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Abstract :

Mediterranean fluvial hydrology is characterised by decadal-to-multi-centennial length wet and dry
episodes with abrupt transitions related to changes in atmospheric circulation. Since the mid-1990s site-
based flood chronologies from slackwater deposits in bedrock rivers and regionally aggregated flood
histories from alluvial deposits have developed increasingly higher resolution chronological frameworks,
although regional coverage is still uneven. This paper analyses the spatial and temporal distribution of
extreme Holocene hydrological events recorded in fluvial stratigraphy in the Iberian Peninsula (Spain and
Portugal), southern France, southern Italy, Northern Africa (Morocco and Tunisia) and eastern
Mediterranean (Greece, Crete, Turkey, Cyprus and Israel). This study constitutes the most
comprehensive investigation of Holocene river flooding ever undertaken in the Mediterranean and is
based on the analysis of 515 C-14 and 53 OSL dates. It reveals that flood periods in different regions
cluster into distinct time intervals, although region-wide flooding episodes can be identified at 7400-7150,
4800-4600, 4100-3700, 3300-3200, 2850-2750, 2300-2100, 1700-1600, 1500-1400, 950-800, ca. 300,
200-100 cal. BP. Periods with more frequent floods in the western Iberian region coincide with transitions
to cool and wetter conditions and persistent negative NAO mode. In Northern Africa increased flood
frequency coincides with periods of generally drier climate, while in the eastern Mediterranean there is a
higher incidence of extreme flood events under wetter conditions. Our meta-data analysis identifies an
out-of-phase pattern of extreme events across the Mediterranean over multi-centennial timescales, which
is particularly evident between the western Iberian and eastern Mediterranean regions. This centennial-
to-multi-centennial see-saw pattern in flooding indicates that bipolar hydroclimatic conditions existed in
the Mediterranean during the Holocene.
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Highlights

» A meta-data analysis of dated fluvial units shows eleven region-wide flood episodes. » Flood clusters
were related to atmospheric circulation patterns controlled by climate. » Western Mediterranean flooding
increased in cool and wet conditions and negative NAO. » North African flood episodes coincide with
periods of generally drier climate. » An east-west Mediterranean sea-saw flood pattern implies bipolar
climatic behaviour.
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1. Introduction

Mediterranean river hydrology is strongly influenced by the seasonal distribution of the
precipitation (Thornes et al., 2009). River flow regime in the region is characterised by
maximum discharge during the autumn and winter months, minimum discharge in
summer, as well as by extreme seasonal and annual discharge variability with peak
discharges frequently more than 50 times average flows (Pard¢, 1950). Past
hydrological records from instrumental, documentary and fluvial sedimentary archive
sources also show significant hydroclimatic variability with multi-decadal to multi-
centennial length alternation of wet and dry episodes with abrupt transitions related to
changes in atmospheric circulation (Macklin et al., 1995; Benito, 2003; Macklin and
Woodward, 2009; Zielhofer et al. 2010, Fletcher and Zielhofer 2013). As a result,
extreme hydrological events are an inherent component of past and present
Mediterranean hydrology whose controlling climatic mechanisms are difficult to predict
and model.

Societal response to this high hydrological variability on water resources in the region is
reflected in the early construction of reservoirs and irrigation schemes beginning in
Roman times that became ubiquitous during the Middle Ages, although construction of
large scale arch dams did not occur until the late 18" century (Butzer et al., 1983; 1985).
Written records of hydrological events, mostly related to the impacts of severe floods
and droughts, started as early as the 13" century (Barriendos Vallve and Martin-Vide,
1998; Brazdil et al., 2012). Centennial to millennial-length records have also been
retrieved from sedimentary records which can be combined with historical documentary
evidence (e.g. Benito et al., 2010). Both, sedimentary and documentary archives record
an alternation of flood-rich and flood-poor periods over the Holocene (Thorndycraft and
Benito, 2006b; Macklin and Woodward, 2009). Hence, a pan-Mediterranean analysis of
the timing of those periods may provide further information concerning the driving
mechanisms (climate and/or environmental changes related to human impact) enhancing
or reducing the occurrence of extreme events.

Extensive use of radiometric dating in the study of Holocene fluvial archives has much
improved the records of extreme hydrological events worldwide, and presents the
opportunity to compare the occurrence of extreme hydrological events at regional and
inter-regional scales (Macklin et al., 2006; Macklin et al., 2012). An extreme
hydrological event is here defined, following Gregory et al. (2006), as any past process
or phenomenon related to the hydrological cycle (e.g. rainfall, runoff, snowmelt, flood,
water recharge) with a magnitude significantly higher or lower than the mean and very
often associated with crossing a geomorphic threshold. A hydrological event may relate
to periods ranging from minutes to months (e.g. floods), or up to several years in the
case of droughts. Clustering of extreme hydrological events has been related to climate
variability (Rumsby and Macklin, 1994; Ely, 1997; Knox, 2000; Redmond et al., 2002),
although land use changes have affected runoff generation at the catchment scale,



particularly during the Middle Ages and the 19th Century (Greenbaum et al., 2006;
Benito et al., 2010).

Recent fluvial research in the Mediterranean has focused on trying to extend flood
series primarily as a means of identifying changes in the frequency and magnitude of
floods and relating these to atmospheric circulation patterns modulated by climate
variability (Macklin et al., 2006; Thorndycraft and Benito, 2006a; Macklin et al., 2010;
Luterbacher et al., 2012; Fletcher and Zielhofer, 2013). Both site-based flood
chronologies (Benito et al., 2003a; Benvenuti et al., 2006; Greenbaum et al., 2006) and
regionally aggregated flood histories (Zielhofer and Faust, 2008; Arnaud-Fassetta et al.,
2010) have developed increasingly higher resolution chronological frameworks based
on meta-analysis of large radiocarbon-dated fluvial databases. Following the approach
developed by Macklin and Lewin (2003), systematic and probability-based analysis of
radiocarbon dated fluvial units from a growing number of Mediterranean regions has
recently been undertaken, facilitated through the analysis of different sub-sets of
radiocarbon dates classified by depositional environment and catchment physiography
(Macklin et al., 2006; Thorndycraft and Benito, 2006a,b; Zielhofer and Faust, 2008;
Benito et al., 2008). This paper aims to evaluate large databases of '*C- and OSL-dated
Holocene fluvial units in different regions across the Mediterranean in order to identify
past extreme hydrological events, their temporal and geographical distribution, and
possible relationships with climate variability and land-use change.

2. Hydroclimatology of the Mediterranean region

The Mediterranean region lies between 30-47°N and 10°W and 35°E (Fig. 1), and is a
zone of transition between the continental influences of Europe, Asia, and the north-
African desert, and the maritime effects of the Atlantic Ocean and Mediterranean Sea
(Harding et al., 2009). The seasonal and interannual climate of the northern and
western parts of the region is linked to the mid-latitude atmospheric patterns
characterised by the NAO (North Atlantic Oscillation) and other mid-latitude
teleconnection patterns such as the Arctic Oscillation (Xoplaki et al., 2004; Lionello and
Galati, 2008). The southeast Mediterranean region is under the subtropical influence of
the descending branch of the Hadley cell for a large part of the year and is exposed to
the Asian monsoon in summer and to the western Russian/Siberian High Pressure
System in winter (Corte-Real et al., 1995; Xoplaki et al., 2004; Lionello et al., 2006).
The climate of the Mediterranean exhibits strong contrasts between different areas due
to its complex orography and its location within the boundary between subtropical and
mid-latitude atmospheric patterns (Lionello et al., 2006; Trigo et al., 20006).
Temperature and precipitation contrasts are significant, with permanent glaciers in the
humid northern alpine area, subtropical desert areas at the North African coast,
temperate marine climate in north-west Iberia and steppe and semiarid conditions in the
Levant. The lack of rainfall during summer is the defining characteristic of the
Mediterranean regions. In summer, the western Mediterranean (Iberia, France,



Morocco, Italy) is mainly under the influence of the Azores subtropical high, whereas
the eastern part (Greece, Cyprus, Crete, Turkey, Israel) falls under a low pressure area
extending from the Persian Gulf northwest towards the eastern Mediterranean basin,
associated with the Indian summer monsoon (Gat and Magaritz, 1980, Wigley and
Farmer, 1982).
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Figure 1. A: Mediterranean rainfall regions based on PCA analysis of weather types from daily
occurrences of surface pressure centres at 500hPa (1992-1996) (Littmann, 2000). Numbers explained
below. B: Rainfall regimes in the Mediterranean with indication of seasonal rainfall maxima (after
Thornes et al., 2009). C: Correlation between NAO index and Mediterranean precipitation in the cold
season (December-February), derived from the CRU NAO index and the NCEP reanalysis (Zorita et al.,
2004). C: Spatial Spearman correlation between the East Atlantic/Western Russia patterns (EA/WRUS;
Xoplaki et al., 2004) and winter (NDJF) Mediterranean precipitation for the period 1950-1999 (Xoplaki,
2002). Legend for weather types (A): 1.- November (max rainfall) to March. Linked to deflection of
cyclonic tracks and Tyrrhenian cut-off flow towards Greece and Cyprus after the establishment of
Siberian Anticyclone. 2.- September (maximum rainfall) until April with summer rainfall. Atlantic frontal
systems explains 54% of rainfall from September to November. 3.- October to January related to Atlantic
frontal systems. Second rainfall maximum in May. 4.- Drier than 3 with maximum rainfall occurring in
October, December and February. 5.- Rainfall pattern similar to 2 but rainy season is shorter. 6.- Rainfall
in all seasons but high amounts in winter (November, December) and summer (May, June). 7.- Short
rainy season with rainfall above average in March and September. 8.- Moulouya basin. Rainfall from
November to March and Maxima in February and March. 9.- Rainfall pattern similar to 2, but with a
shorter season. 10.- Rainfall pattern similar to 2 but rainy season is shorter.

In terms of total annual rainfall, the Mediterranean region spans a wide range from arid
(<200 mm) to humid (>3500 mm, e.g. Montenegro), depending on location and
orographic characteristics. Rainfall period duration may last only 2-3 months in some
regions of North Africa and south-east Spain or it may cover autumn through to spring
in France, northern Italy and the Balkan region. In winter, the negative mode of the
NAO index produces a higher frequency of low pressure conditions associated with the
invasion of maritime polar air masses leading to rains and wet conditions mainly in the
Iberian Peninsula (Trigo et al., 2004; Fig. 1). In contrast, precipitation and atmospheric
pressure in the eastern Mediterranean have been shown to have an anti-phase



relationship with those found in the western Mediterranean (Xoplaki et al., 2004;
Roberts et al., 2012). Wintertime in the eastern Mediterranean is affected by the
Siberian High and associated polar continental air masses. A strong Siberian High
favours southward excursions of the polar front jet that, modified by the land-sea
temperature contrast, favours cyclogenesis and winter rains in the central and eastern
parts of the Mediterranean basin (Wigley and Farmer, 1982). During autumn, as the
westerlies extend southwards, there is an increase in westerly, north-westerly and south-
westerly circulation types. In the western Mediterranean south-westerly circulation
types are more frequent in late autumn, corresponding to an increase in blocking
circulation and the subsequent genesis of cold pools, which sometimes produce
catastrophic flooding in eastern Spain, southern France and Italy (Llasat and Puigcerver,
1990). During spring, as well as in late winter, there is a change in the main flow type
with increasing southerly and south-westerly flows due to undulating circulation
patterns, responsible for high precipitation in Morocco, Algeria, eastern and southeast
Spain, and southern Italy (Harding et al., 2009).

Analysis of inter-annual precipitation trends shows an inverse correlation between the
eastern and the western Mediterranean during the past hundred years (Conte et al.,
1989). Conte et al. (1989) also suggested the existence of a Mediterranean Oscillation
(MO) as a consequence of the see-saw pattern in atmospheric pressure and precipitation
between the western and eastern Mediterranean that according to Roberts et al. (2012)
has operated for at least the last 1000 years.

Mediterranean rivers have a wide variety of flooding regimes and seasonal discharge
distributions, related to seasonal climatic characteristics (Thornes et al., 2009). High
river flows occur between September and May with single or double maxima, usually in
spring and autumn (Struglia et al., 2004). Maximum rainfall amounts (Fig. 1) occur
during: (1) September and October in north-east and eastern Spain, south-east France
and central-north Italy; (2) November in Sardinia, Liguria (north-west Italy), Andalusia
(southern Spain), western Anatolia (Turkey), northern and central Greece, Albania, and
Montenegro; (3) December in north-west Africa and Sicily; and (4) in January in Israel
and Lebanon, Roussillon region (south-east France) and Noire Montagne (central
France). Double discharge maxima following the equinoxes are related to the influence
of high pressure over Mediterranean regions during January and February (e.g. Arno
river, Italy), or by snow accumulation in the mountains during the winter months.
Hydrological regimes of rivers draining high mountain areas (Atlas, Pyrenees, Alps,
Dinaric Alps, Pindus and Taurus mountains) are dominated by snowmelt floods and by
summer evapotranspiration, although high intensity rainfall may occur during summer
(Beckinsale, 1969). In these mountain regions, the hydrological regime is moderate
pluvio-nival or nivo-pluvial spring maximum (March to May), followed by low water in
August or September. In the circum-Mediterranean region, low latitude rivers (below



35°N) may frequently dry out during the summer months even in drainage basins larger
than 1000 km? (Pardé, 1950, Struglia et al., 2004)

3. Fluvial environments and methodology

In Mediterranean fluvial systems five types of sedimentary flood records have been
studied: (i) overbank floodplain deposits (Zielhofer et al., 2008); (ii) flood-basin
environments (Sancho et al., 2008); (iii) river channel gravels (Schulte, 2002); (iv)
mountain torrent deposits — debris flows and boulder berms — (Maas and Macklin,
2002); and (v) slackwater flood sediments (Benito et al., 2003a). Alluvial river cut-and-
fill sequences, which typically preserve channel, floodplain and flood-basin deposits,
record changes in the discharge-sediment load relationships that usually occur over
periods of decades to centuries. Slackwater and boulder berm deposits, more commonly
found in bedrock systems, can provide records of individual flood events that can
sometimes be dated to within a decade or less (Maas and Macklin, 2002; Thorndycraft
and Benito 2006; Macklin et al., 2010).

The long-term analysis of extreme hydrological events in Mediterranean alluvial records
started in a systematic way in the 1990s, and focused on improving the chronological
resolution of flood records based on dating and analysis of slackwater flood deposits
(Benito et al., 1998; Greenbaum et al., 2000), sequences of fine-grained sediments
deposited on floodplain environments indicative of high stage flows (Lopez-Avilés et
al., 1998; Zielhofer et al. 2002, Faust et al. 2004), and boulder berm deposits (Maas and
Macklin, 2002). Flood frequency patterns have been related to shifts in atmospheric
circulation patterns (Macklin et al, 2006; Thorndycraft and Benito, 2006a,b; Zielhofer et
al. 2010), including the NAO (Maas and Macklin, 2002; Benito et al., 2008). Site-based
flood chronologies have been reconstructed, combining sedimentary and documentary
evidence of large floods (e.g. Benito et al., 2003a,b). Several approaches have also used
regionally aggregated flood chronologies based on meta-analysis of large radiocarbon-
and OSL-dated Holocene fluvial databases (Macklin et al., 2006). Systematic and
probability-based analysis based on radiocarbon dated fluvial deposits from a growing
number of Mediterranean regions has recently been undertaken (Thorndycraft and
Benito 2006a,b; Benito et al., 2008, Zielhofer and Faust, 2008; Piccarreta et al., 2011;
Luterbacher et al., 2012), facilitated through the analysis of different sub-sets of
radiocarbon dates, and the classification of flood units by depositional environment and
catchment physiography. Each radiocarbon age sub-set is processed using radiocarbon
calibration software, such as OxCal (Bronk Ramsey, 2008) to produce a cumulative
probability density function (CPDF). Episodes of increased flooding are identified
where relative probability exceeds mean relative probability and there is a minimum of
three dated samples in two centuries. A detailed description of the process followed in
the analysis and interpretation of Holocene fluvial chronologies based on the CPDF
method can be found in Jones et al. (this volume). The analysed subsets only include
dates within sediments indicative of a major flood event (e.g. slackwater flood deposits,



floodplain deposits, paleochannel fills) or associated with abrupt modification of
sedimentation rate or style (termed ‘change’ dates). In the database each recorded
alluvial deposit is represented by a single radiocarbon age and when two or more dates
are available from the same unit the age with the smallest error term is selected (Jones et
al., this volume). Radiocarbon dates from archaeological sites on floodplains were not
considered in the analysis, in order to avoid introducing bias towards periods relating to
floodplain settlement (cf. Macklin and Lewin, 2003).

4. Regional fluvial sedimentary records of extreme hydrological events

In the following sections the results of the probability analyses are presented on a
regional basis to evaluate changes in the spatial and temporal distribution of floods in
the Mediterranean as a whole over the Holocene. The metadata have been divided into
regional sub-sets on the basis of geographic location, hydroclimatic conditions and
number of radiometric ages from fluvial archives.

4.1. North-western Mediterranean region

The analysis of the north-western Mediterranean region has been divided into three sub-
sets: the Iberian Peninsula (Spain and Portugal), southern France (lower Rhone River
and tributaries, and southern Alps rivers) and southern Italy (Fig. 2; Table 1). In
general, the fluvial chronology of extreme hydrological events during the early to
middle Holocene is limited due to the low preservation of deposits of this age in
Mediterranean rivers with torrential regimes (Benito et al., 2008).
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Figure 2. Major rivers and streams of the Mediterranean region and watershed of catchments draining
into the Mediterranean Sea. Dots indicate the location of '*C and OSL sample sites included in the
analysis. Numbers refer to of sites cited in Table 1 and described in the text.



In the Iberian Peninsula the summed probability distribution is composed of 123
radiocarbon dates from slackwater flood deposits, of which 86 dated units correspond to
western Iberian rivers draining towards the Atlantic Ocean (Fig. 3, black line), and 37
dated units from eastern Iberian rivers flowing to the Mediterranean Sea (Fig. 3; grey
shaded area). Radiocarbon dates are plotted (Fig. 3) as midpoint ages (in calibrated
years BP) with the two sigma age range (95%). Flood clusters obtained from
palaeoflood sediments of Mediterranean and Atlantic rivers generally overlap in time
despite differences in the synoptic conditions that generate floods in these two regions
(Table 2). Slackwater flood deposits can be divided into six age clusters at 9500-9200;
4800-4500; 2850-2250; 1100-800; and 500-150 cal. BP (Table 2). This decadal to
centennial-scale flood synchrony is believed to be the result of a predominance of the
negative mode North Atlantic circulation during autumn and winter, which increases the
frequency of major floods in both Atlantic and Mediterranean rivers of the Iberian
Peninsula (Benito et al., 2008).
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Figure 3. Upper: Cumulative probability density plots (CPD) of radiocarbon dates from floods and
extreme fluvial event units of the Iberian Peninsula. Horizontal line indicates the mean probability above
which a period of major flooding is inferred. Shaded vertical bars show periods of enhanced flood/fluvial
activity above the mean and with at least three radiocarbon dates in 200 years. Black dots are radiocarbon
age samples with 2-sigma geochronological age uncertainties indicated by the horizontal lines. Lower:
Horizontal bars show periods of fluvial or flood activity inferred from stratigraphic evidence at individual
sites. Tagus River (Benito et al., 2003a, b), Guadiana River (Ortega and Garzén, 2009), Huebra River
(unpublished), Segre River (Rico, 2004), Llogregat River (Thorndycraft et al., 2004, 2005), and
Guadalentin (Benito et al., 2010).



Over the last millennium, episodes of high flood frequency and magnitude identified in
the probability analysis can be compared with documentary flood data, except for the
last 300 years because of poor chronological resolution of radiocarbon dating (Benito et
al., 2008). A period of increased flooding in Iberian Atlantic rivers between 1100-800
cal. BP is also apparent in written documentary records (Benito et al., 2003b), and was
associated with unusually wet winters. The largest historical flood peak discharges since
AD 1500 occurred when the North Atlantic Oscillation during the winter months was in
its negative phase (Benito et al., 2003b, 2008). In Iberian Mediterranean catchments,
documentary sources indicate the greatest flood severity during AD 1580-1620 and AD
1840-1870 (Barriendos Vallve and Martin Vide, 1998; Llasat et al., 2005). The absence
of slackwater deposits between 800-500 cal. BP highlights a period of particularly low
frequency of large floods that is also evident in the documentary record (Benito et al.,
2003b). However, this period (800-500 cal. BP) comprises an important phase of
accelerated aggradation in Spanish alluvial valleys linked to land-use change (Butzer,
1980), that resulted in the burial of many irrigation structures (Vita-Finzi, 1969; Butzer

et al., 1985).
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Figure 4. Upper: Relative CPD plots of radiocarbon dates from floods and extreme fluvial events units of
southern France. Horizontal line indicates the mean probability above which a period of major flooding is
inferred. Shaded vertical bars show periods of enhanced flood/fluvial activity above the mean and with at
least three dates in 200 years. Black dots are radiocarbon age samples and white dots OSL dates with 2-
sigma geochronological age uncertainties indicated by the horizontal lines. Lower: Horizontal bars show
periods of fluvial or flood activity inferred from stratigraphic evidence at individual sites. Upper Rhone
(Salvador et al., 2005), Gardon River (Sheffer et al., 2008), Ardéche River (Sheffer et al., 2003). Durance
and southern-Alps rivers * (Jorda and Provansal, 1996; Jorda et al., 2002), Durance and southern-Alps
rivers * (Miramont, 1998), Rhone and Prealps rivers fluvial activity* (Berger and Brochier, 2000; Berger,
2003) and Rhone deltaic plain* (Arnaud-Fassetta, 2007). * Periods of fluvial activity interpreted by



Arnaud-Fassetta et al., 2010. The arrow indicates incision, and black dots show a period of soil
development (after Arnaud-Fassetta et al., 2010).

Holocene alluvial records in France related to extreme hydrological events are frequent
in floodplains of the Rhone River (Arnaud-Fassetta, 2004), southern-Alps rivers (Jorda
et al., 2002) and pre-Alps streams (Berger and Brochier, 2000) (Fig. 2; Table 1).
However, most of these alluvial records do not cover the entire Holocene, particularly
before the Gallo-Roman period (50 BC to ~500 AD; Arnaud-Fassetta et al., 2010). A
number of studies have been conducted on archaeological sites where there were
anthropogenic influences on alluvial deposition (e.g. region Lyonnaise, Salvador et al.
2002).

In the compiled database only those ages from sediments that have been described as
being related to flood-related deposition have been used in the summed probability
analysis. In southern France the sum probability plot is composed of 38 radiocarbon
dates and 6 OSL ages, of which 22 are slackwater flood deposits and 22 floodplain
units. Samples from the Rhone delta were not included in the analysis, nor were
radiocarbon ages from archaeological sites, colluvial and alluvial fans. The probability
sum shows eight major date clusters during the Holocene occurring at 7800-7150, 4800-
4500, 3000-2750, 2300-1750, 1500-1350, 950-800, 600-400 and 250-100 cal. BP (Fig.
4; Table 2). Despite the paucity of radiocarbon data for this region, these flood episodes
can be recognised in multiple descriptions from site-based chronologies.

Age clusters obtained from the probability plot show that the main periods of extreme
hydrological events are regional in scale. The earliest cluster of hydrological extreme
events is dated to 7800-7150 cal. BP (Fig. 4) that occurred under a drier and seasonally
contrasted climate and heavy torrential rains (Berger et al., 2002; Berger and Guilaine,
2009). In the Citelle River, alluvial sediments show a succession of high flood
frequency episodes (8100-8000, 7600-7500 7250-7050 cal. BP), lasting for one to two
centuries, punctuated by hydrological stability and incipient soil formation (Berger et
al., 2002). A regional river incision episode that affected most rivers in southern France
occurred between 7200 and 6800 cal. BP that has been attributed to torrential discharges
(Berger and Brochier, 2000). However, depositional evidence of this high fluvial
activity is uncommon, with only one radiocarbon date during the period 7100-7000 cal.
BP (Fig. 4). The entrenched valleys were partially infilled by fine sediments until 6500-
6300 cal. BP associated with an increase of humidity under a higher oceanic influence
with low torrential activity (Berger and Brochier, 2000), which is supported by our
CPDF analysis.

During the last 3000 years, the summed probability plot shows peaks at 3000-2750,
2300-1750, 1500-1350, 950-800, 600-400 and 250-100 cal. BP (Fig. 4). These periods
were characterised by frequent channel avulsion in the lower Rhone river and delta area
(Arnaud-Fassetta and Landuré, 2003; Arnaud-Fassetta et al., 2010). Periods of increased
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fluvial activity are also recorded at this time in the Durance River (Jorda and Provansal,
1996, Jorda et al., 2002), southern-Alps rivers (Miramont et al., 1999) and middle
Rhone and pre-Alps rivers (Berger, 2003). The flood cluster at 3000-2750 cal. BP
overlaps with a longer period (4200-2400 cal. BP) of substantial change in the
hydrodynamics of the Rhone delta (Vella, 1999, Provansal et al., 2002). This period
coincides with local torrential discharges in the southern-Alps and pre-Alps regions
(Provansal et al., 2002). The 2300-1750 cal. BP flooding period (highest flood
frequency from 100 BC to AD 200) was characterised by predominantly wet conditions
(Provansal et al., 1999) leading to higher river channel and floodplain sedimentation
rates (Arnaud-Fassetta, 2002, Arnaud-Fassetta and Landuré, 2003). This aggradation
phase (1*-2" century AD) in the Rhéne catchment was probably enhanced by human
activity and land-use change (Salvador et al., 2002; Berger, 2003). Later flood periods
in French Mediterranean rivers at cal. AD 1025-1150 (only 3 dates), cal. AD 1350-1550
and cal. AD 1650-1850 partly coincide with those recorded in the Spanish rivers. In the
River Durance increased flood frequency resulting from larger spring and winter rainfall
was recorded at AD 1330-1410, AD 1550-1610 and AD 1750-1810, with 4-5 floods per
decade being reported in each of these periods (Guilbert, 1994).
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Figure 5. Upper: Relative CPD plots of radiocarbon dates from floods and extreme fluvial events units of
southern Italy (modified from Piccarreta et al., 2011). Symbols as in Figure 3. Lower: Horizontal bars
show: Lake Ledro-1, Flood deposit frequency recorded in detrital layers in Lake Ledro; Lake Accesa
lake-level highstands related to wetter climatic conditions in central Italy (Magny et al., 2007),.
Submillennial flood deposit frequency, i.e. above the millennial trend. Lake Ledro flood frequency after
Vanniére et al., (2013); Basilicata fluvial activity in the Bradano, Basento and Cavone rivers (Piccarreta
etal., 2011).

In southern Italy, the analysis is mainly based on data from Piccarreta et al. (2011) with
some minor additions. The data set is composed by 34 fluvial radiocarbon ages from the
Bradano (2765 km?), Basento (1537 kmz) and Cavone (675 kmz) rivers. The probability
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plot shows nine Holocene flood clusters at 7400-6750, 4800-4600, 4200-4100, 3450-
3000, 2350-1850, 1700-1600, 1500-1400, 1050-800 and 200-100 cal. BP (Piccarreta et
al., 2011; Fig. 5, Table 2). Floods in southern Italy are currently related to autumn and
winter rainfalls associated with Mediterranean depressions, northern troughs reaching
the Mediterranean, or depressions coming from northern Africa (Piervitali and
Colacino, 2003). The period 7400-6750 cal. BP coincides with a return to cool and
wetter conditions that led to higher lake levels in central Italy between 9000 and 7000
cal. BP (Magny et al., 2007; Giraudi et al., 2011 Fig. 5). High resolution lake records
from Lake Accesa (Magny et al., 2007; 2009) and Lake Fucino (Giraudi, 1998) show
highstands at 4200-4000 and 3500-3200 cal. BP, overlapping with periods of high
fluvial activity in southern Italy (Piccarreta et al., 2011, Fig. 5).

Several studies have reported increasing flood frequency overlapping our flood clusters
at 2350-1850, 1700-1600 and 1500 and 1400 cal. BP. Between 2100-1900 cal. BP the
frequency of large floods in the Tiber River at Rome increased (Camuffo and Enzi,
1995) and led to high sediment production and progradation of the delta and coastal
areas (Bicket et al., 2009). An investigation of the alluvial stratigraphy of the Arno and
Serchio rivers in western Tuscany reported the discovery of at least 16 well-preserved
Roman ships, most probably destroyed by flows generated by levee crevassing of the
Arno River (Benvenuti et al., 2006; Mariotti-Lippi et al., 2007). Radiocarbon dating of
these shipwrecks and other archaeological wood remains supported with historical data
demonstrated major flooding at 200 BC, 50 BC- AD 50, AD 150, 375, 500-700 and
900. Similar periods of flooding on the Tiber are also recorded in documentary sources
with the exception of the episode around AD 375 (Camufo and Enzi 1995).
Documented periods of high flood frequency in the Tiber River coincided with soil
burial by alluvial sediments in the Apennines (Giraudi, 2005). In central and northern
Italy, alluvial aggradation became evident immediately after the 3 century AD, which
coincides with the economic and demographic crisis of the Roman Empire leading to
the loss of the land preservation systems (Cremonini et al., 2013). However, the most
active alluvial phase that buried the soils in the Apennines occurred during the sixth and
seventh centuries AD (Veggiani, 1979, 1983; Cremaschi and Gasperi, 1989; Giraudi,
2005). A remarkable extreme event, the so-called ‘Paul the Deacon Deluge’ occurred in
AD 589, resulting in catastrophic flooding producing channel avulsions and extensive
sedimentation in central and northern Italy (Cremonini et al., 2013). Similar events
probably occurred in the years AD 502, 580, 608-615, 676 and 716.

Over the last 1000 years the probability plot has relatively poor resolution, with two
flood periods identified at 1050-800 and 200-100 cal BP. Higher resolution
documentary data in the Tiber River indicate frequent flooding at AD 1400-1500 and
1600-1700, with the periods AD 1000-1400, 1500-1600 and 1700 onwards
characterized by low flood frequencies (Camuffo and Enzi, 1995).
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4.2. North-west Africa

The meta-data analysis for Mediterranean north-west Africa comprises dated flood units
from the lower Kert (2710 km?) and lower Moulouya (53,500 km?) rivers in north-east
Morocco and from the Medjerda river (23,500 km?) in northern Tunisia (Zielhofer et al.
2008, 2010; Zielhofer and Faust 2008; Fig 2; Table 1). Holocene fluvial deposits in the
region are characterized by fine-grained clastic overbank units, which are well-stratified
and because of their cohesive nature are resistant to erosion. These floodplain sequences
contain exceptionally well-preserved Holocene flood records.

The semi-arid Kert catchment (Morocco) has an average annual precipitation ranging
from 200 mm in the lowlands up to 700 mm in the Rif Mountains with two mean
monthly maxima in October and April. Barathon et al. (2000) and El Amrani et al.
(2008) have identified at least three Holocene terrace levels in the lower Kert River and
"C dating indicates major flooding between 4500-1400 cal. BP (El Amrani et al. 2008).
This flooding episode is also recorded in the Lower Moulouya River (Fig. 6; Table 2).
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Figure 6. Moroccan Holocene flood activity. The figure shows Holocene relative frequency plots of '*C
data. The solid black line represents the alluvial activity plot, the greyish shading documents the alluvial
stability plot. The basal part of the figure shows periods of major flooding from detailed Moroccan
alluvial records: Kert River (El Amrani et al. 2008 and Zielhofer et al. 2008) and Moulouya River
(Ibouhouten et al. 2010 and Zielhofer et al. 2010).

In the Moulouya catchment high rainfall intensity and strong monthly variability lead to
high fluctuations in water discharge (Snoussi et al., 2002) with autumn (October) and
spring (April) mean monthly precipitation maxima. Although early and mid-Holocene
flood units are preserved, the Moulouya cohesive overbank deposits contain mostly
palaeoflood records of consistent centennial-scale resolution between 4000 and 1400
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cal. BP, and a maximum in flood frequency between 3200 and 2700 cal. BP (Zielhofer
et al., 2010). At that time the arid to semi-arid river system shows increased flooding
during a period of a generally more arid climate indicated by the charcoal record of the
Lower Moulouya (Linstddter and Zielhofer 2010). Higher flood frequencies between
3200 and 2700 cal. BP in the lower Moulouya are associated with increased floodplain
aggradation in the middle reaches of the Medjerda valley in northern Tunisia (Faust et
al., 2004).
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Figure 7. Tunisian Holocene flood activity. The figure shows Holocene relative frequency plots of '*C
data. The solid black line represents the alluvial activity plot, the greyish shading documents the alluvial
stability plot. The basal part of the figure shows periods of major flooding from the detailed Medjerda
alluvial record following Faust et al. (2004) and Zielhofer et al. (2004).

The Oued Medjerda (Fig. 2; Table 1) is the main perennial river system in Tunisia and
eastern Algeria. The stratigraphic and palaeopedological investigation of the middle
parts of the Medjerda valley has identified seven floodplain aggradation phases over the
last 12,000 years separated by stable soil formation phases (Faust et al. 2004, Zielhofer
et al, 2004). The onset of the Holocene (11,800 cal. BP) is marked by fine
sedimentation lasting until 6600 cal. BP, reflecting decreased flooding and
geomorphological stability in the catchment. At 6600 cal. BP, the stable period is
interrupted by sedimentation of sandy material (Zielhofer et al. 2004). After 6600 cal.
BP overbank sedimentation of clays and silts occurred in most parts of the floodplain on
which a distinct soil was formed (Fig. 7). This period of mid-Holocene
geomorphological stability and pedogenesis is characterised by a ubiquitous well-
developed alluvial soil dated to 5600-4800 cal. BP within the middle Medjerda valley
(Zielhofer et al. 2004, 2009), which is also documented in adjacent catchments in
central Tunisia (Molle, 1979). This alluvial soil formed in response to a fall in
groundwater level and represents relatively arid conditions in a phase of major mid-
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Holocene climatic change (Fletcher and Zielhofer 2013). After 4700 cal. BP extensive
fluvial deposits covered the mid-Holocene soil with maximum sedimentation rates
around 3000 cal. BP. During the Roman period a phase of decreased flooding and
alluvial soil formation took place between 2200 and 1700 cal. BP (Faust et al., 2004).
At 1600 cal. BP renewed fluvial sedimentation occurred that was interrupted by several
phases of soil formation between 1400 and 1200, 900 and 700 and around 500 cal. BP.
At ca. 400 cal. BP devastating floods occurred in the entire Mid-Medjerda floodplain
(Faust et al. 2004).

Changes in Holocene flood dynamics are reconstructed using a meta-analysis of 242
radiocarbon dates (Table 1) from overbank sediments in north-east Morocco and central
Tunisia (Figs. 6 and 7). The meta-data comprise two data sets: (1) '*C dates of re-
deposited bone and charcoal from overbank deposits within facies indicative of active
fluvial dynamics or ‘activity dates’ (Figs. 6, 7); (2) *C dates from bulk samples of
alluvial soils and/or dating in situ evidence for human occupation (e.g. buried hearths)
in the floodplain representing short- or long-term floodplain stability (‘stability dates’),
or periods of minor floods (Zielhofer and Faust 2008; Ibouhouten et al., 2010; and
Zielhofer et al., 2010). Fluvial ‘activity dates’ and ‘stability dates’ should be mutually
exclusive and for the north-east Moroccan data this is generally the case for the early
and mid-Holocene (Fig. 6). However, between 4500 and 2000 cal. BP there is overlap
of floodplain stability and aggradation chronologies in the Kert and Moulouya rivers.
During this period short-term flood events are separated by numerous short-term
‘stable’ walking horizons in the floodplain (Zielhofer et al. 2010).

In the North-eastern Moroccan basins, the probability plots show at least four Holocene
fluvial activity clusters at 8900-8700, 4200-3500, 3300-3100, and 2500-2100 cal. BP
(Fig. 6). As the database is only based on two fluvial systems the lack of fluvial activity
particularly over the last millennium may reflect the paucity of chronological data for
this period. Regarding the central Tunisian cumulative probability plots (Fig. 7), the
analysis shows a higher number of periods with enhanced fluvial activity and floods at
7600-7150, 6200-6000, 4800-4500, 4100-3700, 3300-3000, 2850-2350, 1600-1300,
900-800, 700-500 and 300-200 cal. BP. These flood periods coincide with low rates of
pedogenesis. Here, periods of soil formation from 6800-6600, 5900-4800, 4500-4100,
3700-3300, 3000-2800, and 1800-1600 cal. BP coincide with periods of low floodplain
aggradation. At least three out of four Moroccan flood episodes overlap those recorded
in Tunisian rivers during the mid-Holocene.

4.3. Eastern Mediterranean region

The eastern Mediterranean (Fig. 2; Table 1), which for the purposes of this review
includes mainland Greece (Fuchs and Lang, 2001; Fuchs and Wagner, 2003, 2005; Jing
and Rapp, 2003; Koukouvelas et al., 2001; Lespez, 2003; Pavlides et al., 2004; Pope
and Wilkinson, 2006) and islands (Booth, 2010; Deckers, 2005; Maas, 1998; Maas et
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al., 1998; Macklin et al., 2010; Zacharias et al., 2009), Albania (Carcaillet et al., 2009),
Turkey (Beach and Luzzadder-Beach, 2008; Casana, 2008) and Israel (Goldberg, 1984;
Greenbaum et al., 2000). It is the most seismically active region of the Mediterranean
(Stiros, 2009) and has significant hydrological variability with average annual rainfall
ranging from more than 1500 mm in the Pindus Moutains of north-west Greece to less
than 200 mm in the hyper-arid catchments of southern Israel. Most studies of Holocene
flooding in this region have been carried out in relatively small steepland (cf. Macklin et
al., 1995) and mountain catchments primarily in Greece on the island of Crete (Maas et
al., 1998; Macklin et al., 2010; Fig. 8). Nearly 75% of the dated units (78 in total, 47
OSL and 31 "C) come from Greece, including 45 out of the 47 OSL ages, with Crete
contributing 58% of all assays. The number of dates from Turkey and Israel is limited.
Holocene flooding periods are evident at 7800-7150, 4100-3700, 3400-3200, 1900-
1600, 1200-1100, 900-600 and 250-85 cal. BP (Fig. 8). There are, however, very few or
no recorded events found between 5900-5300 and 3000-2500 cal. BP or at c. 1250,
1000, 600 and 300 cal. BP, which indicate a reduced frequency of floods at these times.
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4.4. Spatial and temporal correlation of flood episodes among regions

In Table 2 major flooding periods in the Mediterranean over the last 10,000 years are
listed. The number of flood episodes varies between ten recorded in Tunisia and four in
Morocco. Taking the Mediterranean as a whole, we can identify several flood periods
that are synchronous in multiple regions (Table 2) at 7400-7150, 4800-4600, 4100-
3700, 3300-3200, 2850-2750, 2300-2100, 1700-1600, 1500-1400, 950-800, ca. 300,
200-100 cal. BP. The temporal and spatial variability of flood clusters in the
Mediterranean can provide a characterisation and classification of regional datasets
reflecting hydroclimatic and atmospheric circulation connections. Direct comparison of
flood episodes among regions is difficult due to different duration of the flooding
periods; however this problem can be resolved by dividing flood periods in 100-yr bins.
A data matrix was constructed from the eight regional data sets with n 100-yr rows,
where each row I of the matrix contains binary data of either presence of flood activity
(k=1) or absence of flood activity (k=0). The subsequent statistical analysis included
only the last 5000 years, which contains the most complete fluvial chronology. A
hierarchical agglomerative cluster analysis was applied using Jaccard’s index (Jaccard,
1908) of similarity across all regions on a pairwise basis, accounting for shared
presences of flood activity (Table 3). The highest similarities are found between the
west and east Iberian Peninsula and these regions with southern France and Tunisia. A
high dissimilarity was found between the Iberian Peninsula regions and the eastern
Mediterranean whereas the latter showed similarities with Tunisia. Other significant
relationships were found for southern France with southern Italy, and Morocco with
Tunisia. In fact, Tunisia shows similar distance values in the proximity matrix for all
regional records. A factor analysis was ran showing that 30% of the variance is
explained by the first factor mostly defined by the Iberian regions and southern France
(positive) and in a lesser extent by eastern Mediterranean and Morocco (inverse impact
on the factor) (Table 4). The second component that explains an additional 20% of the
variance is defined by positive values for Tunisia, Morocco and the eastern
Mediterranean. A third and last factor was extracted, explained by positive impact of
southern Italy and France and inverse impact of the eastern Mediterranean on the factor.

5. Comparing flood episodes and proxy data

The statistical analysis described above provides a classification of regional datasets
based on temporal similarity, which suggests a dominant climatic control on the
temporal distribution of flood episodes. In the following sections the regional patterns
of flood periods are described in the context of climate and environmental changes.

5.1. Early Holocene

There are relatively few clusters of extreme hydrological events during the early and
mid-Holocene and their extended duration (500-650 years) may reflect the limited
number of dated units as a consequence of poor preservation of old deposits,
particularly in steepland river systems with small catchments (Fig. 9; Table 2). Flood

17



clusters are more frequent over the last 4000 years with a shorter duration (80-400

years), in part due to the greater number of dated units that increases the temporal

resolution of the flood activity phases.
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The Iberian flood cluster (9500-9200 cal. BP) is in-phase with high lake levels in the
Jura Mountains and the northern French Pre-Alps (9550-9150 cal. BP; Magny, 2004)
likely reflecting their high sensitivity to North Atlantic circulation. There is no
sedimentary evidence of frequent flooding between 8600-7800 cal. BP in the north-
western Mediterranean rivers, although this long period was punctuated by short pulses
of fluvial activity reported in the Durance and southern-Alps rivers (Arnaud-Fassetta et
al., 2010). Several proxy records indicate dry climatic conditions between 8500-8100
cal. BP reported from pollen record and lake-level studies in the Iberian Peninsula (Jalut
et al., 2000; Carrion, 2002; Gonzalez-Sampériz et al., 2006; Morellon et al., 2008), and
in central Italy (Lago di Vico, Magri and Parra, 2002; Lago di Mezzano, Ramrath et al.
2000). The driest phase of this arid period occurred during the 8.2 ka cold event (Alley
and Agustsdottir, 2005) that caused an ecological crisis and enormous impact on the
Mediterranean Mesolithic civilisation (Berger et al., 2002) that, for instance, in Iberia
forced human migrations to more humid mountain areas (Gonzalez-Sampériz et al.,
2009). While Iberia showed a long period of aridity between 8600-7000 cal. BP, the
eastern Mediterranean showed an increased flood activity at 7800-7150 cal. BP (Fig. 9)
taking place in a context of more humid conditions between 7000 and 8000 cal. BP as
documented in the speleothem record at the Soreq Cave (Bar-Matthews et al. 2003).
This out-of-phase flood activity between the western and eastern Mediterranean regions
reflects a bipolar climate see-saw in the Mediterranean at a centennial timescale also
recognised at decadal time intervals since AD 900 in lake records of Spain and Turkey
(Roberts et al., 2012).

This eastern Mediterranean episode of flood activity overlapped at 7600-7150 cal. BP
with a period of high flood activity in southern France, Italy, and Tunisia (Fig. 9; Table
2). This period is characterised by a trend towards cooling conditions that peak at 7300
cal. BP, recorded in the isotopic signals of the GISP2 ice core (Alley et al., 1997) and in
the ice rafting detrital content in the North Atlantic (Bond et al., 2001). Western
Mediterranean pollen records (Alboran deep sea core MD95-2043) also show evidence
for a major change towards cooler conditions around 7500 cal. BP (Fletcher and
Sanchez Goii, 2008; Fletcher and Zielhofer, 2013). Additionally, there is evidence for
more humid conditions from the mountainous pollen record in Siles, SE Spain (Carrién
2002). However, unlike the earlier 8.2 ka cold event, this episode produced a high
north-south contrast in temperature and precipitation with increased lake levels in the
Jura and North Alp regions (e.g. Lake Cerin; Magny, 2004) and dry conditions in North
Africa (Magny et al., 2011). The aridification of the Mahgreb region between 8200 and
7300 cal. BP is believed to have been a major factor in the migration and rapid
expansion of the Neolithic culture northwards to the western Mediterranean (Cortés-
Sanchez et al., 2012). This human crisis fits with a picture of hydrological change in
North Africa and the central Mediterranean at 7600-7200 cal. BP as indicated in our
fluvial records, with a pronounced seasonal and inter-annual variability of rainfall which
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would lead to frequent storms and flooding, in some cases favoured by an increase in
fire activity (Tinner et al., 2009).

5.2. Middle Holocene

Relatively few flood units are recorded in the Mediterranean over the period 7000-5000
cal. BP, with the exception of Tunisian rivers that experienced floodplain aggradation at
6200-6000 cal. BP. The Holocene thermal maximum (c. 9,000 to 5,000 cal. BP) was
characterized by warming over Northwest Europe that was balanced by cooling over
southern Europe (Davis et al., 2003). This lower temperature resulted in a moisture
balance of 50 to 200 mm greater than the present (Cheddadi et al., 1997; Davis et al.,
2003). In the Spanish Mediterranean sector, the period from ca. 7500 to 5200 cal. BP
represents the mesophytic optimum with forest development, low fire activity and
relatively high lake levels (Carrion, 2002). In the Jarama River, a tributary of the Tagus
River (central Spain), a period of floodplain stability was reported between 7000 and
5000 cal. BP (Wolf et al., 2013a). However, other downstream sedimentary records of
the Tagus River indicate some mid-Holocene flood activity in the north-western
Mediterranean region (two flood dates 6800-6700 cal. BP, Benito et al., 2003a). In
particular, the Lower Tagus Valley recorded a high rate of flood-supplied suspended
sediment at 6500-5500 cal. BP (Vis et al., 2010). The major phase of mid-Holocene soil
formation in Northern and central Tunisia between 5500 and 4800 cal. BP (Faust et al.
2004, Zielhofer and Faust 2008) coincides with a major cooling phase in the northern
hemisphere (Bond et al. 2001) and enhanced aridity in the central (Genty et al. 2006)
and western Mediterranean (Y1l et al. 1997, Carrion et al. 2010). The lack of fluvial
activity reflects both a decrease in extreme hydrological events and improvement of
land-cover conditions in the Mediterranean regions.

A major change occurred at c. 5000 cal. BP across the Mediterranean with an increase
in the frequency of flood clusters suggesting a greater sensitivity to climatic and
environmental changes. There may be three reasons for this: (1) later Holocene fluvial
records are better preserved and, therefore, there is a larger number of dates from this
period; (2) since the Bronze Age there has been a growing impact of land-use change on
Mediterranean catchments that enhanced runoff and sediment production in river
valleys; and (3) a transition to drier conditions after 5000 years ago increased
hydrological variability with multi-decadal to multi-centennial episodes of flood-poor
and flood-rich periods in response to changing atmospheric circulation patterns. The
increased hydrological variance after 5000 cal. BP, related to a trend towards
aridification, is in agreement with vegetation changes with a decline in deciduous
broad-leaf trees and a spread of evergreen sclerophyllous taxa in the Mediterranean
(Jalut et al., 2009).

A period of increased fluvial activity and flooding in the western-central Mediterranean
occurred at 4800-4500 cal. BP recorded in the winter rainfall zone of Iberia (Duero and
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Tagus rivers; e.g. Benito et al., 2008; Vis et al., 2010; in the Guadalete at 4600-4300,
Wolf et al., 2013b) and in the autumn-winter rainfall regions of Tunisia (Faust et al.
2004), eastern Spain, southern France (Vella, 1999; Arnaud-Fasseta, 2004) and southern
Italy (Piccarreta et al., 2011). This period of major floods would indicate a negative
NAO-type circulation in winter and autumn, and a high land-sea temperature contrast
favouring cyclogenesis in the Mediterranean coastal regions (Benito et al., 2008). In the
northern Mediterranean and northern French Pre-Alps lake records indicate high-water
levels (e.g. Lake Preola, Sicily, Magny et al., 2011; and Lake Accesa, Central Italy,
Toscana, Magny et al., 2007). In contrast, within south-east Spain this correlates with a
long phase of aridification (Carrion, 2002; Jalut et al., 2000). In the eastern
Mediterranean there is no evidence of fluvial activity at this time.

In the eastern Mediterranean there was renewed flooding at 4100-3700 cal. BP,
particularly evident in fluvial systems of Crete (Macklin et al., 2010) and southern Israel
(Greenbaum et al., 2006). A synchronous episode of flooding is also recorded in
Tunisia, southern Italy and Morocco (Fig. 9; Table 2). This period is associated with a
major increase in lake levels in the Dead Sea (Migowski et al. 2006) and low water
levels in Lake Siles, south-east Spain (Carrion, 2002). A detailed study documenting
lake-level changes in Lake Accesa, north-central Italy, and Maliq, Albania, recognized a
phase of drier conditions at ca. 4100-3950 cal. BP bracketed by two periods of marked
wetter conditions at 4300-4100 and 3950-3850 cal. BP (Magny et al., 2009). Short-term
periods of increased flooding in central Tunisia match well with North Atlantic cooling,
indicating a strong climatic link from 4700 cal. BP until today (Zielhofer and Faust,
2008).

5.3. Late Holocene

Human activities (e.g. deforestation, agriculture and grazing) over the last 5000 years
have varied significantly across the Mediterranean both in time and space, providing
heterogeneity in the hydrological response. For instance, agricultural practices in
southern France at ca. 5000 cal. BP resulted in increasing sediment yield, although the
highest erosion rates occurred during cold/wet periods such as the Late Bronze Age
(1200-700 BC), or the Late Medieval period (Jorda et al., 1991; Jorda and Provansal,
1996). In Spain, widespread changes in vegetation cover due to human activities did not
occur until c. 2000 cal. BP, and in mountain communities demographic pressure and
expansion of agriculture occurred only in the last two centuries (Burjachs et al., 1997,
Santos et al., 2000; Carrioén, 2002). The results based on CDPF meta-analysis do not
show apparently a direct link to human disturbance at regional scales. However, human
impacts on runoff and sediment production at a catchment scale cannot be neglected at
least over the last millennium, particularly in small basins. There is well-documented
Late Holocene evidence for a strong increase in sediment production due to human
impact from the Medjerda basin in northern Tunisia. Here, the climatic impact on
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overbank deposition is intensified by human land-use practices (Faust et al. 2004,
Zielhofer 2006).

In the north-western and central Mediterranean major flooding periods in the last 3000
years can be identified at 2850-2700, 2300-1850, 1500-1350, 1050-800 and ca. 300 cal.
BP, whereas in the eastern Mediterranean flooding occurred at 1900-1600, 1200-1100,
900-600 and 250-85 cal. BP. This opposing flood pattern shows, as in the earlier
Holocene, a rhythmically asynchronous timing of major flood episodes between the
western and the eastern Mediterranean regions.

A flood cluster at 2850-2250 cal. BP is recorded in slackwater flood deposits and
floodplain environments in the north-western and central Mediterranean regions, while
no data are available for southern Italy. In the Jarama River, a period of accelerated
sedimentation is reported at about 2800 cal. BP (Wolf et al., 2013a) while other archives
revealed a transition from arid to humid conditions around 2900 cal. BP in east Spain
(Roca and Julia, 1997). This flooding episode is coincident with a decline in solar
activity around 2800 cal. BP (van Geel et al., 1998), characterized by a widespread
cooling in the North Atlantic region (Risebrobakken et al., 2003), relatively wet
conditions in western Europe (Martin-Puertas et al., 2009) and flooding in different
regions of western and central Europe (Macklin et al., 2006). In the Llobregat River
(northeast Spain) the magnitude of floods produced during this period was double that
of the floods recorded during the 20™ Century (Thorndycraft et al., 2005).

Flooding in western Iberia decreased during the Roman period (100 cal. BC), while in
the eastern Mediterranean flooding increased between 1900-1600 cal. BP after two
millennia of very low fluvial activity. Dead Sea levels reached a high stand of 395 m
b.s.l. during the Roman period (ca. 1st century BC; Enzel et al., 2003; Bookman et al.,
2004). This opposite pattern of fluvial activity reflects a temperature increase from the
2650 cal. BP cold event until the 1* century AD (Davis et al., 2003). Flood-dominated
regimes, recorded by channel avulsion and fluvial metamorphosis, were evident
between 100 cal. BC to cal. AD 200 in the lower Rhone and Pre-Alps rivers (southern
France; Arnaud-Fassetta et al., 2010), and the Arno and Serchio rivers in western
Tuscany (Italy, Benvenuti et al. 2006; Mariotti-Lippi et al. 2007).

The first millennium is characterised by low fluvial and flood activity in the western
and central Mediterranean with the exception of a peak at ca 1400 cal. BP. This period
of high flood activity during the 6"-7" centuries AD was prominent in Tunisia, southern
Italy and southern France (Fig. 9). In the eastern Mediterranean significant floods
occurred later at 1200-1100 cal. BP at the onset of the Medieval Climatic Anomaly
(MCA, AD 950-1250). Moreover, we have evidence for high sediment production
during the Medieval Climatic Anomaly in Tunisia (Faust et al. 2004).
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During the last 1000 years fluvial activity increased in the north-western Mediterranean
at the end of the MCA and during the LIA, notably in the 10", late 15™ and late 18"
centuries AD (Benito et al., 2008; Wolf et al., 2013a,b), which all coincided with
relatively wet and cold climatic conditions (Luterbacher et al., 2012). Conversely,
periods of low flood frequency in the eastern Mediterranean are evident at AD 1225,
1600 and 1825. The radiocarbon age uncertainty particularly over the last 300 years
makes it difficult to establish precise periods of overlapping flood activity across the
Mediterranean during more recent historical times. The relationship between recent
climate change and flooding in the Mediterranean is difficult to evaluate because of
extensive human modification of floodplains and river regulation (e.g. dams).
Nevertheless, it does appear that more frequent and severe floods were recorded in the
late 15™ and late 18" century than in the 20th century (Sheffer et al., 2008). Indeed, in
Mediterranean steepland catchments, less affected by human activity, a significant
reduction in both the frequency and magnitude of major floods is evident in the second
half of the 20™ century (Macklin et al., 2010; Machado et al., 2011).

6. Atmospheric circulation, climate drivers and flooding

In the western Mediterranean large inter-annual variability of river flow is related to the
North Atlantic Oscillation (NAO; Trigo et al., 2004). In the Iberian Peninsula, the
negative mode of the NAO index during the autumn and winter months has a strong
impact on flooding at seasonal, monthly and even weekly scales (Salgueiro et al., 2013).
The link between the NAO index and the frequency of extreme events in Iberia can also
be detected through historical documents (Benito et al., 2003b, Ortega and Garzon,
2004; Benito et al., 2008) as well as in annually resolved paleoflood records from lakes
(Corella et al., 2014). Some periods with high flood frequency show a correlation with
phases of maximum solar activity (Vaquero, 2004), although this relationship is not
always consistent (Benito et al., 2004).

For the Mediterranean rivers of eastern Spain, southern France and southern Italy, with
a flood regime driven by precipitation in the autumn and early winter months, the
relationship between climatic fluctuations and floods is more complex but southward
migration of westerlies increases instability and development of mesoscale convective
systems leading to intense rainfall and flooding (Llasat, and Puigcerver, 1990). Annual
palaeoflood records from Lake Montcortés (north-east Spain, Corella et al., 2014) show
that floods are related to the negative NAO mode during the autumn months, with a
higher flood frequency at transitional climatic periods, such as the onset and end of the
LIA.
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Figure 10. (a) Reconstructed TSI anomalies (100-year lowpass filtered; grey shading: 1 standard
deviation uncertainty range) for the past 9300 years (Steinhilber et al., 2009). The reconstruction is based

on 10Be and calibrated using the relationship between instrumental data of the open magnetic field,

which modulates the production of 10Be, and TSI for the past four solar minima. Anomalies are relative
to the 1976-2006 mean value (1366.14 Wm-2) of Wang et al. (2005). (b) Inferred NAO circulation mode

inferred from lake palaco-redox variability in Greenland (Olsen et al., 2012). (¢), (d), (e) Relative CPD
plots showing floods and extreme fluvial episodes at different Mediterranean regions. (f) Gaussian

smoothed (200 yr) GISP2 potassium (K+; ppb) ion proxy for the Siberian High (Mayewski et al., 1997;
Meeker and Mayewski, 2002).
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Recent studies have provided long-term reconstructions of NAO at decadal
(Luterbacher et al., 2002), centennial (Trouet et al. 2009) and millennial time scales
(Olsen et al., 2012). Late Holocene periods of extreme hydrological events in the north-
western and central Mediterranean (2850-21500, 1500-1400, 1100-800 and 500-300 cal.
BP) correspond with predominantly negative phases of NAO as recorded in Greenland
(Olsen et al., 2012; Fig. 10b). However, these relationships at centennial time scales
should be treated with caution, since some studies have shown that the association
between NAO circulation mode and local or regional climate variables has changed
over time (Rod¢ et al., 1997; Goodness and Jones 2002). For instance, the influence of
the NAO on temperature variability in southern Europe is extremely sensitive to the
position of the NAO action centres (Castro-Diez et al., 2002), which changes from year-
to-year (Méchel et al., 1998). In the western and central Mediterranean our metadata
analysis has revealed connections between floods and cold pulses that increased arid
conditions over Mediterranean North Africa.

Our analysis shows that most of the periods with high flood activity (7400-7100, 4800-
4600, ca 2750, 1500-1400, ca. 500 cal. BP) match low values of total solar irradiance
(Fig. 10). Solar activity minima and large volcanic eruptions show remarkable
synchronization with several Holocene cold events (8200, 6300, 4700, 2700, 1550 and
550 cal yrs BP; Wanner et al.,, 2011; Martin-Puertas et al., 2012). However, the
hydrological response to solar activity is still a matter of debate and there may be a
strong regional contrast in the occurrence of extreme hydrometeorological events. For
instance, periods of high (low) flood activity at multi-decadal scale in the Iberian
Peninsula (Benito et al., 2003a, 2004; Vaquero, 2004; Moreno et al., 2008; Corella et
al., 2014) and western Alps (Wilhelm et al., 2012) coincide with periods of high (low)
total solar irradiance (Delaygue and Bard, 2011). In contrast, periods of high fluvial
activity and flooding in Tunisian rivers are associated with solar minima (Vita-Finzi
2008; Fletcher and Zielhofer, 2013).

Our metadata analysis highlights a multi-centennial out-of-phase pattern of extreme
events between the western and eastern parts, particularly evident in the contrasting
Holocene flood histories of Iberia and the eastern Mediterranean region (Fig. 10). A
similar see-saw-like pattern was recognized in lake records during the MCA with drier
conditions in the western and wetter conditions in the eastern Mediterranean (Roberts et
al., 2012). However, it is the first time that this see-saw pattern has been identified and
dated in the Holocene fluvial archive. The spatial characteristics of this hydrological
behaviour are in agreement with Diinkeloh and Jacobeit (2003) for coastal
Mediterranean precipitation showing a significant negative correlation with the NAO
and East Atlantic/Western Russia patterns (Xoplaki et al., 2004), the latter related to the
strength of the Siberian High. This negative west-east correlation suggests a mutual
influence of atmospheric circulation patterns leading to contrasting precipitation
patterns at different time scales. Xoplaki et al. (2004) associated this pattern with a
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predominant meridional circulation linked to a wet northeast Mediterranean and
northern Levant correlated with the Polar/Eurasia pattern, as well as a dry Iberian
Peninsula (Barnston and Livezey, 1987). This cyclonic anomaly pattern also causes a
large-scale cyclonic anomaly circulation over the central and eastern Mediterranean
basins and parts of North Africa, producing increased precipitation and temperature in
Turkey during winter (Tiirkes and Erlat, 2008). Roberts et al. (2012) suggest that similar
patterns, with persistent meridional atmospheric circulation, may explain this east-west
(wet-dry) hydroclimatic pattern during a 100-year(s) period (LIA at AD 1560-1650).
Our meta-data analysis shows that a similar hydroclimatic see-saw pattern is responsible
for alternating periods of extreme hydrological events at both ends of the Mediterranean
at a multi-centennial time scale, and that such hydroclimatic oscillation was active since
at least mid-Holocene.

Northern Hemisphere (NH) atmospheric circulation anomaly patterns may be
influenced by westward extension of the Siberian anticyclone. The Siberian High (SH)
is a shallow cold-core system that forms in October and persists until April, usually
centred over northern Mongolia but during exceptionally high pressures it may extend
with a ridge towards southeastern Europe and the Middle East (Lydolf, 1997).
Extension of the SH westwards is associated with cooling of the air layer near the
ground (Makorgiannis et al., 1981). Rogers (1997) studied North Atlantic storm-track
variability and linked cyclogenesis in the Mediterranean with positive anomalies
(strong) in the SH. In other words, cold air from the SH extension mixes with the
warmer air over the Mediterranean, creating a surplus of potential energy resulting in
cyclogenesis (Makorgiannis et al., 1981). A study comparing a Siberian High index
(SHI) with Northern Hemisphere teleconnection patterns (Panagiotopoulos et al. 2005)
reveals a correlation statistically significant at the 10% level of the SH index with other
indices such as the Arctic Oscillation (AO), Polar/Euroasian (POL), and West Pacific
(WP) patterns. This teleconnection with the AO indicates the influence of the SH on
Northern Hemisphere circulation and, according to temperature patterns, this correlation
increases over interdecadal time scales and not on the interannual time scale (Jhun and
Lee, 2004). A proxy record of the strength of the SH is obtained from the GISP2 K+
record (Mayewski et al., 1997; Meeker and Mayewski, 2002). The multi-centennial
variability of this GISP2 K+ record shows a stronger SH during some Holocene cold
periods (e.g. c. 8200, 7300, 2800 cal. BP and LIA). The eastern Mediterranean flood
activity shows a positive relation at periods with an increasing trend in the K+ proxy,
that is particularly significant during the last 2 ka (e.g. ~ 1900, 600, 150 cal BP; Fig.
10). However, this correlation between flood and high K+ values (strong SH) in the
eastern Mediterranean is weak during the early and mid-Holocene flood periods. The
multi-centennial relationship of fluvial activity and the SH proxy is also significant for
Tunisian rivers at some recent periods (3300-2350, 700-200 cal yr BP), which may be
explained by enhanced meridional circulation and cyclogenesis during autumn and
winter months.
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This analysis shows coherent flood patterns among regions with hydroclimatic links
whose variability can be explained in terms of changes in forcing factors (temperature,
solar irradiance) and their long-term effects on North Atlantic circulation. However,
large scale atmospheric circulation regimes do not control all of the spatial and temporal
variability of flood activity in the Mediterranean, as sea-land thermodynamic contrasts
and orographic factors also induce intense rainfall events in the Mediterranean (Xoplaki
et al., 2004).

7. Conclusions

Documentary (since AD 1500) and instrumental (last 100 yrs) hydrological data show
that Mediterranean rivers are subject to decadal-scale variations in discharge reflecting
changes in atmospheric circulation (Glaser et al., 2010). During the last millennium,
particularly in the Late Medieval period and since the 18" Century, this climate signal
has been amplified by human disturbance (e.g. deforestation and land use changes)
resulting in higher flood discharges and rates of aggradation on floodplains (e.g. Faust
et al. 2004, Benito et al., 2008). The last decade has witnessed very significant
improvements in our understanding of the controls and chronologies of long-term flood
histories in different Mediterranean regions. Although this recent research is beginning
to provide robust fluvial chronologies at centennial to millennial time scales, regional
coverage is still uneven. Our probability-based analysis reveals that Mediterranean-wide
flooding periods (recorded in at least three of the six sub-regions) occurred at 7400-
7150, 4800-4600, 4100-3700, 3300-3200, 2850-2750, 2300-2100, 1700-1600, 1500-
1400, 950-800, ca. 300 and 200-100 cal. BP. However, there is significant spatial and
temporal variability of Holocene flooding episodes across the Mediterranean, reflecting
different flood sensitivity to centennial-scale hydro-climatic changes. Our analysis
shows that the temporal distribution of flooding episodes shows similarities in the west
and east of Iberian Peninsula and between these regions and southern France and
Tunisia. An anti-phase temporal flood pattern was found between the north-western
Mediterranean (Iberian Peninsula) and the eastern Mediterranean throughout the
Holocene. The central Mediterranean regions may be in-phase or out-of-phase with
either the eastern or the western Mediterranean regions. This centennial-to-multi-
centennial see-saw flood pattern implies that bipolar hydro-climatic conditions operated
in the Mediterranean throughout the Holocene. Major periods of Holocene flooding in
the north-western Mediterranean region (Iberian Peninsula) correspond with transitions
to cooler and wetter conditions (7800-7100, 4800-4500, ca 2750 and ca. 500 cal. BP)
associated with low values of total solar irradiance and negative NAO mode. In Tunisia
and Morocco, flood periods are associated with a more arid climate and greater
hydrological variability (8900-8700, 4200-3500, 3300-3100, 2300-2100 and 1500-1400
cal. BP). Fluvial records in the eastern Mediterranean show an increasing frequency of
large floods during wetter periods (7800-7150, 4100-3700, 1900-1600 1200-1100, and
900-600 cal. BP). Over the last 2000 years, flood activity in the eastern Mediterranean
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shows a positive correlation with a strong Siberian High (SH) indicated by the GISP2
K+ proxy (Mayewski et al., 1997; Meeker and Mayewski, 2002).

It is clear that further site-based research is still needed to improve the chronological
datasets to better define the flooding episodes in Mediterranean regions and to improve
our understanding of their possible forcing factors and the regional response of floods to
climate variability. This first probability-based analysis of Holocene '*C and OSL dated
fluvial units from across the entire Mediterranean region demonstrates that CPDFs
enable fluvial activity periods to be more objectively defined, as well as identifying
their hydro-climatic controls. This approach has also demonstrated the value of creating
aggregate fluvial-palacohydrological databases as hydro-climatic proxies, to explain the
past and predict the future of floods and droughts in Mediterranean rivers.
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Tables

No. Site name Type No. Dating Reference
Dates method
()
1 Huebra SWDs 24 e Unpublished
2 Tagus SWD 13 C Benito et al., 2003a
3 Tagus SWD 3 C Benito et al., 2003a
4 Tagus Floodplain 5 c Vis et al., 2010
5 Guadiana SWDs 8 e Ortega and Garzon, 2003, 2009
6 Guadalete Floodplain 3 e Wolfetal., 2013
7 Guadalhorce SWD 7 C Unpublished
8 Guadalentin SWD 14 “c Benito et al., 2010
9 Segura River SWD 3 c Garcia-Garcia et al., 2013
10 Turia River Floodplain 4 C Carmona et al., 1994
Carmona and Ruiz, 2011
11 Rambla de la Viuda SWD 2 " Machado et al., 2012
12 Llobregat River SWD 5 C Thorndycraft et al., 2004, 2005
13 Segre River SWD 3 c Rico 2004
14 Regallo River Floodplain 1 C Macklin et al., 1994
15 Bergantes River SWDs 2 IRSL Lopez-Avilés et al., 1998
16 Gardon SWDs 9 “c Sheffer et al., 2006
17 Ardeche SWD 7 “c Sheffer et al, 2003
6 OSL
18 Rhone R, at Citelle Floodplain 7 C Berger et al., 2002
19 Rhone R. at Castelet Floodplain 5 e Bruenton et al., 2001
20 Ubaye R., at L’ Abéous Floodplain 4 C Provansal et al., 2002
21 Bléone R., Baume Floodplain 2 e Provansal et al., 2002
22 Rhone delta, at Calade Delta plain 2 Hc Bruenton et al., 2001
23 Rhone delta, at Arles Delta plain 2 e Bruenton et al., 2001
24 Rhone delta, at le Delta plain 2 Hc Arnaud-Fassetta, 2002
Carrelet
25 Rhone delta, at Delta plain 1 1c Arnaud-Fassetta, 2002
Combettes
26 Bradano River Floodplain 13 C Piccarreta et al., 2011
Neboit, 1984
Briickner, 1986
Abbott and Valastro, 1995
Cotecchia et al., 1969
Small et al. (1998)
27 Basento River Floodplain 18 C Piccarreta et al., 2011
Boenzi et al. 2008
Neboit, 1983
Abbott and Valastro, 1995
28 Cavone River Floodplain 4 1c Piccarreta et al., 2011
Neboit, 1983, 1984
Briickner, 1983
29 Osum River Floodplain 1 Hc Carcaillet et al. 2009
30 Vjoje (Voidomatis) Floodplain 1 e Carcaillet et al. 2009
River
31 Kerynitis River Channel bed 7(0) Hc Pavlides et al., 2004; Koukouvelas et al., 2001
32 Evrotas Floodplain 1 OSL Pope and Wilkinson, 2006
33 Evrotas Floodplain 1 OSL Pope and Wilkinson, 2006
34 River Asopos Floodplain 5 e Fuchs and Wagner, 2005; Fuchs and Wagner,
11 OSL 2003; Fuchs and Lang, 2001
35 Angithis River Floodplain 2 c Lespez, 2003
36 Stomiou Floodplain 5 OSL Booth, 2010
37 Mavros Floodplain 1 OSL Booth, 2010
38 Rapanas Floodplain 3 OSL Booth, 2010
palacochannel
39 Klados SWDs 1(0) e Booth, 2010
40 Heroktena Floodplain 5 OSL Booth, 2010
41 Anapodiaris Floodplain 11 OSL Noble, 2004
42 River Istron Floodplain 7 OSL Zacharias et al., 2009
43 Ezousas Floodplain 2 OSL Deckers, 2005
44 River Deli Floodplain 5 c Beach and Luzzadder-Beach, 2008
45 Orontes River Floodplain 1 C Casana, 2008
46 Nahal Zin SWDs 5 “c Greenbaum et al. 2000
47 Nahal Resisim Floodplain 1 C Goldberg, 1984
48 Wadi el-Qudeirat Floodplain 3 e Goldberg, 1984
49 Mid-Medjerda Floodplain A: 0 e Scharpenseel and Zarkosek 1979
catchment S: 10
49 Mid-Medjerda Floodplain A: 0 c Scharpenseel and Schiffmann 1985
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catchment S: 26
49 Mid-Medjerda Floodplain A: 42 C Faust et al. 2004
catchment S: 13 Zielhofer et al. 2004
Zielhofer et al. 2008
Zielhofer and Faust 2008
50 Siliana R. Floodplain A:6 Hc Steinmann and Bartels 1982
S: 1
51 Miliane R. Floodplain A: 0 1c Scharpenseel and Schiffmann 1985
S: 4
52 Cap Bon Fluvial deposits | A: 0 C Scharpenseel and Schiffmann 1985
S:3
52 Cap Bon Floodplain and A: 6 e Bartels and Steinmann 1980
fluvial deposits S: 1 Steinmann and Bartels 1982
53 Ain Djelloula R. Floodplain Al e Steinmann and Bartels 1982
S:0
54 Hatab catchment Floodplain A: 0 1c Scharpenseel and Schiffmann 1985
S:8
55 Sbeitla catchment Floodplain A:2 C Zerai 2009
S:2
55 Sbeitla catchment Floodplain and A7 e Scharpenseel and Schiffmann 1985
slopes S: 27
56 Ksour Essaf Fluvial deposits | A: 0 Hc Scharpenseel and Schiffmann 1985
S: 1
57 Eastern Maghreb Floodplain A:9 1c Ballais, 1995
Saharan margin: S:2
- Kasserien R.
- Es Sgniffa R.
- Chéria-
Mezeraa R.
57 Eastern Maghreb Floodplainand | A: 0 1c Scharpenseel and Schiffmann 1985
Saharan margin chott S: 6
- Nefta (Oued)
- El Rharsa
58 Melah R. Floodplain A: 0 e Scharpenseel and Schiffmann, 1985
S: 10
59 Ersifa and Lakarit Floodplain A: 0 Hc Scharpenseel and Schiffmann 1985
catchments S:5
59 El M’Dou R. Floodplain A: 0 e Steinmann and Bartels 1982
S:2
60 Tataouine catchment Floodplain A: 0 e Scharpenseel and Schiffmann 1985
S: 4
61 Moulouya River Floodplain A:14 e Zielhofer et al. 2010
S:15 Ibouhouten et al. 2010
Linstddter and Zielhofer 2010
62 Kert River Floodplain A:ll c El Amrani et al. 2008
S: 0 Zielhofer et al. 2008
63 Lake Zofiar Lake - Martin-Puertas et al., 2009
64 Lake Siles Lake - Carrion, 2002
65 Lake Taravilla Lake - Moreno et al., 2008
66 Lake Estanya Lake - Morellon et al., 2008
67 Lake Montcortés Lake - Corella et al., 2014
68 Lake Cerin; Lake - Magny, 2004
69 Lake Ledro Lake - Vanniére et al., 2013
70 Lake Accesa Lake - Magny et al., 2007; 2009
71 Lake Fucino Lake - Giraudi, 1998
72 Lake Preola Lake - Magny et al., 2011;
73 Maliq, Albania Lake - Magny et al., 2009
74 Dead Sea Lake - Enzel et al., 2003Bookman et al., 2004, 2006;

Migowski et al. 2006

Table 1. Location of sites included in Figure 1 with bibliographic references, and number of radiocarbon
dates used to produce cumulative probability density plots. A: Dates in sedimentary environments
indicating fluvial activity. S: Dates on pedogenetic horizons indicating stability conditions.
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W-Iberian E-Iberian Southern NE- Southern Tunisia Eastern Overlapping
Peninsula Peninsula France Morocco Italy Mediterranean | (cal. yr B.P.)
(cal. yr (cal. yr (cal. yr (cal. yr (cal. yr B.P.) (No. of
B.P.) B.P.) (cal. yr (cal. yr B.P.) B.P.) regions)
B.P.) B.P)
9500-9200
8900-8700
7800-7150 7400-6750 7600- 7800-7150 7400-7150
7150 “
6200-
6000
4800-4500 | 4850-4700 | 4800-4500 4800-4600 4800- 4800-4600
4500 5
4200-3500 | 4200-4100 4100- 4100-3700 4100-3700
3700 3)
3300-3100 | 3450-3000 3300- 3400-3200 3300-3200
3000 “
2850-2250 | 2850-2700 | 3000-2750 2850- 2850-2750
2350 4
2450-2150 | 2300-1750 | 2500-2100 2350- 2300-2100
1850 “
1700-1600 1900-1600 1700-1600
2
1500-1350 1500-1400 1600- 1500-1400
1300 3)
1200-1100
1100-800 1050-800 950-800 1050-800 | 900-800 950-800 (3)
700-500 900-600
500-150 600-150 600-400 300-200 ~300 (3)
250-100 200-100 250-85 200-100 (3)

Table 2. Centennial and multi-centennial episodes of flooding in Mediterranean regions based on analysis
of "c-dated Holocene fluvial units. Note: Overlapping episodes are indicated in the right column with the
number of regions with common periods indicated in brackets . cal.—calibrated

Proximity Matrix (Jaccard’'s Measure)

Region West- S Morocco S Italy Tunisia Eastern

Iberia E-lberia France (NE) Mediter
W-Iberia 1.00 0.56 0.28 0.08 0.15 0.33 0.04
E-lberia 0.56 1.00 0.36 0.16 0.18 0.23 0.03
Southern France 0.28 0.36 1.00 0.10 0.32 0.27 0.13
Morocco (NE) 0.08 0.16 0.10 1.00 0.28 0.32 0.21
Southern Italy 0.15 0.18 0.32 0.28 1.00 0.28 0.18
Tunisia 0.33 0.23 0.27 0.32 0.28 1.00 0.31
E. Mediterranean 0.04 0.03 0.13 0.21 0.18 0.31 1.00

Table 3. Proximity matrix based on Jaccard’s similarity coefficient. The highest similarity value equals 1.
The variable data sets include the last 5000-yr record for the seven regional datasets with binary
information of temporal flood activity in 100-yr bins. Classes: 1: Flood activity 100-yr bins; 0: Non-
activity 100-yr bins. Percentage of class 1 values in datasets. W Iberia 25.5%; E Iberia 27.5%; S France
37.3%; Morocco 27.5%; S Italy 35.3%, Tunisia 45.1%; E Mediterranean 29.4%. Correlation values larger
than 0.20 are printed in bold
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Com

onent Matrix

Component 1 2 3
% of Variance explained 28.9 19.8 16.3

E-Iberian Penin 0.82

W-Iberian Penin 0.81 0.20 -0.33
Eastern Mediterranean -0.56 0.28 -0.21
Southern France 0.54 0.49
Tunisia 0.79 -0.33
Morocco -0.26 0.67

Southern Italy 0.43 0.79

Table 4. Three component matrix accounting for up to 65% of total variance extracted from Principal

Component Analysis. Note the first component explained by positive sign of Iberian and southern France
records and negative correlation of eastern Mediterranean.
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