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Abstract

An objective cyclone detection and tracking analysis is performed for the Mediterranean region with the use of 6-hourly (00,
06, 12, and 18 UTC) 1°Xx 1° mean sea-level pressure data obtained from the ERAS database for the period 1950-2018. At
first, the main cyclogenesis and high-density areas of cyclones are identified. Next, principal component analysis and cluster
analysis are performed, classifying the detected cyclone trajectories into 12 clusters. In the following step, the application of
the above methodology, this time on the intra-annual variations of the 12 cyclone clusters’ frequencies leads to the objective
definition of four seasons, which generally correspond to the conventional ones, but they present differences in their limits
and duration. The results of this method are also compared with the ones of two other methods for defining the seasons, which
are based (i) on the long-term mean intra-annual variations of various meteorological parameters and (ii) on the intra-annual
variations of the frequencies of defined weather types, revealing larger winter and shorter spring seasons. Finally, a composi-
tion of all three aforementioned approaches is attempted, leading to the following seasons: “winter” (November 16—March
25) which lasts more than 4 months, “spring” (March 26-June 11) with a duration of approximately 2.5 months, “summer”
(June 12-September 12) which lasts about 3 months, and “autumn” (September 13-November 15) with a duration of about

2 months. The long-term changes of the above seasons’ characteristics are also examined.

1 Introduction

The study of cyclones and their characteristics has always
been one the most important and challenging subjects of
atmospheric sciences. The Mediterranean basin is a geomor-
phologically complex region that combines multiple climate
types and is a well-known area of frequent cyclone forma-
tion (Trigo et al. 1999; Maheras et al. 2001; Lionello et al.
2002, 2006; Alpert et al. 2004a; Trigo 2006). Cyclones play
a key role in synoptic-scale variability and are connected
to extreme weather events resulting in huge property dam-
ages as well as human casualties. Therefore, the study of
cyclones and their characteristics is a vital subject involving
the agricultural, socioeconomic, tourism, and health regimes
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of the Mediterranean. A recently published article by Flaou-
nas et al. (2022) summarizes the current knowledge about
the Mediterranean cyclones, including the various subtypes,
their climatology, their relationship with large-scale atmos-
pheric circulation, their dynamics, and their impacts on
weather, while also provides insight for their prediction and
future trends.

There are many algorithms and methodologies which have
been used in previous studies for the examination of cyclones,
including the identification of cyclone centers and the asso-
ciated tracks. The meteorological parameters used in such a
process can also vary. The parameter used in most studies deal-
ing with cyclone detection and tracking is the mean sea-level
pressure (MSLP) (Murray and Simmonds 1991; Simmonds
and Murray 1999; Lionello et al. 2002; Pinto et al. 2005; Trigo
2006; Wernli and Schwierz 2006; Akperov et al. 2007; Wang
et al. 2006; Reale and Lionello 2013). Other variables used in
previous studies include the geopotential height at 1000 hPa
(Blender et al. 1997; Raible et al. 2008) and the vorticity at
850 hPa (Sinclair 1997; Inatsu 2009; Flaounas et al. 2014).
Blender et al. (1997) developed a cyclone detection and track-
ing algorithm in order to identify the cyclone track regimes
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over the North Atlantic by using 6-hourly data of geopotential
height at 1000 hPa (z1000) from the ECMWF database with
a spatial resolution of 1.1°x 1.1°, for the 1990-1994 win-
ters. According to their algorithm, a cyclone is defined as a
local minimum in the z1000 field in a 33 grid point field,
and the trajectories of the cyclones are determined by using
the nearest-neighbor method in the preceding 21000 field.
Trigo et al. (1999) also applied Blender’s algorithm but for
the Mediterranean region and for a longer time period. Pinto
et al. (2005) used 6-hourly MSLP data from NCEP/NCAR
and applied their cyclone detection and tracking algorithm for
the Northern Hemisphere and for two winters. According to
their algorithm, a SLP minimum is considered as a cyclone
center if it is at least 4 hPa below the mean pressure of 20 sur-
rounding grid points, and a minimum value of pressure gradi-
ent in the 3 X3 area surrounding is required. For the cyclone
tracking, for each identified cyclone, the algorithm predicts a
subsequent position by using a “prediction velocity”, and from
the identified cyclones in the preceding field, the most likely
candidate is chosen. Trigo (2006) applied a cyclone detection
and tracking algorithm for the Euro-Atlantic sector by utiliz-
ing 6-hourly 21000 data from NCEP/NCAR (2.5°%2.5°) and
ERA-40 (1.125°x 1.125°), for the extended winter period of
1958-2000. According to that cyclone detection algorithm, a
21000 local minimum is considered a possible cyclone center
if the minimum is not higher than 165 gpm, and the geopoten-
tial gradient, averaged over an area of about 1000? km?, is at
least 4.5 gpm/100 km. These thresholds were adjusted empiri-
cally for the Mediterranean. The cyclone tracking is based on
a nearest-neighbor search in the previous field. Bartholy et al.
(2009) used 6-h MSLP data from ERA-40 (1°x 1°) to study
the genesis and intensity of cyclones in the Atlantic-Euro-
pean region and the western Mediterranean. In the cyclone
detection part of the algorithm, the potential cyclone centers
must have SLP less than 1000 hPa in the N Atlantic-Europe
region (1013.5 hPa for western Mediterranean), and they must
be centers of pressure minima in a 55 grid box. Cyclone
tracks are determined by special sequences of stored potential
cyclone centers. Flaounas et al. (2014) worked on tracking
winter extra-tropical cyclones by using 6-hourly data of rela-
tive vorticity at 850 hPa from ERA-Interim (1.5°x 1.5°) for
the winters of the period 1989-2009. The cyclone detection
algorithm they used carried out the procedure in three steps.
First, the algorithm identifies all cyclonic circulations, and a
spatial smoothing of the vorticity field is applied. Then, for
each cyclonic circulation, the algorithm identifies all of its
representative centers which are treated as different cyclones.
Finally, for each center, the algorithm quantifies its charac-
teristics. In the cyclone tracking part of the algorithm, all the
identified cyclones are sorted based on their relative vorticity,
from the strongest to the weakest, and then, the algorithm
starts from the first cyclone and searches forward and back-
ward in time for all its undergoing possible tracks and the track
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for which the feature presents the most “natural evolution” of
relative vorticity is chosen. In the present work, the algorithm
used for the cyclone detection and tracking process has been
introduced and analyzed in detail in the paper of Lionello et al.
(2002). In the “Methodology” section, a brief description of
the algorithm is presented.

Obviously, the choice of the tracking method affects the
tracks (their origins, paths, and lengths) and the characteristics
of the cyclones. Consensus and disagreement among differ-
ent tracking methods have been investigated in the IMILAST
project (Intercomparison of MId-LAtitude STorm diagnostics)
at global (Neu et al. 2013) and Mediterranean regional scale
(Lionello et al. 2016). In general, differences among methods
are large concerning the overall number of cyclones and the
tracks of weak cyclones, while there is a substantial agree-
ment on inter-annual variability of cyclone numbers, on the
most pronounced geographical patterns and on the life cycle
characteristics. In the Mediterranean, there is an agreement on
the main cyclogenesis areas (in the northwestern and Levan-
tine basins and North Africa), the variability, the sign, and the
significance of ongoing trends.

After the study and analysis of the cyclones affecting the
Mediterranean region, an objective method for the climatologi-
cal definition of seasons is attempted, by utilizing the intra-
annual variations of the cyclones’ frequencies. Such a method
of seasons’ definition has never been attempted/presented in
previous studies, and thus, the present work provides a “new”
and important addition to the community of climate research.
This procedure is based on the objective classification of
cyclone tracks performed with the use of a classification tech-
nique including principal component analysis and k-means
cluster analysis. Moreover, this method of seasons’ definition
(cyclone tracks’ frequency (CTF) method) is compared with
two other seasons’ definition methods: the meteorological vari-
ables’ mean intra-annual variation (MVV) method introduced
in Kotsias et al. (2020b) and the weather types’ frequency
(WTF) method applied in Kotsias et al. (2021). Finally, a com-
posite (C) method which combines the CTF, MVV, and WTF
methods is followed. Changes in the seasons’ characteristics
(limits and duration) are also investigated. This total research
work provides a complete attempt on the definition of seasons
by taking into account multiple variables and methodologies,
while the differences between the methods will indicate the
sensitivity of the approach followed for the objective delimita-
tion of seasons.

2 Data and methodology

2.1 Data

In the present work, the mean sea-level pressure (MSLP)
is used for the cyclone detection and tracking. The data
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Fig. 1 The geographical domain
of the analysis. The outer border
defines the domain used for the
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detection of the cyclone centers
and the inner border defines the
domain used for the classifica-
tion of the tracks and the defini-
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Fig.2 Example of the procedure for the identification of the
cyclones. a Original sea-level pressure (SLP) field. b Results of the
partitioning procedure. Each dot represents a grid point, and the dots
with the same gray level belong to the same partition. Black dots
show the location of the pressure minimum of each partition. ¢ Final

are obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERAS reanalysis (Coper-
nicus Climate Change Service 2017; Hersbach et al.
2020), which is the most recent state-of-the-art database
providing high spatial-temporal resolution and high-
quality data. The data used have a spatial resolution of
1°x1° and a temporal resolution of 6 h from 1/1/1950 to
31/12/2018. This choice is consistent with previous studies
(Neu et al. 2013; Lionello et al. 2016), in which the track-
ing method used was shown to reproduce efficiently all
of the most representative features of the Mediterranean
region. Investigating the advantages of high resolution to
properly detect small-scale cyclones and fine structures is
outside the scope of this study. Further, note that the track-
ing method adopted in this study ignores shallow features
close to large cyclonic circulations, and this limits the
dependence of the results from the resolution of the input
fields. The data consider the geographical domain shown
in Fig. 1 (55°N-20°N and 15°W-50°E), which includes

set of large depressions that result from the merging of the small
depressions whose central minimum is at a distance less than 4 grid
points from the boundary of a different and deeper depression. From
Lionello et al. (2002)

the central and southern Europe, northern Africa, and SW
Asia.

2.2 Methodology

In this work, the cyclone detection and tracking algorithm
introduced in the work of Lionello et al. (2002) are used (an
example is shown in Fig. 2). The algorithm uses 6-hourly
sea-level pressure (SLP) data. At first, the procedure parti-
tions the SLP fields (Fig. 2a) in sets of different depressions.
For each grid point, a “steepest descent path” connecting it
to the nearest-neighbor grid point with the lowest SLP value
is identified and continued until a local minimum, where the
SLP value is lower than the SLP at the 8 nearest grid points
reached (Fig. 2b). A depression is made of all points crossed
by a path leading to the same minimum. Small depressions
whose central minimum is at a distance less than 4 grid
points from the boundary of a different and deeper depres-
sion are included in the latter. This criterion has led to the
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exclusion of the minimum south of the Atlas Mountain in
Fig. 2b from the set of large depression systems, in which
the whole map is partitioned at the end of the first part of
the tracking procedure (Fig. 2c). Note that this minimum
could be tracked as an independent cyclone in its following
evolution, if, in the following time steps, it would become
sufficiently deep and well-separated from the rest of the cir-
culation.! Each of the systems in Fig. 2c is characterized
with a center, which is slightly shifted with respect to the
location of the pressure minimum to account for its asym-
metric spatial distribution, and with a “radius” R, which is
computed as the average distance of the grid points in the
low-pressure system from its center. The second part of the
procedure identifies the cyclone tracks by joining the loca-
tion of low-pressure centers with minimum displacement in
successive maps. The search for the candidate center is lim-
ited by a maximum allowed displacement, which increases
with radius R of the cyclone, its former speed, and is longer
in the zonal than in the meridional direction to account for
eastward mean motion of cyclones in the Mediterranean
region. When no center is found, cyclone termination is
assumed. The process, therefore, includes a track, an initial
and a final position of a cyclone, a sequence of pressure
minima, and a sequence of areas covered by the cyclone.
This algorithm was also applied in the work of Reale and
Lionello (2013), and more details can be found in the paper
of Lionello et al. (2002).

The aforementioned cyclone detection and tracking algo-
rithm is applied to the outer domain shown in Fig. 1. The
minimum duration of the accepted cyclone tracks is 18 h,
and as such, the majority of the detected cyclones is included
in the analysis independently of their characteristics (e.g.,
dynamical or thermal). Only the cyclones entering the inner
domain, i.e., the Mediterranean region (50°N-30°N and
10°W—40°E, Fig. 1) at least once in their lifetime, are kept
for the analysis. The inner domain is adopted for consist-
ency with the definitions of the seasons in previous studies
(Kotsias et al. 2020b, 2021). The outer domain is required to
avoid problems with spurious tracks and cyclogeneses along
the boundaries of the area of interest.

In the next step, various tests are performed to find the
best possible methodology to proceed to the classification
of the cyclone tracks as needed for the seasons’ definition.
The classification method adopted in this work requires that
all cyclone tracks have the same length in terms of number
of grid points. Taking this under consideration, multiple
methods have been tested for processing the cyclone tracks

! Note that this tracking method does reproduce the well-known
cyclogenesis south of the Atlas, as it is shown in the original paper
(Lionello et al. 2002), in other maps produced by it (e.g., Fig. 1.16 of
Lionello et al. 2012) and by the results of this study.
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and reducing them to the same number of points, including
the interpolation method, the calculation of the distances
among the tracks, and the calculation of the discrete Fréchet
distances (Champers et al. 2009). The method leading to
the most realistic and physically interpretable results was
found to be the linear interpolation of the coordinates of
the cyclone tracks to a predefined number of geographical
points, which is equal to the life of the longest-lived cyclone
detected (in number of 6-h intervals).

Two statistical methods are used in this work: principal
component analysis (PCA) and cluster analysis (CA).

PCA is a dimensionality reduction technique commonly
used in climatological studies when a very large amount
of data is encountered. The aim of PCA is to reduce the
number of variables of a data set, while preserving as much
information as possible. It is a multivariate statistical method
that extracts a small number of new uncorrelated variables
(PC1, PC2, ..., PCm), called principal components (PCs),
which are constructed as linear combinations of the initial
variables, while most of the initial variance is accounted for
by the first components. Also, varimax rotation of the axes is
applied, in order to maximize the discrimination among the
initial variables (Jolliffe 1986; Richman 1986). CA is a sta-
tistical method that classifies the cases of a set of variables
into objectively defined and distinct groups, called clusters.
In the present work, k-means CA is applied (Sharma 1995;
Kalkstein et al. 1996). In the k-means method, the algorithm
establishes the presence of clusters by finding their centroid
points, where a centroid point is the average of all the data
points in the cluster. By assessing the Euclidean distance
between each point in the data set, each one can be assigned
to a cluster. The optimum number of clusters is indicated by
the distortion test (Sugar and James 2003).

The complete steps of the methodology followed in this
work are shown in Fig. 3. After the run of the cyclone detec-
tion and tracking algorithm, the application of the criterion
to exclude the cyclones that do not cross the Mediterranean,
and the interpolation of the cyclones’ coordinates, a matrix
is constructed. The rows of this matrix are equal to the num-
ber of cyclones (22.404), and the columns refer to the two
geographical coordinates (2 X268 =536). It is noted that
268 (in 6-h intervals, equal to 67 days) is the lifetime of
the longest-lived cyclone detected. Then, “spectral analysis”
is applied, which involves the application of a dimension-
ality reduction technique (PCA) followed by a classifica-
tion procedure (CA), and groups/clusters of cyclone tracks
are formed based on their spatial characteristics. Next, the
date-to-date intra-annual variations of the frequencies of the
defined cyclone clusters are calculated. These values are
replaced by the 5-day moving averages in order to achieve
the necessary smoothing and noise reduction. Finally, “spec-
tral analysis” is applied again, now on the time-series of the
intra-annual variations of the cyclone clusters’ frequencies,
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Fig.3 Schematic representation of the four methods applied for the definition of seasons: the CTF, WTF, MVV, and C methods

grouping dates within the year with similar frequency distri-
bution among the cyclone clusters and thus resulting in the
definition of seasons. This method of seasons’ definition is
called cyclone tracks’ frequency (CTF) method.

Furthermore, the CTF method is compared and com-
bined with two other methods for the definition of seasons:
the meteorological variables’ mean intra-annual variation
(MVYV) method introduced in Kotsias et al. (2020b) and the
weather types’ frequency (WTF) method followed by Kot-
sias et al. (2021).

These two methods, MVV and WTF, used daily (12UTC)
grid point data for the Mediterranean region (50°N-30°N
and 10°W—40°E, Fig. 1 inner box) and for the 70-year period
1949-2018. The data were obtained from the NCEP/NCAR
and consist of the following 12 meteorological parameters:
air temperature and zonal and meridional wind components
at 2 m above ground level, precipitation and convective pre-
cipitation, total cloud cover, geopotential height at 500 hPa
and 1000 hPa, air temperature at 500 hPa and 850 hPa, spe-
cific humidity at 850 hPa, and precipitable water. It is worth
noting that compared to the data used in the MVV method,
the parameters of precipitation and convective precipitation
were not included in the WTF method due to the high per-
centage of daily zero values, which made their introduction
into the statistical analysis problematic. Instead, total cloud
cover, which is significantly associated with precipitation,
was used (Bartzokas and Metaxas 1995).

In the MVV method (Kotsias et al. 2020b), the mean
intra-annual variations of the 12 meteorological param-
eters are calculated and entered in a matrix (365 days of
the year X 3150 grid points multiplied by the number of
parameters). These mean values are replaced by the 5-day
moving averages to achieve the necessary smoothing. PCA
is then applied, and then, CA is performed resulting in the
classification of the dates within the year into clusters.
Each cluster contains the dates of the year with homogene-
ous climatic characteristics related to the magnitude and
the patterns of specific climatic parameters in the Medi-
terranean region and therefore constitutes the objectively
defined seasons.

In the WTF method (Kotsias et al. 2021), a matrix is cre-
ated that contains the daily values (1/1/1949-31/12/2018) of
the 10 meteorological parameters. Then, PCA and CA are
applied resulting in the classification of the dates into clus-
ters. Each cluster contains dates that show similar weather/
synoptic conditions and therefore defines a weather type
(WT). Eight WTs are defined. Next, a matrix containing
the 5-day moving averages of the mean date-to-date intra-
annual variations of the frequencies of the defined WTs is
constructed. The rows in this matrix correspond to the days
of the year (365), and the columns refer to the daily frequen-
cies of the 8 specified WTs. PCA and CA are applied again,
this time on the matrix of the intra-annual variations of the
WTs’ frequencies, classifying the dates within the year that
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show a similar distribution of WTs’ frequencies into clusters
and thus objectively defining the seasons.

Finally, a fourth method (method C) is introduced in the
present work in order to define the seasons, which is essen-
tially the composition of the other three methods, i.e., the
CTF, the MVYV, and the WTF methods. The C method is
performed by applying CA to the unified matrix of the PCs
of the three individual methods. The selection of the domain
(Fig. 1) and time period (1950-2018) for the application of
the cyclone detection and tracking procedure was done in
order for a common ground to exist in the comparison of the
CTF method presented in this work with the two methods,
MVYV and WTEF, from the previous studies. The steps of all
four methods (CFT, MVV, WTF, and C) are shown in detail
in Fig. 3, where a schematic representation of all the applied
methodologies is shown.

In each of the three methods (CTF, WTF, and MVV), as
well as in their composition (C), the whole process followed
for the total 70-year period 1949-2018 was also carried out
for the five overlapping 30-year subperiods 1949-1978,
1959-1988, 1969-1998, 1979-2008, and 1989-2018, in
order to examine the long-term changes of the main charac-
teristics of the defined seasons (limits and duration).

3 Results and discussion
3.1 Cyclone tracks clustering

The application of the cyclone detection and tracking algo-
rithm for the outer domain shown in Fig. 1 leads to the detec-
tion of 40.472 cyclones. After, the application of the crite-
rion to exclude cyclones which never enter the inner domain
of the Mediterranean region, 22.404 cyclones remain. The
inter-monthly (%) and inter-annual (in number of cyclones)
variations of the frequency of the detected cyclones are
shown in Fig. 4. On average, 325 cyclones are detected each
year, and there seems to be a higher cyclone activity dur-
ing spring. The high frequency of cyclones in April and
May can be attributed to the fact that during these months,
significant cyclone activity appears over the land due to the
intense land warming and the upper air disturbances, while
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cyclonic activity over the sea still exists also (ending later
in conventional summer). Also, the possible existence of
statistically significant (95% confidence level) linear trends
has been investigated using the Mann—Kendall test (Kend-
all 1975), and no such trend was found. It should be noted
that in the calculation of the inter-monthly frequencies, each
cyclone is counted multiple times since it is present dur-
ing more than one consecutive 6-h interval. Figure 5 shows
the spatial distributions of track density and cyclogenesis.
In general, the high cyclogenesis areas coincide with those
of high density. The area with the highest cyclonic activ-
ity, where most cyclones pass or are formed, is the Gulf
of Genoa in the northwest Mediterranean and follows the
paths along the Adriatic, the Tyrrhenian, and the Ionian
Seas. Another high cyclogenesis/density area is seen south
of the Atlas Mountain range where the cyclones are formed
and move towards the central part of the basin. Also, the area
of the formation of Cyprus lows is evident in SE Mediter-
ranean. Other large activity areas include the Black Sea, the
Aegean Sea, and the Middle East. These findings are in very
good agreement with the results of Lionello et al. (2016)
where multiple cyclones detecting and tracking algorithms
and their results are compared.

In the next step, a matrix is constructed where the rows
correspond to the cyclones (22.404) and the columns to the
268 pairs of linearly interpolated coordinates (2 X268 =536
columns) and a spectral analysis procedure are performed
on that matrix, i.e., the application of PCA followed by the
application of CA. The application of PCA on the matrix
of the interpolated coordinates of the cyclones led to 2 PCs
which explain 93% of the total variance. The application of
CA on the series of the 2 PCs led to 12 clusters of cyclone
tracks. The selection of the number of clusters was decided
by taking into account the distortion test (Sugar and James
2003) as well as considering the best possible classifica-
tion of the cyclone tracks leading to physical interpretable
results. In fact, the distortion test indicated that the optimum
number of clusters could be either 7, 12, or 16. The classifi-
cation procedure was carried out for each of the above num-
ber of clusters, and it was finally concluded that the choice
of 12 clusters leads to the best possible classification, char-
acterized by the spatially most homogeneous and discrete
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Fig.5 Cyclone tracks and cyclogenesis in the Mediterranean region.
a Track density. The colors represent the probability (%) that a
cyclone track crosses every 1X 1 cell in the area over a period of 6 h.

groups. Each cluster represents a group of cyclones with
similar tracks. The spatial distributions of the 12 cyclone
tracks clusters (hereafter CCs) are shown in Fig. 6. Each
black curve corresponds to a track. The red curve corre-
sponds to the track with the shortest distance from the cor-
responding cluster center, while the green curve is the mean
track of the corresponding cluster, which is calculated as the
average value of the coordinates (longitude and latitude) of
all the tracks belonging to the cluster. Figure 7 shows the
inter-monthly variations of the frequencies of the 12 CCs,
and Table 1 shows the characteristics of the CCs, includ-
ing their names, seasonality, average central MSLP, and the
number of cyclones classified in each cluster as well as their
mean annual frequency.

The first CC (CCl1, central Europe) contains 1546 cyclone
tracks that occur throughout the year with a higher fre-
quency of occurrence during the warm period of the year
(April-August). In general, these cyclones are formed in
western or central Europe north of the Mediterranean Sea
and move towards eastern Europe. Such cyclones are more
frequent during the warm period of the year, because of
the contribution of the diabatic heating associated with the
intense solar radiation to the cyclonic activity over conti-
nental regions (Metaxas 1978). These cyclones are mainly
connected to the passage of organized upper-level troughs
from NW Europe towards central Europe which triggers the
formation of surface cyclones, with frontal activities or not
(Campins et al. 2011).

CC2 (Cyprus lows) includes a relatively small num-
ber of cyclone tracks (833) which occur mainly during
spring and autumn. The cyclones of this cluster are mainly
formed in the eastern Mediterranean west of Cyprus and
move eastwards along the Mediterranean Sea axis, affect-
ing the weather conditions of the neighboring areas includ-
ing southern Turkey and the Middle East. It must be noted
that the majority of the cyclones in the SE Mediterranean

005 0.1 0.15 0.2 025 03 035 04 045 0.5

b Probability (%) of cyclogenesis occurring in each cell within the
6-h field. In both panels, only the cyclones whose path crosses the
Mediterranean region (large rectangle) are taken into account

area propagating towards the Cyprus region do not present
the typical frontal structure (Shapiro and Keyser 1990)
and are mainly accompanied by occluded fronts or vortex
characteristics (absence of fronts).

CC3 (North Med — cold season) consists of 1617
cyclone tracks which are frequent mainly during the cold
period of the year (November—March). This cluster con-
tains the cyclones that are formed over the main cyclogen-
esis regions of the central and northern Mediterranean Sea
and move towards the eastern Mediterranean affecting the
weather conditions of the surrounding areas (Trigo et al.
1999; Maheras et al. 2001), including Italy, Greece, and
Turkey. Such cyclones are mainly the frontal depressions
formed during the cold period of the year because of the
high baroclinicity along the northern Mediterranean coasts
and the high sensible heat over the warm (relatively to
the overlying air) sea surface, contributing to significant
precipitation amounts over the above regions (Trigo et al.
2002; Reale and Lionello 2013; Kotsias et al. 2020a).

CC4 (Sharav cyclones — Africa) includes 1684 cyclones
that occur throughout the year with a frequency peak in
spring. These depressions, known as Sharav cyclones or
Saharan depressions, are a dominant feature of the Medi-
terranean spring, as the area south of the Atlas Moun-
tain range becomes a major source of cyclogenesis which
peaks in May—June. Cyclogenesis, not only on the lee of
the Atlas Mountains, but also in all the southern parts of
western and central Mediterranean (including the northern
African coasts), is primarily regulated by the conceptual
model of “finite amplitude” cyclogenesis (Hoskins et al.
1985), which is also analyzed in Thorncroft and Flocas
(1997). In simple words, the result of the potential vor-
ticity conservation in adiabatic motions, when organized
upper-level troughs propagate towards the Mediterranean
area from northern latitudes and interact with a pre-existed
low-level baroclinic zone over the southern Mediterranean
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Fig.6 The cyclone tracks of the 12 clusters. The red curves correspond to the cyclone tracks with the shortest distance from the corresponding
cluster center. The green curves are the mean tracks of the corresponding clusters

parts, plays a crucial role, among all the other factors (like
orography).

CCS5 (Black Sea) consists of 1861 cyclones, which show
similar frequency distribution during all months. They are
cyclones that are formed in the region of the Black Sea and
affect the areas of the northeastern Mediterranean region,
as well as regions of SE Europe and W Asia. The Black Sea
region has been shown to be one of the main cyclogenesis
centers of the greater eastern Mediterranean region, being
active throughout the year (Trigo et al. 1999).

CC6 (Sharav cyclones — central Med) comprises of 1,605
depressions that occur throughout the year with a frequency
maximum in spring. Such depressions, formed over the
regions of NW Africa, specifically west of Tunisia, can also
be considered as Sharav cyclones that are characterized by
a more eastward movement compared to the ones of CC4.
They are intensified passing over the Mediterranean Sea east
of Tunisia and affect the weather conditions mainly of the
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southern part of the Mediterranean region. The cyclogenesis
area over the Gulf of Sidra is the second but very impor-
tant cyclogenesis area in NW Africa (Maheras et al. 2001),
the other being the Atlas Mountain range in Algeria and
Morocco. Cyclogenesis events over this region are more fre-
quent in spring and are mainly due to thermal causes favored
by the intense temperature gradient between the coast of
Libya and central Sahara which is maximum during spring
(Morris 1973).

CC7 (eastern Europe) includes 1682 depressions that
appear throughout the year with the highest frequency dur-
ing the warmer months (April-August). These depressions
are formed in eastern Europe and affect the surrounding
areas as well as the central and eastern regions of the north-
ern Mediterranean basin.

CC8 (Iberia lows) is the cluster with the largest num-
ber of cyclone tracks (3181), and the associated cyclones
appear throughout the year and especially during the warmer
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Fig.7 The inter-monthly variations of the frequencies (%) of the 12 cyclone tracks clusters

months (July—August). Their high frequency during summer
and their formation over the land of the Iberian Peninsula
reveal that they are mainly of a thermal origin. The rela-
tively warm land and sea-land contrast favor the formation
of thermal lows in the Iberian Peninsula in late spring and
throughout the summer (Trigo et al. 1999). These lows affect
the weather of the western Mediterranean region.

CC9 (North-West Med) is the cluster with the second
largest number of cyclones (3166), which appear through-
out the year. The cyclogenesis areas of these depressions
are mainly in the northern central Mediterranean includ-
ing the Gulf of Genoa and the Alps, and affect almost the
entire Mediterranean region, except its southeastern part.

The cyclogenesis in the Ligurian Sea (including the Gulf
of Genoa), characterized by the well-known Alpine cyclo-
genesis conceptual model (Buzzi and Tibaldi 1978), is one
of the main cyclogenesis cores of the entire Mediterranean
region and one of the most persistent during the year (Trigo
et al. 1999; Maheras et al. 2001).

CC10 (Levantine basin) comes third in the number of
cyclones (2745), and the specific cyclones appear mainly
during the cold period of the year (December—April). These
depressions are mainly formed around the region of Cyprus
and affect the weather in the areas of the eastern and cen-
tral Mediterranean (Maheras et al. 2001). According to the
work of Kallos and Metaxas (1980), the formation of lows
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Table 1 Cyclone clusters with names, seasonality (months with frequency exceeding 10%), average central MSLP, number of cyclones classi-

fied, and mean annual frequency

CC Name Seasonality Average central Number of Mean annual frequency
MSLP (hPa) cyclones (number of cyclones per

year)

1 Central Europe April-July 1.005,6 1.546 22,4

2 Cyprus lows March-May, October 1.008,5 833 12,1

3 North Med - cold season November—March 1.007,1 1.617 234

4 Sharav cyclones — Africa March—June, September 1.009,1 1.684 24,4

5 Black Sea March—May, whole year 1.008,1 1.861 27,0

6 Sharav cyclones — central Med April-May 1.008,7 1.605 23,3

7 Eastern Europe April-August 1.005,3 1.682 24.4

8 Iberia lows July—September 1.010,8 3.181 46,1

9 North-West Med August, whole year 1.009,5 3.166 45,9

10 Levantine basin December—April 1.008,6 2.745 39,8

11 East Atlantic May, whole year 1.001,2 1.711 24,8

12 Sharav cyclones — Levantine March—-May 1.007,9 773 11,2

Total April-May, whole year 1.007,6 22.404 324,7

in the region of Cyprus in winter is related to the invasion
of cold air in the Mediterranean, being associated with the
positive vorticity advection in the upper levels. Still, during
the winter, there is a significant number of cyclones that
form in the southeastern Aegean, consistent with the peak
of the annual cyclogenesis frequency in this area (Flocas and
Karacostas 1996).

CC11 (East Atlantic) consists of 1711 cyclones which
are characterized by similar frequency of occurrence in all
months of the year. The depressions of this cluster mainly
enter the region from the North Atlantic and/or are formed in
Great Britain, and move towards the Mediterranean, affect-
ing the weather of western Europe and western Mediter-
ranean. The cyclonic activity over these areas may also be
affected by the North Atlantic Oscillation (NAO) which is
the main large-scale oscillation that significantly affects the
atmospheric circulation, primarily by regulating the occur-
rence of the Atlantic blocking (Prezerakos 1985) and the
shift of the synoptic scale atmospheric circulation from
zonal to meridional over this part of the greater Mediter-
ranean region (Hurrell and Van Loon 1997), favoring the
intrusion of the cyclonic activities from northern into south-
ern latitudes.

Finally, CC12 (Sharav cyclones, Levantine) consists of
the smallest number of cyclones (773), which are most
common in spring. During this season, there is a charac-
teristic increase in the appearance of cyclones in North
Africa, known as the Saharan depressions, as has also
been noted in previous studies (Flocas 1988; Prezerakos
et al. 1990; Trigo et al. 1999). This is the third cluster
of cyclones which originate in northern Africa, the oth-
ers being CC4 and CC6. However, what differentiates
this cluster from the other two is that the cyclones of this
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cluster mostly dominate over NE Africa and moving in a
direction from SW to NE significantly affects the weather
conditions in the eastern Mediterranean.

This objective clustering algorithm suggests that the
classes commonly used to describe Mediterranean cyclones
can be further detailed. All clusters corresponding to Sharav
cyclones (CC4, CC6, CC12) have their maximum frequency
in the first semester of the year with most cyclogeneses
occurring south of the Atlas mountains. These three clusters
differ because, as cyclogenesis areas move eastward, most
cyclone tracks remain above Africa (CC4), cross the western
and central Mediterranean basins (CC6), or the Levantine
basin (CC12). Cyprus lows are included in both CC2 and
CC10. In the latter cluster (CC10), they are the main com-
ponents of a broad system that affects the whole Levantine
basin initiating from the Adriatic Sea with a maximum in
the coldest part of the year. In the former cluster (CC2),
they correspond more to the usual connotation of Cyprus
cyclones that are described as eastward moving systems that
are generated south of Anatolia and occur mostly in the tran-
sitional periods of the year (CC2 shows its maximum fre-
quencies in May and October). The northern Mediterranean
Sea is confirmed to be a strong cyclogenetic area (CC3 and
CC9). The two clusters differ, as CC3 represents cyclones
whose frequency has a large annual cycle (with a broad max-
imum in the cold part of the year) and a core generation area
south of the Alps, while CC9 represents cyclones occurring
almost uniformly during the year, with a generation area in
the northwestern Mediterranean (including the well-known
cyclogenetic area of the Gulf of Genoa). The overall annual
cycle (Fig. 4) hides the heterogeneity of the different clusters
and does not reflect specifically that of any cluster.
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3.2 Definition of the Mediterranean seasons

In the next step, PCA is applied to the smoothed (5-day mov-
ing average) mean intra-annual variations of the frequencies
of which the 12 CCs and 4 PCs are retained, accounting for
83% of the total variance. CA is then applied to the time-
series of the 4 PCs classifying the 365 dates of the year into
four clusters based on the frequency distributions between
the 12 CCs, which can be considered as the four objectively
defined seasons. Figure 8 shows the frequency distributions
(%) of the 12 defined CCs for each season, thus revealing
the connection between the cyclone types and the seasons.
Specifically, winter is characterized more by the presence
of CCs 3 and 10 (North Med, cold season and Levantine
basin cyclones), which, together, provide the bulk of the
winter storm track crossing the Mediterranean Sea in the
southeastward direction. Spring is characterized with high
frequency of CCs 4, 6, and 12 (Sharav cyclones); CC1 (cen-
tral Europe); and CC2 (Cyprus lows), while CCs 3 and 10
characterized winter, and CCs 8 and 9 are comparatively
less frequent. In summer, CCs 1, 7, and 8 (central Europe,
eastern Europe, Iberia) with a core activity over land areas
are the most frequent (particularly the thermal lows of CCS8,
Iberia cyclones), with an important presence of CC9 (North-
West Med), which, however, has no marked seasonality.
Finally, autumn shows higher frequency of CC2 (Cyprus
lows), while all other CCs are present with low and similar
frequencies.

The limits and durations of the four seasons defined by
the cyclone tracks’ frequency variation (hereafter called
CTF) method are shown in Fig. 9a, where the distances
of the dates from the centers of the clusters (seasons) are
shown. For each date, the Euclidian distance from each
cluster center is calculated (shown by different colors),
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and it is classified to the cluster/season from the center
of which has the smallest distance. As a result, 4 sea-
sons were defined which are similar to the conventional
ones, but show significant differences in the limits and the
continuity as the seasons are intertwined. Particularly, a
peculiarity of the CFT classification is that autumn condi-
tions appear to occur systematically for short periods in
winter and spring. According to the CTF method, “winter”
includes the period 14-25 November, 30 November—12
January, and 18 January-27 March and lasts more than
4 months (125 days); “spring” is the period 4 April-7 May
and May 12-June 14 lasting a week more than 2 months
(68 days); “summer” begins on June 15 and ends on Sep-
tember 26 with a duration of 104 days; and “autumn”
includes the dates September 27-November 13, 26-29
November, 13-17 January, 28 March-3 April, and 8
May-11 May and lasts a little over 2 months (68 days).

Figure 9 also shows the seasons defined with the MVV
and WTF methods applied in Kotsias et al. 2020b) and
Kotsias et al. (2021).

According to the MVV method (Fig. 9b), the charac-
teristics of the respective seasons are as follows: “winter”
is the period November 24—March 20 with a duration of
almost 4 months (117 days), “spring” follows until June 12
and lasts a week less than 3 months (84 days), “summer”
(June 13-September 7) has a duration of about 3 months
(87 days), and finally “autumn” (September 8—Novem-
ber 23) closes the cycle with a duration of 2.5 months
(77 days).

According to the WTF method (Fig. 9¢), “winter”
(November 26—March 20) lasts almost 4 months (115 days),
“spring” is the period March 21-May 31 with a duration of
about 2.5 months (72 days), “summer” follows until Sep-
tember 22 with a duration of almost 4 months (114 days),
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Fig.9 The intra-annual variations of the Euclidean distances of the 4 objectively defined seasons from the centers of the clusters for the period

1949-2018 as calculated by the methods a CTF, b MVV, ¢ WTF, and d C

Table 2 The start/end dates and durations of the four objectively defined seasons for each method (CTF, MVV, WTF, C)

Season— Winter Spring

Method | Start date End date Duration Start date End date Duration

CTF method  14-25 November, 30 November—12 January, 18 125 4 April-7 May, 12 May-14 June 68
January—27 March

MVYV method 24 November 20 March 117 21 March 12 June 84

WTF method 26 November 20 March 115 21 March 31 May 72

C method 16 November 25 March 131 26 March 11 June 78

Season— Summer Autumn

Method| Start date End date Duration Start date End date Duration

CTF method 15 June 26 September 104 27 September—13 November, 26-29 November, 13-17 68

January, 28 March-3 April, 8 May—11 May

MVV method 13 June 7 September 87 8 September 23 November 77

WTF method 1 June 22 September 114 23 September 25 November 64

C method 12 June 12 September 93 13 September 15 November 63

and “autumn” is the period September 23—November 25 and
lasts almost 2 months (64 days).

Finally, the composition (C method) of the above three
approaches, i.e., the CTF method, the MVV method, and
the WTF method, is applied. The results are presented in
Fig. 9d and are as follows: “winter” begins on November
16 and ends on March 25 and lasts more than 4 months
(131 days), “spring” follows until June 11 with a duration
of approximately 2.5 months (78 days), “summer” begins
on June 12 and ends on September 12 and lasts 3 months
(93 days), and finally “autumn” closes the annual cycle
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(September 13—November 15) with a duration of 2 months
(63 days).

Table 2 shows the start and end dates as well as the dura-
tion of each season for each of the four approaches. For
winter, method C has defined the longest duration, with the
CTF method following, while the MVV and WTF methods
have defined almost the same winter duration. The spring
defined by the MVV method is longer than that of the other
approaches, while the one defined by the CTF method is
the shortest. Summer shows the biggest differences. In
descending order, the duration of summer defined by the
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Fig. 10 The intra-annual variations of the distances of the 4 objectively defined seasons from the centers of the clusters, for the C method, for the
five overlapping 30-year subperiods 1950-1978, 1959-1988, 1969-1998, 1979-2008, and 1989-2018

four methods is 114 days (WTF), 104 days (CFT), 93 days
(C), and 87 days (MVV), with the difference between the
WTF and MVV methods reaching almost 1 month. Finally,
the autumn determined by the MVV method is the longest,
while the autumn defined by the C method is the shortest.
In order to reveal any long-term changes in the char-
acteristics of the seasons, the above four methods have
been applied to all five overlapping 30-year subperiods
1950-1978, 1959-1988, 1969-1998, 1979-2008, and
1989-2018. For all five subperiods and for all methods,
4 seasons are defined. Figure 10 shows the intra-annual
variations of the distances of the 4 objectively defined
seasons from the centers of the clusters, for the compos-
ite method (C method), for these five subperiods. Even
though 4 seasons are determined in every period, there are
a few cases where a season is not contiguous and there is

a brief intermission with its adjacent seasons (e.g., 23-26
November of 1979-2008). This issue, which complicates
the delimitation of the seasons, mainly derives from the
smaller number of available years relatively to the full period
(30 years instead of 70), which leads to less stable statistical
parameters (long-term averages).

To account for this difficulty, we calculate two start and
two end dates for each season. The first start dates refer to
the first appearance of the seasons, while the second start
dates refer to their second appearance after the short inter-
mission by its adjacent season, when it exists. A similar cal-
culation is carried out for the end dates of the seasons. The
two start/end dates and the duration of the seasons for each
30-year subperiod are shown in Fig. 11. The duration of the
seasons presented is the total number of dates classified in
the corresponding cluster. The most remarkable changes of
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Fig. 11 The long-term variations of the start and end dates and the duration of the 4 objectively defined seasons for the composite (C) method

the seasons’ characteristics are the following. The end date
of winter seems to move a little earlier in every period, and
winter arrives later in recent years, resulting in a shorten-
ing of the winter duration after the third subperiod. With
regard to spring, the start/end dates move eatlier in the last
periods, and as a consequence, there is a general shortening
of spring. In the two most recent subperiods, summer came
earlier and ended later and as such its duration increased.
Finally, in recent years, autumn comes and goes later and
its duration increased.

Interesting remarks can be made by comparing the find-
ings of the present study with those of previous works. Cheng
and Kalkstein (1997) utilized the frequency of seasonal air
masses to objectively define the seasons in the East Coast of
the USA and found significant spatial differences of the char-
acteristics of the seasons. Comparing their results with those
of the C method, it can be said that the seasons determined
here for the Mediterranean are more similar to those defined
in the mid-Atlantic region of the USA, where two longer sea-
sons (summer and winter) lasting almost 4 months each and
2 shorter seasons (spring and autumn) being approximately
2 months each were found. Alpert et al. (2004b) attempted
to objectively define the limits of the seasons in the eastern
Mediterranean by using the frequency of occurrence of the
prevalent synoptic systems defined in Alpert et al. (2004a).
Comparing their results with the ones of the C method applied
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here, Alpert et al. found that winter starts later and is shorter,
spring comes later and leaves earlier and thus is also shorter,
summer comes earlier and ends later and thus is longer, and
autumn is also longer since it ends later. It is worth noting that
the seasons defined by Alpert et al. are more similar to those
resulting from the application of the WTF method. Ajjur and
Al-Ghamdi (2021) applied the MVV method to objectively
determine the seasons in the Arabian Peninsula and found that
winter (2 November—31 January) lasts 91 days, spring follows
until 22 May lasting 111 days, summer extends for 106 days
until 5 September, and autumn closes the annual cycle with
a duration of 57 days. Comparing those seasons with those
determined by the C method, as well as the MVV method
applied for the Mediterranean, Ajjur and Al-Ghamdi found
shorter winter and autumn seasons and longer spring and
summer seasons. As expected, the meteorological parameters
involved, the methodology applied, and the region of inter-
est affect the delimitation of the seasons and lead to different
results, but commonalities can also be found.

4 Conclusions

In the present work, an objective cyclone detection and
tracking analysis is carried out for the Mediterranean region
for the time period 1950-2018. The method (Lionello et al.
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2002) uses high-resolution 6-hourly mean sea-level pressure
data from the ERAS5 database. “Spectral analysis” (principal
component analysis followed by cluster analysis) is applied
in order to classify the resulting cyclone tracks into groups/
clusters, resulting into the formation of 12 cyclone tracks
clusters. Successively, “spectral analysis” is applied to the
time-series of the intra-annual variations of the cyclone
tracks clusters’ frequencies, and four seasons are defined
(cyclone tracks’ frequency (CTF) method). These seasons
generally correspond to the conventional ones (winter,
spring, summer, autumn) but present differences in their
limits and duration. The results are also compared with the
seasons defined by two other methods from previous studies:
the meteorological variables’ mean intra-annual variation
(MVYV) method introduced in Kotsias et al. (2020b), and the
weather types’ frequency (WTF) method followed by Kot-
sias et al. (2021). Finally, a composite (C) method is applied
which combines the CTF, MVYV, and WTF methods. The
main conclusions that can be derived from this study are:

1 Approximately 325 cyclones are detected each year with
the highest frequency of cyclone activity during late
spring. The main cyclogenesis and high-density areas
of cyclones are the Gulf of Genoa, the Atlas Mountain
range, the Cyprus region, the Black Sea, and the Middle
East.

2 “Spectral analysis”, consisting of principal component
analysis (PCA) followed by cluster analysis (CA), has
produced 12 clusters of cyclones, defined according to
their spatial distribution including cyclogenesis areas,
track characteristics, persistence throughout the year,
and areas affected. The clusters with the highest num-
ber of classified cyclones are those whose cyclogenesis
occurs around the Iberian Peninsula, over the Gulf of
Genoa on the lee of the Alps, in N Africa, in the Cyprus
region, and in the Middle East.

3 The application of “spectral analysis” on the intra-annual
variations of the frequencies of the 12 cyclone clusters
(CTF method) has led to four objectively defined sea-
sons, which generally correspond to the conventional
ones, but presented differences in their limits and dura-
tion. In short, the CTF method revealed longer winter
and summer seasons and shorter spring and autumn sea-
sons, compared to the conventional ones.

4 According to the composite (C) method, which com-
bines three methods of objective definition of sea-
sons, the seasons are: “winter” (November 16—March
25) lasts more than 4 months (131 days), “spring”
(March 26-June 11) has a duration of approximately
2.5 months (78 days), “summer” (June 12—-September
12) lasts 3 months (93 days), and “autumn” (September
13—November 15) closes the cycle with a duration of
2 months (63 days).

5 Changes of the limits and duration of the seasons have
been investigated by considering the C method and five
overlapping 30-year subperiods: 1950-1978, 1959—
1988, 1969-1998, 1979-2008, and 1989-2018. There
is a clear indication that “winter”” has become progres-
sively shorter (mostly because of its earlier onset in
the recent decades) and “summer” longer (because it
both starts earlier and terminates later after the mid-
70 s than previously). In the last decades, the duration
of “autumn” has become longer because its delayed ter-
mination prevails over its later onset. The duration of
“spring” presents smaller changes with respect to other
seasons, with a small shortening caused by its earlier
termination.

The study of cyclones and their characteristics is a subject
which has been examined in depth in atmospheric sciences.
There are multiple cyclone detection and tracking algorithms
that have applied throughout the years by utilizing differ-
ent parameters and methodologies, but the improvements of
databases with higher spatial and temporal resolutions and
the increasing computing capabilities lead to new and inter-
esting findings. On the other hand, the objective definition of
the seasons and their characteristics is a subject not widely
explored. Future work could include other methods for the
determination of seasons, such as the use of phenology,
extreme weather events, and global oscillations’ indices.
Furthermore, it could be interesting to split the Mediterra-
nean region into parts, i.e., northern—southern part, in order
to investigate possible spatial differences of the seasons’
characteristics. However, it is worth noting that the present
study, which combines three different methods of objective
seasons’ definition (intra-annual variations of meteorologi-
cal variables, frequency of weather types, and frequency of
cyclone tracks), is a complete effort which provides a “new”
insight and is an important addition to the scientific com-
munity of climate research.
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