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1  Introduction

The Mediterranean region has been identified as a climate 
change hot-spot (Giorgi 2006) with model projections 
showing a significant increase of seasonal mean tempera-
ture (Knutti and Sedláček 2012) as well as an intensifica-
tion of related extremes (Kharin et  al. 2013). In addition 
a decrease of seasonal precipitation (Knutti and Sedláček 
2012) and an intensification of precipitation extremes 
(Toreti et  al. 2013) are projected. However, higher uncer-
tainties and seasonal differences characterise the future 
evolution of precipitation and its extremes over the region 
(e.g., Toreti et al. 2013). Since precipitation extremes have 
a profound impact on both natural and human systems and 
the Mediterranean region is known to be exposed and vul-
nerable (Lionello et  al. 2012), a better understanding (as 
well as a better characterisation) of those events is upmost. 
Thus, potential future changes can be better identified, 
described and interpreted.

When modelling extreme events such as heavy precipita-
tion events, it is important to take into account their spatio-
temporal evolution (Davison et  al. 2012) as the statistical 
characterisation of those events greatly benefits from taking 
into account all available information. This can be done, for 
instance, by jointly analysing extremes at several locations 
belonging to the same homogeneous area, in terms of the 
behaviour of the extremes, and not just at one observation 
point (Naveau et  al. 2014). The spatial complexity of the 
Mediterranean region (Lionello et  al. 2012) and the asso-
ciated complexity of the dynamical and physical processes 
that cause extreme precipitation, however, translate into 
the impossibility of analysing the region as a whole. This 
is reflected in numerous studies focusing on the descrip-
tion of the synoptic systems that trigger extreme precipi-
tation events in various sub-regions of the Mediterranean. 
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Substantial variability is found between the western and 
the eastern Mediterranean but also on much smaller spa-
tial scales due to the interaction of synoptic-scale and 
meso-scale processes triggering extreme precipitation (e.g., 
Doswell III et al. 1998).

In this study we focus on the role of synoptic-scale sys-
tems. For extreme precipitation to occur, sustained trans-
port of moist air into the precipitation area is needed as 
well as lifting of the moist air. Synoptic-systems ensure an 
adequate moisture transport and contribute to the lifting of 
moist air. The eastward propagation of an upper-level posi-
tive potential vorticity (PV) anomaly, e.g. a north-south ori-
ented trough or a cut-off, results in quasi-geostrophic lifting 
on the eastern flank of the anomaly (Hoskins et al. 1985). 
The upper-level anomaly is associated with a cyclonic flow 
anomaly that can reach the lower-troposphere (Hoskins 
et al. 1985). When this flow is directed against a topograph-
ical barrier, precipitation extremes are favoured (e.g. Mas-
sacand et al. 1998). Further on, an upper-level north-south 
oriented trough is associated with southerly flow along its 
eastern flank and this can result in lifting along the north-
south sloping isentropes (Hoskins et  al. 1985). In addi-
tion, the destabilization of the atmosphere by the upper-
level positive anomaly (Hoskins et  al. 1985) can result in 
enhanced convection (e.g., Funatsu and Waugh 2008).

Numerous papers have found a close linkage between 
upper-level flow structures and extreme precipitation events 
in different Mediterranean regions. Toreti et  al. (2010) 
characterised precipitation extremes at Mediterranean 
coastal sites from 1950 to 2006 and identified, both for 
the western and the eastern parts of the Basin, three main 
mid-troposphere anomalous configurations. Nuissier et  al. 
(2008) and Ducroq et  al. (2008) analysed three extreme 
precipitation events that occurred in southern France and 
highlighted: an almost stationary synoptic configuration 
with a deep cyclonic circulation extending from the North 
Atlantic to the western edge of the Mediterranean and a 
ridge over central Europe. Similar findings were reported 
by Ricard et al. (2012) in the analysis of forty extreme pre-
cipitation events that occurred in southern France. They 
further pointed out that the synoptic and meso-scale pat-
terns can have remarkable differences depending on the 
exact location of the event. Torrential rainfall events over 
southern Spain are in many cases either accompanied by a 
mid-tropospheric closed cyclonic circulation centred over 
the Gibraltar Strait, or by an elongated trough extending 
from North Atlantic/northern Europe (Romero et al. 1999). 
Heavy precipitation events in southern Switzerland are 
associated with meridionally elongated stratospheric intru-
sions over western Europe (Martius et al. 2008; Massacand 
et al. 1998). Funatsu et al. (2009) highlighted the presence 
of a well-developed low level cyclonic circulation over 
the Aegean during extreme precipitation events in Turkey. 

Doswell III et al. (1998) investigated three extreme events 
over the western Mediterranean and highlighted some com-
mon factors (e.g., mid-tropospheric trough located west-
ward with respect to the rainfall area) but also differences 
connected with deep convection and orographic lifting.

Most of the previous studies have focused on one region 
and/or on few case studies. A climatological analysis of 
upper-level synoptic-scale flow structures associated with 
extreme precipitation events in the whole Mediterranean 
basin is still missing.

Concerning the statistical characterisation of precipi-
tation extremes, several studies have analysed daily pre-
cipitation time series recorded in the Mediterranean region 
(Lionello et al. 2012, and references therein) or in specific 
sub-areas (e.g., Yiou et al. 2008) by working in the frame 
of the Extreme Value Theory (e.g., Coles 2001). However, 
most of those studies have assumed temporal stationarity 
and spatial independence.

Here, we combine a statistical and a dynamical charac-
terisation of precipitation extremes over the Mediterranean 
region by using recently proposed approaches for the iden-
tification of homogeneous (in terms of extremes, see next 
section) areas and the description of their non-stationary 
behaviour, and by exploring the upper level atmospheric 
dynamics prior to and during the selected events. The aim 
of this study is not to focus on some sites and/or single 
events, but to identify common upper-level flow features 
associated with precipitation extremes in homogeneous 
areas (in terms of precipitation extremes) of the Mediter-
ranean region.

2 � Data and methods

2.1 � Precipitation extremes

A set of 108 daily precipitation time series from stations 
mainly located nearby coastal areas (Fig. 1) is used (Toreti 
2010). The series cover almost 5 decades from 1961 to 
2007 and were quality checked and tested against the 
presence of multiple inhomogeneities (Toreti et  al. 2012). 
Here, daily extremes in three seasons (autumn: Septem-
ber–November, SON; winter: December–February, DJF; 
spring: March–May, MAM) are analysed in the frame of 
the Extreme Value Theory by applying an approach simi-
lar to the one proposed by Naveau et al. (2014). This pro-
cedure (when applied to large regions) requires an a priori 
identification of homogeneous (in terms of extremes) areas. 
Therefore a spatial classification method is first applied 
(Bernard et al. 2013). This method is based on a Partition 
Around Medoids (Kaufman and Rousseeuw 1990) with the 
dissimilarity measure given by the F-madogram (Cooley 
et al. 2006):
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where i and j represent two stations, Fi and Fj the marginal 
distributions of their (here, monthly) maxima Mi and Mj, 
respectively. The second equality on the right side involves 
the extremal coefficient Vij(1, 1), which gives informa-
tion on the dependence of Mi and Mj. If Vij(1, 1) = 1 the 
two stations are independent and if Vij(1, 1) = 2 they are 
dependent. d therefore provides information on the degree 
of dependence between the extremes at the two stations, i.e.

For more details on the method as well as on the estimation 
procedure the reader is referred to Bernard et  al. (2013). 
The homogeneous areas identified with this method are 
shown in Fig. 1.

To each homogeneous area and for each season sepa-
rately the following procedure is applied to characterise in 
a non-stationary framework the behaviour of daily excesses 
over a high threshold (here, the 90th percentile). Under 
convergency conditions (e.g., Coles 2001), the distribution 
of the excesses belongs to the Generalised Pareto family:

Here, y denotes the excesses and σ and ξ the (scale and 
shape, respectively) parameters to be estimated. In order to 
allow for non-stationarity, σ = σ(x) where x is a 3-dimen-
sional vector for the location in time and space. Since the 
estimation of ξ is challenging and requires large sample 
sizes, we keep the shape parameter constant both in time 
and space within the same homogeneous area. This explains 
the need of an a priori identification of homogeneous areas.

(1)dij = 2−1
E
{

Fi(Mi)− Fj(Mj)
}

=
1

2

Vij(1, 1)− 1

Vij(1, 1)+ 1
,

(2)P(Mi ≤ u,Mj ≤ u) =
[

P(Mi ≤ u)P(Mj ≤ u)
]Vi,j(1,1)/2

(3)Gσ ,ξ (y) =

{

1−
(

1+ ξ
y
σ

)−1/ξ
if ξ �= 0,

1− exp
(

− y
σ

)

if ξ = 0.

In other words, we use data from all stations belong-
ing to a homogeneous region for the entire time period 
to estimate ξ that is assumed to be constant in time and 
equal for all station in the homogeneous area and to esti-
mate σ which changes over time and it is different for 
each station in the homogeneous area. The estimation is 
performed by combining generalised probability weighted 
moments and kernel regression (Naveau et al. 2014). This 
means that the parameters are not directly estimated, but 
they are derived from the estimation of the two general-
ised moments:

with r = 1, 1.5 and where K is a Kernel function, πi rep-
resents the estimated ordering of Y(xi)/µ0(xi). Then, the 
two parameters can be simply calculated as follows:

where α is the median of the ratio of µ̂1.5 and µ̂1 . This 
implies that the estimation of σ at a specific x⋆ = (x⋆, y⋆, t⋆)  
is done by using and weighting data from sites in the neigh-
bourhood of (x⋆, y⋆) and from a time window centred at t⋆  
(as defined by the Kernel function).

Finally, the return levels zR(x), expected to be exceeded 
on average once every R-years, are given by

where u is the time independent threshold and ζu(x) repre-
sents the intensity of the Poisson process giving the occur-
rence of the excesses. For further details on the procedure 
the reader is referred to Naveau et al. (2014).

(4)

µ̂r(x) =
1

∑n
i=1 K(x − xi)

n
∑

i=1

K(x − xπi)Y(xπi)

(

n− i

n

)r

,

(5)σ̂ (x) =
2.5α

2− 2.5α
µ̂1(x), ξ̂ =

4− 2.52α

2− 2.5α

(6)zR(x) = u(x)+ σ̂ (x)ξ̂−1
[

(Rζu(x))
ξ̂ − 1

]

,

Fig. 1   Location of the 108 
weather stations. Colours 
indicate the homogeneous areas 
as identified by the cluster-
ing algorithm (grey: western 
Mediterranean; green: North 
Adriatic; blue: southern Italy/
Greece; red: western Turkey; 
yellow: south-western Turkey/
Cyprus; violet: Israel). The dif-
ferent shape of the grey, green 
and blue markers indicates the 
subdivision used for the analysis 
of the upper level atmospheric 
dynamics. The map at the bot-
tom left corner provides a larger 
domain view of the region and 
its topography
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2.2 � Selection of extreme precipitation days 
and large‑scale atmospheric dynamics

As discussed in the introduction many heavy precipitation 
events are associated with distinct upper-level flow configu-
rations such as for example troughs, i.e. positive PV anom-
alies, located upstream of the precipitation event. Here, this 
connection is explored for each identified area and season 
by selecting, for each station belonging to that area, all 
days characterised by a daily total precipitation amount 
exceeding a return period greater than 5 years. Since the 
estimated return levels are time dependent, the minimum 
return level of the series for each station is used as thresh-
old. This means that the number of days selected per area, 
i.e. the sample size, is a function of the number of stations 
in the homogeneous area. For these days we then analyse 
the large-scale upper-level and low-level flow.

PV composites are calculated on the day of the events 
and up to 6 days before the selected events by using daily 
mean PV vertically averaged across 6 isentropic levels 
(320–345 K). The PV fields (expressed in PV unit, with 1 
PVU defined as 1× 10−6m2s−1 K kg−1) are derived from 
ERA40 (1958–1978) and ERA-Interim (1979–2007) rea-
nalyses (Uppala et al. 2005; Dee et al. 2011). The signifi-
cance of the composites is assessed by using a Monte Carlo 
sampling approach with 500 members and deriving the 2nd 
and 98th percentiles of the 500 members. The Monte Carlo 
samples have the same seasonal distribution as the observed 
samples of the extreme precipitation events. Areas with PV 
values above (below) the 98th (2nd) percentile are consid-
ered significant.

3 � Results

3.1 � Spatial and temporal variability of the extremes

The 108 sites can be grouped into six homogeneous areas 
with respect to the statistical behaviour of precipitation 
extremes: western Mediterranean, North Adriatic, south-
ern Italy/Greece, western Turkey, south-western Turkey/
Cyprus, and Israel (Fig.  1). Locations within each identi-
fied areas are characterised by a dependence of the extreme 
precipitation distributions as measured by the F-madogram 
(see the previous section and Bernard et al. 2013 for more 
details). For each area and season the statistical model-
ling of extremes is run. Since a non-stationary approach is 
applied, return levels are a function of both space and time. 
Figures 2, S1 and S2 show the maximum and the minimum 
5-year return levels during the 50-year time period, esti-
mated for each site and season.

As expected, a large spatial variability characterises the 
Mediterranean region as a whole. Return values range from 

<40–177mm in autumn, from <30–130mm in winter and 
from <30–78mm in spring. A very large spatial variability 
characterises the western-central Mediterranean in autumn, 
with the highest values of the basin recorded in the Gulf of 
Lion and the Gulf of Genoa and much lower values in the 
area of Marseilles. A more homogeneous spatial distribu-
tion and lower return values are found in the other areas 
and in the other two seasons.

The differences between the 50-year maxima and min-
ima of the 5-year return values are usually <25  %. Only 
few sites show larger differences (between 25 and 45 %); 
for instance, in the Gulf of Lion during autumn and in 
southern Spain and Italy during spring.

At the regional scale, higher spatial variability of 
both maxima and minima is found in the western-central 
Mediterranean, as shown in Figs. 3, S3 and S4 during all 
three seasons; while the other areas in the eastern Medi-
terranean show a much lower spatial variability. In the 
western Mediterranean, higher (lower) spatial (temporal) 
variability is estimated during winter and spring (Figs. 
S3 and S4), while in autumn the highest estimated val-
ues of return levels exhibit a lower spatial variability but 
higher temporal variability (Fig.  3). In the North Adriatic 
and over Greece/southern Italy, spring is characterised by 
a lower spatial variability (Fig. S4) and the highest return 
levels are found in autumn. Turkey and Cyprus are charac-
terised by a much lower spatial variability (w.r.t. areas in 
the western-central Mediterranean) and by higher values 
of precipitation extremes during autumn and winter than in 
spring. Concerning the temporal differences, only western 
Turkey in autumn shows a remarkable difference between 
maxima and minima, namely approx. 13 %. Finally, Israel 
is affected by larger temporal differences (especially in 
autumn, approx. 34 %).

The identified spatial behaviour may be influenced by 
the spatial dimension of the areas as well as by the topogra-
phy and the position within the basin.

3.2 � Upper‑level dynamics

In this section, the synoptic-scale flow structures associated 
with extreme precipitation events in the Mediterranean are 
presented for each region (from West to East) and for the 
three seasons. Discussed are mainly the structures on the 
day of the events and the significant upper-level flow struc-
tures, i.e. precursor signals, if present.

For the investigation of the upper-level dynamics, a 
further subdivision of the identified homogeneous areas, 
especially in the western Mediterranean, is needed. Indeed, 
first composites carried out by using the homogeneous 
areas have shown that the spatial complexity of the region, 
as well as the involved spatial distances, does not permit 
proper investigation of the upper-level dynamics without 
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a further subdivision. We have therefore split the stations 
of the western Mediterranean into the following subgroups 
Gibraltar (note that the station is located slightly north-east 
of Gibraltar, but this name helps to easily localise the area 
within the domain), southern Spain, southern France (note 
that one station is located in Spain), Gulf of Genoa and Sar-
dinia (Fig. 1). Stations in the North Adriatic are split into 
two groups: the Po Valley and the Balkans (Fig. 1). Finally, 
the group of Greece/southern Italy is subdivided into Sic-
ily, Greece/Puglia (Fig.  1). A further subdivision is not 
needed for the other areas, i.e. western Turkey, southern 
Turkey/Cyprus, Israel. This additional subdivision has been 
done step-wise based on the results of the clustering rou-
tine, which indicates how strong or weak the connection of 
each cluster member to a specific cluster is and also based 
on previous studies in the region (e.g., Romero et al. 1999; 
Ricard et al. 2012; Toreti et al. 2010).

For all of these subareas, we show the composites of the 
upper-level flow during all identified extreme days (see the 
previous section and Table 1). The regional differences in 
the number of extreme days (Table  1) can be understood 

by considering the large differences in the number of sta-
tions and the choice of the minimum value of the estimated 
5-year return level as a threshold for each station. This 
implies that results are only locally valid when the area 
under investigation contains a few (or even just one) sta-
tions and that they cannot be interpreted as representative 
of a larger region.

3.3 � Gibraltar

Gibraltar is the most westerly area of this study. During 
autumn, on the day of the extreme events a south-east to 
north-west oriented upper-level PV trough is located over 
the eastern Atlantic and Portugal (Fig. 4a). Such an upper-
level PV anomaly can affect the low level wind field, as 
positive upper-level anomalies are associated with cyclonic 
wind fields. Indeed, a strong southwesterly flow at 850 hPa 
over Gibraltar (>10 m/s) can be observed (Fig. 4a).

During spring, the upper-level flow on the day of 
extreme precipitation events in Gibraltar is characterised by 
a trough with south-west to north-east oriented axis located 

Fig. 2   5-year return levels 
minima (upper panel) and 
maxima (lower panel) estimated 
in autumn for the period 
1961–2007. Values in mm
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over the eastern Atlantic and Portugal (Fig. 4b). This ori-
entation corresponds to the anticyclonic life-cycle of baro-
clinic waves (Thorncroft et al. 1993). The associated wind 
field at 850 hPa results in strong south-westerly to south-
erly winds over Gibraltar. The PV trough is preceded by an 
upstream negative PV anomaly over the eastern Atlantic up 
to 3  days prior to the precipitation events (Fig. S5). Two 
days before the events the PV trough forms on the eastern 
flank of the negative PV anomaly and on the days before 
the event the PV trough is located over the eastern Atlantic.

Extreme precipitation events in Gibraltar during win-
ter are associated with a south-west to north-east ori-
ented trough over the north-western Iberian peninsula 
and the western Atlantic (extending further west than in 
spring, Fig. 4c). Along the eastern flank, a band of strong 
south-westerly winds extends from the western Atlantic 
into Gibraltar and southern Spain. Two days prior to the 
precipitation events, this trough forms over the eastern 
Atlantic and then moves southward (Fig. S5). For all sea-
sons a statistically significant prominent positive upper-
level PV anomaly is identified to the west of Gibraltar. 
As discussed in the introduction, the role of such an 
upper-level trough in forcing precipitation is many-fold: 
its eastward propagation implies quasi-geostrophic air 
lifting on the eastern flank of the trough (Hoskins et  al. 
1985). Further on, the destabilization of the atmosphere 
by the upper-level PV (Hoskins et al. 1985) can result in 
enhanced convection (e.g., Funatsu and Waugh 2008). 
In addition, in all seasons strong southwesterly winds 
prevail over Gibraltar and, as stated by Wheeler (2007), 
winds from south/south-west can enhance local flow con-
vergence in the area. This would result in the lifting of 
moist air masses.

3.4 � Southern Spain

The autumn extreme precipitation events in south-eastern 
Spain are associated with a cut-off low located over south-
ern Spain on the day of the events (Fig. 5a). In the lower 
troposphere, the cut-off is accompanied by a cyclonic flow 
and weak south-easterly winds over Andalusia (Fig.  5a). 
This flow can result in the advection of moist air from the 
east in the region around Valencia (Llasat et al. 2005). The 
main topographic features in south-eastern Spain are the 
Sierra Nevada and the Sierra Morena mountain ranges, 
both oriented in a SW-NE direction. Easterly/south-easterly 
winds have the potential to bring moist air from the Medi-
terranean towards these mountain ranges, and the inter-
action between moist air and the orography can result in 
extreme precipitation. Doswell III et  al. (1998) presented 
a detailed diagnostic study of a heavy precipitation event 
that occurred in south-eastern Spain on 7–9 October 1992. 
The synoptic situation of that event was very similar to the 
identified composite upper level flow and the interaction 
between low-level easterly winds and the orography con-
tributed to the enhancement of the rainfall.

The main upper-level flow feature during spring extreme 
precipitation events in south-eastern Spain is a PV trough 
located over the Iberian Peninsula accompanied by a 
PV ridge to the west over the east Atlantic and the North 
Sea (Fig.  5b). This upper-level flow is associated with a 
cyclonic flow over North Africa at 850 hPa while over 
south-eastern Spain, weak easterly winds prevail.

Fig. 3   Box-plots of the estimated 5-year return levels (mm) for each 
homogeneous area from 1961 to 2007 in autumn. The box plots sum-
marize the values from all stations in a homogeneous region. The 
bold line in the centre of the box corresponds to the median return-
level in the homogeneous region, the upper- and lower end of the 
box correspond to the 25th and 75th percentiles and the black lines 
indicate the highest and lowest value. Green indicates the minima and 
light blue the maxima

Table 1   Number of identified extreme precipitation days for each 
region and season

Region (no. of stations) Autumn Winter Spring

Gibraltar (1) 11 13 10

Southern Spain (3) 22 30 26

Southern France (8) 106 79 69

Genoa (1) 10 27 15

Sardinia (1) 13 15 20

Sicily (1) 12 23 12

Po Valley (4) 23 39 22

Western Balkans (5) 63 103 77

Greece/Puglia (14) 135 180 134

Western Turkey (41) 239 411 213

Southern Turkey/ Cyprus (25) 211 337 231

Israel (4) 23 95 28
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(a) (b)

(c)

Fig. 4   PV (solid black lines) and wind at 850  hPa (vectors) com-
posites associated with extreme precipitation events in Gibraltar. PV 
contour lines are from 2 to 6 PVU by 1, while positive (negative) sig-

nificant deviations of the composited PV are indicated by red (blue) 
colour. Wind at 850 hPa is expressed in ms−1. a Represents autumn 
(SON) events; b spring (MAM) events; c winter (DJF) events

(a)

(c)

(b)

Fig. 5   As in Fig. 4 but for south-eastern Spain
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The characteristic upper-level structure during win-
ter extreme precipitation events is a positive PV anomaly 
over the western Mediterranean and the eastern Atlantic 
(Fig. 5c). This anomaly forms 1 day before the events (Fig. 
S6). Weak winds are present over the western Mediterra-
nean at 850 hPa and weak winds over south-eastern Spain.

3.5 � Southern France

Autumn extreme precipitation events in southern France 
are associated with a north-west to south-east oriented 
trough extending from west of the British Isles toward 
the Iberian Peninsula (Fig. 6a). This is in agreement with 
Ricard et  al. (2012). This upper-level flow is associated 
with strong southerly winds at low-levels over France. 
Ducroq et al. (2008) studied three autumn extreme precipi-
tation events in southern France and found that the interac-
tion between southerly flow and the orography contributed 
to the enhancement of precipitation in the area. The forma-
tion of the identified trough takes 2 days and a significant 
negative PV anomaly, i.e. an anticyclonic flow anomaly, is 
present over the Baltic Sea 3 days prior to the events (Fig. 
S7).

A PV trough extending from the British Isles towards 
the Iberian peninsula oriented north-south is the distinct 
feature of the upper-level flow during spring extreme 

precipitation events in southern France (Fig. 6b). This area 
is located on its eastern flank and strong southerly/south-
westerly winds prevail at 850 hPa. A significant positive 
PV anomaly, which amplifies meridionally and evolves into 
the trough, is present over the east Atlantic 2 days prior to 
the extreme events (Fig. S7).

The main upper-level flow feature concomitant with 
extreme precipitation events in winter is a low amplitude 
trough located over the west coast of Europe (Fig. 6c). In 
the lower troposphere the PV trough is accompanied by 
southerly/south-westerly winds over France. This low 
amplitude PV trough is preceded by statistically significant 
local precursor signals in the form of a positive PV anom-
aly over the eastern Atlantic (Fig. S7).

3.6 � Genoa

Extreme precipitation events in Genoa in autumn are asso-
ciated with a narrow, north-south oriented trough extending 
from Great Britain, across western France and the eastern 
Iberian Peninsula (Fig.  7a). Downstream of the trough, a 
low PV ridge is located over Italy and the Balkans. Strong 
southerly/south-westerly winds are present over Genoa. 
The upper-level flow structure and the low-level wind field 
are in agreement with the results of Rudari et al. (2005) and 
Rebora et al. (2013) for extreme precipitation events in the 

(a) (b)

(c)

Fig. 6   As in Fig. 4 but for southern France
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Liguria region. Three days prior to the events a statistically 
significant low amplitude upper-level trough is located 
over the eastern Atlantic. Over the next days the PV trough 
moves eastwards over western Europe (not shown).

During spring and winter extreme precipitation events 
in Genoa, the upper-level flow is very similar. A broad PV 
trough is present over western Europe with Genoa located 
on its eastern flank (Fig. 7b, c). At 850 hPa southerly/south-
westerly winds prevail which are stronger in spring than in 
winter. The PV trough during winter events is preceded by 
a very strong ridge located over the North Atlantic 4 days 
before the events (Fig. S8). This strong ridge may contrib-
ute to the formation of the PV trough on its eastern side 
(Massacand et al. 2001).

3.7 � Sardinia

A positive PV anomaly is located over the eastern Iberian 
Peninsula during autumn extreme precipitation events in 
Sardinia (Fig. 8a). Sardinia is located on the eastern flank of 
the anomaly where south-westerly winds prevail. Ehmele 
et al. (2015) performed sensitivity studies by removing and 
flattening the island of Sardinia. On days with strong syn-
optic forcing, the Sardinian orography played a significant 
role in determining the precipitation amount over Sardinia 
and Corsica.

During spring extreme precipitation events, a broad PV 
trough is located over the western Mediterranean and North 
Africa and strong southerly winds are prevailing over Sar-
dinia (Fig. 8b). The PV trough can be traced back in time 
for 3 days, when the positive PV anomaly is located above 
western Atlantic and a significant negative PV anomaly 
is on its western flank (Fig. S9). Over the next days, the 
PV trough moves eastward and amplifies over the western 
Atlantic.

Extreme precipitation events in winter in Sardinia are 
associated with a positive upper-level PV anomaly located 
directly above the Island and embedded in a very broad 
south-west north-east oriented trough (extending from 
North Africa across the western Mediterranean; Fig.  8c). 
The wind over Sardinia at 850 hPa is southerly and very 
weak. The formation of this trough prior to the extreme 
events is potentially assisted by an anomalously strong low 
PV ridge located over the North Sea and Scandinavia (Fig. 
S9).

3.8 � Sicily

The main upper-level flow feature associated with extreme 
precipitation events in autumn in Sicily is a PV cut-off over 
Mediterranean that extends from 5°E to 20°E (Fig.  9a). 
In the lower troposphere, the cut-off is accompanied by a 

(a) (b)

(c)

Fig. 7   As in Fig. 4 but for Genoa
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(a)

(c)

(b)

Fig. 8   As in Fig. 4 but for Sardinia

(a) (b)

(c)

Fig. 9   As in Fig. 4 but for Sicily
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cyclonic flow and weak winds over Sicily. A positive PV 
anomaly is present in the area already 2 days before the 
event downstream of an anomalously strong low PV ridge 
over the north-eastern Atlantic (Fig. S10).

During spring extreme precipitation events in Sicily, a 
PV trough is located slightly further to south-west com-
pared with the location of the cut-off during the autumn 
events (Fig. 9b). Two days before the events a statistically 
significant positive PV anomaly is present above the west-
ern Mediterranean (Fig. S10).

Winter extreme precipitation events in Sicily are accom-
panied by a low amplitude, broad PV trough above North 
Africa and Sicily (Fig. 9c).

3.9 � Po Valley

Extreme precipitation events in the Po Valley in autumn are 
associated with narrow north-south oriented troughs located 
over central Europe at approximately 10°E (Fig.  10a), 
slightly further east compared to those ones affecting 
Genoa. The troughs are slightly broader at the tip and there 
is a south-east north-west orientation of the eastern flank 
of these troughs directly over the Po Valley. Downstream 
of the troughs a low PV ridge is located over the western 
Black Sea and Turkey. At 850 hPa weak easterly winds are 

present above the Po Valley. The formation of this trough 
takes 1 day (Fig. S11).

The upper level structures associated with extreme pre-
cipitation events during spring and winter are similar. A 
broader trough is located over Sardinia and north-western 
Italy (Fig.  10b, c). The associated cyclonic wind field at 
850 hPa provides weak easterly winds above the Po Val-
ley. In winter a broad south-west north-east oriented trough 
is located over the western Mediterranean with its centre 
located slightly south of the Po Valley. The Po Valley is sur-
rounded by mountains except in the east; thus, easterly and 
northeasterly winds can penetrate into the valley and poten-
tially bring moist air from the Mediterranean towards the 
mountains and thus contribute to heavy precipitation.

3.10 � Western Balkans

The main upper-level flow feature associated with autumn 
and spring extreme precipitation events in the western 
Balkans is a broad PV trough located over central Europe 
(Fig.  11a, b). The western Balkans are located along the 
eastern flank of the PV trough, where strong south-westerly 
winds prevail (>10  m/s) at 850 hPa. There is a potential 
for an interaction between the strong moist south-westerly 
winds and NW-SE oriented mountain ranges in the area. 

(a) (b)

(c)

Fig. 10   As in Fig. 4 but for the Po Valley
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Two days before the events, the trough is preceded by a 
wave like upper-level flow pattern over the Atlantic basin in 
autumn and over the eastern Atlantic and Europe in spring 
(Fig. S12).

Winter extreme precipitation events are accompanied by 
a broad trough over central Europe which leads to south-
westerly flow over the western Balkans (Fig.  11c). This 
positive PV anomaly is located over the British Isles 2 days 
prior to the extreme events and then moves south-eastward 
(Fig. S12).

3.11 � Greece/Puglia

The upper-level flow structure associated with extreme 
precipitation events in Greece/Puglia is very similar in all 
three investigated seasons. A broad trough with a short 
meridional extent is located over Italy and the Balkans 
(Fig. 12a, b, c). An associated low-level cyclonic flow can 
be observed over Italy. In spring, the local PV maximum 
is located over southern Italy. This is in good agreement 
with Sindosi et al. (2015) who reported similar upper-level 
flow accompanied with southerly winds as typical synoptic 
situation associated with orographic precipitation in north-
western Greece during the cold season.

Although on the day of the events the upper-level flow 
structure is similar for all three seasons, the precursor 

signals are slightly different. In autumn and winter, a PV 
trough is located over central Europe 1 day before the 
events. In spring, this trough starts forming 2 days before 
the precipitation events and is itself preceded by an anoma-
lously strong low PV ridge over the North Sea (Fig. S13).

3.12 � Western Turkey

Extreme precipitation events in western Turkey are asso-
ciated with similar upper-level structures during all three 
investigated seasons. A broad trough located over Greece 
and the Aegean Sea can be observed in Fig. 13, slightly fur-
ther east compared to the troughs affecting Greece. Moreo-
ver, two negative PV anomalies are located on the western 
and eastern flank of the trough. The strongest negative PV 
anomalies are found for the spring events and the weakest 
for the winter events. Along the eastern flank of the trough, 
a band of strong westerly/south-westerly winds extends 
from the southern Mediterranean into western Turkey.

During autumn precipitation extremes, the PV trough 
is preceded by a negative PV anomaly over the west-
ern Mediterranean 4 days before the events. On the next 
days the trough forms over central Europe and ampli-
fies (Fig. S14). Prior to the spring events a small posi-
tive PV anomaly is present over the eastern Mediterra-
nean already 5 days before the events. On the next days 

(a) (b)

(c)

Fig. 11   As in Fig. 4 but for western Balkans
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(a) (b)

(c)

Fig. 12   As in Fig. 4 but for Greece and Puglia

(a) (b)

(c)

Fig. 13   As in Fig. 4 but for western Turkey
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a trough develops, amplifies, and remains almost station-
ary over the same area. The precursor signal for winter 
events can be traced back in time 3 days before the pre-
cipitation extremes. At this time, a positive PV anomaly 
is present over north-western Europe which over the next 
days moves eastward and amplifies over eastern Europe 
(Fig. S14).

3.13 � Southern Turkey/Cyprus

The main upper-level flow structure during precipitation 
extremes in southern Turkey and Cyprus is also similar 
during all three seasons. A broad trough extends approxi-
mately from 10°E to 40°E (Fig.  14a, b, c). The trough is 
accompanied by two negative PV anomalies on both sides. 
The negative PV anomalies are strongest during autumn 
and weakest during winter. In autumn, the associated flow 
at lower levels has a strong south-westerly component over 
Cyprus and southern Turkey. In spring and winter, the low 
amplitude trough is accompanied by westerly/south-west-
erly winds over Cyprus and southern Turkey. The flow 
above southern Turkey is very weak in spring. The southern 
coast of Turkey is characterised by steep topography which 
is an obstacle for moist air masses coming from the south 
and this results in orographic precipitation. For all three 
investigated seasons, the upper-level upstream precursor 

signals prior to precipitation extremes in southern Turkey 
and Cyprus are very similar to the precursor signals prior to 
extreme events in western Turkey (Fig. S15).

3.14 � Israel

Israel is the most easterly region in our domain. Extreme 
precipitation events in Israel during autumn are associ-
ated with a relatively broad south-west/north-east oriented 
upper-level trough located over the Black Sea and Turkey 
on the day of the events and a strong low PV ridge upstream 
over western and central Europe (Fig. 15a). Strong winds 
are present at 850 hPa over Europe and strong westerly to 
south-westerly winds prevail over Israel. The trough over 
the Black Sea develops during a 3 day period prior to the 
events (Fig. S16).

A wave like upper-level flow pattern over the Mediter-
ranean basin is present during spring precipitation extremes 
in Israel (Fig. 15b). A PV trough is located over the east-
ern Mediterranean accompanied by cyclonic flow at 850 
hPa, resulting in strong westerly/south-westerly winds over 
Israel. A wave like upper-level structure is present over the 
Mediterranean 1 day before the events and could be part 
of the wave train signal described by Feldstein and Dayan 
(2008) propagating along the subtropical jet over North 
Africa prior to heavy precipitation events in Israel.

(a) (b)

(c)

Fig. 14   As in Fig. 4 but for southern Turkey and Cyprus
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The main upper-level feature in winter extreme events 
in this area is a low amplitude PV trough over the eastern 
Mediterranean (Fig. 15c). At 850 hPa, the flow over Israel 
is westerly to south-westerly. Ziv et  al. (2005) studied an 
extreme winter precipitation event over southern Israel and 
reported a similar synoptic situation with quasi-geostrophic 
lifting in the area associated with the upstream trough.

4 � Discussion and conclusion

In this study, a non-stationary statistical characterisation of 
daily precipitation extremes over the Mediterranean basin is 
presented. Large spatial variability (especially in the western 
Mediterranean) characterises the estimated 5-year return lev-
els. Extremes are non-stationary and the temporal variability 
of the 5-year return levels of precipitation does not show a 
homogeneous behaviour across the Mediterranean basin. In 
most areas the difference between maximum and minimum 
5-year return levels is smaller than 25 % of the maximum 
value, exceptions are some stations in the western Mediter-
ranean. More studies, both improving the applied statistical 
methods and investigating the link between the temporal 
variability of the extremes and the large scale dynamics, for 
instance connected with the North Atlantic Oscillation and 
the Atlantic Multidecadal Oscillation, are needed.

It is worth underlining that intrinsic uncertainties affect 
the applied statistical procedures, especially in areas with 
a limited spatial station density. Indeed, both the classifi-
cation and estimation steps are data-demanding (especially 
in a non-stationary context with a classification based on 
extremes’ dependence) and, thus, a better coverage of the 
Mediterranean region would surely help in the characteri-
sation and understanding of precipitation extremes. For the 
areas with a very small number of stations, e.g. Sardinia, 
results have a limited spatial representativeness. Besides 
data limitations also the relatively coarse resolution of the 
reanalysis influences the results. The spatial and temporal 
resolution of the reanalysis makes impossible to discuss the 
potentially important contribution of meso-scale processes 
(e.g., Mesoscale Convective Systems) to the development 
of precipitation extremes.

The analysis of the common synoptic-scale structures 
associated with extreme precipitation events has revealed 
that for all areas significant synoptic-scale upper-level flow 
structures can be identified for all areas on the day of the 
events. Typically, the structures are positive upper-level 
PV anomalies located west of the area where the precipi-
tation event occurred. The specific shape of these anoma-
lies varies substantially between areas, ranging from broad 
and shallow troughs to elongated and narrow troughs and 
cut-offs. The identified structures are in agreement with 

(a) (b)

(c)

Fig. 15   As in Fig. 4 but for Israel
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those reported by Raveh-Rubin and Wernli (2015) in their 
analysis of the top ten extreme precipitation events in the 
Mediterranean. It is important to underline that the identi-
fied upper-level structures represent (due to the design of 
the analysis and the aims of this study) the mean spatial 
configurations, i.e. the most important flow pattern for each 
region. This means that if two or more preferred flow pat-
terns can result in extreme precipitation in one area only 
the pattern representative for most cases will be identi-
fied. At the single event scale, spatial differences (e.g., in 
the position and extension of the trough) can be expected. 
Furthermore, some events mainly triggered by meso-scale 
processes are likely to be not significantly associated with 
an upper-level signal.

Indeed in some areas the upper-level flow signal is 
less distinct, e.g., over Sicily and Sardinia. This points to 
a larger case-to-case variability and/or the important role 
of meso-scale processes for triggering the precipitation 
events. When the upper-level flow structures associated 
with the precipitation extremes are spatially homogeneous 
in one season, a statistically significant signal can clearly 
emerge. Higher spatial variability and/or a dominant role of 
the meso-scale processes, can prevent the emergence of a 
statistically significant signal at the synoptic scale. The rel-
atively coarse spatial and temporal resolution of the reanal-
ysis data sets does not resolve meso- and smaller-scale flow 
structures, which are very important for triggering extreme 
precipitation in some regions (e.g., Doswell III et al. 1998; 
Hernandez et  al. 1998). It is important to point out that 
the meso-scale convective systems can be associated with 
upper-level flow structures, e.g., weak upper-level troughs 
that help to destabilise the atmosphere (e.g., Hoskins et al. 
1985; Russell et al. 2008, 2012). However, strong convec-
tion can also occur without any upper-level forcing.

The results highlight the important role of synoptic-scale 
flow in the formation of extreme precipitation events. The 
exact role of the upper-level flow can vary from quasi-geos-
trophic forcing of ascent, over the forcing of moist air against 
topography, to the local destabilisation of the atmosphere. A 
detailed quantification of these processes is beyond the scope 
of this study, however, it is worth to highlight that, in many 
areas, the flow is oriented against the local topography and 
hence the interaction of moist air with the topography might 
be of central importance for the precipitation extremes. Next 
steps in quantifying this interaction would entail a detailed 
analysis of the lower-tropospheric moisture transport.

Upper-level precursor signals can be identified 2–3 days 
before precipitation extremes (and even earlier in some 
areas and seasons). This implies a certain degree of predict-
ability of precipitation extremes. The seasonal variations of 
these precursor signals are on the one hand due to seasonal 
variations of the background flow, i.e. in the location, the 

strength and the coherence of the waveguide along which 
the precursor waves propagate (Martius et  al. 2008), on 
the other hand they are due to seasonal changes in the pro-
cesses and synoptic-structures that trigger the precipitation 
extremes. A statistically significant signal points to homo-
geneous upper-level flow structures associated with the pre-
cipitation extremes, if the variability is large and / or meso-
scale processes are dominant, the signal is not statistically 
significant.

Finally, the identified lower spatio-temporal variabil-
ity of eastern Mediterranean extremes is reflected by more 
homogeneous and well-defined upper-level atmospheric 
structures. While, the differences in the upper-level flow 
structures highlighted in the western Mediterranean con-
tribute to the higher spatio-temporal variability of precipi-
tation extremes in the area.
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