �C in
24 h (cases 6, and 9), even exceeding 5 �C in 24 h
(cases 7, 8, 10, 11 and 12).

Mid-level forcing patterns show 500 hPa GVA
values over 5 � 10�10 s�2 as well as positive 1000–
500 hPa TA above 2 �C � 24 h�1 along the south-
eastern Iberian coast and the northern Africa, the
differences being significant (95%) after a t-test.

3.5.3 High levels

The geopotential height synoptic patterns are
similar to those obtained at 500 hPa. An intense
center of 300 hPa cyclonic advection was re-
stricted to the near vicinity of MCSs, with GVA
values fluctuating between 10�9 s�2 (cases 1, 2
and 3) and more than 3 � 10�9 s�2 (cases 4, 5,
10, 11 and 12). The GVA composite for those
MCS days is also relevant, with 300 hPa positive
advection exceeding 12 � 10�10 s�2 over eastern
Iberia and the north of Africa, and significant
differences over 10 � 10�10 s�2 (95%).

3.6 Forcing mechanisms and additional
comments

As has been noted previously, not all MCSs
were associated with moderate or strong in-
stability. For example, cases 11 and 12 devel-
oped in large-scale weak unstable environments.
Nevertheless, 850 hPa QF, 500 hPa GVA and TA
across 1000–850 hPa provide the greatest values
of the 2001 MCSs, ensuring that an intense
synoptic forcing favored both convective deve-
lopments. These ingredients, combined with high
low-level humidities and thermal advection seem
to be responsible for convection. Similar envi-
ronments seem also to be capable of promoting
convection as in cases 4 and 10 (see Figs. 13 and
15). Cross-sections close to areas where the
MCSs form lead us to infer that high relative
humidity (over 90%) and pronounced lifting
centres (20 cm � s�1) are registered close to those
initial locations that are favored by a marked
orography (Fig. 16a). Thus, synoptic forcing, as-
sisted by terrain interaction, is capable of yield-
ing forced convection and providing enough
energy to assist convection.

On the other hand, case 1 (2) developed with-
out any apparent synoptic forcing. However, it
showed moderate instability conditions, which
joined to northern (southern) component low-
level winds focused over the Iberian System
(Pyrenees) could be enough to initiate convective

Fig. 15. 500 hPa zonal (solid lines), meridional (dashed
lines) and total (shaded areas starting at 2 s�2 with intervals
of 2 s�2) GVA in units of 10�10 s�2 for case 4
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ascent. In order to confirm this, the normal terrain
flow component has been computed from six
hourly NCEP=NCAR wind data and a 0.1� lati-
tude-longitude orography grid with the result of
strong upward flows in nearby MCSs, exceeding
0.2 m � s�1 and 0.35 m � s�1, respectively (Fig. 16b).

A similar non-synoptic forcing behaviour has
also been found in case 9. It has been previously
documented (Laing and Fritsch, 2000), that a
combination of substantial low-level vertical
wind shear and a surface-based cold pool can
act as a forcing mechanism in some MCSs with-
out large-scale mechanisms. When thermal wind
and geostrophic streamlines are examined, a
large vertical wind shear at low-level layer is
found in the immediate area for these cases
(see Fig. 12). This suggests that this mechanism
could be also operative in these cases. The rest of
the MCSs (cases 3, 5, 6, 7, and 8) are subject to
both thermal and synoptic forcings.

4. Conclusions

(a) Twelve MCSs (one of them a MCC) have
been identified from IR imagery during
2001. September is, according to previous stu-
dies (Cana, 1997), a period of strong convec-
tive activity and maximum MCS incidence.
The typical convective season usually runs
from June–July to December (Cana, 1997;

Riosalido, 1998) whereas the 2001 MCS
occurrence was largely confined to the period
from the end of August to the beginning of
October. Thus, it is possible to assert that the
2001 convective season was substantially
briefer than usual. Such 2001 convective
activity usually occurred during late after-
noon or early night. This trend suggests a
solar radiation daily cycle influence on the
life of convective systems, with convective
stability decreasing throughout the afternoon.
The mean MCS duration was also conside-
rably shorter than usual (Riosalido, 1998).
Nevertheless, the average 2001-tracked dis-
tance was greater, leading to 2001 speeds
higher than those recorded in previous stu-
dies. Almost all 2001 MCSs were confined
to the eastern half of Iberia (42%) and the
Western Mediterranean basin (33%) with a
preference for an eastern track. Thus, al-
though the frequency of MCSs in 2001 and
their period of maximum occurrence and
cloud shield extensions were typical, they pre-
sented shorter life cycles and greater speeds in
a convective season which was shorter than
usual (Riosalido, 1998).

(b) Rainfall associated with the 2001 MCSs dis-
played a wide range of values varying from
intense events to those with scarce precipita-
tion. MCSs were mainly responsible of the

Fig. 16a. Cross-section displaying omega (cm � s�1) (shaded areas starting at �5 cm � s�1 with intervals of �5 cm � s�1),
potential temperature (�C) (dashed lines) and relative humidity (%) (solid lines) for case 12 and 0� longitude. (b) Zonal
component (solid lines), meridional component (dashed lines) and total (shaded areas starting at 0.05 m � s�1 with intervals of
0.05 m � s�1) of normal terrain wind upward flow (m � s�1) for case 1
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precipitation regime in the Mediterranean
region during the convective season, whereas
average Gulf of Biscay area convective pre-
cipitation per MCS was not significant. This
contrast may be partially a consequence of
the moisture supply from Mediterranean Sea
or=and the warm air advection that occurs off
of Northen Africa over the eastern Iberian
coast.

(c) The thermodynamic environment is charac-
terized by significant lower values of LI and
greater 1000–850 hPa CI over a large area
of the Western Mediterranean region dur-
ing MCSs occurrence. Also, PW is signi-
ficant greater when MCSs develop. Thus,
2001 MCSs required more unstable and hu-
mid conditions over the Mediterranean Sea
than the usual convective season values.

(d) Low-level synoptic MCS pattern composites
are characterized by a moisture tongue along
the Mediterranean Sea and the eastern side of
Spain with a warm center above 35 �C over
the north of Africa accompanying a high-low
dipole close to the Britain-northern Africa
axis. Low-level thermal advection provides
values above 2 �C � 24 h�1 over southeastern
Iberian and northern African land masses,
whereas zonal moisture advection exceeds
2 g � kg�1 � 24 h�1 over the eastern half of
Iberia.

On the other hand, conditions favorable to
MCSs are also detected at the 500 hPa level.
The mean pattern is characterized by a trough
approaching eastward towards the western Me-
diterranean region with a ridge over the central
Mediterranean. At this level a thermal wave close
to �12 �C over the Western Mediterranean basin
is associated with the height contour distribution.
This pattern favors a cold southwestern jet intru-
sion from high latitudes. Indeed, a significant
cold center located over the southern Iberian sec-
tor is also found.

The mean MCS dynamical environments show
two main sources of quasigeostrophic forcing at
low levels, located over northern African coast
and the Balearic Islands, as well as weaker for-
cings at mid-high levels. Significant high-levels
positive GVA advection over eastern Iberia and
northern Africa are also found when a MCS
occurs. Nevertheless, when isolated MCSs are

analysed, synoptic forcing is not a relevant con-
trolling factor. This suggests that the influence of
the synoptic scale is limited, in the sense that, in
most cases, a certain configuration is required,
but it does not necessarily imply that a MCS will
automatically develop whenever that particular
pattern occurs.

In conclusion, the synoptic analysis shows that
several precursors are indispensable in order to
guarantee convection, but not all of them appear
to operate simultaneously when individual MCSs
are examined. Thus, multiple combinations of
convective contributors lead to a wide variety
of scenarios for MCS genesis making it hard to
develop a reliable classificatory system.
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área mediterránea: Algunos criterios de análisis, diagnosis
y predicci�oon. Tech. Note, Instituto Nacional de Meteor-
ologı́a, Madrid, 18 pp (in Spanish)

Rodgers DM, Howard KW, Johnston EC (1983) Mesoscale
Convective Complexes over the United States during
1982-annual summary. Mon Wea Rev 111: 2363–2369

Rodgers DM, Magnano MJ, Arns JH (1985) Mesoscale
Convective Complexes over the United States during
1983. Mon Wea Rev 113: 888–901

Romero R, Doswell III CA, Ramis C (2000) Mesoscale nu-
merical study of two cases of long-lived quasi-stationary
convective systems over Eastern Spain. Mon Wea Rev
128: 3731–3751

Watson AI, Meitı́n JG, Cunning JB (1988) Evolution of the
kinematic structure and precipitation characteristics of a
Mesoscale Convective System on 20, May 1979. Mon
Wea Rev 116: 1555–1567

Zipser EJ (1982) Use a conceptual model of the life-cycle of
mesoscale convective systems to improve very-short-
range forecasts. New York Nowcasting: K.A. Browning
Academic Press, pp 191–204

Corresponding author’s address: R. Garcı́a-Herrera, Dpto.
Fı́sica de la Tierra II, Facultad Ciencias Fı́sicas, Univ. Com-
plutense de Madrid, Ciudad Universitaria, 28040 Madrid,
Spain (E-mail: rgarciah@fis.ucm.es)

The 2001 MCSs over Iberia and the Balearic Islands 243


