geosciences

Article

Statistical Analysis of Heavy Rains and Floods around the
French Mediterranean Basin over One Half a Century
of Observations

Zeineddine Nouaceur 1, Ovidiu Murarescu

check for
updates

Citation: Nouaceur, Z.; Murarescu,
O.; Muratoreanu, G. Statistical
Analysis of Heavy Rains and Floods
around the French Mediterranean
Basin over One Half a Century of
Observations. Geosciences 2022, 12,
447. https://doi.org/10.3390/
geosciences12120447

Academic Editors: Andrea Gioia,
Pedro Pinto Santos and

Jesus Martinez-Frias

Received: 1 October 2022
Accepted: 1 December 2022
Published: 4 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,% 2,%

and George Muratoreanu

1 UMR IDEES CNRS 6266, Rouen University, Mont-Saint-Aignan CEDEX, 76821 Rouen, France
Department of Geography, Valahia University, 130001 Targoviste, Romania

Correspondence: ovidiu.murarescu@valahia.ro (O.M.); george.muratoreanu@valahia.ro (G.M.);
Tel.: +40-726689917 (O.M.); +40-722291769 (G.M.)

Abstract: The French region adjacent to the Mediterranean basin is vulnerable to hydrological
risks generated by convective precipitation in the form of heavy rainfall and conditioned by the
configuration of the relief. These risks are driven by the increase in sea water temperature over
the last half century, which itself has been more pronounced since 1990. The statistical analysis on
the frequency of rainfall intensity in a 24 to 48 h interval, correlated with the NAO, WMOI and
SSTMED indices shows a recrudescence of rainfall amounting to more than 100 mm, which leads to
the genesis of floods and flash floods. Furthermore, there has been a higher frequency of floods and
disasters in this period. The intensity of material and human damage recorded following such local
Cévennes-type phenomena is also due to urban development and population growth.
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1. Introduction

Global warming is increasingly confirmed in all regions of the world. In France, 2020
is regarded as a record year as the average temperature of 14 °C has, since the beginning of
meteorological record-keeping, never been observed [1]. It thus joins the hottest 10 years
recorded in the 21st century (2018, 2014, 2019, 2011, 2003, 2015, 2017 and 2006). If the
year 2021 turned out to be less hot, during the summer of 2022, the temperatures recorded
were marked by an intensity never equaled. It is the second hottest summer observed in
France since at least 1900 with a difference of +2.3 °C compared to the 1991-2020 average
(summer 2003 remains the hottest ever measured in France with a temperature anomaly
of +2.7 °C). According to NASA, the global thermal anomaly for the period from June
to August 2022 has reached an all-time high since records began in 1880. While global
warming affects a very large portion of the planet in a more or less homogenous manner,
rainfall evolution is nevertheless marked by significant regional disparities. However,
given the rise of temperatures and air evaporation power, an increase in precipitation
is likely in some parts of the world. Ref. [2] claims that an increase in water vapour in
the lower layers of the atmosphere may also be the cause of an increase in precipitation
and of their heavy nature. In 2010, [3] attested to a slight increase in centennial rainfall.
Other authors [4-6] have also confirmed a weak but not significant upward trend of heavy
precipitations in the same region. As part of the ANR/Extraflo project, [7] came up with
the same result according to a daily time step for more than 900 climate series. Climate
changes are expected to influence the time and intensity of floods caused by the water
network in Europe [8].

Better known as Mediterranean episodes or Cévennes episodes (rainy episodes with
intensities greater than 100 mm /24 h), these intense rains can sometimes be accompanied
by violent winds, hail and often they are the cause of major flooding and flash floods. The
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choice of a rainfall intensity threshold to study them statistically has been dealt with by
several studies. Indeed, how can one describe this parameter, taking into account global
climate diversity? How can these thresholds be defined according to society’s perception
being applied to the hazard scale? In 2013, [9] extensively revisited this issue and this value
applied by scientists to rainfall in several areas of the world. In 2015, [10] also evoked this
notion and its spatial perception; [11] showed in a study on the evolution of intense rainfall
in the French Mediterranean region a trend towards the intensification of these phenomena
between 1965 and 2015 (+22% on the annual maxima of daily accumulations and an increase
rainfall frequencies of more than 200 mm/24 h). Ref. [12] also arrive at a similar result with
an average increase in intensity of +22% (+7 to +39% at the 90% confidence level) over the
period 1961-2015. According to IPCC [13], the projected increase in the intensity of extreme
precipitation will result in an increase in the frequency and magnitude of pluvial floods—
surface water and flash floods (at a high level of confidence) (the floods storms result from
rainfall intensity exceeding the capacity of natural and artificial drainage systems) [14].
According to this latest report, it is also very likely that episodes of heavy precipitation
will intensify and become more frequent in most regions affected by significant global
warming. Globally, extreme daily precipitation is projected to intensify by about 7% for
every additional 1 °C (high confidence). Thus, for 1.5 °C more, the events (intense rain over
a day) which occurred over a decade, will increase compared to the period (1850-1900)
with a frequency of +1.5 more (while the atmospheric humidity will increase by +10.5%). If
the warming reaches +4 °C, the increase in intense rainfall will be 2.7 times higher, while
atmospheric humidity will be multiplied by 3 (30.2%).

The increase in floods in Europe has forced member countries to put in place the
“Floods Directive” (2007/60/EC) with the aim of reducing the damaging consequences
of floods. This charter establishes a common working method on a European scale (plan
for management, protection and prevention of this type of risk) and imposes a timetable,
including a review cycle, every six years. Although research on floods and their conse-
quences is abundant, research on exposure to this type of risk remains scarce. For example,
we cite the research carried out in Greece [15], the aim of which is to prioritize flood-prone
areas according not only to the extent of the flood-prone cover, but also to the types of
infrastructure that may be affected. Similar studies were also carried out in the USA [16],
on the exposure of critical infrastructures to floods with a return period of 100 years, by
combining the flood maps of the FEMA (Federal Emergency Management Agency) and the
National Structure Database of the United States Geological Survey (USGS). There is also
research undertaken in France, including [17], which is devoted to the exposure and social
vulnerability of cities. The methodologies used in these different works are based on the
crossing of several databases and the production of cartographic summaries. Despite the
relevance of this work, they nevertheless remain linked to the limits of the definitions of
thresholds and their application in the context of spatial distribution on a map. In 2021,
62.46% of catastrophic events worldwide involved floods. This figure represents an increase
of +137% compared to the average for this type of phenomenon observed between 2001
and 2020 [18].

In France, floods are the main natural hazard. The areas neighbouring the Mediter-
ranean Basin represent 80% of the cost of natural disasters. Despite one of the most efficient
flood prevention and management systems in the world, each year these disasters generate
huge human and material costs (in October 2018, 15 people died and 99 were injured in
the department of Aude; in 2019, in the Béziers region, a similar event of lower intensity
resulted in one death and significant material damage). Finally, more recently, in 2020, in
Alpes-Maritimes, 26 people died following an exceptional event (locally, rainfall totalled
over 500 mm/24 h in Saint-Martin-Vésubie). Each year, the Mediterranean episodes lead to
significant human and material losses. In an analysis on mortality linked to intense rains in
four Mediterranean areas (in Spain, Italy, Greece and throughout the French Mediterranean
area) [19] showed that French regions observed the highest number of deaths and the
most important fatal events between 1980 and 2015. In 2022, [20] extended this database
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to a Euro-Mediterranean limit FFEM-DB. It now encompasses data for 2875 flood deaths
from 12 territories (nine of which represent entire countries) in Europe and the wider
Mediterranean region from 1980 to 2020.

2. Study Area, Data and Method
2.1. Study Area

The study area refers to the French Mediterranean region, which covers an area of
50,000 km? (just over 2% of the Circum-Mediterranean area) (Figure 1). This situation,
described as marginal a few years ago [8,21-27], is likely to evolve and expand this climate
range to the northern-most latitudes, given current climate changes. The seasonal rainfall
model is one of the parameters which identify this climate within the complex typology of
climates on the planet. With a short dry season concentrated in the summer months and a
rainy season expanding from autumn to winter, depending on the subregions, there may
be either an autumn or a winter maximum [28-33]. These conditions are the first climate
classification criterion of the already mentioned climate area. The thermal parameter (warm
summer and mild winter) is the second classification criterion.
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Figure 1. The locations of stations and departments in the study area.

2.2. Data
2.2.1. Data of Mediterranean Episodes (1968-2020)

The data regarding the Mediterranean episodes (a precipitation episode exceeding
the threshold of 100 mm of rainfall in 24 or 48 h) used for this study come from the cli-
matological Database of Météo-France (BDCLIM (http:/ /pluiesextremes.meteo.fr/france-
metropole/-Evenements-memorables-.html (accessed on15 March 2022) (2020).

We use observation frequency for each class by 18 departments (Figure 1):

e  C(Class (100-200 mm), class (200-300 mm), class (>300 mm)/24 h
e  (lass (300400 mm), class > 400 mm/48 h

2.2.2. Data of Rainfall and Temperature (1973-2020)

Total monthly rainfall and temperatures for 9 stations (Figure 1)

Total monthly rainfall amounts and temperatures (Tn and Tx) were collected by the
NOAA Climate Data website (https:/ /www.ncdc.noaa.gov/data-access (accessed on 15
March 2022)). They cover 9 stations over a period of 50 years of measurements (1973-2020).
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2.2.3. Data of Flood

Frequency for each event.

The flood study relies on the data published by the Dartmouth Flood Observatory
(https:/ /floodobservatory.colorado.edu/Archives/index.html (accessed on 22 March 2022))
and the international disaster database (https://www.emdat.be/ (accessed on 22 March
2022)). The observation period spans from 1988 to 2020.

2.2.4. Other Data

- The North Atlantic Oscillation (NAO) data are obtained as a monthly time-series from:
https:/ /climexp.knmi.nl/selectdailyindex.cgi?id=someone@somewhere (accessed on
22 March 2022).

- The Mediterranean Oscillation Indices (WeMOi), obtained from the normalized pres-
sure difference between Padua and Cadiz, monthly. The monthly time-series are
obtained from: https:/ /crudata.uea.ac.uk/cru/data/moi/Web_WeMOi-2020.txt (ac-
cessed on 22 March 2022)

- SST data (for the Mediterranean Sea) (time series of sea surface temperature anoma-
lies) (°C), referring to the mean temperature between 1981 and 2010, in each of the
European seas and in the Planetary Ocean). Data sources: SST data sets from Met
Office (HadISST1, HadSST.4.0.0.0 si OSTIA), US National Ocean and Atmosphere Ad-
ministration (ERSSTv5), ESA SST CCI analysis version 2.1. https:/ /www.eea.europa.
eu/data-and-maps/figures/decadal-average-sea-surface-temperature-3/ (accessed
on 22 March 2022).

3. Methodological Approach

- To study the spatial distribution and the evolution of Mediterranean episodes, we use
an observation frequency analysis.

- The analysis of correlation between the index of climate “NOA”, “WMOI”, the tem-
perature of the Mediterranean sea “SSTMED” and rainfall signal was computed by
the coherence diagram (WCO) for different modes of variability.

To compare the time series with each other, cross-correlation analysis is used.

By analogy to the spectra crossed by Fourier transform, the spectrum in crossed
wavelets is a method which makes it possible to evaluate the correlation between two
signals according to the various scales (frequencies) during time [34-36].

The spectrum by crossed wavelets Wyy(a. T) between two signals x(t) and y(t) is
calculated according to the equation below, where cx(a. T) and C*y(a. T) are the wavelet
coefficient of the continuous signal x(t) and the conjugate of the wavelet coefficient of
y(t), respectively:

Wyy(a. 1) = cx(a. 1) x C*y(a. 1) (1)

Continuous wavelet coherence can be defined as the estimate of the temporal evolution
of linearity and of the relationship between two signals on a given scale [37-39]. Wavelet
consistency is calculated using smoothed wavelet spectra of the SWyy(a. 1) and SWyy(a. 1)
series and a smoothed crossed wavelet spectrum SWyy(a. ) [40]:

WC(a. T) = [SWay (&) ?)

\/[|SWXy(arT)| [SWyy(a,7) |]

Consistency is defined as being the modulus of the crossed spectrum normalized of
the same spectrum having values between zero and one and represents the degree of linear
between two processes. A value of 1 means a linear correlation between the two signals at
a time T on the scale a and a value of 0 that indicates a zero correlation [37,40-42].
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4. Results

The Mediterranean episodes and flood evolve over more than half a century of obser-
vation (1968-2020)

- Spatio-temporal variability of Mediterranean episodes

None of these events represent the same climatic phenomenon which favour the
occurrence of heavy rainfall generated either by active rain depressions or by localized
storm cells. When one refers to the Cévennes region and, more precisely, to the southern
slopes, reference is made to this latter area. When one refers to the entire Mediterranean
territory in the south of France or only a part of this area, it is called a Mediterranean
episode. In 2016, [43] addressed this semantic issue, designating the same climatic process.
One may even notice an overlap of the two episodes during the same weather event.
According to [1], the annual frequency of such events is estimated to be between 3 and
6 episodes per year in Mediterranean regions. The spatial distribution of this phenomenon
in the French Mediterranean area points to a central area which is highly exposed to this
risk (Figure 2). In the three departments of Ardeche, Gard and Hérault, more than 39% of
the most intense episodes were observed between 1990 and 2019. If we add Lozere, we
reach 47% of these phenomena (which strengthens the role of the relief). Alps-Maritime,
Var and Pyrénées-Orientales are the other departments with a high frequency of these
phenomena, reaching almost 17% in all these three regions.
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Figure 2. Heavy rainfall and floods in the French Mediterranean area. Data source: http://
pluiesextremes.meteo.fr/france-metropole/-Evenements-memorables-.html (accessed on 15 March
2022). http:/ /floodobservatory.colorado.edu/Archives/index.html (accessed on 22 March 2022).

In the French Mediterranean area, heavy rainfall is a recurrent phenomenon (Cévenol
episode or Mediterranean episode). Each autumn, these phenomena cause several floods.
In order to manage this danger, Météo-France set up a vigilance system (based on forecast
and prevention) in 2001. This alert system informs the population, public authorities
and emergency services about the imminence of a potential flood hazard 24 h before its
occurrence. Following the terrible disasters in Vaison la Romaine (1992) and Gard (1999),
the warning system developed with the establishment, in 2003, of the central service
of support to flood forecasting (SCHAPI). This structure provides hydrometeorological
surveillance (24 h a day) over all waterways in the French national territory and draws up
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the flooding alert map within the “Vigicrues” (https://www.vigicrues.gouv.fr/ (accessed
on 24 March 2022)) system. In 2011, a new service was added to this network, namely APIC,
a warning service for heavy rainfalls at the municipal level (a service set up by Météo-France
which issues warnings and notifications in case of potentially dangerous precipitations).
In 2017, a new service for flash flood warnings was created (Vigicrues Flash—a system of
notification in the event of an exceptional hydrological forecast). This mobilization for
warning and hazard management points to the complexity of this weather phenomenon
whose consequences are harmful every single time. The map (Figure 2) drawn based on
the statistics of hydrological events (floods) affecting the Mediterranean area between 1988
and 2020 shows the importance of this phenomenon in this region. All departments located
on the coast are affected by this type of hazard. Also, one should note a vulnerability of
central areas (the Cévennes) and of the Prealps in the east. Chronologically, the floods of
the last two decades (1991-2000 and 2001-2010) affected the central and “western” areas
much more. Over the past decade (2011-2020), these phenomena spread to the ‘east’ of the
French Mediterranean area. Furthermore, we notice that this period stands out through a
higher frequency of these events (16 episodes as compared to 10 in the 2001-2010 decade,
which means an increase of almost 60%). Between the 1991-2000 decade and the most
recent decade, the progression reached 167%.

This dramatic increase in events is probably related to the effects of climate changes
and particularly to the recurrence of extreme weather events. Looking more closely at the
consequences of floods on human society and their causes, one can note that:

- The largest number of deaths are recorded in the last decade (104 deaths in 2011-2020)
(Table 1).

- The largest number of episodes of heavy and torrential rains are to be observed in
the same decade (14 episodes of heavy rains and 4 of torrential rains) (this proves
what we have previously mentioned regarding the increase in extreme phenomena
associated with climate changes).

Table 1. Deaths caused by floods in 1991-2020 in the French Mediterranean area. Source: http:
/ /floodobservatory.colorado.edu/Archives/index.html (accessed on 22 March 2022).

Period Number of Deaths Number of Episodes Number of Torrential
Floods Heavy Rain Rain Events
2011-2020 16 104 14
2001-2010 10 62 7 3
1991-2000 6 87 5 1
Total 32 253 20 8

The map also shows that the most dangerous episodes may target the departments in
which heavy rains are less frequent. This confirms the fact that these episodes are focused
on certain regions (38 deaths in Vaucluse in 1992, 36 deaths in the department of Aude in
1999 and 26 in Alpes Maritimes in 2020).

- Mediterranean episode trends in the 18 departments (1968-2018)

The curves resulting from centred-small deviations of observation frequencies of
heavy rainfall episodes for the 1968-2018 period allow the identification of vicissitudes that
marked this climate parameter throughout this very long period of observation.

The frequency analysis will initially cover the 100-200, 200-300 classes and classes
higher than 300 mm within 24 h (Figure 3a—c).
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100 - 200 mm (24 h) (a)
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200- 300 mm (b)
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=300 mm (c)
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300 - 400 mm (24 h) id)
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> 400 mm (=)

Figure 3. Centred-small deviations of annual observation frequencies of rainy days with intensities
above 100 mm in 24 h in the 9 departments of the Mediterranean area (1968-2020) (RI = (Xi — X)/S-
where Xi is yearly value, X is the series average and S is standard deviation).

For the first class 100 to 200 mm, the trend curve (moving average over 5 years) makes
it possible to identify four distinct periods (Figure 3a).

From 1968 to 1979, there is an upward trend and the annual value curve points to
eight years with a positive index as compared to four years in which the centred-reduced
index is negative. The values are marked by two very large centred reduced deviations
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recorded in 1972 (+1.3) and 1976 (+1.9). These values contrast with the poor ones observed
during the rest of the years of this 12-year period which do not exceed + or —0.6.

From 1980 to 1992, the decrease in values prevails (10 years have a negative index, four
of which have values higher than —1 and one reaches —2.4 in 1985). Only four years have a
positive centred-reduced deviation which reached +0.5 in 1987, its maximum positive value.

From 1993 to 2003, the trend changes and there is an increase in intense phenomena.
Positive indices are predominant. There are five years with a difference over +1 (1994,
1996, 2000, 2002 and 2003). Three years have negative indices. In 1998 and 2001, the
centred-reduced deviation exceeds —1 and falls below this value in 2004.

From 2004 to 2020, the trend marked by the curve is stable, but there is a pronounced
interannual variability. Thus, a shift from a positive to a negative year occurs, namely
between 2007 and 2008 when there is a switch from —1.7 to +0.86. As regards the following
years, one notes that the positive years are more pronounced, indicating more extreme
events (2011 and 2014 have an index which is over +1, whereas 2018 records only +1).
Furthermore, one should see that this last cycle has a sequence of two-three years with a
negative index which is interposed between the positive years.

The 200-300-mm class (Figure 3b) is analysed in the same manner. This makes it
possible to detect remarkable fluctuations due to the analysis of centred-small index curves.
The number examination leads to identifying three major periods of fluctuations: From
1968 to 1991, there is a stable trend, but one which is marked by less intense events in this
class of precipitations. This confirms the importance of years with negative indices noted
in this period (15 years, four of which have values higher than —1, 1974, 1975, 1978 and
1981). At the same time, there are six years distributed throughout this cycle, with positive
values reaching +2 in 1977 and +1.2 in 1988.

The 19922006 period is highly marked by rainy episodes of this class. The increase
in values is to be observed over ten years (positive indices) and is also marked by the
recording of centred small deviations over several successive years that exceed +1 (1994,
1995, 1996, 1997, 1999 and 2003).

From 2007 to 2020, a general downward trend appears on the graphs. The number of
events in this rain class only increased significantly in two years (2011 with +0.89 and 2014
with +1.76); we also note five years with negative indices below —1 (2007, 2008, 2009, 2012,
2013, 2017).

The >300-mm class (Figure 3c)

From 1968 to 1991 we note the same evolution as that described above, but the trend
remains more stable. Only two years stand out with significant indices, 1980 with +1.56
and 1982 with +2.57. Between 1992 and 2002, the episodes of rain of this class are more
numerous and the years with positive index predominate.

From 2003 to 2007, there is a relatively calm period (less rainfall with accumulation
higher than 300 mm). This is not the case for events of lower precipitation classes (although,
in terms of the previously discussed classes, 100-200 and 200-300, the number of rainy
episodes observed decreases as compared to the total of the period studied).

From 2008 to 2020, extreme events become recurrent. This is highlighted by the
number of years with a positive index (9) compared to 4 (negative). 2014 sets a record for
the studied series with an index reaching +3.24. Finally, in the last seven years, events
of heavy rainfall over 300 mm regularly exceed the average for the studied series, except
for 2017.

Analysing Figure 3d,e, featuring the 48-h interval (of the largest rainfall accumulations
between 300 mm and 400 mm and higher than 400 mm), one can note roughly the same
fluctuations (except the first cycle). The four phases studied are present, but with slightly
different time amplitudes.

As regards the 300-400-mm range (Figure 3d):

From 1968 to 1991, the moving average curve calculated over five years shows an
upward trend in observing these phenomena. Seven years record a positive index, two
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of which with a value over +1.5 (1970 and 1976). The years with a negative difference are
more numerous (16 years), five of which are above 1.

From 1992 to 1997, this precipitation cycle is marked by a higher rainfall frequency, the
24-h accumulation of which is between 300 mm and 400 mm. The uninterrupted succession
of positive years in this cycle is to be noticed. Furthermore, one should see that the index
exceeds +1 in 1994, 1996 and 1997.

Between 1998 and 2009, the period is less favourable to observing extreme phenomena
(rainfall accumulation exceeding 300 mm in 48 h).

From 2010 to 2020, we should note a recurrence of heavy rain episodes (seven positive
years and four negative years). 2014 stands out through a positive index of +2.4.

In terms of the >400-mm class (Figure 3e):

The analysis of events related to this class reveals two distinct phases:

Between 1968 and 1993, there are two years with significant indices, 1968 (+1.18) and
1982 (+2.59). Moreover, one should note the large number of years with negative indices,
thus mentioning the low frequency of these events in this period.

From 1994 to 2020, observations of days with 48-h cycles of heavy rain exceeding
400 mm point to a significant increase in these events. However, this phenomenon does not
affect every year in the above-mentioned time span. Thus, positive years are, more often
than not, followed by one, two or three years with a negative index. The last extraordinary
point of this analysis is, without a doubt, the remarkable increase in observation frequencies
over the years (1997, 2008, 2011, 2014 and 2020 with 2.12, 2.59, 2.12, 2.59 and 1.65).

The analysis of heavy rainfall evolution recorded in the Mediterranean departments,
depending on the various precipitation thresholds observed in 24 or 48 h, indicates an
increase in the last years of the series under study. We should also note that high in-
tensities (between 300 mm and 400 mm and over 400 mm) are the most present. The
period (1992-2003) is a cycle in which these phenomena were the most recurrent. Lastly,
at the beginning of the chronological series (1968-1991 to 1993), these phenomena are
less observed (moving average curves show a stable evolution with a more pronounced
downward trend).

5. Discussion
5.1. The Link between the Increase of Intense Events and Global Warming

One of the climate change consequences is, without a doubt, the increase in extreme
phenomena [21,44-49] in the study area. Here we have noticed increased temperature
due to global warming intensity in the last decade. Thus, Table 2 sums up the average
temperatures over ten years for the entire region. It shows that, in the last decade, the
highest values were recorded in the French Mediterranean area. The difference between
decades D and A is assessed at +1.13°C and rises to +1.68 °C for Tx for the same periods
(Table 2). This last hot decade thus coincides with a sharp increase in Mediterranean
episodes. The difference between the decades (2011-2020) and (2001-2010) points to a rise
of +11.59% for thresholds >300 mm in 24 h and an increase of almost 10% for thresholds
above 400 mm in 48 h (“Tx” stands for maximum temperatures recorded during the day;
this rise in episodes might be explained by a greater number of storms observed in the
region). An unprecedented increase in severe floods occurred in the area (16 floods and
104 deaths were observed in the last decade, these being the highest numbers and the
highest balance in the studied series) (Table 1). This suggests a strong connection between
the two phenomena under study (this connection cannot be considered direct but remains
in line with the trend observed worldwide in the last years). Also, the role of the human
factor in the occurrence of floods and in the scale of severity of these phenomena is evident.
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Table 2. Mean temperature over 10 years and difference between decades (2020-2011, A; 2010-2001,
B; 2000-1991, C and 1990-1981, D).

Decade T Tx Tn Decade T difference Tx Difference Tn Difference
A 15.79 21.64 9.97 A-B 0.50 0.82 0.20
B 15.29 20.82 9.76 B-C 0.01 0.02 0.00
C 15.28 20.80 9.76 C-D 0.62 0.82 0.42
D 14.66 19.98 9.34

Figure 4 shows the evolution of maximum temperatures. We note on this chart that
the onset of warming is the year 1990 and the intensification of the cycle is around 2013. At
the same time, the largest increase in Mediterranean episodes (>300 mm/24 h) is observed
over the last global warming cycle (20132018 on the moving average curve).

2,5 2,5

-2,5 -2,5
1973 1979 1985 1991 1997 2003 2009 2015

WMTX —> 300/24h

Figure 4. Evolution of centred small deviations of Mediterranean episodes (higher than 300 mm in
24 h) and of regional averages of maximum temperatures (Tx) (five-year moving average) (1973-2020).
(RI = (Xi — X)/S-where Xi is yearly value, X is the series average and S is standard deviation).

5.2. The Link with Regional Patterns of Climate Variability

Real scientific progress in understanding climate change mechanisms worldwide has
been made in the last years. This knowledge now makes it possible to state that climate
is subject to natural fluctuations, coupled with a number of anthropic signals. The role
of oceans in regulating convective flows has been extensively studied [50-55]. Climate
fluctuations at middle and high latitudes are characterized by well-defined patterns or
variability modes which, on a larger scale, point to a strong spatial cohesion. Thus, due to
the study of pressure fields and ocean temperatures during the 20th century, two natural
signals have been identified; they are known as multi-decennial signal (a recurrent signal
over more than 40 years, with high frequency variability) and almost decennial (a signal
with a short periodicity of 8 up to 14 years and low frequency variability) [56-58].

5.2.1. Link with NAO

In the Atlantic Ocean basin, the dominant atmospheric mode is the North Atlantic
Oscillation (NAO). Its influence extends across the North Atlantic and even affects climates
of the Mediterranean basin, North Africa and the Middle East. The NAO is an alternation
of atmospheric mass between the arctic and subarctic regions and the subtropical regions
of the Atlantic. The surface pressure field at sea level is used to describe this oscillation.
The positive phase corresponds to a strengthening of the two action centres (the deepening
of the Icelandic low, the development and intensification of the Azores High). In this phase,
there is a strengthening of the meridian pressure gradient over the Atlantic (the prevailing



Geosciences 2022, 12, 447

11 0f 19

westerly winds increase in winter beyond 45° N and the alignment of depressions moves
northward); the French Mediterranean area is thus subject to a greater drought. The negative
phase is observed when these centers weaken simultaneously. The development direction
is pushed southwards and the Mediterranean area is subject to weather events consisting
of thunderstorms and precipitations.

The Figure 5 shows the moving averages calculated for the NAO index (monthly
average index calculated for September, October and November of every year, a period
favouring the occurrence of such events), and the intense rains (annual cumulative rain-
fall > 100 mm/24). We note the close connection observed in the 1993-1995 period until
2003-2005 (inverse relationship, negative phase of index NAO and positive index for the
heavy rain). This period has been characterized by a sudden increase in the frequency of
these phenomena (Figure 3).

1991 1997 2001
BENAO(SON) = 100 mm 1D

Figure 5. The evolution of centred small deviations of Mediterranean episodes (higher than 100 mm
in 24 h) and of NAO indices for September, October and November (five-year moving average) (1973-
2020) (RI = (Xi — X)/S-where Xi is yearly value, X is the series average and S is standard deviation).

To delve into this analysis, we shall employ the wavelet coherence method in iden-
tifying the relationships which may exist between regional rainfall (monthly average of
the nine observation posts under study and the various variability modes of the NAO).
The data of Mediterranean episodes are structured by departments and by the number of
observed events. These data may be used only on an annual basis, as the results obtained
by this approach are inconclusive. We have therefore preferred the monthly rainfall data
recorded in the nine studied stations. The NAO shows a coherence essentially distributed
from the interannual scale to the decennial scale. The annual cycle (Figure 6A) is proved
for the entire period, but one may note a number of significant consistency losses (between
2000 and 2010). There is a strong coherence on the energy band 2—4 years (mid-80s-mid-
2000s). It correlates with the phase of increase in intense phenomena (noticed during the
frequency study in Figure 3). The percentage coherence calculated for this band is almost
73% (Figure 6C). We found this coherence expressed for the energy band 4-8 years with a
coefficient of 72.30% (Figure 7A—C). On the ten-year scale, the 8-12-year band is expressed
by the strong coherence calculated with NAO (almost 82%) (Table 3 and Figures 5 and 6A).
However, this is stronger at the beginning of the period before 2000. Finally, the coherence
over the last period of the series under study is more pronounced in the 8-12-year energy
band and in the annual 1-2-year band (Figure 6A-C).
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Figure 6. (A)—Wavelet correlation between regional monthly average precipitation and annual NAO
index. (B)—Wavelet correlation between regional monthly average precipitation and annual NAO
index depending on various modes of variability. (C)}—Wavelet correlation (in %) between regional
precipitation and NAO index (percentage) (1968-2020).
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Figure 7. (A)—Wavelet correlation between regional monthly average precipitation and WMOI
index. (B)—Wavelet correlation between regional monthly average precipitation and WMOI index
depending on various modes of variability. (C)—Wavelet correlation between regional precipitation
and WMOI index (percentage) (1968-2020).

Table 3. Synthesis of the research of correlations between local precipitation, NAO index, WMOI
index, the Mediterranean Sea Surface Temperature (SSTMED) and the maximum air temperature (Tx).

Period TX NAO WMOI SSTMED
Ten-year and Interannual scale Decadal and
Period before 1991 multi-decennial multi-decadal scale

4-8 years

8-12 and 12-16 years

16-24 and 16-32 years

Interannual scale

Interannual and ten-year

Interannual scale

Period 1991-2000 connection 2-4 years and 4-8 years  2—4 years and 8-16 years 1.5 to 3 years
Period Evidence Ten-year scale Decadal and multi-decadal scale  Interannual scale
2011-2020 connection 10-16 years 8-16 and 16-24 years 1.5 to 3 years

5.2.2. The Link with the Local Atmospheric Circulation

In the Mediterranean area, the climate also depends on air-sea exchanges (latent and
sensible heat). Refs. [57,59] have suggested the potential existence of a Mediterranean
oscillation (MOI and WMOQI) as a consequence of the bipolar behaviour of the atmosphere
between the western and eastern Mediterranean. The differences in temperatures, precipi-
tations, circulation and other parameters between the two basins have been attributed to
these oscillations [60]. The MOI index used to measure this variability pattern is calculated
based on the difference in atmospheric pressure between Alger and Cairo, between Israel
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and Gibraltar and for the WMOI between Padua and Cadiz. Thus, in a positive phase, the
Mediterranean region is subject to a greater drought. In the negative phase, the conditions
are humid.

The use of wavelet coherence makes it possible to assess and describe the connections
between rainfall and climate variability in the Mediterranean area (represented by the
WMOI index, in a first stage the pressure difference between Padua and Cadiz and, in a
second stage, SSTMED-the Mediterranean Sea surface temperature) both for the various
scales (frequencies) and in terms of the evolutions of relations in time.

Connection with WMOI

Annual cyclicality is expressed throughout the period, but with significant consistency
losses. A correlation is observed on the 2-4-year energy band. It does not appear to be
continuous between 1968 and 1980 and in the mid-eighties and early 2000s. This last phase
displays the strongest correlation percentage, which is over 70% (Figure 7A,B). In terms
of the 4-8-year band, on the other hand, a maximum of energy may be noticed at the
beginning and the end of the period under study. Lastly, for the 10-year scale (8-16) and
the multi-decennial scale (16-24 years), the correlation is very strong and exceeds 80%
(Figure 7C). For the first annual band, the correlation is very strong between 1990 and 2020.
For the second energy band, it is better expressed between 1998 and 2015 (Figure 7A,B).

Connection with the Mediterranean Sea surface temperature

Given the current climate change, a sea level rise and an increase in the Mediterranean
Sea surface temperatures are expected. Following a study of satellite data AVHRR (Ad-
vanced Very-High-Resolution Radiometer) conducted over a period of 24 years (1985-2008),
a sudden increase in surface temperature with an intensification in the 1980s was detected.
This increase was quantified at +0.24 °C per decade between 1986 and 2015. In 2017, [61]
calculated the temperature rise at +0.4 °C/decade for the same measurement period. Other
studies also suggest an increase in this parameter [5,62—-64]. Considering the results of
current research (carried out based on the current trend and projections for the future),
an increase in the Mediterranean Sea temperature is to be expected in the years to come.
Furthermore, this vast almost closed intercontinental sea is a huge water reservoir (only
the Strait of Gibraltar provides water exchange with the Atlantic Ocean). This parameter is
the first factor (the heat and moisture uptake of air masses) in the development of Mediter-
ranean episodes observed in the south of France. The second factor is materialized through
the interaction between the air masses from the south and the cold air coming from the
altitude (which begins to have a pronounced meridian trajectory during this period).

The analysis of correlations between the Mediterranean SST and the average regional
precipitation has made it possible to prove that, on an annual scale, there is a weak relation
between precipitations in the Mediterranean area and the Mediterranean Sea surface
temperature (Figure 8). However, there is a high energy section in the band (1.5-3 years).
This is confirmed between 1980 and 1990 and also between 2005 and 2015 (more intense
for this latter period with correlations well over 70%) (Figure 8A). As regards the 4-8-year
energetic band, the correlation is established at over 68% (Figure 8C). This was more
intense between 1968 and 1980 (Figure 8B). The strongest correlation is that expressed by
the multidecadal scale (1624 and 16-32 years) in Figure 8C. Still, this seems to be more
convincing between 1968 and 1990.
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Figure 8. (A)—Wavelet correlation between regional monthly average precipitation and the Mediter-
ranean Sea Surface Temperature (SSTMED). (B)—Wavelet correlation between regional monthly
average precipitation and the Mediterranean Sea surface temperature (SSTMED) depending on the
various modes of variability. (C) — Wavelet correlation between regional precipitation and SSTMED
(percentage) (1968-2020).

6. Conclusions

The Mediterranean episodes are climate phenomena characteristic of the southern
regions of France. Because of the heavy rainfall events which occur during these episodes,
they represent a high risk of flooding in terms of river floods and flash floods. The analysis of
the frequency of intensity classes > 100 mm for 24 and 48 h has shown that this phenomenon
mainly affects 4 departments: Gard, Hérault, Lozere and Ardeéche. The current trend for
3131 events occurring over a period of just over 50 years (1968-2020) in the 18 departments
under study is not significant in the long run (coefficient of determination R? = 0.0018).

Local precipitation is subject to local and regional atmospheric fluctuations. The
search for correlations between Mediterranean episodes, climate variability, and increase in
air temperature and in the Mediterranean Sea surface temperature has made it possible
to highlight some convincing connections. These connections point out that the current
climate change increases the probability of this type of phenomenon. The human factor
remains important and decisive in the occurrence of floods and deluges resulting from
this type of phenomenon. The synthesis of these connections is presented in Table 3—the
influence Mediterranean Sea surface temperature occurs in low frequencies (decennial and
multidecadal scale before 1991). After these time intervals, the influence of the sea can be
observed particularly in high frequencies. The NAO influence is more pronounced in the
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high frequencies of the 1991-2000 period and in the low frequencies for the other periods.
The WMOI is marked by a strong correlation for the period 2011-2020 in low frequencies.
Finally, during the last decade (2011-2020), there is a more intense correlation between
daytime temperature (Tx) and the Mediterranean episodes.

Thus, the rains observed during these Mediterranean episodes are characterized by
intensity, which often favours the onset of floods and inundations. If one admits that the
influence of general and local atmospheric circulation is closely related to the pluviogenesis
of these phenomena, the onset of floods and inundations is closely related to the topography
and spatial planning.

The role of the relief (a trigger for heavy rainfall) is a fixed parameter, but it cannot be
considered in terms of altitude only. The slope exposition, the existence of valley corridors
which allow the channelling of air masses laden with moisture, are also important.

The second parameter is the degree of humanization. The area is characterized by high
demographic pressure over the natural environment and accelerated massive urbanization.
Between 1970 and 2000, the cultivated area of the 880 municipalities on the French coast
decreased by 20%, i.e., a loss of 200,000 ha [6]. According to INSEE (the National Institute
of Statistics and Economic Studies), 17.5% of the dwellings built in coastal areas in 2010 are
located in potential flood-prone areas. Thus, the development and territorial extension of
built spaces increase the degree of soil impermeability and implicitly a pronounced surface
runoff. For example, in La Garde, in the department of Var, the population increased five
times in 50 years. This spectacular progression is doubled by an exceptional urbanization
growth, as shown in the photos below (Figure 9).

Figure 9. The evolution of urbanization between 1955 and 2017 in the municipality of La Grade
(Var department). Source: https://www.francetvinfo.fr/meteo/inondations/intemperies-dans-
le-sud-est/avant-apres-dans-var-l-urbanisation-galopante-aggrave-les-degats-causes-par-les-
inondations_3727533.html (accessed on 30 March 2022).

Population density values are high in the French Mediterranean area. According to
INSEE, 20% of the country population live in the “Provence—-Alps—Coéte d’Azur” region,
which represents only 10% of the territory of France.

The combination of human and climate factors accounts for the large amount of
material damage and human casualties observed in the past years in this highly vulnerable
sector in southern France. The risk management and prevention systems, which are
nowadays present in this region, are very efficient, and land use laws are very restrictive.
However, it is not excluded that the next few years may be still marked by these disasters,
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as the economic stakes are high and the efforts to mitigate the effects of climate change
are limited.

In the field of adaptation and resilience to climate change and its impacts, new research
dynamics in the context of flood-related risks must be understood according to a global
systemic approach. This approach must integrate sustainable development on a larger scale.
If the use of modeling can provide an answer in terms of return duration and intensity of
the risks incurred, studies that integrate the spatial distribution of human settlements and
their vulnerabilities must be preferred, despite their complexity, because often they give a
tangible answer (feedback on experience). This makes it possible to better understand and
fight against floods.
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