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Abstract: The Mediterranean region is regarded as the meeting point between Europe, Africa and
the Middle East. Due to favourable climatic conditions, many civilizations have flourished here.
Approximately, about half a billion people live in the Mediterranean region, which provides a key
passage for trading between Europe and Asia. Belonging to the middle latitude zone, this region
experiences high meteorological variability that is mostly induced by contrasting hot and cold air
masses that generally come from the west. Due to such phenomenon, this region is subject to frequent
intensive precipitation events. Besides, in this complex physiographic and orographic region, human
activities have contributed to enhance the geo-hydrologic risk. Further, in terms of climate change,
the Mediterranean is a hot spot, probably exposing it to future damaging events. In this framework,
this research focuses on the analysis of precipitation related events recorded in the EM–DAT disasters
database for the period 1979–2018. An increasing trend emerges in both event records and related
deaths. Then a possible linkage with two meteorological variables was investigated. Significant
trends were studied for CAPE (Convective Available Potential Energy) and TCWV (Total Column
Water Vapor) data, as monthly means in 100 km2 cells for 18 major cities facing the Mediterranean
Sea. The Mann–Kendall trend test, Sen’s slope estimation and the Hurst exponent estimation for
the investigation of persistency in time series were applied. The research provides new evidence and
quantification for the increasing trend of climate related disasters at the Mediterranean scale: recorded
events in 1999–2018 are about four times the ones in 1979–1998. Besides, it relates this rise with the
trend of two meteorological variables associated with high intensity precipitation events, which shows
a statistically significative increasing trend in many of the analysed cities facing the Mediterranean Sea.

Keywords: flood; flash flood; Mediterranean Sea; CAPE; TCWV; geo-hydrological event; temporal
trend; Hurst exponent

1. Introduction

The Mediterranean area shows a complex hydro-meteorological cycle [1] with im-
portant socio-economic implications for a wide region, encompassing southern Europe,
northern Africa and the Middle East [2–5]. It provides a unique atmospheric, oceanic and
hydrological coupled system, due to its geomorphological setting: a nearly closed sea
surrounded by urbanized coasts and mountains from which numerous rivers originate.

The Mediterranean hydro-meteorological cycle is significantly influenced by both
mid-latitude and sub-tropical climate dynamics. Severe weather events, including heavy
precipitation leading to flash-flooding episodes, occur during the fall season; conversely
severe cyclogenesis associated with strong winds and large sea waves occur during winter.
Besides, summer heat waves and droughts accompanied by forest fires, regularly affect the
Mediterranean region causing heavy damage and loss of human life.
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The Mediterranean region has been identified as one of the two main climate change
hot spots at a global scale, together with north eastern European regions, suggesting that
climate is especially responsive to global climate change in this area [6]. Large decreases in
mean precipitation and increases in precipitation variability during the dry (warm) season
are expected, as well as large increases in temperature (from +1.4 to +5.8 ◦C in 2100).

Llasat et al., (2010) [7] constructed a database of high-impact floods and flash floods
in Mediterranean countries and their results suggested that the spatial distribution of the
different kinds of floods is neither homogeneous in the region, nor stationary over time; in-
stead, it shows a clear distinction between the western and the eastern Mediterranean, with
a major concentration of events in the former region. In the western Mediterranean, Spain
and Italy suffer for the highest flood frequency, but the material and economic damages
are particularly high in Italy. Floods are less frequent in southern Mediterranean countries
(northern Africa) but are usually catastrophic with a very high number of casualties.

Events in Liguria (13 deaths in October 2011 and 6 deaths in November 2011), in
western Attica in Greece (24 deaths in November 2017), in the Balearic Islands (13 deaths
in October 2018), in southern France (15 deaths in October 2018), in Italy (36 deaths in
October–November 2018), in Greece (4 deaths in September 2020 for Medicane Ianos) and
in central-southern Mediterranean (Tunisia, Algeria, Malta, and Italy, 7 deaths in October
2021 for Medicane Apollo) show that flood-related mortality remains a major concern in
Mediterranean countries prone to flash floods. Along these lines, Petrucci et al. [5] and
Vinet et al. [8] created the Mediterranean Flood Fatality Database (MEFF DB) for six Mediter-
ranean regions/countries: Catalonia (Spain), Balearic Islands (Spain), southern France,
Calabria (Italy), Greece, and Turkey, and covering the period 1980–2018. Petrucci et al. [5]
focused on the profile of victims and the circumstances of the accidents and showed that in
most cases they were killed while travelling by car. Vinet et al. [8] addressed the spatial
distribution of flood mortality through a geographical information system (GIS) at different
spatial scales and identified a negative mortality gradient between the western and the
eastern parts of the Mediterranean Sea and identified the south of France as the most
affected region.

The capability to predict such high-impact hydro-meteorological events, despite the
significant progress of the last decade, remains weak because of the contribution of very fine-
scale processes as well as their non-linear interactions with the larger scale ones. Advances
in the identification of the predominant processes and particularly of their interactions at
different scales are needed to better forecast these events and reduce uncertainties on the
prediction of their evolution (e.g., frequency, intensity) and socio-economic impacts under
the future climate.

In this framework, several studies have been devoted to gaining a deeper under-
standing of the relationships between high-impact hydro-meteorological events and key
controlling phenomena at synoptic and mesoscales. Reale et al. [9] investigated, with the
aid of a water vapour back-trajectory technique, the large-scale source of moisture for
a series of floods in the Mediterranean area and they found that the additional contribution
of Atlantic hurricanes, in terms of moisture advection, can be important for these severe
hydro-meteorological phenomena. Molini et al. [10] classified severe rainfall events over
the Mediterranean area as, either long-lived and spatially distributed (Type I) if lasting
more than 12 h and larger than 50 × 50 km2, or brief and localized (Type II), if having
a shorter duration or a smaller spatial extent. Their work examined the hypothesis that
the two types of events were associated with different dynamical regimes distinguished by
different degrees of control of convective precipitation by the synoptic-scale flow. Values
of the convective adjustment timescale, τc, shorter than 6 h indicate convection that is
responding rapidly to the synoptic environment (equilibrium, Type I events), while slower
timescales indicate that other, presumably local, factors dominate, thus resulting in highly
localized and unpredictable convection phenomena (non-equilibrium, Type II events).

Pinto et al. [11] focused on rainfall annual maxima for five reference durations (1, 3,
6, 12, and 24 h) over 200 stations in the north-western Italy area. They initially classified
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a day as an extraordinary rainfall day when a regional threshold, calculated on the basis
of a two-components with extreme values, is exceeded for at least one of the stations.
Subsequently, a clustering procedure that took into account the different rainfall durations
was applied to identify about 160 events. It was found that clusters including the most
intense events were characterized by strong and persistent upper air troughs inducing, not
only moisture advection from the North Atlantic into the Western Mediterranean, but also
strong northward flow towards the southern Alpine ranges.

Grazzini et al. [12] investigated a wide number of extreme precipitation events (EPEs)
occurring between 1979 and 2015 in northern-central Italy. The EPEs were subdivided
into three categories (Cat1, Cat2, Cat3) according to thermodynamic conditions over the
affected region. It was found that the three categories differed not only in terms of the local
meteorological conditions, but also in terms of the evolution and properties of precursor
Rossby wave packets (RWP).

In this research, the 40-year period between 1979 and 2018 was investigated. Both on
the ground geo-hydrological events and CAPE (Convective Available Potential Energy) and
TCWV (Total Content in Water Vapor) climatological variables were analysed, with the aim
of probing possible trends, supporting further climate studies and providing adaptation
policies. CAPE and TCWV variables are two important severe weather indicators as they
capture two important ingredients for severe weather occurrence, namely instability and
moisture availability. CAPE is directly related to the atmospheric instability and thus to the
maximum potential vertical speed within an updraft; thus, higher values indicate greater
potential for severe weather, and observed values in thunderstorm environments may
often exceed 1000 joules per kilogram (J/kg), and in extreme cases may exceed 5000 J/kg.
The availability of significant TCWV amounts, together with atmospheric stability indices
such as CAPE, provides a good indicator for severe weather phenomena [13]. Although
the TCWV does not represent the vertical structure of moisture, it describes horizontal
gradients of integrated water vapour content. Therefore, the TCWV is one of the critical
variables used by forecasters when severe weather conditions are expected [14]. Statistical
techniques have been used to spatially analyse the satellite-collected monthly time series of
CAPE and TCWV values, which are correlated with extreme rain events.

2. Material and Methods
2.1. Physiography

The research was conducted in the Mediterranean Sea region (lat. 26◦ N–51◦ N, long.
10◦ W–37◦ E), which shares land and sea borders with different countries (Figure 1). The
Mediterranean Sea, whose floor reaches the maximum depth of about 4900 m between
Italy and Greece, is divided into the Western and the Eastern areas (Figure 1) by the Strait
of Sicily [15]. The two parts are then divided into submarine basins, from west to east
(Figure 2): the Alboran Sea, the Balearic Sea, the Ligurian Sea, the Tyrrhenian Sea, the
Adriatic Sea, the Ionian Sea, the Aegean Sea, the Sea of Crete and the Levantine Sea. The
whole Mediterranean Sea is linked to the Atlantic Sea and to the Black Sea respectively
through the two narrow straits of Gibraltar and Dardanelles. The limited size and depth of
these two thresholds strongly limits the water exchange between the three seas.

Southern Europe, north Africa and the Middle East border the Mediterranean Sea
respectively to the north, south and east. In this region, the landscape and climatic condi-
tions are very variable, ranging from mountains to flat desert land and from alpine to arid.
The general physiography of the Mediterranean is related to the geodynamic evolution
that built the Alpine belt. Being part of the global Alpine-Himalayan orogenic belt [16] it
comprises: the Pyrenes, between Spain and France, the Apennine belt along the Italian
peninsula, the Balkan belt and the Turkish plateau. These high and complex reliefs were
shaped by the endogenous and exogenous processes and play a crucial role in the regional
climate and hydrology. The seasonal precipitation regime and the geomorphologic-geologic
setting, together with the land cover, determine the hydrology of the Mediterranean catch-
ments, which are small in area compared to those of a continental scale [3]. This situation,
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together with a low rainfall in the north African territories, results in a relatively small
freshwater contribution to the Sea. In addition, the large variability of landscape and of
the climate determine river flow regimes across the Mediterranean area. As a result, floods
and severe weather-related events are considered common natural hazards [17].

Figure 1. The Mediterranean area and the main cities facing the sea where the trends in CAPE and
TCWV data were investigated in a 100 km2 cell. The names of the examined countries are highlighted
in light blue: ALB: Albania; AUT: Austria; BIH: Bosnia and Herzegovina; CHE: Switzerland; CYP:
Cyprus; DZA: Algeria; EGY: Egypt; ESP: Spain; FRA: France; GRC: Greece; HRV: Croatia; ISR:
Israel; ITA: Italy; JOR: Jordan; LBN: Lebanon; LBY: Libya; MAR: Morocco; MKD: Macedonia; MNE:
Montenegro; PRT: Portugal; PSE: Palestine; SCG: Serbia Montenegro; SRB: Serbia; SVN: Slovenia;
SYR: Syria; TUN: Tunisia; TUR: Turkey; YUG: Yugoslavia.

Figure 2. The investigated area with countries grouped by number of severe geo-hydrological events
in the period 1979–2018. As a single event often produced several ground effects, these ones are
highlighted with yellow dots. Some of them are superimposed due to the spatial scale, or to imprecise
geolocation i.e., in Corsica (FRA), while in many cases, one event impacted several contiguous areas.
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2.2. Meteorological-Climatic Settings

The Mediterranean area is characterized by a climate that mainly reflects its position in
the global atmospheric system and the complex distribution of land bordering the relatively
small Mediterranean Sea. The area is affected by both high-pressure subtropical systems
and by the westerly wind belt [18]. According to the seasonal cycle, one prevails over the
other, influencing the climate: in winter it is typically wet and mild, while in summer it is
hot and dry. Such a climate condition is defined as Mediterranean, type Cs in the Koppen
classification [19] and is subdivided into continental (CSa) and maritime (Csb) [17].

The landmass distribution, with the Mediterranean Sea elongated along the Parallels
and a complex topography, greatly influences the climate in the studied area; the climate,
therefore, varies greatly at a local scale, from a temperate oceanic one to the north to the
arid one of the south. An altitude effect determines the presence of boreal and polar climate
types in areas of higher mountains.

The Mediterranean area is seasonally exposed to the influence of cold air masses
coming from the extra-tropical belt, or of the warm ones originated in the subtropical belt.
This alternation and mutual interaction, and the interaction between the warm sea surface
and the air masses coming from the Atlantic, strongly affects the meteorological condition
of the whole area. Further, it is responsible for the high cyclogenesis of the region and
of the typical convective instability, which is strongly influenced by the interaction with
the diffuse presence of mountain barriers. Within the cyclogenesis period between 1998
and 2001, there were about 2910 cyclones per year in the west zone and 2248 in the east
zone [20]. The worst affected areas, both in summer and in winter, were the lands facing the
Alboran Sea, the Balearic Sea, the Gulf du Lion area, the Ligurian and northern Tyrrhenian
Sea, the northern Adriatic Sea and the southern Turkish coastline and Cyprus [17]. The
highest cyclogenesis per year was recorded in the Gulf of Genoa, in the Ligurian Sea, and
close to Cyprus.

These meteorological conditions cause rainfall that may occur diffusively and per-
sistently, or be concentrated and intense, have thunderstorms [21] and windstorms. The
consequent floods or flash floods often cause much damage [22,23] affecting a large portion
of the population.

2.3. Data

To evaluate the geo-hydrologic events that impacted the studied area between 1979
and 2018, the EM–DAT, the International Disaster Database, was accessed [24]. Data were
extracted according to the following disaster criteria:

• Group: natural;
• Subgroup: hydrological, meteorological;
• Type: flood, landslide, storm;
• Subtype: coastal flood, convective storm, extra-tropical storm, flash flood, riverine

flood, landslide, mudslide.

Data were collated by country according to Figure 1 and the relative caption. Event
positions were geocoded according to the textual location data in the database. In many
cases, different events were located in the same position (Figure 2) as, for example, in
Corsica, or many events in Italy, France and Spain: this was due to an imprecise location
because of the large scale of the positioning, or because events repeatedly affected the same
area. A total of 454 events and 6170 related deaths were considered. The EM–DAT database
collects data from UN agencies, non-governmental organizations, insurance companies,
research institutes and press agencies from the year 1900.

CAPE—Convective Available Potential Energy and TCWV—Total Content in Water
Vapor data were collected from the Copernicus Climate Change Service—Climate Data
Store [25] and sampled at 0.25◦ cell resolution. The used database was the ERA5 monthly
averaged reanalysed data on single levels from 1979 to 2018: the two large amounts of data
were collected in a NetCDF format. The extracted series were analysed using the spatial



Atmosphere 2022, 13, 89 6 of 32

mean values for the 100 km2 areas around some of the major cities facing the Mediterranean
Sea, which have been periodically hit by geo-hydrological events.

2.4. Methods

Geo-hydrological events and death toll data were analysed at a monthly, yearly, and
decadal frequency. The sub-type categories, distribution over the time period, and the per
country toll, were considered in order to reveal any trends for the events in time and space.

The same purpose of exploring trends in time and space dimensions drove analyses
for CAPE and TCWV data, following the procedure in Figure 3. The results were achieved
through the following steps:

1. Data preparation;
2. Methods selection;
3. Analytical algorithm application;
4. Results presentation.

Figure 3. The schematic diagram of CAPE and TCWV analysis.

QGis software was used in step 1: the monthly 1979–2018 series of mean CAPE and
TCWV values were computed over 100 km2 square cells surrounding the selected cities.
Three methods for temporal trends investigation were applied to the monthly series, as
described in the next paragraphs. The Excel RealStat module [26] was used to compute
the Mann–Kendall test and Sen slope estimator; a dedicated spreadsheet was used for the
Hurst exponent calculation. The three methods are described below.

2.4.1. Mann–Kendall Trend Test

The non-parametric Mann–Kendall trend test [27,28] is commonly used to assess the
statistical trend significance in hydro-meteorologic time series [29–32]. The test statistic S
for a (x1 . . . xn) time series is defined as follows:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(1)

sgn
(
xj − xi

)
=


+1, i f

(
xj − xi

)
> 0

0, i f
(
xj − xi

)
= 0

−1, i f
(
xj − xi

)
< 0
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The variance is given by:

σ2 =
1
18

[
n(n− 1)(2n + 5)−

m

∑
i=1

ti(ti − 1)(2ti + 5)

]
(2)

where n denotes the amount of data in the series, m the number of tied groups (i.e., sets of
sample data having the same value) and ti the number of ties of extent i.

When the size of the series is n > 10, the standard normal test statistic is:

Z =


S−1

σ , i f S > 0
0, i f S = 0

S+1
σ , i f S < 0

(3)

The Z sign denotes the trend: positive values correspond to increasing trend and
negative values correspond to decreasing trend. In this research, a 5% significance level
was used.

2.4.2. Sen’s Slope Estimator

The non-parametric Sen’s slope estimator [33] is based on a linear model and relies on
considering all the couple of points in a series and the relative fitting line slopes; the Sen’s
slope is defined as the median of all the computed slopes. This estimator is insensitive to
outliers and is a more robust method than the linear regression one.

All the possible slopes are computed for every couple of values (xi, xj) at times i and j
(i > j):

Qk =
xj − xi

j− i
f or k = 1, . . . , N (4)

Then the Sen’s slope is computed as the median of the Qk values.

2.4.3. Hurst Exponent

It was introduced by Hurst, based on Einstein’s theory on Brownian motion [34] to
investigate the problem of reservoir control of the Aswan dam reservoir [35]. The Hurst
exponent method [36] gives an estimation of a time series autocorrelation and it is a power-
ful tool to study persistence and long-range dependence [37,38]. It is widely used in many
research fields, from climate science [39–42] to hydrology and water resources [38,43,44]
and economics [35,45]. In this research, the rescaled range (R/S) analysis [36] provides
the estimation of the Hurst exponent. Given a time series {x(τ)} (τ = 1, 2, . . . , n) the
following quantities are defined:

R(τ) = max1≤t≤τx(t, τ)−min1≤t≤τx(t, τ) (5)

S(τ) =

√
1
τ

τ

∑
1
bx(t)− xτc2 (6)

where R(τ) is range series, S(τ) is the standard deviation series, xτ = 1
τ ∑τ

t=1 x(t) is the
mean series, x(t, τ) = ∑t

i=1bxi − xτc, 1 ≤ t ≤ τ is the accumulative deviation series
and t is the number of data items. Then considering that the R/S statistic asymptotically
follows the relation

(
R
S

)
τ
≈ kτH the scaling exponent H may be obtained through a linear

regression procedure for increasing time extents, and H ∈ 0, 1. If the process is a Brownian
motion, then H = 0.5, if it is persistent H > 0.5 and anti-persistent for H < 0.5; for a linear
trend H = 1.
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3. Results
3.1. Geo-Hydrological Events

The EM–DAT database analysis allowed the assessment of the geo-hydrological severe
weather events over the 40-year period for the countries facing or close to the Mediterranean
Sea: both the events, count per year and per month, and the related casualties were
considered. The number of events per year (Figure 4) increased from 1990 and then
accelerated further after 2000. In the period 2011–2018, the recorded events were affected
by a high variability: the low counts in 2011, 2012 and 2016 were interposed by the highest
counts, those for 2014 and 2015. The general trend is more evident in Figure 4, where data
were grouped by decade: events in the last two decades were about six times as frequent as
those in 1979–1988, and about three times those in 1989–1998.

Figure 4. The number of geo-hydrological events and related casualties, collected from the EM–DAT
database for the period 1979–2018 for the examined countries, per year (left) and per decade (right).

Considering the number of fatalities, no trend emerges over the 40-year period: the
highest count occurred in the 1989–1998 decade, when in 1994 and 1995, two highly devas-
tating floods affected Egypt with 600 victims and Morocco with 730 victims, respectively.
A similar high magnitude flood with associated landslides and mudflows occurred in 2001
in Algeria, causing 930 deaths. These death tolls strongly affected the totals in those years.

The high victim number in 1985 had a different origin, as it was caused by the tail-
ing pond dam break that occurred after heavy rains in the mountains of northern Italy
(Stava, Trento province) killing 324. In this case, even if it was induced by rainfall, the
event was highly affected by human activity, as the dam break occurred after the lack of
proper maintenance.

Observing the distribution of events by month and by year (Table 1), the increase in the
count, that emerged previously, shows its annual nature: the few events in the first decade
(from 1 to 4) occurred occasionally in any season, but starting from the second decade, the
event frequency rose sparsely throughout the whole year. This effect was exacerbated as
the number of events increased, then the many events per year from 2001 to 2018 were
distributed over the whole year, but mainly in fall and winter.

Figure 5 shows the event sub-type distribution by year between 1979 and 2018, follow-
ing their definition in Section 2.3. It clearly shows the increase in numbers of riverine and
flash floods, and extra-tropical and convective storms, from the year 2000 compared to their
lower incidence in the previous periods. The increase in event number is most strongly
evident for flash floods and convective storms in the last decade 2009–2018. Landslide
events, which are large landslides, appear to be quite equally distributed over the whole
studied period, while the incidence of coastal storms and mudslides was occasional.
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Table 1. Numbers of severe geo-hydrological events in the Mediterranean area in the period
1979–2018, by year and month.

Month

Year January February March April May June July August September October November December Total

1979 1 1 2

1980 1 1 2

1981 1 1

1982 1 1 2

1983 1 1 1 1 4

1984 1 2 1 4

1985 1 3 4

1986 1 1 2

1987 1 1 2

1988 2 1 3

1989 1 1

1990 1 1 1 1 1 1 6

1991 2 1 1 1 5

1992 1 1 3 1 2 8

1993 1 3 1 2 7

1994 1 1 1 1 2 6

1995 1 1 1 1 1 1 6

1996 3 1 2 1 1 2 10

1997 1 1 2 1 5

1998 3 1 1 1 1 7

1999 2 1 1 4 8

2000 1 1 2 5 2 11

2001 3 1 2 1 1 1 2 1 1 3 2 18

2002 1 2 1 1 3 2 4 4 4 22

2003 9 3 1 2 1 1 2 2 21

2004 1 3 2 1 2 1 2 1 13

2005 4 2 2 1 1 6 1 2 1 20

2006 2 1 2 1 2 1 9 18

2007 7 3 2 4 1 2 5 24

2008 3 1 1 1 1 3 1 11

2009 4 2 1 5 3 1 2 3 21

2010 3 5 2 1 3 1 1 4 9 29

2011 3 3 2 8

2012 3 1 1 1 3 9

2013 3 2 1 4 1 2 6 19

2014 7 2 2 4 1 2 5 2 6 31

2015 7 3 1 3 6 5 4 29

2016 1 1 1 2 1 6

2017 1 1 1 3 2 2 1 11

2018 5 1 2 1 1 1 1 4 16

Total 63 31 23 18 23 22 27 41 35 48 55 46
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Figure 5. The number of events by sub-type per year.

Finally, the distribution of the total number of events and deaths per country is
presented in Table 2. It shows the impact of the serious floods already mentioned that
affected Egypt, Morocco and Algeria, which caused the high death tolls in those countries.
On the other hand, Italy, Turkey, France and Spain also account for a high number of
events and associated deaths. Figure 2 shows a thematic map of the collected severe geo-
hydrological events in the studied countries that confirms the above-mentioned incidence
and their spatial distribution: it appears that there is a high frequency along the coastlines
of Morocco, Algeria, Israel, Lebanon, with the highest number in the Balkan peninsula. In
the remaining countries, the events appear scattered over the territory with some areas of
major occurrence around the Gulf du Lion and Ligurian Sea and in northern Portugal.

Table 2. The numbers of severe geo-hydrological events and deaths in the Mediterranean area in the
period 1979–2018 by country.

Country Events Deaths

Albania 13 24

Austria 26 75

Bosnia and Herzegovina 14 33

Switzerland 22 25

Cyprus 2 0

Algeria 29 1455

Egypt 13 760

Spain 29 201

France 60 484
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Table 2. Cont.

Country Events Deaths
Greece 17 42

Croatia 12 5

Israel 5 18

Italy 41 616

Jordan 2 29

Lebanon 6 45

Libya 1 16

Morocco 21 1176

Macedonia 11 33

Montenegro 4 0

Portugal 14 68

Palestine 7 10

Serbia Montenegro 8 14

Serbia 14 58

Slovenia 4 3

Syria 6 131

Tunisia 9 118

Turkey 43 731

Yugoslavia 1 0

Total 433 6170

Lastly, the EM–DAT database includes the total damage (economic loss) per event,
which were grouped by decade in Figure 6. Despite the lack of some data for all decades
and its sparseness over the whole investigated area, it reveals a coherent increasing trend
correlated with events and related deaths: the economic loss in 1999–2008 and 2009–2018 is
significatively higher than in the previous two decades.

Figure 6. The decadal economic loss (EM-DAT).

3.2. Convective Available Potential Energy—CAPE

Figures 7–9 present annual CAPE mean values for the 1979–2018 period for 100 km2

areas surrounding the 18 major cities facing the Mediterranean Sea in January, October and
November; these are the three months when the maximum number of geo-hydrological
events happened (Table 1). Sen trend lines and the 95% confidence interval are traced for
every graph.
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Figure 7. The annual January CAPE mean values for a 100 km square cell over the 1979–2018 period
and the Sen’s trend line (red) with confidence interval (yellow lines) for the studied cities.
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Figure 8. The annual October CAPE mean values over a 100 km square cell over the 1979–2018 period
and the Sen’s trend line (red) with confidence interval (yellow lines) for the studied cities.
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Figure 9. The annual November CAPE mean values over a 100 km square cell over the 1979–2018
period and the Sen’s trend line (red) with confidence interval (yellow lines) for the studied cities.
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The January series (Figure 7) shows a certain degree of positive trend for Nice, Genova,
Olbia, Trieste, Tripoli, Catania, Bari, Athens, Smirne, Alessandria and Tel Aviv. The weak
tendencies are not statistically significant according to the results of the Mann–Kendall
trend test at 95% significance (Table 3). The low winter season values look quite dispersed
over the series, particularly in the Eastern Mediterranean cities. In some cases, the time
series was characterized by some particularly high values comparing to the rest of the
series: for example, the cities belonging to the Western Mediterranean Sea.

The October series (Figure 8) present considerably higher values typical of the fall
season with a more pronounced and widespread positive tendency. Cities facing the
Alboran and Balearic seas, the Eastern Mediterranean Sea and those belonging to North
Africa, have a positive trend in a quite dispersed series: the high variability is evidenced by
the wide confidence interval in Sen tendencies. On the other side, cities facing the northern
part of the Mediterranean Sea present less dispersed series. The Mann–Kendall test (Table 3)
shows no statistically significant trend.

The November series (Figure 9) shows a positive trend for cities facing the Ligurian
Sea, the Tyrrhenian Sea, the Gulf of Gabes, the Adriatic Sea, the Ionian Sea and the Eastern
Mediterranean Sea. Such a tendency is confirmed by the Mann–Kendall trend test (Table 3),
which shows a statistically significant positive trend for: Montpellier, Nice, Genova, Olbia,
Trieste, Napoli and Catania. Besides, the corresponding series present a lower degree of
dispersion (Figure 9), while they remain higher for: Tunis, Tripoli, Napoli, Catania, Athens,
Smirne, Alessandria and Tel Aviv.

The Mann–Kendall trend test (Table 3) reveals the presence of statistically significant
positive trends in other months. In particular, June shows a diffuse increase along almost
the whole Mediterranean area, excluding only the far eastern part and the cities of Algeri
and Malaga. Significant positive trends were detected in May alongside the cities on the
Italian Peninsula and Athens, while August shows trends in cities facing the far Eastern
Mediterranean Sea. Some scattered positive trends were detected even in February, March,
April, July and September. Considering the whole year, Genova, Trieste and Bari present
six months characterized by significant positive trends, followed by Nice, Napoli, Catania
and Athens with four months.

The Hurst exponent analysis (Table 4) shows a diffuse presence of persistency in
the CAPE series: to differentiate the degree of persistency, values in Table 3 have been
highlighted with an orange colour if the Hurst exponent is between 0.650 and 0.849, and in
deep orange for values between 0.850 and 1, according to an increasing reliability of the
result. The positive persistency appears widespread on almost all the series, both in terms
of month and city. The higher values occur in the cities facing the Ligurian, Tyrrhenian and
Adriatic seas, with Napoli presenting the highest ones.
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Table 3. Monthly CAPE Mann–Kendall trend tests at 95% confidence, for the period 1979–2018 in 100 km2 cells around some major cities facing the Mediterranean
Sea. In deep orange the presence of a statistically significant trend is highlighted.

Malaga Alicante Majorca Algeri Montpellier Nice Genova Olbia Tunis Tripoli Trieste Napoli Catania Bari Athens Smirne Alessandria Tel Aviv

January

z-stat 0.478 −0.058 0.664 0.245 0.082 1.783 1.060 0.315 −0.198 1.200 0.874 0.408 1.293 0.571 0.711 0.687 0.664 1.177

p-value 0.633 0.954 0.507 0.807 0.935 0.075 0.289 0.753 0.843 0.230 0.382 0.683 0.196 0.568 0.477 0.492 0.507 0.239

trend no no no no no no no no no no no no no no no no no no

February

z-stat 1.060 0.734 1.713 −0.035 0.128 1.922 2.132 2.039 −0.105 −0.781 1.899 1.899 1.084 2.039 1.503 1.480 −0.594 −0.734

p-value 0.289 0.463 0.087 0.972 0.898 0.055 0.033 0.041 0.916 0.435 0.058 0.058 0.279 0.041 0.133 0.139 0.552 0.463
trend no no no no no no yes yes no no no no no yes no no no no

March

z-stat −0.594 0.711 1.014 1.480 0.711 0.524 0.594 0.944 0.361 −1.177 0.571 1.526 0.478 1.526 1.340 2.715 −1.503 −1.573

p-value 0.552 0.477 0.311 0.139 0.477 0.600 0.552 0.345 0.718 0.239 0.568 0.127 0.633 0.127 0.180 0.007 0.133 0.116
trend no no no no no no no no no no no no no no no yes no no

April

z-stat 0.408 0.524 1.270 0.967 0.454 2.342 1.177 1.899 1.899 1.573 0.920 3.111 2.342 2.202 0.548 1.573 1.340 0.897

p-value 0.683 0.600 0.204 0.334 0.650 0.019 0.239 0.058 0.058 0.116 0.357 0.002 0.019 0.028 0.584 0.116 0.180 0.370
trend no no no no no yes no no no no no yes yes yes no no no no

May

z-stat 1.736 0.874 1.759 0.827 1.946 2.971 3.204 1.922 0.082 1.666 3.251 2.924 2.691 2.691 2.645 1.200 1.689 1.829

p-value 0.083 0.382 0.079 0.408 0.052 0.003 0.001 0.055 0.935 0.096 0.001 0.003 0.007 0.007 0.008 0.230 0.091 0.067
trend no no no no no yes yes no no no yes yes yes yes yes no no no

June

z-stat 0.478 3.157 2.761 1.783 2.621 3.600 3.903 2.924 2.202 2.552 4.159 3.717 2.365 3.390 2.552 1.410 0.058 −0.105

p-value 0.633 0.002 0.006 0.075 0.009 0.000 0.000 0.003 0.028 0.011 0.000 0.000 0.018 0.001 0.011 0.159 0.954 0.916
trend no yes yes no yes yes yes yes yes yes yes yes yes yes yes no no no

July

z-stat 0.513 1.841 1.538 1.841 0.909 1.678 2.144 1.538 1.212 1.655 3.542 0.699 1.352 2.237 1.958 1.375 2.260 1.095

p-value 0.608 0.066 0.124 0.066 0.363 0.093 0.032 0.124 0.226 0.098 0.000 0.484 0.176 0.025 0.050 0.169 0.024 0.273
trend no no no no no no yes no no no yes no no yes no no yes no

August

z-stat 2.831 1.503 0.944 0.920 0.990 0.827 1.643 1.480 0.524 1.037 3.134 1.084 0.338 2.016 2.388 2.482 2.179 2.249

p-value 0.005 0.133 0.345 0.357 0.322 0.408 0.100 0.139 0.600 0.300 0.002 0.279 0.735 0.044 0.017 0.013 0.029 0.025
trend yes no no no no no no no no no yes no no yes yes yes yes yes

September

z-stat 0.000 0.408 −0.221 0.454 1.060 1.340 2.319 0.594 0.571 0.221 2.598 1.433 1.386 1.573 2.738 2.901 0.827 0.151

p-value 1.000 0.683 0.825 0.650 0.289 0.180 0.020 0.552 0.568 0.825 0.009 0.152 0.166 0.116 0.006 0.004 0.408 0.880
trend no no no no no no yes no no no yes no no no yes yes no no

October

z-stat 1.829 0.990 0.641 1.363 0.851 0.315 0.711 0.291 1.526 0.478 0.012 0.454 0.827 0.851 0.781 0.897 0.105 0.198

p-value 0.067 0.322 0.522 0.173 0.395 0.753 0.477 0.771 0.127 0.633 0.991 0.650 0.408 0.395 0.435 0.370 0.916 0.843

trend no no no no no no no no no no no no no no no no no no
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Table 3. Cont.

Malaga Alicante Majorca Algeri Montpellier Nice Genova Olbia Tunis Tripoli Trieste Napoli Catania Bari Athens Smirne Alessandria Tel Aviv

November

z-stat 0.291 −0.338 0.268 −0.105 2.831 3.344 3.134 2.412 1.829 1.200 2.132 2.295 2.295 1.876 1.526 1.084 0.920 0.245

p-value 0.771 0.735 0.789 0.916 0.005 0.001 0.002 0.016 0.067 0.230 0.033 0.022 0.022 0.061 0.127 0.279 0.357 0.807
trend no no no no yes yes yes yes no no yes yes yes no no no no no

December

z-stat −0.454 −0.524 −0.641 −0.711 0.524 0.920 1.223 0.501 −1.410 0.128 1.084 −0.151 0.641 1.014 0.315 −0.920 1.107 1.410

p-value 0.650 0.600 0.522 0.477 0.600 0.357 0.221 0.616 0.159 0.898 0.279 0.880 0.522 0.311 0.753 0.357 0.268 0.159

trend no no no no no no no no no no no no no no no no no no

Table 4. The Hurst exponent for the monthly CAPE series: in light orange values between 0.650 and 0.849 and in deep orange values between 0.850 and 1.

Malaga Alicante Majorca Algeri Montpellier Nice Genova Olbia Tunis Tripoli Trieste Napoli Catania Bari Athens Smirne Alessandria Tel Aviv
January 0.562 0.506 0.539 0.447 0.490 0.704 0.711 0.532 0.677 0.703 0.756 0.594 0.726 0.567 0.510 0.842 0.640 0.747

February 0.509 0.543 0.732 0.641 0.623 0.728 0.746 0.864 0.702 0.633 0.886 0.702 0.847 0.787 0.665 0.801 0.749
March 0.627 0.754 0.851 0.646 0.792 0.798 0.837 0.783 0.558 0.571 0.514 0.688 0.709 0.743 0.799 0.808 0.665 0.735
April 0.741 0.716 0.718 0.727 0.692 0.713 0.669 0.726 0.687 0.771 0.608 0.860 0.745 0.788 0.521 0.676 0.557 0.557
May 0.657 0.672 0.599 0.773 0.629 0.917 0.906 0.838 0.618 0.565 0.756 0.856 0.828 0.829 0.906 0.899 0.752 0.669
June 0.729 0.821 0.819 0.735 0.779 0.875 0.885 0.896 0.788 0.814 0.876 0.882 0.789 0.828 0.844 0.811 0.720 0.615
July 0.613 0.682 0.634 0.704 0.530 0.590 0.709 0.750 0.655 0.868 0.930 0.501 0.687 0.718 0.613 0.587 0.621 0.727

August 0.863 0.690 0.770 0.554 0.829 0.705 0.648 0.518 0.626 0.526 0.707 0.688 0.416 0.631 0.838 0.751 0.788 0.757
September 0.807 0.667 0.530 0.710 0.401 0.719 0.709 0.607 0.585 0.577 0.669 0.634 0.664 0.763 0.827 0.794 0.502 0.457

October 0.717 0.823 0.656 0.638 0.567 0.485 0.508 0.743 0.618 0.523 0.718 0.788 0.622 0.606 0.583 0.708 0.668 0.543
November 0.744 0.907 0.761 0.669 0.781 0.806 0.817 0.729 0.760 0.502 0.771 0.723 0.636 0.641 0.594 0.450 0.659 0.629
December 0.687 0.761 0.850 0.679 0.599 0.773 0.747 0.676 0.708 0.649 0.629 0.640 0.666 0.714 0.757 0.645 0.513 0.539
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3.3. Total Column Water Vapour—TCWV

Figures 10–12 present the annual TCWV mean values for the 1979–2018 period, over
the 100 km2 area surrounding the 18 major cities facing the Mediterranean Sea, in January,
October and November respectively. The Sen trend line and the 95% confidence interval
are traced for every diagram.

The January data (Figure 10) shows a weak positive trend for Nice, Genova, Olbia,
Tunis, Tripoli, Trieste and Napoli. Even in the TCWV data, tendencies are not statistically
significant according to the results of the Mann–Kendall trend test at 95% significance
(Table 5). Values over the period are less dispersed than those for CAPE values.

The October data (Figure 11) presents a diffused increasing tendency, except for
Montpellier. There is a higher degree of dispersion in the period compared to the January
values. Areas surrounding Malaga, Alicante, Majorca, Napoli, Catania, Athens, Smirne,
Alessandria and Tel Aviv show a major degree of increase. The Mann–Kendall trend test
shows a statistically significant positive trend for the Catania and Alessandria series.

The November data (Figure 12) shows an increasing trend for Nice, Genova, Olbia,
Trieste, Napoli, Catania, Bari and Athens series. Weakly decreasing trends exist for Malaga
and Alicante. Genova, Trieste, Napoli and Bari show a significant increasing trend according
to the Mann–Kendall test (Table 5).

The Mann–Kendall trend test (Table 5) reveals a significant increasing trend in April in
all the areas surrounding the cities facing the Western Mediterranean Sea, except for Tripoli
and Malaga, while in May and June the increase involves the cities facing the Eastern
Mediterranean Sea and the Adriatic and Ionian seas. February, July, August and September
show increasing values in 2 to 5 cities.

As for CAPE data, the Hurst exponent analysis for TCWV (Table 6) shows a diffuse
presence of persistency. The positive persistency appears widespread on almost all the
series, both in terms of month and city. The higher Hurst exponent values are concentrated
between April and September with more higher values in June.
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Figure 10. The annual January TCWV mean value for a 100 km square cell over the 1979–2018 period
and the Sen’s trend line (red) with confidence interval (yellow lines) for the studied cities.
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Figure 11. The annual October TCWV mean values for a 100 km square cell over the 1979–2018
period and the Sen’s trend line (red) with confidence interval (yellow lines) for the studied cities.
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Figure 12. The annual November TCWV mean values for a 100 km square cell over the 1979–2018
period and the Sen’s trend line (red) with confidence interval (yellow lines) for the studied cities.
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Table 5. Monthly TCWV Mann–Kendall trend tests at 95% confidence, for the period 1979–2018 in 100 km2 cells around some major cities facing the Mediterranean
Sea. In deep orange the presence of a statistically significant trend is highlighted.

Malaga Alicante Majorca Algeri Montpellier Nice Genova Olbia Tunis Tripoli Trieste Napoli Catania Bari Athens Smirne Alessandria Tel Aviv

January

z-stat 0.315 0.454 0.687 0.920 0.408 1.689 1.619 1.270 0.920 1.153 1.153 0.781 0.594 0.827 0.664 0.198 −0.827 −0.897

p-value 0.753 0.650 0.492 0.357 0.683 0.091 0.105 0.204 0.357 0.249 0.249 0.435 0.552 0.408 0.507 0.843 0.408 0.370

trend no no no no no no no no no no no no no no no no no no

February

z-stat −0.897 −0.338 −0.664 −1.060 −1.153 −0.012 0.781 −0.221 −0.548 0.151 1.783 0.827 0.734 1.526 2.342 2.598 −0.594 −0.571

p-value 0.370 0.735 0.507 0.289 0.249 0.991 0.435 0.825 0.584 0.880 0.075 0.408 0.463 0.127 0.019 0.009 0.552 0.568
trend no no no no no no no no no no no no no no yes yes no no

March

z-stat −0.804 −0.594 −0.454 −0.781 0.315 0.827 1.014 0.524 0.082 −0.012 1.060 0.967 0.664 1.153 1.247 1.526 −1.713 −0.594

p-value 0.421 0.552 0.650 0.435 0.753 0.408 0.311 0.600 0.935 0.991 0.289 0.334 0.507 0.249 0.213 0.127 0.087 0.552

trend no no no no no no no no no no no no no no no no no no

April

z-stat 1.107 2.062 2.412 1.992 2.086 2.342 2.505 2.901 2.249 0.944 3.041 3.530 2.785 3.577 1.759 0.967 0.501 −0.221

p-value 0.268 0.039 0.016 0.046 0.037 0.019 0.012 0.004 0.025 0.345 0.002 0.000 0.005 0.000 0.079 0.334 0.616 0.825
trend no yes yes yes yes yes yes yes yes no yes yes yes yes no no no no

May

z-stat 1.107 0.315 0.571 −0.175 0.641 0.874 1.293 0.361 1.736 1.922 1.992 1.293 2.435 2.016 3.134 2.109 2.062 2.365

p-value 0.268 0.753 0.568 0.861 0.522 0.382 0.196 0.718 0.083 0.055 0.046 0.196 0.015 0.044 0.002 0.035 0.039 0.018
trend no no no no no no no no no no yes no yes yes yes yes yes yes

June

z-stat −1.270 −0.221 −0.454 −1.060 1.666 2.505 2.785 1.293 −0.012 −0.757 2.715 2.645 0.781 2.528 3.088 1.969 2.016 2.086

p-value 0.204 0.825 0.650 0.289 0.096 0.012 0.005 0.196 0.991 0.449 0.007 0.008 0.435 0.011 0.002 0.049 0.044 0.037
trend no no no no no yes yes no no no yes yes no yes yes yes yes yes

July

z-stat −0.687 2.645 2.948 2.808 1.503 0.874 1.480 0.967 2.645 2.086 3.111 1.386 1.014 1.806 1.340 1.317 1.829 1.899

p-value 0.492 0.008 0.003 0.005 0.133 0.382 0.139 0.334 0.008 0.037 0.002 0.166 0.311 0.071 0.180 0.188 0.067 0.058
trend no yes yes yes no no no no yes yes yes no no no no no no no

August

z-stat 1.107 2.528 1.853 1.293 0.781 0.548 1.340 0.315 0.315 1.433 2.458 0.990 0.291 1.806 1.573 1.876 2.924 2.948

p-value 0.268 0.011 0.064 0.196 0.435 0.584 0.180 0.753 0.753 0.152 0.014 0.322 0.771 0.071 0.116 0.061 0.003 0.003
trend no yes no no no no no no no no yes no no no no no yes yes

September

z-stat 1.107 2.528 1.853 1.293 0.781 0.548 1.340 0.315 0.315 1.433 2.458 0.990 0.291 1.806 1.573 1.876 2.924 2.948

p-value 0.268 0.011 0.064 0.196 0.435 0.584 0.180 0.753 0.753 0.152 0.014 0.322 0.771 0.071 0.116 0.061 0.003 0.003
trend no yes no no no no no no no no yes no no no no no yes yes

October

z-stat 1.386 1.899 1.783 1.200 0.291 1.084 0.990 1.014 1.550 1.014 0.524 1.270 2.272 1.480 1.783 1.200 2.319 1.759

p-value 0.166 0.058 0.075 0.230 0.771 0.279 0.322 0.311 0.121 0.311 0.600 0.204 0.023 0.139 0.075 0.230 0.020 0.079
trend no no no no no no no no no no no no yes no no no yes no
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Table 5. Cont.

Malaga Alicante Majorca Algeri Montpellier Nice Genova Olbia Tunis Tripoli Trieste Napoli Catania Bari Athens Smirne Alessandria Tel Aviv

November

z-stat −0.897 −0.384 0.361 0.315 1.363 1.783 2.575 1.899 1.363 0.874 2.924 2.039 1.666 2.249 1.480 0.687 0.408 0.408

p-value 0.370 0.701 0.718 0.753 0.173 0.075 0.010 0.058 0.173 0.382 0.003 0.041 0.096 0.025 0.139 0.492 0.683 0.683
trend no no no no no no yes no no no yes yes no yes no no no no

December

z-stat −0.058 0.990 1.014 0.851 0.268 0.618 0.687 0.058 0.361 1.783 −0.291 −0.198 0.128 −0.431 0.315 −0.268 1.317 −0.012

p-value 0.954 0.322 0.311 0.395 0.789 0.537 0.492 0.954 0.718 0.075 0.771 0.843 0.898 0.666 0.753 0.789 0.188 0.991

trend no no no no no no no no no no no no no no no no no no

Table 6. The Hurst exponent for the monthly TCWV series: in light orange values between 0.650 and 0.849 and in deep orange values between 0.850 and 1.

Malaga Alicante Majorca Algeri Montpellier Nice Genova Olbia Tunis Tripoli Trieste Napoli Catania Bari Athens Smirne Alessandria Tel Aviv
January 0.472 0.534 0.596 0.674 0.464 0.571 0.616 0.712 0.734 0.720 0.650 0.639 0.629 0.507 0.659 0.663 0.541 0.538

February 0.598 0.714 0.772 0.861 0.647 0.663 0.653 0.830 0.790 0.598 0.724 0.710 0.709 0.750 0.888 0.822 0.511 0.506
March 0.470 0.499 0.651 0.752 0.607 0.642 0.669 0.736 0.778 0.620 0.641 0.791 0.834 0.806 0.923 0.922 0.719 0.716
April 0.805 0.773 0.799 0.767 0.688 0.726 0.740 0.891 0.920 0.640 0.794 0.934 0.891 0.926 0.781 0.724 0.667 0.704
May 0.354 0.614 0.569 0.617 0.617 0.510 0.606 0.546 0.691 0.519 0.673 0.754 0.764 0.770 0.842 0.843 0.886 0.811
June 0.840 0.847 0.709 0.688 0.865 0.923 0.953 0.981 0.690 0.813 0.870 0.924 0.663 0.851 0.848 0.877 0.888 0.835
July 0.651 0.777 0.828 0.788 0.631 0.700 0.760 0.905 0.785 0.787 0.811 0.640 0.598 0.621 0.539 0.646 0.777 0.678

August 0.827 0.912 0.764 0.713 0.646 0.581 0.630 0.639 0.506 0.636 0.801 0.542 0.641 0.606 0.815 0.794 0.917 0.750
September 0.800 0.727 0.744 0.616 0.659 0.738 0.731 0.823 0.717 0.787 0.803 0.738 0.739 0.757 0.797 0.763 0.908 0.847

October 0.621 0.678 0.669 0.577 0.396 0.495 0.379 0.532 0.633 0.592 0.380 0.565 0.788 0.560 0.735 0.639 0.776 0.542
November 0.693 0.599 0.502 0.548 0.590 0.630 0.757 0.634 0.738 0.721 0.824 0.689 0.767 0.806 0.606 0.531 0.727 0.712
December 0.560 0.533 0.523 0.382 0.597 0.527 0.622 0.670 0.625 0.700 0.534 0.768 0.761 0.700 0.728 0.542 0.469 0.575
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4. Discussion

The results from the analysis of geo-hydrological events and CAPE and TCWV data
trends looks consistent with analyses of precipitation conducted by other authors: the
events being the ground effect or consequence of the CAPE and TCWV meteorological
instability indicators. Caloiero et al. [46] studied globally gridded precipitation data
sets of monthly observations with spatial resolutions of 0.5◦ longitude/latitude and they
found interesting results for the Mediterranean area: yearly results revealed a marked
negative rainfall trend in the eastern Mediterranean (more than −20 mm/10 years) and in
North Africa (up to −16 mm/10 years), while a relatively large positive trend (more than
20 mm/10 years) occurred in central and northern Europe.

Along similar lines, Hatzianastassiou et al. [47] investigated the precipitation regimes
and patterns over the Mediterranean area for the period 1979–2010 using monthly mean
satellite data from the Global Precipitation Climatology Project (GPCPv2). They found that
while the mean annual precipitation averaged over the study area was 593 ± 203 mm year−1,
it exhibited a strong spatial variability ranging from 20 mm year−1 (North Africa) to
1500 mm year−1 (Alps). Furthermore, the early winter and late autumn months (Novem-
ber and December) were the wettest months, with precipitation amounts larger than
60 mm month−1.

Moreover, regarding extreme rainfall events, Benabdelouahab et al. [48] characterized
daily rainfall amounts greater than the 95 and 99 quantiles, using the African Rainfall
Climatology Version 2 (ARC2, 0.1◦ × 0.1◦, 1983–2020) over north-western Africa and south-
ern Spain, and revealed an annual increase of indicator values of rainfall extreme events,
that were still spatial-temporally concentrated. For the other side (eastern Mediterranean)
Kostopolou and Jones [49] computed several seasonal and annual climate extreme indices
to identify possible changes in temperature- and precipitation-related climate extremes
for the period 1958–2000. The western part of the study region, which comprises the
central Mediterranean and is represented by Italian stations, showed significant positive
trends towards intense rainfall events and greater amounts of precipitation. In contrast, the
eastern half showed negative trends in all precipitation indices indicating drier conditions
until 2000.

Philandras et al. [50] studied the trends and the variability of annual precipitation totals
and annual rain days over land within the Mediterranean region from 40 meteorological
stations in the Mediterranean region. They found statistically significant (95% confidence
level) negative trends of the annual precipitation totals existed in most Mediterranean
regions during the period 1901–2009, with the exception of northern Africa, southern
Italy and the western Iberian Peninsula. Interestingly, the annual number of rain days
showed a pronounced decrease of 20%, statistically significant (95% confidence level) in
representative meteorological stations of the east Mediterranean, while the trends are
insignificant for the west and central Mediterranean.

The geo-hydrological events that affected the Mediterranean area between 1979 and
2018, and the trends in CAPE and TCWV mean values for 100 km2 areas, appear coherent:
both have been increasing through the entire period over large areas. The statistically
significative increases in CAPE and TCWV values show some minor feature differences:
spatially and marginally so, even seasonally.

Despite a possibly not perfectly homogeneous and incomplete recording of past geo-
hydrological events in the EM-DAT database [51], the differences between the first 20 years
and the next 20 is strong and is about four times greater (Figure 4). Besides, the monthly
data (Table 1) show how, starting from around the year 2000, events occurred in every
season and even more than once per month. Further, the increase in numbers of events,
which appears to have progressively accelerated in the early three decades, is shared by
the majority of sub-types events (Figure 3). The lack of increase in landslides count may
be explained by the event type: diffuse small shallow landslides were not included in
the database. In fact, it contains only large events that caused extensive damage and
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even casualties. Including rain-triggered shallow landslides could change this result, as
their incidence has been frequent in some areas as testified by many authors [52–61] but
obtaining homogeneous and precise data for the whole Mediterranean area for the whole
period is quite difficult.

Southern Mediterranean Sea countries have been subjected to some large scale and
high impact events, while the northern Mediterranean countries have been subjected to
a higher number of events, each causing fewer casualties. This disparity could be partially
due to some event differences: on one hand, the large floods of the River Nile in November
1994, the large storm that hit the Moroccan Atlas Mountains in August 1995 [62] coupled to
geomorphic predisposing conditions, the cyclonic storm in November 2001 that hit Algeria
and, on the other, several more localized events hitting the European countries [63–66].
Notwithstanding this, land use and vulnerability conditions have probably played an im-
portant role in this differentiation between the North African countries and the European
ones. Large European territories suffer for a high percentage of soil sealing and for the lack
of proper risk mitigation measures [67–71], which influence the impact of severe events.
Nevertheless, the different economic conditions of north African territories cause a further
planning inadequacy [72,73] for land usage, exposing them to a high geo-hydrologic risk.

Most of the recorded events happened in January, November, October, and December.
Throughout these months, the CAPE and TCWV time data series showed increasing trends
(Tables 7–9), although only in some cases with statistical significance. In January and
December, the lack of a Mann–Kendall statistically significant trend for CAPE and TCWV
values is accompanied by quite widespread persistence marks, as evidenced by the high
values for the Hurst exponent in areas often hit by geo-hydrological events: Genova,
Nice and Catania for CAPE values both in January and December. Besides, persistence
characterizes most of the CAPE series in December. Further, in November, when many
highly damaging events happened diffusively along the western and southern Italian
coastlines and the French Riviera, the CAPE series showed statically significant positive
trends in Montpellier, Nice, Genova, Olbia, Trieste, Napoli, and Catania. Strong persistence
is present in the same series and more diffusively in others in the Western Mediterranean
area. Similar features are recorded by the TCWV series, but for a more limited series:
Genova, Trieste, Napoli, and Bari. In October, persistence was recorded in only some series.
In summary, in January (Table 7) statistically insignificant trends in the CAPE values are
present for the central and eastern Mediterranean, with many series being quite dispersed
and, in some cases, accompanied by persistency. The same behaviour appears for the
TCWV values but limited to the central Mediterranean. In October (Table 8), the increasing
trend in the CAPE values is limited to the western Mediterranean and is still not statistically
significant, while the TCWV data looks to be increasing all over the studied cities with
some significant and persistence features. November (Table 9) shows the highest degree
of concordance between the trend in CAPE and TCWV values: the central Mediterranean
cities appear to be affected by increasing significant trends and persistence features.

Table 7. January trends for CAPE and TCWV values; the * denote disperse figures.

January CAPE TCWV

Sen’s Slope Mann–Kendall
Significance Persistence Sen’s Slope Mann–Kendall

Significance Persistence

Malaga

Alicante

Majorca

Algeri

Montpellier

Nice + +
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Table 7. Cont.

January CAPE TCWV

Sen’s Slope Mann–Kendall
Significance Persistence Sen’s Slope Mann–Kendall

Significance Persistence

Genova + + +

Olbia + +

Tunis + +

Tripoli + * + + +

Trieste + +

Napoli + *

Catania + * +

Bari

Athens + *

Smirne + *

Alessandria + *

Tel Aviv + * +

Table 8. October trends for CAPE and TCWV values; the * denote disperse figures.

October CAPE TCWV

Sen’s Slope Mann–Kendall
Significance Persistence Sen’s Slope Mann–Kendall

Significance Persistence

Malaga + +

Alicante + * + +

Majorca + * + +

Algeri + * +

Montpellier +

Nice +

Genova +

Olbia +

Tunis + * +

Tripoli +

Trieste +

Napoli +

Catania + * + +

Bari +

Athens + +

Smirne +

Alessandria + + +

Tel Aviv +
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Table 9. November trends for CAPE and TCWV values; the * denote disperse figures.

November CAPE TCWV

Sen’s Slope Mann–Kendall
Significance Persistence Sen’s Slope Mann–Kendall

Significance Persistence

Malaga +

Alicante

Majorca

Algeri

Montpellier + + + +

Nice + + + +

Genova + + + + + +

Olbia + + + +

Tunis + * + + + +

Tripoli + * + +

Trieste + + + + + +

Napoli + + + + + +

Catania + * + +

Bari + + + +

Athens + * +

Smirne

Alessandria +

Tel Aviv +

This behaviour may be interpreted as a tendency for geo-hydrological intense events
predisposing factors, as suggested by other researchers [74]. In fact, the high intensity
precipitative phenomena are mostly linked to the contrast between the warm sea surface
and cold air masses coming from outside the Mediterranean, which usually happens in
October and November. The detected trends could suggest the extension of these conditions
to December and January, as a possible consequence of increasing sea surface temperatures,
whose trend has been documented by many researchers [75–79]. Besides, these features are
consistent with the increasing extreme precipitations evidenced by other authors [49,50].

Considering the geo-hydrological events grouped by decade (Table 10), increasing
numbers of events occurred in the French Mediterranean area from September through
December after the year 2000 (Table 10), as recorded in the EM–DAT database: the increasing
numbers of events are coherent with the trend in CAPE values in November (Table 9), and
the associated persistency that extends to the Ligurian Sea coastline. Again, in November,
the increasing trends in CAPE values for cities belonging to the southern Tyrrhenian Sea
and to the Ionian Sea are consistent with the high numbers of events (11) registered for
south Italy (Table 10), with an increasing frequency starting from the year 2000.

In the Balkan area, event occurrence is quite evenly distributed over the year, but it
is higher between November and February, and the increase has been substantial since
the year 2000 (Table 10). Besides, it must be noted that no event is present in the database
before the year 1999 for that area, suggesting a possible lack in the database.
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Table 10. Numbers of geo-hydrological events between the first two decades and the second two decades by grouped areas.

PRT-ESP-MAR-DZA-TUN FRA South ITA South ITA North Balkan Countries LYB-EGY GRK TUR MID EAST MED

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

1979–
1999

2000–
2019

January 5 12 1 3 0 5 0 5 0 9 0 1 0 2 0 3 0 9

February 0 9 0 1 0 0 0 0 0 9 0 0 0 3 1 0 1 6

March 0 4 0 0 0 1 0 1 0 5 2 1 0 0 1 3 1 0

April 2 7 0 0 0 0 0 0 0 7 0 0 0 0 0 0 1 1

May 0 2 0 0 0 2 0 2 0 4 2 0 0 0 4 4 0 0

June 0 1 0 2 0 1 1 1 0 5 0 0 0 0 4 2 0 0

July 0 2 2 0 0 1 1 1 1 1 0 0 0 1 1 7 0 0

August 4 6 0 1 0 4 1 4 0 8 0 0 0 0 1 6 0 0

September 5 8 2 3 0 3 1 3 0 7 0 0 0 0 0 1 0 3

October 1 17 0 3 0 7 1 7 0 5 0 2 1 3 0 2 0 4

November 2 10 1 3 0 11 1 12 0 12 2 2 0 5 0 4 0 0

December 4 9 1 2 0 2 0 2 0 14 0 2 0 2 0 2 1 2

Total 23 87 7 18 0 37 6 38 1 86 6 8 1 16 12 34 4 25
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Considering the Eastern Mediterranean area, the highest incidence in Greece is be-
tween October and November, in Turkey between May and August, and in the coastal
Middle East countries, between December and February (Table 10). The event increase in
all these areas, during the study period, is quite evident. Regarding the far eastern area,
the trends in TCWV values, the series persistence and the CAPE series persistence are
consistent with the increase in numbers of geo-hydrological events for Smirne in summer;
for the rest of studied Middle East cities, the increasing numbers of events occurring in
January and February seems not related to CAPE nor to TCWV trends or persistence.

The Western area, including Spain, Portugal, Morocco, Algeria and Tunisia is charac-
terized by a substantial increase in number of events, between the first two decades and
the second two (Table 10); the maximum number is in fall and early winter. This trend is
consistent with the CAPE series persistence from September through December.

Finally, the CAPE and TCWV data analyses were limited to the monthly mean values
for the 100 km2 surrounding 18 major cities facing the Mediterranean. Despite this limita-
tion, in both cases trends were detected and are consistent with the increase in the number
of the geo-hydrologic events. Moreover, the CAPE data is an indicator of atmospheric insta-
bility and then linked to extreme events, while the TCWV data is related to the availability
of precipitable water. A further step of the research will focus on other spatialized variables,
allowing a more in-depth search for the correlation with the geo-hydrologic events.

5. Conclusions

This work presents an innovative approach to identify potential relationships between
the trends in the occurrence of geo-hydrologic events that impacted the Mediterranean area
between 1979 and 2018 (EM–DAT source) and some meteorological indices (CAPE and
TCWV) that are predictors of severe weather conditions. The possible presence of trends
or tendencies is detected by using the Mann–Kendall test, the Sen’s slope estimator and
the Hurst exponent. In the first part of the work, the geo-hydrological severe events that
occurred in the countries facing or close to the Mediterranean area, for the 40 years period
1978–2018, were analysed, and it was concluded that events in the last two decades are
about four times the number of those in 1979–1988, and more than two times the number
of those in 1989–1998. Conversely, no trend emerges over the 40 years period in terms of
number of fatalities. When focusing on the distribution of sub-type events by year, between
1979 and 2018, the study clearly shows an increase in number of riverine and flash floods,
and of extra-tropical and convective storms from the year 2000, in contrast to their lower
incidence in the previous periods, with an even stronger signal in the last decade 2009–2018.
Subsequently, the study focused on the analysis of CAPE and TCWV data for 18 major cities
facing the Mediterranean Sea, and it allowed the detection of interesting trends in different
cities even while varying geographically and seasonally, but still with higher values in
fall months. Future work will be devoted to a spatial analysis at the entire Mediterranean
region scale of the aforementioned trends by including additional meteorological indices
(e.g., microphysics oriented).
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