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rainfall and evaporation, suggesting a weak net impact of 
cyclones on the Mediterranean Sea water budget. The sen-
sitivity of our results with respect to rapid SST changes 
during the development of cyclones was also investigated. 
Both rainfall and evaporation are affected in correlation 
with the SST response to the atmosphere. In fact, air feed-
backs to the Mediterranean Sea during the cyclones occur-
rence were shown to cool down the SST and consequently 
to reduce rainfall and evaporation at the proximity of 
cyclone centers.

1  Introduction

The Mediterranean region is located between the dry and 
arid region of North Africa and the storm-tracks of the 
mid-latitudes of Northern Europe. In this transition zone 
the Mediterranean climate is highly controlled by its most 
prominent geographical feature, the Mediterranean Sea. 
The Mediterranean Sea Water Budget (MSWB) refers to 
the compensation between the temporal rate of change of 
the Mediterranean Sea water mass due to large evaporation 
and the water gain through straits, rivers and precipitation. 
The MSWB is of equal interest to both the marine environ-
ment and the regional climate. For instance, the MSWB 
controls (or affects) the thermohaline circulation (Marshall 
and Schott 1999; Millot and Taupier-Letage 2005). Besides 
this effect at basin-scale, air-sea interactions through evap-
oration and precipitation also affect the locally generated 
weather systems by inducing Sea Surface temperature 
(SST) fluctuations (Lebeaupin Brossier et al. 2013; Berthou 
et al. 2014).

The MSWB is modulated by several factors, according 
to the following equation (e.g. Mariotti et al. 2002; Dubois 
et al. 2012):
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where E stands for evaporation, P for precipitation, R for 
the river runoff, A for the water inflow and outflow from or 
to the Atlantic Ocean and B, the water inflow and outflow 
from or to the Black Sea. Scale analysis of Eq.  1 reveals 
that the main modulators at short-range of the MSWB are 
the atmospherically induced freshwater fluxes due to evap-
oration and precipitation, while in long term, the influx of 
seawater from the Atlantic (A) keeps constant the water 
mass of the Mediterranean Sea.

The precise quantification of evaporation and rainfall is 
a rather difficult task due to the sparseness of the observa-
tions, as also due to the difficulty of collecting in situ meas-
urements over the sea. Therefore, their estimation relies 
on the use of models, reanalyses and indirect estimations 
and is hence subject to uncertainties due to the significant 
impact of the physical parameterizations on the results 
(Mariotti 2010; Dubois et  al. 2012; Di Luca et  al. 2014). 
Synthesizing the results of several studies (e.g. Romanou 
et  al. 2010; Sanchez-Gomez et  al. 2011), the estimated 
annual evaporation over the Mediterranean Sea is of the 
order of 900–1500 mm and the total precipitation is of the 
order of 300–700 mm per year. Despite the high variability 
of these estimations, all studies present a fairly robust esti-
mation of evaporation minus precipitation (E − P) annual 
mean values that vary from 700 to 1000 mm per year thus 
suggesting a net freshwater flux from the Mediterranean 
Sea towards the atmosphere.

In this paper we analyze the spatial and temporal vari-
ability of the atmospheric freshwater fluxes over the Medi-
terranean Sea (evaporation and rainfall) from the perspec-
tive of cyclonic atmospheric systems. Cyclones-related 
strong winds are expected to affect evaporation and the 
formation of deep water masses in the Mediterranean Sea 
(Romanski et  al. 2012), while their associated rainfall 
extremes are potentially a sub-regional significant source 
of freshwater into the Mediterranean Sea. Indeed, Medi-
terranean cyclones are the most prominent meso-scale 
atmospheric systems which often develop into high impact 
weather, provoking rainfall extremes and windstorms. Cli-
matological studies show that the most intense cyclones 
occur during winter and mainly over the Mediterranean 
Sea. In particular, they form over the leeward side of the 
Alps Mountains, over the Adriatic and the Ionian Seas and 
over the western Mediterranean (e.g. Trigo et al. 2002; Flo-
cas et al. 2010; Campins et al. 2011; Flaounas et al. 2014a). 
In these regions, observations of deep convection are shown 
to match the cyclone tracks, suggesting a strong connection 
between the two (Claud et al. 2012).

The strong contribution of cyclones to the total rain-
fall over the Mediterranean region has been highlighted in 
many past studies. For instance, Jansa et al. (2001) detected 

(1)MSWB = P− E+ R+ A+ B and quantified the cyclones contribution to extreme rainfall 
over the western Mediterranean. Based on observations and 
reanalyses, the authors showed that 90  % of the cases of 
extreme rainfall (rain rates greater than 60 mm h−1) can be 
attributed to cyclonic systems. In a more recent study, Haw-
croft et  al. (2012) used 30  years of data from reanalysis 
and satellite products to quantify the contribution of extra-
tropical cyclones to the precipitation climatology in the 
Northern Hemisphere. The authors showed that the storms 
contribution to the total winter precipitation over the Medi-
terranean region might vary between 70 and 90 %, depend-
ing on the area. In similar studies, Catto and Pfahl (2013) 
and Pfahl et  al. (2014) used reanalyses in order to quan-
tify the fronts and warm conveyor belts (sharply ascending 
air masses over the warm front of extra-tropical cyclones) 
contribution to the rainfall extremes, respectively. Results 
show that cyclones over the Mediterranean may account for 
more than 70 % of the total rainfall extreme events.

Concerning evaporation little has been written on the 
contribution of Mediterranean cyclones. However, it has 
been shown that cyclones are the main actors of wind-
storms in the region and consequently they are expected to 
have a strong impact on evaporation. For instance, Nissen 
et  al. (2010, 2013) used the ERA-40 reanalyses to track 
Mediterranean cyclones and showed that wind extremes in 
the region (defined as the 98th percentile of a grid point’s 
wind speed) were found to be related to cyclonic systems 
evolving over the Mediterranean Sea basin. The develop-
ment of Mediterranean cyclones leads to intense air-sea 
interactions (Emanuel 2005) that locally modify the SST 
and thus eventually alter the subsequent development of 
the cyclone. Indeed, numerical experiments on cyclone 
dynamics have shown that forcing the simulations with 
warmer SSTs could reinforce significantly the Mediterra-
nean cyclones intensity (Homar et al. 2003; Miglietta et al. 
2011; Katsafados et  al. 2011). In this context the use of 
atmosphere–ocean coupled modeling systems appear to be 
essential to realistically represent the dynamics of intense 
cyclones (Akthar et al. 2014).

Our analysis is complementary to, and extends the 
results of Lebeaupin Brossier et  al. (2014) who recently 
showed that rainfall and evaporation extremes over the sea 
contribute by approximately 22 to 30  % to their annual 
totals. Focusing on cyclones, our objective is twofold: (1) 
to quantify the Mediterranean cyclone-induced rainfall, 
evaporation and their sensitivity to air-sea feedbacks; (2) 
to quantify the cyclones contribution to the atmospheric 
components of the MSWB (i.e. to E  −  P). To meet the 
above purposes, we use three 20-year simulations (1989–
2008) performed with the MORCE-Med system (Drobin-
ski et al. 2012) at a horizontal resolution of 20 km in the 
frame of HyMeX (Hydrological cycle in the Mediterranean 
Experiment; Drobinski et  al. 2013) and MED-CORDEX 
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(COordinated Regional climate Downscaling Experiment 
for the Mediterranean; Ruti et al. 2015) programs. All sim-
ulations share the same atmospheric model and the same 
atmospheric boundary conditions but two have prescribed 
SST whereas one is coupled to an oceanic model.

In Sect. 2, we describe our methodology. In Sect. 3, we 
present the 20-year cyclone climatology for the three simu-
lations, while in Sects.  4 and 5 we quantify the cyclones 
contribution to rainfall, evaporation and to the MSWB. 
Finally, in Sect. 6 we provide a discussion of our results, as 
well as our work’s conclusion.

2 � Methodology

2.1 � Models and simulations

In order to assess the sensitivity of Mediterranean cyclones 
to the SST, as also their contribution to the MSWB, we 
use the outputs from three regional climate simulations, 
performed with the Weather Research and Forecasting 
(WRF; Skamarock and Klemp 2008) model in the con-
text of MED-CORDEX (COordinated Regional climate 
Downscaling Experiment for the Mediterranean domain; 
Ruti et  al. 2015) and HyMeX (Hydrological cycle in the 
Mediterranean Experiment; Drobinski et  al. 2014). All 
simulations share the same domain that covers the whole 
Mediterranean region at a horizontal resolution of 20 km, 
and 28 vertical levels. The simulations are driven by the 
ERA-Interim reanalyses (Dee et al. 2011) at the resolution 
of 0.75° ×  0.75° in longitude and latitude, for the period 
1989–2008. The outputs are available at a 3 h time interval. 
Grid nudging is applied in all simulations using a 6 h relax-
ation time (Salameh et  al. 2010; Omrani et  al. 2013) on 
horizontal wind, temperature and water vapor, only above 
the planetary boundary layer. For all model integrations we 
used the same physical parameterizations: the Kain-Fritsch 
convection scheme (Kain 2004), the thermal diffusion land 
surface model, the WSM5 microphysics scheme (Hong 
et al. 2004) and the RRTMG longwave and shortwave radi-
ation scheme (Clough et al. 2005).

The reference simulation (SimREF) is forced by 
6-hourly SST fields from the ERAI-Interim reanalysis. 
The coupled simulation (SimCPL) runs with two-way 

interactive exchanges between WRF and NEMO-MED12 
models, managed by the OASIS coupler version 3 with 
a frequency of 3  h (see details in Drobinski et  al. 2012; 
Lebeaupin Brossier et  al. 2013, 2014). The NEMO-
MED12 model (Lebeaupin Brossier et  al. 2011; Beuvier 
et  al. 2012) has a horizontal resolution of 1/12° (~7  km) 
and 50 stretched vertical z-levels. The exchanged vari-
ables between the two models are SST, the heat, water and 
momentum fluxes. The coupler uses a bilinear method to 
interpolate the ocean grid towards the atmospheric grid and 
vice versa (Lebeaupin Brossier et al. 2013, 2014).

Finally, the smoothed simulation (SimSMO) is an 
atmosphere-only simulation with the same characteristics 
as SimREF, except that the forced SST to the model corre-
sponds to the temporally smoothed SST outputs from Sim-
CPL. This forcing has been designed in order to retain the 
same climatology and diurnal cycle as the SST of the Sim-
CPL simulation, but without the sub-monthly SST varia-
tions. To this end, the SST value used to force the SimSMO 
atmospheric simulation at each target time step was calcu-
lated by performing a central moving average with a 31 day 
window, retaining only the time differing from the target 
time step by an entire number of days, so that only times 
with the same GMT hour are averaged together. This pre-
caution is take in order to preserve the diurnal cycle of 
the SST in simSMO. In this way, the SST diurnal cycle, 
its seasonal variations, as well as all the persistent spatial 
structures that exist in the SimCPL run are preserved in 
SimSMO. On the other hand, the high-frequency air–sea 
coupling effects (sub monthly variations) are suppressed. 
Table 1 shows a summary of the three simulations.

Lebeaupin Brossier et  al. (2014) compared the SST 
fields of SimREF, derived and forced to WRF by ERA-
Interim, with satellite observations for the period 1999–
2007 (their Fig. 4). Results show that the ERA-Interim SST 
fields are in good agreement with the observations, where 
the climatological bias is less than 0.5 °C, except near the 
coasts where the bias might reach 1  °C. Figure 1a shows 
the 20-year average of the Mediterranean SST used in Sim-
REF, while Fig. 1b shows its difference with the averaged 
SST simulated by SimCPL. SimCPL presents a bias of 
−1  °C, at the western and eastern basins of the Mediter-
ranean Sea, while SimCPL overestimates SST by approxi-
mately +1  °C at the central Mediterranean. Despite this 

Table 1   Simulations descriptions

WRF atmospheric simulations Description

SimREF SST forced toWRF by ERA-Interim

SimCPL SST explicitly resolved by the NEMO-MED12 oceanic model and given on-line to WRF each 3 h (two-way 
interactive coupling)

SimSMO SST forced to WRF by the outputs of SimCPL after applying a 31-day moving average to each grid point
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bias, the added value of SimCPL is that its SST field is in 
balance with the atmospheric state and circulation, when 
considering rapid air-sea interactions. Thanks to the high 
resolution of the ocean compartment model, the SimCPL 
SST presents also a more realistic spatial variability (Leb-
eaupin Brossier et  al. 2014). It is the air-sea interactions 
that are tested with SimSMO, where the smoothing opera-
tion suppresses their intensity and thus reveals their role on 
cyclone-induced rainfall and evaporation. Consequently, 
SimSMO presents the same climatological SST than Sim-
CPL, where differences may become significant only at 
small temporal and spatial scales.

2.2 � Tracking the Mediterranean cyclones

2.2.1 � General method

Tracking Mediterranean cyclones is a complicated issue 
mainly due to the geographical particularities of the region. 
Indeed, the Mediterranean is a relatively small region pre-
senting sharp land-sea transitions and high mountains. Oro-
graphic pressure lows are quasi constantly present, while 
relative vorticity maxima might occur frequently due to 
sharp wind steering. To deal with these issues we apply a 
complex tracking algorithm, described in detail in Flaounas 
et  al. (2014b), which has been previously calibrated and 
applied to SimCPL in Flaounas et al. (2014a).

The cyclones tracking method is organized in two steps. 
In a first step, cyclone centers are located in the 20-year 
3-hourly model outputs, defined as relative vorticity 

local maxima embedded in 850 hPa enclosed contours of 
4 ×  10−5  s−1. In a second step, the cyclone centers are 
tracked in time using a low-cost function. This procedure 
is applied to each detected cyclone as follows: the track-
ing algorithm first constructs all possible undertaken paths 
of the cyclones and then selects the one which presents the 
least average difference of relative vorticity between con-
secutive track points, weighted by their distance. In this 
study we retain only cyclone tracks that last at least 1 day 
(i.e. nine consecutive time steps) and that present maxi-
mum intensity of at least 8 × 10−5 s−1 of relative vorticity 
once at their life time. This threshold has been previously 
used for the detection of intense Mediterranean cyclones in 
Flaounas et al. (2013).

In order to quantify the cyclones-induced rainfall and 
evaporation, we need to define an effective area that is con-
sidered to be “under the influence of a cyclone”. Hawcroft 
et  al. (2012) used a similar approach defining a circular 
disk with a radius of a constant length around the center 
of the tracked cyclones. This radius length was assessed 
to be 10° and 12° for the summer and winter cyclones, 
respectively. Such a length (about 950 km) is excessively 
long for the relatively weak Mediterranean cyclones (with 
respect to other extratropical cyclones). In other studies, 
more “irregular shapes” than a circular disk or different 
methodologies have been applied. For instance, Flaou-
nas et al. (2013) defined the cyclones effective area by the 
3 × 10−5  s−1 enclosed contour of relative vorticity, while 
Paprtitz et  al. (2014) used a scheme where rainfall was 
attributed to a cyclone if its enclosed contours overlapped 
with the cyclones center.

In this study, the effective area of the cyclones is depicted 
by disks whose radii vary dynamically according to the rel-
ative vorticity field in the vicinity of the cyclones center. 
The importance of a dynamically varying cyclone radius 
has been previously highlighted by Simmonds (2000) who 
showed that surface cyclonic systems increase their radius 
as they evolve to their maximum intensity. Our methodol-
ogy is described in detail and assessed in Flaounas et  al. 
(2014b). The disk’s radius has a limit of 1500 km, which is 
a long distance with respect to the Mediterranean domain, 
but adequate for capturing the frontal and cyclonic struc-
ture of the most intense cyclones, such the January 1995 
case (Pytharoulis et al. 2000). The median of all cyclones’ 
effective area is of the order of 500 km, while their 5th and 
95th quantile is of the order of 150 and 1050 km, respec-
tively (not shown). The effective area diagnostic is applied 
to all tracked cyclones in all three simulations in order to 
determine the grid points affected by cyclones during the 
whole 20-year period. These grid points are then used as 
a time variant spatial mask to determine the “cyclonically-
induced rainfall or evaporation” and the “non-cyclonically-
induced rainfall and evaporation”.

Fig. 1   a SST 20-year average in SimREF. b SST 20-year average 
differences between SimCPL and SimREF
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2.2.2 � An example of the applied methodology: the 
September 2006 case

As an example, Fig.  2a presents the track and the effec-
tive area of an intense Mediterranean cyclone occurring 
on the 25th September of 2006 (Davolio et al. 2009; Cha-
boureau et  al. 2012), as detected in SimREF. The radius 
of the circular area around the cyclone’s center is propor-
tional to its intensity and clearly grows from the begin-
ning of the track over North Africa until its mature stage 
over the Italian coast. Figure  2b shows the SST field for 
SimREF at the timing of the cyclone’s maximum intensity 
(as detected in Fig. 2a) while the SST differences between 
SimCPL and SimREF are shown in Fig.  2c and the SST 
differences between SimSMO and SimCPL are shown 
in Fig.  2d. In Fig.  2b it is noteworthy that the cyclone 
effective area captures most of the cyclonic circulation at 
850 hPa. Figure 2c shows that the bias between SimCPL 
and SimREF is mainly negative. Finally, Fig.  2d shows 
the effect of fast air-sea feedbacks on the cyclones and 
the Mediterranean Sea surface. The differences between 
SimCPL and SimSMO are mainly positive and of small 
amplitude. These positive anomalies are due to the Medi-
terranean Sea surface cooling, associated with the strong 

winds and evaporation. Such anomalies are especially evi-
dent over the Gulf of Lions where the Mistral wind blows 
(Lebeaupin Brossier and Drobinski 2009). This suggests 
that the local SST cooling due to the Mistral wind is sup-
pressed in simSMO as a result of the smoothing operation 
applied on the SST field.

The SST effect on the September 2006 case is shown 
in Fig. 3. In SimREF (Fig. 3a), when the cyclone reaches 
its mature stage, the associated rainband covers the Ion-
ian and the Adriatic Sea with a distinctive center over the 
Italian coast, where evaporation is also strong and of the 
order of 10 mm h−1. For the same time, Fig. 3b shows that 
rainfall weakens in SimCPL over the Ionian and the Adri-
atic Sea, while a dipole of positive and negative anomalies 
is observed over the Italian coast, at the cyclone center. In 
agreement with the colder SSTs (Fig.  2c), evaporation in 
SimCPL becomes weaker. In SimSMO, the filtered SSTs 
provoke positive evaporation anomalies due to the warmer 
SST in the area affected by the cyclone. This results in 
a complex rainfall response with positive and negative 
anomalies, especially close to the cyclone center. It is note-
worthy, that the cyclone effective area includes the whole 
cyclone-induced rainfall, and also the anomalies due to the 
different SST forcings in SimCPL and SimSMO.

Fig. 2   a Track of the intense cyclone occurring in 24–25 September 
2006 (black line) and the cyclone effective area (in circle; black circle 
depicts the effective area at the mature stage of the cyclone) b SST 
(in color), wind field at 850 hPa (in arrows) and the cyclone effective 

area at the timing of maximum intensity for SimREF. c SST differ-
ences of SimCPL minus SimREF. d As in c but for SimSMO minus 
SimCPL
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3 � Cyclogenesis spatio‑temporal variability

In our 20-year climatology we identified and tracked 
2805 cyclones in SimREF, 2695 in SimCPL and 2735 in 
SimSMO. In all simulations the cyclones presented a simi-
lar seasonal and inter-annual cycle of occurrence. Indeed, 
Fig. 4 shows that cyclogenesis presents a minimum in sum-
mer and a maximum in winter (Fig. 4a), while the cyclones 
number is fairly distributed over the 20-year period with 
about 140 cyclones per year (Fig. 4b). These results come 
in accordance with previous studies on the climatology of 
intense Mediterranean cyclones (Trigo et al. 2000; Bartholy 

et  al. 2009; Campins et  al. 2011). The cyclones intensity 
and life-time is also similar in all simulations. Figure  5 
shows that the maximum intensity for most cyclones ranges 
between 8 × 10−5 and 10 × 10−5 s−1 (about 60 % of the 
total events: 1624 out of 2805 cyclones in SimREF), while 
the cyclones life-time is typically of less than 2 days with 
only about 10 % lasting for more than 3 days. More analy-
sis on the physical characteristics of the tracked cyclones 
(not shown) reveals that the majority of the systems pre-
sents a minimum mean sea level pressure of about 1000 hPa 
(in certain cases pressure lows can reach ~970 hPa) and a 
maximum wind speed of the order of 15–20 m s−1 over the 
Sea.

The seasonal frequency of the areas affected by 
cyclones in SimREF is shown in Fig.  6 and is expressed 
as the percentage of times per season that each grid point 
is covered by the cyclones effective area. These results 
differ by less than 1  % between the simulations. Here 
we distinguish cyclones according to their intensity bins 
as shown in Fig.  5a: cyclones with maximum intensity 
of 8 ×  10−5–10 ×  10−5  s−1 (about 60  % of the tracked 
cyclones), 10 ×  10−5–12 ×  10−5  s−1 (about 25  % of the 
tracked cyclones) and more than 12  ×  10−5  s−1 (about 
10  % of the tracked cyclones). Figure  6 shows that the 
cyclones that develop over the Gulf of Lions are among 
the weakest of our dataset with maximum intensity infe-
rior to 10  ×  10−5  s−1. On the other hand, the strongest 
cyclones of our dataset (with maximum intensity of more 
than 12 × 10−5 s−1) tend to develop over the central Medi-
terranean Sea, especially in winter. In autumn and spring, 
most cyclones develop over the Western Mediterranean 
and over Northwestern Africa, close to the Atlas Mountain. 

Fig. 3   a Rainfall (in color) and evaporation (in black contour; with a 
5 mm h−1 interval, thick contour stands for values of 10 mm h−1) of 
the intense cyclone occurring in 24–25 September 2006 at the timing 
of its mature stage. The black circle depicts the effective area at the 
mature stage of the cyclone b rainfall (in color) and evaporation dif-
ferences (in contour; with 2 mm h−1 interval, red contour stands for 
negative values and black contour for positive values) between Sim-
CPL and SimREF. c As in b but for SimSMO minus SimCPL (note 
that evaporation contour has a 0.5 mm h−1 interval)

Fig. 4   Seasonal and interannual cycle of cyclogenesis in the Medi-
terranean
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In accordance with Fig.  4, the minimum of cyclogene-
sis occurrence is observed in summer, with few cyclones 
developing over the Gulf of Lions and over Northwestern 
Africa, both corresponding to weak cyclones of intensity 
lower than 10 × 10−5 s−1. It is noteworthy that in winter, 
only the strongest cyclones present a clearer center over 
the central Mediterranean (Fig.  6, in yellow contours), 
implying that it is mostly the weakest cyclones of our data-
set (Fig.  6, in color) that develop over the Gulf of Lions. 
In fact, the Gulf of Lions presents large cyclonic activity 
whatever the season, mostly due to orographic lows and the 
potential vorticity positive anomalies created at the western 
flank of the Alps (Trigo et  al. 2002; Flamant et  al. 2004; 
Drobinski et al. 2005).

All three simulations present a similar number of 
cyclones, of similar intensities and with a similar frequency 
of cyclone influence areas per season. This is not surpris-
ing since intense cyclogenesis in the region is mainly due 
to large scale forcings and in particular due to potential 
vorticity streamers originating from the Polar Jet (Fita 
et al. 2006, 2007; Chaboureau et al. 2012; Flaounas et al. 
2014a). These potential vorticity streamers are identically 
introduced in the Mediterranean domain of all simulations 
through the nudging with ERA-Interim atmospheric con-
ditions and consequently the “same” intense cyclones are 
expected to occur in all simulations. However, close inspec-
tion of the tracks characteristics of these “same cyclones” 
might reveal small differences on the cyclones life-time 
and intensity. These differences are attributed to the differ-
ent SST forcings to the atmospheric model simulations.

4 � Cyclone‑induced rainfall and evaporation

The 20-year average seasonal rainfall and evaporation 
induced by cyclones in SimREF is shown in Fig. 7 (defined 
at each grid point in mm h−1). Most rainfall due to cyclones 
takes place in winter and autumn, when cyclogenesis is 

more frequent (Fig.  4a), with a distinct center over the 
central Mediterranean. On the other hand, the cyclones-
induced rainfall in spring mostly affects the northern 
Mediterranean coasts and the northwestern coast of Africa. 
Finally, in summer, when intense cyclogensis is at a mini-
mum, the rainfall is weak and spatially concentrated over 
the Gulf of Lions and the foothills of the Western Alps. The 
cyclones-induced evaporation presents a hot-spot over the 
Gulf of Lions which is undoubtedly related with the high 
frequency of occurrence of cyclone over this area, regard-
less the season. The most intense cyclones that occur over 
the central Mediterranean might also contribute to the 
evaporation over the Gulf of Lions due to their large radius 
of influence (e.g. the January 1995 case; Pytharoulis et al. 
2000). The latter is also consistent with the winter and 
autumn evaporation secondary maximum, observed over 
the Adriatic Sea, where the most intense cyclones of our 
dataset tend to develop (Fig. 6).

In addition to the total seasonal rainfall due to cyclones, 
Fig.  7 also shows the relative contribution of cyclones to 
the seasonal totals of rainfall and evaporation in SimREF 
(differences between the simulations are small). Results 
show that the cyclone-induced rainfall in winter represents 
more than 50  % of the total rainfall over a large part of 
the Mediterranean Sea, while in the central Mediterranean 
the cyclone’s contribution may reach 65 %. This comes in 
fair agreement with Hawcroft et al. (2012) who show that 
cyclones contribute to the total rainfall over the central 
Mediterranean by more than 70 %. On the other hand, in 
spring, the areas where the cyclone-induced rainfall con-
tributes by more than 50 % to the seasonal total (heavy blue 
contour in Fig. 7) seem to concentrate more over the west-
ern and central Mediterranean. The latter is consistent with 
the seasonal maximum of cyclone occurrence in the region 
(Fig. 6) and comes in agreement with previous studies on 
the areas favorable for cyclogenesis (e.g. Trigo et al. 2002). 
Compared to winter and spring, the cyclone contribution to 
rainfall becomes weaker in autumn, being of the order of 

Fig. 5   Histograms of: a 
cyclones maximum intensity 
in terms of relative vorticity 
(bin width is 2 × 10−5 s−1), b 
cyclones life-time (bin width is 
1 day)
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25–50 % all over the Mediterranean, while in summer, the 
cyclones contribute significantly to rainfall only over the 
Gulf of Lions and the Gibraltar strait. In contrast with rain-
fall, the cyclone-induced evaporation does not contribute 
as much to the seasonal totals. Indeed, the 25 % threshold 
on the contribution of cyclones to evaporation is exceeded 

mostly over the Gulf of Lions, where cyclones are more 
frequent throughout the year.

In order to assess the SST impact on the seasonal aver-
ages of cyclone-induced rainfall and evaporation, Fig.  8 
shows the differences between SimCPL and SimREF and 
between SimCPL and SimSMO. Comparing SimCPL and 
SimREF simulations, we quantify the impact of the SST 
differences on rainfall and evaporation, while the com-
parison of SimCPL and SimSMO simulations allows the 
quantification of the impact of intense and fast air-sea 
interactions on cyclone-induced rainfall and evaporation. 
In SimCPL, the evaporation and rainfall are significantly 
enhanced during winter over the Ionian and Adriatic Sea 
(approximately 20–25  % larger in SimCPL than in Sim-
REF). A priori, this is a counter intuitive result since SSTs 
are expected to fall due to upwelling/mixing and surface 
heat loss caused by the cyclone high-speed winds in the 
SimCPL simulation. However, as in Sanna et  al. (2013), 
the SimCPL presents a positive climatological bias of SSTs 
over the central Mediterranean (Fig.  1) which enhances 
evaporation and thus increases rainfall with respect to Sim-
REF. In fact, rainfall and evaporation differences between 
SimCPL and SimREF in Fig.  8 are concomitant with the 
SST differences in Fig.  1. A similar result was found by 
Sanna et al. (2013) who compared Mediterranean cyclones 
occurring in two simulations: one performed with a cou-
pled atmospheric-oceanic model and another simulation 
performed by solely the atmospheric model. Their results 
also show a positive SST bias over the central Mediterra-
nean associated with a positive rainfall difference between 
their coupled and uncoupled simulation.

Due to the SST climatological bias between Sim-
CPL and SimREF, the effect of rapid air-sea interactions 
can only be investigated with SimSMO simulation. In 
SimSMO, the temporal filtering operation suppresses the 
fast SST variability. For cyclones, this implies that the 
SST cooling induced by the strong winds in the cyclones 
is absent in SimSMO. Indeed, the comparison between 
SimCPL and SimSMO for both rainfall and evaporation 
reveals only negative differences, regardless the season 
and the affected areas. This is due to the fact that evapo-
ration (and therefore also rainfall) in SimSMO is slightly 
larger than in SimCPL due to the smoothing effect on SST 
cooling. Furthermore, Fig.  8 shows that in SimCPL, the 
autumn rainfall and evaporation are decreased over the 
Gulf of Lions by about 30 %. This is mostly due to cyclo-
genesis in the lee of the Alps, which affects the Western 
Mediterranean through the strong Mistral winds, often 
exceeding 20–30  m  s−1 (Flamant et  al. 2004; Guénard 
et al. 2005, 2006) and cooling the SSTs in the region due 
to surface oceanic heat loss and mixing/upwelling effects 
(Lebeaupin Brossier and Drobinski 2009; Lebeaupin Bro-
ssier et al. 2012).

Fig. 6   Seasonal frequency of areas affected by cyclones for Sim-
REF, for cyclones with intensity of 8–10 ×  10−5  s−1 (in color), for 
cyclones with intensity of 10–12 × 10−5 s−1 (blue line contours start-
ing from 1 with 1 % of interval) and for cyclones with intensity of 
more than 12 × 10−5 s−1 (yellow line contours starting from 1 with 
1 % of interval)
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Figure 9 shows the percentage of rainfall and evapora-
tion extremes associated with cyclones in the region. We 
define extremes as the 95th percentile of the total outputs 
of rainfall and evaporation, at each grid point of the model, 
for the whole 20-year period (only non-zero values are con-
sidered for rainfall). In accordance with Jansa et al. (2001) 
and Iordanidou et  al. (2014), our results show that more 
than 70 % of the total rainfall extremes are associated with 
a cyclone, particularly over the Gulf of Lions, the Aegean 

Sea and Cyprus. It is noteworthy, that no more than 20 % 
of extreme rainfall is due to cyclones over the Northern 
Mediterranean coasts. This is consistent with the fact that 
intense cyclogenesis in the region occurs mainly in win-
ter (seasonal limitations) and mainly over the sea (spatial 
limitation). In contrast with rainfall, cyclones contribute by 
75 % to extreme evaporation only over the Gulf of Lions, 
while their contribution is about 40–50 % over the central 
Mediterranean Sea. Over the Eastern Mediterranean, the 

Fig. 7   Total seasonal cyclone induced rainfall and evaporation in 
SimREF (in color, in mm h−1) due to the detected cyclones. Blue line 
contours denote the areas where cyclonic rainfall or evaporation over-

pass the 25 % (thin blue line) and 50 % (thick blue line) of the total 
rainfall or evaporation
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cyclones contribute to extreme evaporation by no more 
than 30–40 %, suggesting that evaporation extremes in this 
region are provoked by other weather systems, such as the 
Etesian (summer north wind over the Aegean Sea).

5 � Cyclones contribution to the Mediterranean Sea 
freshwater fluxes

Figure  10 shows the total seasonal (top panel) and inter-
annual (bottom panel) variability of evaporation (E), rain-
fall (P) and of their difference (E − P) due to cyclones and 
due to other weather systems. In accordance with previous 
studies based on observations and reanalyses on fresh-
water fluxes over the Mediterranean (e.g. Mariotti et  al. 
2002; Romanou et  al. 2010; Dubois et  al. 2012), the sea-
sonal cycle of E −  P is well captured by all three simu-
lations with a minimum during spring and a maximum 
in early autumn. This result is also consistent with other 
coupled simulations (Dubois et al. 2012). The interannual 
variability is low and E − P is quasi-constant, of the order 
of 1000  mm  year−1. This amount corresponds to a rather 
large value with respect to observations and reanalyses. 
A slightly lower value for E − P is simulated in SimCPL 
(~960  mm  year−1) which is closer to the observations 
and reanalyses. Figure 10 reveals that such a correction is 

mainly due to weaker evaporation (middle panels), espe-
cially during summer and early autumn.

Cyclones seasonal and inter-annual contributions to 
rainfall and evaporation are correlated with cyclone occur-
rences (Fig.  4). As a result, the cyclone contribution to 
rainfall presents a minimum during spring and summer 
and a maximum during autumn and winter. Accordingly, 
the inter-annual trend of the cyclone-induced rainfall 
and evaporation is quasi-constant. Figure  10 shows that 
cyclone-induced rainfall and evaporation equally contrib-
ute to E −  P (middle and right bottom panels), compen-
sating each other. This result suggests that Mediterranean 
cyclones tend to precipitate the water that is evaporated 
over the Mediterranean Sea. If such a direct water recy-
cling was performed by the cyclones, then, the hot-spots of 
both rainfall and evaporation would be collocated in Fig. 7, 
regardless the season. However, this is not rigorously the 
case as discussed in Sect. 4. Nevertheless, what is evapo-
rated by cyclones is recycled in precipitation locally or 
away from the region of maximum cyclone-induced evapo-
ration. In fact, Sodemann and Stohl (2013) show that water 
sources for major rainfall events in extratropical storms 
might be located away from the cyclone centers, while 
Duffourg and Ducrocq (2011) and Winschall et al. (2012) 
showed that a major water vapor source for case studies of 
heavy rainfall over the western Mediterranean are located 

Fig. 8   As in Fig. 7 but showing differences between SimCPL and SimREF and between SimCPL and SimSMO
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Fig. 9   The cyclones con-
tribution to the extremes of 
precipitation and evaporation 
in SimREF, defined as the 
percentage of cyclonic rainfall 
and evaporation to the 95th 
percentile of the total rainfall 
and precipitation

Fig. 10   Atmosphere-induced freshwater budget of the Mediterra-
nean Sea (E −  P), Evaporation (E) and Precipitation (P): seasonal 
(top panels) and annual (bottom panels) cycle. Freshwater fluxes are 

decomposed according to the contribution of the detected cyclones 
and according to the residual (non-cyclonic conditions), for all three 
simulations SimREF, SimCPL and SimSMO
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over the Atlantic Ocean. Consequently, intense cyclones 
may act as an intermediary for importing freshwater to the 
Mediterranean Sea and hence, under favorable large scale 
meteorological conditions, they could play the role of a 
mechanism for a net source of water to both the Mediterra-
nean atmosphere and Sea. Figure 10 shows that the cyclone 
contribution to the total freshwater fluxes in the Mediter-
ranean is rather weak (Fig.  10 left panels). However, this 
result could be subject to some variability, depending on 
the criteria applied to the cyclones considered for this study 
(such as the intensity threshold, or 1-day long tracks).

It is noteworthy that the cyclone-induced rainfall con-
tributes more than 50  % to the total autumn and winter 
rainfall, mainly due to extreme precipitations (Figs. 7, 10). 
On the other hand, the cyclones contribution to evaporation 
is lower and represents roughly 25 % of the total evapora-
tion (Figs.  7, 10 middle panels). The differences between 
SimREF, SimCPL and SimSMO are small (especially 
between SimCPL and SimSMO), suggesting that the local 
positive and negative anomalies in rainfall and evaporation, 
as shown in Fig. 8, compensate on average over the whole 
basin. Such compensation becomes weaker when compar-
ing SimCPL and SimSMO since their differences in evapo-
ration and rainfall are always negative.

6 � Discussion and conclusion

In this article we analyze and present the relative contribu-
tion of Mediterranean cyclones to the Mediterranean Sea 
freshwater fluxes. In our analysis we include all cyclones 
reaching a maximum intensity of at least 8 × 10−5 s−1 and 
lasting more than 24 h. In order to isolate the cyclone con-
tribution to evaporation and rainfall, we use a diagnostic 
tool which measures the frequency and the spatial cover-
age of cyclone-affected areas. The results reveal a sea-
sonal cycle of cyclone occurrences over the Mediterranean 
Sea that presents a minimum in summer and a maximum 
in winter. Accordingly, the cyclone-induced rainfall is 
stronger in winter and autumn, with a distinct center over 
the central Mediterranean where the most intense cyclones 
of our dataset tend to develop. On the other hand, cyclone-
induced evaporation presents a permanent “hot-spot” over 
the Gulf of Lions, where cyclones and strong winds are 
frequent regardless the season. Our results show that the 
freshwater fluxes budget (E −  P) over the Mediterranean 
Sea is rather insensitive to the Mediterranean cyclones 
due to the balance between cyclone-induced evaporation 
and rainfall. Consequently, the long term evaporation due 
to cyclones, caused by the strong surface winds, seems to 
be directly recycled by the cyclones in the form of precipi-
tation. Such a recycling mechanism may explain why the 
SST difference between the SimREF and SimCPL does 

not have a large impact in the basin’s averaged freshwater 
(E  −  P), compensating deficits/increases in evaporation 
with deficits/increases in rainfall, respectively. Averaged 
over the whole Mediterranean Sea, the SST difference 
between SimCPL and SimREF is about zero although it 
shows important regional differences (see Lebeaupin Bro-
ssier et al. 2014). In all, rainfall due to cyclones represents 
approximately 50 % of the annual total over the Mediter-
ranean Sea and corresponds generally to extreme pre-
cipitation events. Evaporation due to cyclones represents 
approximately 25 % of the annual total over the Mediter-
ranean Sea. Fast air-sea interaction processes that are pre-
sent in the coupled simulations induce cooler SSTs along 
the cyclone track thus reducing evaporation and precipita-
tion with respect to simulation where these effects are not 
accounted for.

We extended the results of Sanna et  al. (2013) who 
investigated the sensitivity of the climatology of cyclones 
and cyclones-induced rainfall to explicitly resolved air-
sea interactions in regional modeling. Their results sug-
gested that rainfall differences between a coupled and an 
uncoupled simulation were associated with differences 
on the cyclone number, detected in the two simulations. 
However, here we showed that rainfall differences due to 
cyclones in SimCPL and SimREF were mostly associated 
with SST differences between the SimREF and SimCPL. 
In addition, we complemented the results of Lebeaupin 
Brossier et  al. (2014) who analyzed the evaporation and 
rainfall extremes contribution to the MSWB. In our study, 
the number of cyclones remained rather insensitive when 
comparing SimREF, SimCPL and SimSMO. This should 
not come as a surprise; the strong dependence of intense 
cyclogenesis on the large scale conditions makes it highly 
unlikely to consider sea-atmosphere heat exchanges as a 
major cyclogenesis mechanism in the region (Flaounas 
et al. 2014a). We showed that explicitly resolved SST had 
an impact on both evaporation and rainfall associated with 
the most intense cyclones occurring over the Ionian and 
Adriatic Sea. This confirms an earlier study by Tous et al. 
(2013) who showed that evaporation plays a crucial role 
on the quantity of precipitable water during the devel-
opment of three Mediterranean intense cyclones (their 
Figs. 8, 9, 10).

Here we provided a climatological insight on the con-
tribution of intense cyclones to the Mediterranean cli-
mate. In accordance with previous studies, we showed 
that Mediterranean cyclones are strongly associated with 
extreme rainfall (e.g. Jansa et al. 2001). In order to better 
understand the variability of the regional climate and its 
extremes it is important to better understand the Mediter-
ranean cyclone dynamical processes. It is thus clear that 
explicitly resolving air-sea interactions is of interest for 
a better representation of the cyclone dynamics and their 
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impact on the regional water budget. Indeed, several stud-
ies have highlighted the importance of fine-scale coupled 
air-sea interactions on the dynamical evolution of synoptic 
systems around the globe (e.g. Vianna et al. 2010; Cham-
bers et al. 2014). In particular for the Mediterranean region, 
the detailed representation of such processes is necessary 
in order to well evaluate their impact on the representation 
of the Mediterranean Sea water and heat budget in future 
climate projections (Dubois et al. 2012). In a future study, 
we aim to work in a climatological framework as in the 
present paper but linking the cyclones water budget with 
their dynamics. Such an analysis will be conducted in the 
context of the current state of the art in atmospheric mod-
eling, where the use of coupled simulations has to offer a 
better and deeper understanding of high frequency dynami-
cal processes which take place during the development of 
intense Mediterranean cyclones.
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