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Abstract. Here, we describe our use of the Lagrangian 3-D
FLEXPART model to investigate the variation in sources of
moisture related to the drier and wetter conditions of the dif-
ferent regions that surround the Mediterranean Basin. We
carried out seasonal analyses for the period from March 2000
to February 2005, and identified those years with the highest
and lowest rates of precipitation by season, averaged over
eight different continental regions. The variation in specific
humidity along the 10-day backward trajectories of the par-
ticles identified over the target areas was tracked for the se-
lected period, and the characteristics of the moisture sources
were then compared between wetter and drier conditions by
season. Although they only represented a relatively short pe-
riod, the results suggest that in most of the years chosen, the
moisture sources were more extensive and/or more intense
during wetter periods. The contribution of the north Atlantic
as a source of moisture is apparent for the Iberian Penin-
sula, for France and for Central North Africa. Otherwise,
the Mediterranean Sea is the predominant source for Eastern
North Africa, and for the Italian and Balkan Peninsulas. Lo-
cal sources provide moisture for the Eastern Mediterranean
and Western North Africa.

1 Introduction

It is now commonly accepted that the precipitation that falls
in a given region has one of three origins (Brubaker et
al., 1993): (a) moisture already present in the atmosphere,
(b) moisture transported into the region from remote sources
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by wind (advection), or (c) local evaporation from the earth’s
surface (recycling). This last term corresponds to the compo-
nent of the moisture that is recycled. Although its definition
varies, recycling is commonly defined to refer to that part
of the water that evaporates from a given area and that con-
tributes to the precipitation in that same area (e.g., Eltahir
and Bras, 1996). Averaged over long periods, the contribu-
tion of source (a) is negligible. Hence, the responsibility for
the observed atmospheric moisture in a given region lies with
advection and recycling.

Although a number of different approaches can be used
to identify geographical sources of moisture, they all suf-
fer from some kind of limitation. Such approaches can be
grouped into four categories: (a) studies that calculate recy-
cling ratios (e.g., Eltahir and Bras, 1996; Trenberth, 1999),
the main limitation of which is that they cannot determine the
specific origin of the nonlocal water; (b) studies that use gen-
eral circulation models and tracers of water vapour to assess
the major sources of evaporation that contribute to precipita-
tion in a different region (e.g., Numaguti, 1999; Bosilovich
et al., 2003), in which the source regions must be specified
and the results depend on the quality of the modelled data;
(c) studies that integrate the atmospheric fluxes of moisture
across regional boundaries (e.g., Chen et al., 1994; Liu and
Stewart, 2003; Fernandez et al., 2003), which (like type a)
also fail to provide information on the geographical sources
of the moisture; and (d) studies that quantify the transport
using the trajectories of the moisture concerned (e.g., Crimp
and Mason, 1999; Knippertz and Martin, 2005). The results
of this last type of study can provide full details of the ori-
gin of the air mass concerned in three dimensions, but cannot
provide any information about the increase and decrease of
moisture along the trajectories that could affect the target re-
gion.
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In addition to the foregoing types of model, more appro-
priate and more sophisticated approaches have recently been
developed that make use of the full kinematic trajectories
calculated from different Lagrangian particle models. The
methodology developed by Stohl and James (2004, 2005) de-
termines the net changes in moisture along a large number of
back trajectories, which then enables inferences to be made
about the sources of moisture in a particular region. In their
approach, Sodemann et al. (2008a, b) include the detailed
loss of water that occurs through rainfall along the trajecto-
ries of the air parcels that subsequently supply the precipita-
tion in the target region.

The Mediterranean region is located at the border between
the tropical climate zone and the mid-latitude climate belt,
and thereby lies on a considerable environmental meridional
gradient (Lionello et al., 2006). The temperate climate of
this region is characterised by mild and humid winters and
mostly dry summers. The region has a complex morphology,
with a high degree of spatial variability in terms of both ma-
rine and atmospheric circulation, together with a number of
subregional and mesoscale peculiarities.

The Mediterranean hydrological cycle is particularly sen-
sitive to the timing and location of winter storms as they
move into the region (Trigo et al., 2002). The influence of the
northern Atlantic atmospheric river is felt over an extended
area. The pattern of precipitation in the western continental
margin is, therefore, determined by the same phenomenon
because the coastline is perpendicular to the predominant di-
rection of flow of the atmospheric river (Newell et al., 1992;
Zhu and Newell, 1998). In the boreal summer, when the
advection of moisture from the Atlantic is weaker and the
Hadley cell moves northwards, there is some evidence of a
connection with both the Asian and African monsoons (Li-
onello et al., 2006).

The Mediterranean Sea itself is also an important source of
atmospheric moisture and the characteristics of the local wa-
ter budget influence the amount of moisture that flows into
northeast Africa and the Middle East (Peixoto et al., 1982;
Ward, 1998). It has been proposed that both past and fu-
ture global climate changes that affected (or will affect), for
example, the characteristics of the storm tracks (Arpe and
Roeckner, 1999), together with changes in the conditions of
the land surface (Reale and Shukla, 2000), may be linked to
significant changes in the hydrological cycle in the Mediter-
ranean region (Bethouk and Gentili, 1999). For this reason,
an improved knowledge of the Mediterranean hydrological
cycle and of its variability could offer important socioeco-
nomic benefits to these areas.

A number of previous studies identified the geographical
sources or sinks of moisture over the Mediterranean Sea us-
ing a range of different methodologies (most of them Eule-
rian in nature) and input data, with results that varied sig-
nificantly (see the review in Mariotti et al., 2002). For ex-
ample, Mariotti et al. (2002) carried out a budget analy-
sis to study the contributions to the freshwater flux into the

Mediterranean Sea over the last 50 yr, including atmospheric
inputs as well as those from river discharges, using recent at-
mospheric reanalyses and observational datasets. Their anal-
ysis showed a flux of moisture from west to east through-
out the year, but which had a southward component during
the summer, from the eastern Mediterranean into northeast
Africa and the Middle East. A contrasting approach was em-
ployed by Ferńandez et al. (2003), who based their method
on the integration of the atmospheric fluxes of moisture
across regional boundaries. These authors clearly showed
that the variability of precipitation within the Mediterranean
Basin is closely related to the structure of the vertically inte-
grated moisture transport fluxes inside the domain and at its
borders.

In the belief that a Lagrangian approach can offer a more
precise description of the trajectories of the air masses and
their variability, compared to more traditional Eulerian tech-
niques, the aim of the present study is to investigate the
sources of moisture that are related to the wetter and drier
seasonal conditions observed in the different regions that
surround the Mediterranean Basin. In our methodology,
“sources of moisture” are defined to be those regions that
are crossed by the air masses during their transit towards the
area of interest, in which the evaporation exceeds the precip-
itation. Moreover, all the air masses identified in the target
region, even the nonprecipitating ones, are tracked back to
their origins. A 5-yr analysis of the main sources and sinks
of moisture that affect the Mediterranean Basin was reported
previously by Nieto et al. (2010), which gives an overview
of the annual mean patterns for different regions. Using the
same trajectory data and target areas, the present work may
be considered as an extension of Nieto et al. (2010), once
we focus on the seasonal differences of the sources of mois-
ture and on variations in drier and wetter periods for each
target region considered. The robustness of our approach has
been demonstrated previously in the successful application
of the data and the methodology to climatological studies of
sources of moisture in other regions, including the Sahel (Ni-
eto et al., 2006), Iceland (Nieto et al., 2007), the Orinoco
River basin (Nieto et al., 2008), the South American Mon-
soon System (Drumond et al., 2008), and the Iberian Penin-
sula (Gimeno et al., 2010).

The data, model and methodology are all described in
Sect. 2. In Sect. 3, we show the results of the trajectory
analyses. The main findings of our study are summarized
in Sect. 4.

2 Data and methodology

In order to determine the sources of moisture, we made use of
the Lagrangian particle dispersion model FLEXPART (Stohl
et al., 2005). FLEXPART used global data from the me-
teorological analysis of the European Centre for Medium-
Range Weather Forecasts on model levels (White, 2002)
to track different meteorological parameters for the entire
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atmosphere along individual trajectories. Because we are in-
terested in atmospheric moisture, we used the specific hu-
midity interpolated to the position in the trajectory at given
points in time.

In order to identify the trajectory of each particle, the at-
mosphere was divided equally into a large number of parti-
cles at the start of the model run. These particles had a con-
stant mass and were distributed homogeneously throughout
the atmosphere according to the distribution of atmospheric
mass. These particles were advected according to operational
three-dimensional (3-D) ECMWF winds. In order to calcu-
late both the grid-scale advection and the turbulent and con-
vective transport of the particles, operational ECMWF data
were also used as inputs to the model. The positions and
specific humidity values (q) were temporally interpolated
from the ECMWF data, which were recorded every 6 h. The
increase (e) and decrease (p) in moisture along the trajec-
tory could be calculated using the rate of change ofq, i.e.,
(e −p = m dq/dt), wherem denotes the mass of a parti-
cle. By summation of (e−p) for all the particles in an at-
mospheric column over a given area, it is possible to obtain
the quantity (E −P ), where the surface freshwater flux (E)
represents evaporation and (P ) is the rate of precipitation per
unit area. It is also possible to track (E−P ) for any specific
region backwards in time along a number of trajectories, by
choosing those particles that reach the target region at the
time of interest.

In order to ensure an exact mass balance, vertical winds
were calculated in the hybrid coordinates of the ECMWF
model using spherical harmonics data during the data re-
trieval procedures at ECMWF. To account for turbulence,
the FLEXPART model calculates the trajectory of the par-
ticles using analysed winds plus randomised motions. In the
planetary boundary layer (PBL), these random motions are
calculated by solving the Langevin equations for Gaussian
turbulence (Stohl and Thomson, 1999). The height of the
PBL may be determined using a combination of the Richard-
son number and the lifting parcel technique (Vogelezang and
Holtslag, 1996); turbulence outside the PBL is assumed to
be very small. Although global datasets cannot resolve in-
dividual convective cells, they can reproduce the large-scale
effects of convection. FLEXPART has various options for
the generation of particles and the material quantity repre-
sented by each. In our case, the atmosphere was homoge-
neously “filled” with particles, each representing a fraction of
the total atmospheric mass. Particles were allowed to move
(forwards or backwards in time) with the winds for the dura-
tion of the simulation. According to Stohl and James (2004,
2005), the limitations of the method are mainly concerned
with the fact that the fluctuations inq that occur along the
individual trajectories also occur for numerical reasons (e.g.,
because of the interpolation ofq or because of errors in the
trajectory concerned). Such noise is partly mitigated by the
large numbers of particles present in a given atmospheric col-
umn.

Fig. 1. The selected subregions of the Mediterranean Basin used to
calculate the backward trajectories of (E −P ). The regions indi-
cated in red are: Iberian Peninsula (IbP), France (F), Italian Penin-
sula (ItP), Balkan Peninsula (BP), Eastern Mediterranean (EM) and
Western, Central and Eastern North Africa (WA, CA and EA, re-
spectively).

We herein describe our use of the tracks of 1.3 million par-
ticles over a 5-yr period (March 2000–February 2005), which
were computed using the ECMWF operational analysis that
was available at 6 hourly intervals (00:00, 06:00, 12:00 and
18:00 UTC) at a resolution of 1◦ × 1◦ in latitude and longi-
tude for all 60 vertical model levels. Analysis of the (E–P )
retrotrajectories was performed for eight subregions within
the extended Mediterranean Basin (50◦ N–28◦ N lat, 10◦ W–
40◦E lon), namely the Iberian Peninsula (IbP), France (F),
the Italian Peninsula (ItP), the Balkan Peninsula (BP), the
Eastern Mediterranean (EM) and three regions of Western,
Central and Eastern North Africa (WA, CA and EA, respec-
tively) (as shown in capital letters in Fig. 1). These subre-
gions coincide with the areas chosen by Nieto et al. (2010).
Following the recommendations of Stohl and James (2005)
and Sodemann et al. (2008a), we limited the transport times
to 10 days. According to these authors, 10 days is the aver-
age time for which water vapour resides in the atmosphere
(Numaguti, 1999), and it is also a period of time over which
the trajectories can be considered to be relatively accurate
(Stohl, 1998).

In order to identify, for each season, drier and wetter years
in the period under consideration, we used data from the
Global Precipitation Climatology Project (GPCP) Version 2
(Huffman et al., 2001), which were available at daily in-
tervals and at a horizontal resolution of 1◦. We calculated
the seasonal precipitation rate, averaged over each of the
eight subregions, throughout the period from March 2000
to February 2005 inclusive, taking the boreal seasons to
be MAM (Spring), JJA (Summer), SON (Autumn) and
DJF (Winter). For each season and each region, we se-
lected those years that had the highest and lowest precipita-
tion rates, hereafter termed the wetter and drier years. To
assess the potential implications of changes in the source
of moisture (in location and/or intensity) for a given target
region, we also obtained the seasonally averaged values of
(E −P ) for these years. It is important to stress that all the
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Fig. 2. (left-hand panels): Seasonal backward analysis for the Iberian Peninsula (IbP) using 10-day retrointegrated average values of (E−P ).
The values were normalized by the area of the target region (618 945 km2) showing contours of 0.01× 10−7 mm day−1 km−2 (solid lines)
and 0.5× 10−7 mm day−1 km−2 (dotted line) observed for the selected wetter (blue lines) and drier (red lines) years (indicated below each
figure); (right-hand panels): seasonal 10-day retro-integrated average values of (E −P ) normalized by the area of the target region for
2000–2004 (shaded, by 10−7 mm day−1 km−2) and variance (grey contour lines of 0.01, 0.1 and 0.5× 10−14mm2 day−2 km−4).

air masses identified in the target region during the selected
periods, even the nonprecipitating ones, were tracked back-
wards and included in our analysis.

Herein, we present the values of (E −P ) integrated over
a 10-day period (from the first to the tenth day of the tra-
jectory) and normalized by the respective target area in or-
der to facilitate a comparative analysis of the regional re-
sults. The normalization is necessary because the number
of particles selected increases according to the size of the
target region, and as a consequence the magnitude of the val-
ues of (E −P ) integrated for an atmospheric column over
a given area is higher for larger target regions. The areas

of the target regions considered in our numerical approxima-
tions are shown in the legends of the respective figures. The
resulting fields can be interpreted to be the net gains or losses
of moisture in a region during the previous 10 days and we
can, thereby, identify the sources of moisture to be those re-
gions where evaporation exceeded precipitation over the pe-
riod. Nevertheless, part of the uptake of moisture from the
source regions can fall as precipitation along the trajectories
of the air masses as they move towards the target area. In the
same way, regions that have a net negative value of (E −P )
can still act as significant sources of moisture for the target
area on some of the 10 days under consideration here. The
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Table 1. Seasonal mean precipitation rates (mm day−1) averaged for each of the target regions indicated in Fig. 1. For each season and
region, the highest and the lowest values are highlighted in blue and red, respectively.

Year Season IbP F ItP BP EM EA CA WA

2000 MAM 2.884 2.904 2.050 1.561 0.943 0.093 0.407 0.459
2000 JJA 0.698 2.848 1.041 0.839 0.104 0.002 0.099 0.060
2000 SON 2.791 4.507 3.677 2.324 0.773 0.130 0.558 0.353

2000–2001 DJF 4.487 2.907 3.557 2.638 1.587 0.381 0.5190.968
2001 MAM 2.622 4.485 2.339 2.657 1.169 0.061 0.258 0.263
2001 JJA 0.668 2.850 0.716 1.652 0.075 0.004 0.054 0.062
2001 SON 2.221 2.701 2.426 2.330 1.140 0.271 0.437 0.268

2001–2002 DJF 1.448 2.257 1.862 1.965 2.458 0.764 0.322 0.769
2002 MAM 2.488 2.566 2.146 2.416 1.160 0.174 0.4031.232
2002 JJA 1.067 3.029 2.152 2.782 0.238 0.007 0.264 0.072
2002 SON 3.159 4.485 3.245 3.459 0.692 0.216 0.588 1.033

2002–2003 DJF 3.606 2.807 4.1854.155 2.436 0.435 0.987 0.816
2003 MAM 1.901 1.807 1.274 1.703 1.253 0.317 0.426 0.568
2003 JJA 0.735 1.847 1.239 1.249 0.092 0.029 0.116 0.251
2003 SON 3.466 3.360 3.884 3.297 0.705 0.092 0.690 1.194

2003–2004 DJF 2.251 3.321 3.440 3.234 2.674 0.275 0.648 0.804
2004 MAM 2.592 2.449 3.085 2.442 0.599 0.167 0.912 0.645
2004 JJA 0.779 2.737 1.391 2.215 0.117 0.020 0.245 0.123
2004 SON 1.871 2.508 3.739 2.884 1.024 0.167 0.564 0.527

2004–2005 DJF 1.381 2.157 4.395 3.648 1.568 0.756 0.755 0.757

uptake and loss of moisture along the trajectories could be
investigated in detail by means of a daily analysis of (E−P )
(Stohl and James, 2005), but we believe that the inclusion of
this kind of analysis would not add that much to our results,
given our goal of a qualitative overview of the variations in
the spatial structure and magnitude of the sources of moisture
in different target areas under specific climatological condi-
tions. The interannual variability of (E−P ) can be evaluated
by means of its variance.

3 Results

Table 1 shows the seasonal precipitation rates averaged for
each of the eight subregions, and shows the lowest (highest)
values in red (blue) for each season and subregion over the
period. The results in Table 1 allow us to identify the spa-
tial extent of some periods selected, for example, the pre-
dominance of the drought conditions that occurred during
2001 over North Africa and Italy in particular, as well as
the wet summer of 2002 that extended over almost the entire
Mediterranean Basin. The lower seasonal values observed
over IbP and F during the autumn of 2004 and the following
winter agree with the findings of other authors who identified
the hydrological year 2004–2005 in the Iberian Peninsula to
be the driest since global volumes of precipitation were first
recorded (Garcia-Herrera et al., 2007; Santos et al., 2007).
This particular episode was also investigated by Gimeno et
al. (2010), who studied the contribution to precipitation in

IbP of the Tropical Atlantic source of moisture under dry
(2004/2005) and wetter (2000/2001) winter conditions using
the same methodology as we have adopted here. The tem-
poral persistence of some episodes was also observed, as the
case of the drier (2000) and the wetter (2002) years in BP. We
believe that these special cases merit further investigation.

Figure 2 shows the results of our analysis of the sources
of moisture for the drier and wetter years for IbP (Fig. 2,
left-hand panel), together with the 5-yr average and vari-
ance of the seasonal fields of (E − P ) (Fig. 2, right-hand
panel). Because a more detailed climatological analysis
of the main annual sources and sinks of moisture has al-
ready been performed for all the regions concerned by Ni-
eto et al. (2010), the focus of our discussion here is on
a seasonal analysis and comparison of the main sources
of moisture during the years selected. The left-hand pan-
els show the 0.01× 10−7mm day−1 km−2 (solid lines) and
0.5× 10−7 mm day−1 km−2 (dotted lines) contours for (E−

P ) integrated during the years selected (indicated at the bot-
tom of each figure). The blue lines correspond to the wet-
ter year and the red lines to the drier one. These thresholds
were selected for the contour lines because they correspond
to the lowest and the highest positive thresholds plotted in
the 5-yr average values of (E −P ), hence, elucidating the
differences from the “climatological” fields. The 5-yr sea-
sonal average and variance (Fig. 2, right-hand panel) shows
the contribution of the Mediterranean Sea and of a region
that extends from the Atlantic western European coast to the
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Fig. 3. As Fig. 2, but for France (F), considering its equivalent area as 277 264 km2.

subtropical-tropical North Atlantic (STNA) (the red colours
indicateE −P > 0) for IbP throughout the year. The con-
tribution from the STNA is only lower during JJA. An anal-
ysis of the variance of (E −P ) (grey contour lines of 0.01,
0.1 and 0.5× 10−14mm2 day−2 km−4) indicates that the ar-
eas that show higher interannual variations extend over the
Iberian Peninsula and the North Atlantic and, more precisely,
lie close to the interface between the positive and negative
climatological values of (E − P ). The importance of the
Atlantic source and its characteristics has already been dis-
cussed in a detailed climatological analysis of the Iberian
Peninsula presented by Gimeno et al. (2010). Comparing
the wetter and drier years (Fig. 2, left-hand panel) it appears
that the main differences lie in the spatial extension and/or

the intensity of the Atlantic source, which is predominantly
larger during the wetter periods.

The contribution from the Atlantic source is also observed
for subregion F (Fig. 3). The seasonal evolution of the “cli-
matological” fields (the 5-yr averages, Fig. 3, right-hand pan-
els) indicates the importance of Western Europe as a source
of moisture for France throughout the year, except during
DJF when the results suggest that the main contribution is
from the STNA. The analysis of the variance of (E−P ) indi-
cates that those areas that have higher interannual variations
extend over Western Europe and lie close to the interface
between the positive and negative climatological values of
(E−P ) observed in the North Atlantic. Comparing the wet-
ter and drier years (Fig. 3, left-hand panel), the contribution
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Fig. 4. As Fig. 2, but for the Italian Peninsula (ItP), considering its equivalent area as 205 507 km2.

from the STNA and Western Europe is even greater during
the wetter periods.

The results obtained for France can be compared with the
detailed climatological study of Sodemann and Subler (2010)
of the sources of moisture for Alpine precipitation. Although
their target area is slightly different and their Lagrangian
methodology considers the air masses that precipitate over
the Alps in a different period (1995–2002), they were nev-
ertheless able to identify the contributions from the oceanic
areas of the North Atlantic, the Mediterranean Sea and the
North and Baltic Seas, apart from that from the European
land surface. The strong seasonal variability of the influence
of the sources of moisture is also evident, with the North
Atlantic source being dominant during winter and the Cen-
tral European land areas being dominant in summer. They

identify the interannual variability with respect to the loca-
tion of the moisture sources in the North Atlantic, as well as
the importance of recycling of precipitation during the sum-
mer.

Figure 4 shows our results for the Italian Peninsula. From
the average fields shown in the right-hand panels, it is pos-
sible to note the predominance of Southern Europe and the
Mediterranean region as sources of moisture throughout the
year. The Caribbean Sea is a source during DJF, but the neg-
ative values over Western Europe (indicating that this is a
region where a net of moisture losses occur during the 10-
day period) suggest that part of the moisture carried by the
air masses from the Atlantic could precipitate there before
reaching ItP, implying that this potential source is less impor-
tant in providing moisture for the region. Southern Europe

www.nat-hazards-earth-syst-sci.net/11/2307/2011/ Nat. Hazards Earth Syst. Sci., 11, 2307–2320, 2011
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Fig. 5. As Fig. 2, but for the Balkan Peninsula (BP), considering its equivalent area as 353 643 km2.

is also the region that has the highest interannual variation
of (E −P ) according to the analysis of variance (right-hand
panels of Fig. 4). Comparing the wetter and drier periods
(Fig. 4, left panels), it may be seen that the intensity and/or
spatial extension of the continental source is higher during
wetter conditions, as well as the areal extension of the east-
ern Atlantic source.

The Mediterranean Basin is also the most prominent
source of moisture for BP (Fig. 5, right-hand panels), except
during JJA when the spatial structure of the source expands
towards Europe. When comparing between wetter and drier
conditions, it is interesting to note that the structure of the
sources of moisture is quite similar, expanding slightly more
during wetter conditions (Fig. 5, left-hand panels), and the

higher interannual variations are observed over the target re-
gion during JJA.

The source of moisture for EM lies mainly in the adjacent
Mediterranean Sea, and it is more intense and presents higher
interannual variations during JJA (Fig. 6, right-hand panels).
There was a westerly extent of the source during wetter years,
except in JJA (Fig. 6, left-hand panels).

The Mediterranean Sea is one of the most prominent
sources of moisture for subregion EA throughout the year
and it expands its domain towards Europe during JJA (the dri-
est season as per Table 1) (see Fig. 7, right-hand panel). The
central Mediterranean Basin is also the area that has the high-
est interannual variations of (E −P ) according to the analy-
sis of variance, particularly during JJA (grey contour lines,
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Fig. 6. As Fig. 2, but for the Eastern Mediterranean subregion (EM), considering its equivalent area as 504 492 km2.

Fig. 7 right-hand panels). Comparing wetter and drier condi-
tions (Fig. 7, left-hand panel), the results show that the spa-
tial extent and intensity of the source of moisture are slightly
larger for wetter years.

As for IbP and F, the results indicate a moisture contri-
bution from STNA for CA that mainly applies in DJF and
MAM (Fig. 8, right-hand panels). In addition, the contribu-
tions from the Mediterranean Basin and North Africa may
be seen throughout the year. An analysis of the variance of
(E −P ) (Fig. 8 right-hand panels, grey contour lines) indi-
cates that the Mediterranean and the North Atlantic are the
regions that had the highest interannual variations. One of the
main differences between wetter and drier conditions (Fig. 8,
left-hand panel) is the expansion and intensification of the
source over the Atlantic during DJF in the wetter year. It is

interesting to note that all the drier seasons selected refer to
the period March 2001–February 2002. There is a larger spa-
tial extension of the source towards the north Atlantic Ocean
during MAM in the wetter year. During JJA, the driest sea-
son for CA according to the period considered in Table 1, the
spatial extent of the source is reduced to Europe, the Mediter-
ranean Basin and North Africa, and its south-westward ex-
tension during wetter conditions can be clearly seen. The
north-eastward and southward expansion of this source may
also be seen during SON in the wetter year. In contrast with
CA, the moisture contribution for WA is more local and ex-
pands its domain towards the Iberian Peninsula and the ad-
jacent oceanic regions during MAM and JJA (Fig. 9, right-
hand panels). The target region also had the highest inter-
annual variations of (E−P ) according to the analysis of the
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Fig. 7. As Fig. 2, but for the Eastern North Africa subregion (EA), considering its equivalent area as 518 997 km2.

variance (grey contour lines, Fig. 9 right-hand panels), par-
ticularly during JJA. Comparing wetter and drier conditions
(Fig. 9, left-hand panels), it appears that there is a spatial ex-
pansion of the source in wetter years towards the adjacent
Atlantic area.

4 Conclusions

Using data obtained from the Lagrangian FLEXPART model
for the period 2000–2005, we have investigated variations
in the sources of moisture related to drier and wetter sea-
sonal conditions in different regions around the Mediter-
ranean Basin. We considered a standard 5-yr period in which
the strong extreme phases of the major modes of climate

variability at the global climate scale (e.g., ENSO or NAO)
were absent.

We carried out an analysis of the retrotrajectories of (E −

P ) for eight subregions within the extended Mediterranean
Basin (50◦ N–28◦ N lat, 10◦ W–40◦ E lon), and limited the
transport times to 10 days. The selected subregions were
the Iberian Peninsula (IbP), France (F), the Italian Penin-
sula (ItP), the Balkan Peninsula (BP), Eastern Mediterranean
(EM) and Western, Central and Eastern North Africa (WA,
CA and EA). It is important to note that in our methodology,
we define “sources of moisture” to be those regions crossed
by air masses that are in transit towards the target area and
where there is a predominance of evaporation over precipita-
tion.
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Fig. 8. As Fig. 2, but for the Central North Africa subregion (CA), considering its equivalent area as 1 052 890 km2.

For each season and subregion, we selected those years
that presented the highest and lowest seasonal precipitation
rates for the period 2000–2005 and, thereafter, referred to
these as wetter and drier years, respectively. To assess the
potential implications of changes in sources of moisture (lo-
cation and/or intensity), we compared the 10-day integrated
values of (E −P ) associated with the years selected. All
(E −P ) fields were normalized by the respective target area
in order to facilitate a comparative analysis of the regional
results.

The contribution of the north Atlantic (mainly from sub-
tropical latitudes and the eastern North Atlantic region) as a
moisture source is apparent for the Iberian Peninsula, France
and Central Africa. During JJA, the contribution from the At-
lantic reduces and the sources of moisture are mostly located

over continental areas and over the Mediterranean Basin.
The results suggest that the larger extent and the higher in-
tensity of the Atlantic source during wetter conditions is one
of the main differences between the wetter and drier years.

The moisture sources for the Italian and Balkan Peninsulas
are centred on the Mediterranean Basin, and extend towards
Europe during JJA. In general, the sources of moisture are
more intense and greater in extent during wetter conditions.
For ItP, the source also expands towards eastern north At-
lantic Ocean in wetter years, except during JJA. The Mediter-
ranean Basin is also a source of moisture for Eastern North
Africa and the areal domain of this source extends towards
Europe during JJA. For the Eastern Mediterranean subregion,
the source of moisture is located over the eastern basin and
the results indicate a small westward expansion during wetter
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Fig. 9. As Fig. 2, but for the Western North Africa subregion (WA), considering its equivalent area as 439 845 km2.

conditions, except in JJA. A local source of moisture centred
over the Gibraltar Strait was found for Western North Africa.
Comparing wetter and drier conditions, it appears that there
is a spatial expansion of the source in wetter years towards
the adjacent Atlantic area.

The results suggest that in most of the selected years, the
sources of moisture were larger and/or more intense during
wetter conditions. It is important to stress that the whole of
the analysis of the contrasts between wetter and drier con-
ditions was carried out using a qualitative comparison of the
results concerned, without quantifying variation in the contri-
bution from the sources of moisture. The availability of only
short period of data limits both the selection of episodes and
the application of any statistical evaluation. Moreover, the
short period covered by our study does not allow exploring

the various regimes leading to wetter/drier conditions over
the different parts of the Mediterranean region convincingly.
The scope of our study was, therefore, to use case studies
to provide an overview of the regional characteristics of the
Mediterranean Sea, and to suggest that differences between
drier and wetter years could be related to some variations in
the sources of moisture. We, nevertheless, argue that the use
of a longer period of data would be necessary for a more
conclusive discussion. In an attempt to address this issue,
a 40-yr FLEXPART experiment is being conducted, which
should allow studies to take place at a climatological scale,
together with a more meaningful statistical evaluation of the
results.
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