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Abstract: The moisture transport from its sources to the continents is one of the most relevant
topics in the hydrology, and its role in extremes events is crucial to understand several processes in
the Earth, as intense precipitations and/or flooding. Using the global precipitation dataset from the
Multi-Source Weighted-Ensemble Precipitation (MSWEP) from 1980 to 2015, a monthly precipitation
climatology was done over the area of the Mediterranean Sea, checking grid by grid which year
exhibits the maximum precipitation. As is well known, the Mediterranean Basin is a clear source of
moisture for the surrounding areas. To link this source of moisture with the precipitation over it
surroundings, in this work we have made use of the Lagrangian dispersion model FLEXPART to
track, in its forward mode, those particles that monthly leave the Mediterranean Basin and we have
calculated the loss of moisture (E-P<0) modeled by FLEXPART over the continental region. The aim
of this study is to calculate the monthly climatological percentage of the Mediterranean contribution
grid by grid, and the changes of this contribution for extreme monthly precipitation, checking the
importance of this sea source of moisture during the maxima peaks of precipitation. In general
terms, the spatial pattern of the contribution of the Mediterranean source to the precipitation does
not differ a lot between those years with higher precipitation and the climatology; however there
any European regions where the Mediterranean is not an important source for climatological
precipitation but it is a significant source for extreme precipitation years.
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1. Introduction

Moisture transport from the oceans to the continents, precipitation, and evaporation are
important elements of the hydrological cycle [1]. Because of the huge importance of water resources
on quality of human life, today exist a great interest among meteorologists and hydrologists in
researching and understanding connection between evaporation and precipitation on the Earth [2].

The origin of the precipitation, which occurs in some area, may be explained through the
presence of such (or more) of these factors: i) the moisture already exists in the atmosphere over the
area, ii) the transport of moisture by winds from some region, or iii) the moisture recycling. When
we look at a longer period, the contribution of the first source is very little, then we can say that the
two major sources of moisture that are responsible for precipitation in a region are the advection and
local evaporation [3].
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Changes in global precipitation, and other categories of precipitation, will be one of the most
significant factors to evaluate the global climate changes and their impacts. Currently, some findings
say that high precipitation events have an increasing trend in intensity and/or frequency [4, 5].
Extreme events (such as droughts, floods, landslides) and their changes in frequency and intensity,
and changes in the water cycle lead to the some of the major economic losses and human fatalities in
the Mediterranean area [6]. In concordance to that, the analysis of the extreme precipitation trends
and changes of the moisture transport from the Mediterranean basin to different areas of
the neighboring continents is relevant for the evaluation and prediction of high precipitation events.

The area of the Mediterranean basin can be determined by the countries surrounding the
Mediterranean Sea, including the sea itself. The Mediterranean basin occupies 3,800 km east to west
from the tip of Portugal to the shores of Lebanon, and 1,000 km north to south from Italy to Morocco
and Libya, with an area of 2.5 million km? and an average depth of 1,500m. The climate of
Mediterranean varies by the geographic location and it is characterized by hot-dry summers and
humid-cool winters. The mountainous terrain (highest pick in the Alps with a maximum high of
4,800m) around the Mediterranean basin (Figure 1) has a significant impact on the climate and
meteorology in the region. Moreover, the complex land-sea distribution with many islands,
peninsulas and inner seas around the basin [7], makes the region an interesting area in terms of
meteorology due that they determine important consequences in the atmospheric circulation and
they are the reason for many sub regional and mesoscale characteristics. The Mediterranean region
is a very important area in many sectors and has a huge impact on human life, natural process and
available water for different purposes [3], especially for the areas in Africa, Asia and Europe [8]. The
knowledge of the Mediterranean hydrological cycle and its variability may have a positive effect on
human quality and activity in the area of Mediterranean region and improve socioeconomic benefits
to this area.

Mediterranean Basin
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Figure 1. The black line contour indicates area of the Mediterranean Basin. Green colors represent
elevation levels in meters (m). Data from the HydroSHEDS (Hydrological data and maps based on
SHuttle  Elevation  Derivatives at multiple Scales) project (available online:
https://hydrosheds.cr.usgs.gov).

Large-scale precipitation events in the western, central and eastern Mediterranean are related
with local anomalies of high moisture over the Mediterranean Sea [9], and those are influenced by
remote positive sources anomalies [10]. Many works pointed out the important role of remote
sources for extreme precipitation events in the area of Mediterranean basin [10-13].

Heavy rainfalls over the Mediterranean basin are due by several factors as mesoscale
convective systems, cyclones, upper synoptic-scale-level troughs, and large-scale circulation
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teleconnection patters [14-18]. At a local scale, the intensity of the precipitation depends on the
temperature profile, the atmospheric moisture, and the convergence at lower levels; but it is the
moisture content one of the essential components to generate intense precipitation, in combination
with an intense convection [19].

In the Mediterranean region, around 90% of heavy precipitation events are associated with
cyclones [14]. During the period between September and May, which is characterized as well the
most precipitative period during the year, the accumulated rainfall contributes more than 80% in the
total annual precipitation [20, 21]. That is the case, for instance, for the Alpine region where during
autumn and winter the Mediterranean Sea is one of the main precipitation sources for extreme
precipitation [10]. In general, the higher frequency of extreme precipitations and their impacts are
recorded in the north-western part of the basin [22].

Many studies were performed about trend in extreme precipitations. They have pointed out
that extreme precipitation events in the Mediterranean region, their frequency, intensity and impact
do not show a homogenous tendency on the entire area [22].

Alpert et al. [23] in their work have reported that significant increasing trends in torrential
rainfall events are recorded in Spain (>128 mm/day), heavy and torrential rainfall (>64 mm/day) in
Italian Peninsula, while for both regions is evidenced decreasing trends in light and moderated
precipitation. Other findings which have studied climate extreme says that over the Italian
Peninsula is evidenced positive trends in the number of days with precipitation amount more than
10mm, while negative trend is evidenced in the eastern part of the Mediterranean [24].

The Mediterranean Sea was identified as one of the main source of moisture for continental
precipitation [1-3, 25-28].

In this study we have analyzed the percentage of the precipitation over the Mediterranean
surrounding that is due by the moisture with a Mediterranean origin during near the last 40 decades
(1980 to 2016) grid by grid with a resolution of 0.25 degrees in latitude and longitude, and we have
computed the changes of this contribution for extreme monthly precipitation, in order to highlight
the importance of this sea source of moisture during the maxima peaks of precipitation. Many works
[20, 29-30] referred that for the Mediterranean region the most intense precipitations occur at the end
of boreal summer, with the maximum values at the end of August, September or/and October. This
is why this conference proceeding paper is focused on September, instead all the remaining month
are computed.

To calculate the precipitation that comes from the Mediterranean Sea we used the Lagrangian
FLEXPART V9.0 model developed by Stohl and James [31-32], and to compute the monthly
precipitation the high resolution Multi-Source Weighted-Ensemble Precipitation (MSWEP) dataset
was utilized. So, the main objectives of this work are: i) to quantify the contribution of the
Mediterranean source of moisture to the precipitation over continental surrounding areas, and ii) to
analyze the percentage of this source in the extreme precipitations grid by grid.

2. Data and Method

2.1. MSWEP precipitation dataset

In this work we used the monthly precipitation dataset Multi-Source Weighted-Ensemble
Precipitation (MSWEP) [33-34] from January 1980 to December 2015, although only results for
September were shown and described. MSWEP is a new precipitation dataset, which has been
accessible since the beginning of 2017. The MSWP was developed to merge the highest quality of
available precipitation data as a function of time scale and location. To determinate regions with the
highest values of precipitation at monthly scale in a long time period, the resolution and precision of
the database used is very important. The MSWEP database obtains precipitation information with
the highest possible accuracy at global scale, which makes it unique in comparison with other
databases.
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The MSWEP database is specially designed for hydrological modeling due its 0.25° x 0.25°
degree spatial resolution in latitude and longitude with a 3-hourly accumulated.

We have used MSWEP monthly precipitation dataset to compute the monthly climatological
precipitation values over the Mediterranean region between 30W-65E and 5N-70N.Checking grid by
grid for each individual month we made a ranking for the maximum precipitation. Taking into
account only those 5 years with the most intense precipitation value for each grid point we have
composed a climatology for this extreme years.

2.2. Lagrangian moisture sinks for the Mediterranean Sea source

The moisture sinks regions are computed using the Lagrangian FLEXPART V9.0 model [25-26]
integrated with the ERA-Interim reanalysis data from the ECMWEF(European Centre for
Medium-Range Weather Forecast) [35]. The ERA-Interim dataset has 1° spatial resolution on 60
vertical levels from 1000 to 0.1 hPa, available at each 6-hour time interval.

The method developed by Stohl and James [31-32] track the changes in specific humidity along
the trajectories, which allow us the identification of moisture sources and sinks regions. The method
is based in dividing the global atmosphere in approximately 2.0 million of particles (air masses) of
constant mass (m) which are moved along the trajectories using a three-dimensional wind field. The
mean water vapour lifetime of the particles in the atmosphere were limited to 10 days and denote
transport time of each particle along the trajectories [36]. The time changes in specific humidity (q)
allow us to identify those particles that obtain moisture through evaporation (e) or lose moisture
through precipitation (p). Changes in specific humidity may be given by equation:

(e-p =m dq/dt) @
where m represents the mass of the particle. By adding up (e-p) for all the particles which existing in
the atmosphere over area of interest we can obtain instantaneous values of surface freshwater flux
(E-P), where (E) denotes the rate of evaporation and (P) rate of precipitation per unit area.

In comparison to other similar approaches applied in moisture transport analysis (for example
box models and isotopes) Gimeno et al. [37] pointed out that the Lagrangian approach is one of the
most suitable tools to compute moisture source-sink relationships.

To identify the moisture sinks regions in Mediterranean area due to those moisture that comes
from the Mediterranean Sea basin we conduct a forward in time experiment from January 1980 to
December 2015. Using this mode to follow the particles from a specific area we can track the
trajectories of the particles during 10 days with the aim of identifying those regions where the
particles lost humidity (sinks regions, E — P <0) leaving a particular source. As for precipitation, only
September results are shown.

3. Results

3.1. Climatological and extreme MSWEP monthly precipitation

To calculate the climatological value of monthly precipitation (Figure 2) we used the global
precipitation database from MSWEP. The analysis covers the temporal period from 1980 to 2015 and
in this work we put the focus on September, one of the months with the highest recorded
precipitation in the Mediterranean region [21].
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Figure 2. Monthly climatological value from MSWEP global precipitation database for September
over the area of Mediterranean basin for 1980-2015.

Results show that the highest climatological values of precipitation (more than 2 mm/day) in
September are recorded in Central Europe, Italian Peninsula, the Balkans, some parts of the Iberian
Peninsula, Scandinavian Peninsula, the western part of Asia and Central Africa. Most of the
precipitation over the Atlantic coast and northern Europe is typically due to fronts associated with
midlatitude cyclones, and if they flow over the continent they can continue eastward up to Middle
East [38]. The northern Mediterranean basin higher precipitations are due to convective events [10].
On the other hand, very low values of precipitation (lower than 0.3 mm/day) occur in the semi-arid
and arid regions of Africa and Asia.

After the identification the climatological values, we have checked grid by grid the 5 years
which exhibit the greatest values of precipitation. Mean values of these 5 years are shown in Figure
3.
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Figure 3. Mean precipitation for each grid point for the identified 5 years with the highest value of
precipitation in September. Results are obtained from MSWEP precipitation dataset taking into
account a 36 years temporal period (1980-2015).

This pattern exhibits a similar configuration as the climatological conditions (Figure 2). The
highest values (more than 5.5 mm/day, orange colors) are observed around Italian Peninsula, Iberian
Peninsula, Scandinavian Peninsula and in Central African region. For the East Europe and Western
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part of Asia the extreme precipitation values for the corresponding 5 years are in a range between 3
and 4 mm/day.

The ratio between them (MSWEP-Cli divided by MSWEP-extreme) are plotted in Figure 4. The ratio
is higher in arid and semiarid regions of Northern Africa and Middle East where the MSWEP-Cli is
very low, in these areas precipitation for extreme years can be even up to five times higher than the
climatological values. Over Europe the ratio peaks in areas of the Iberian and Hellenic Peninsula
with values of about 3. It is interesting the result showing that any of the lowest values of the ratio
are reached on the Alpine regions where climatological precipitation in the highest.
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Figure 4. Ratio between mean values of detected 5 years for each grid point with the higher values of
precipitation (MSWEP-extreme) and mean climatological values of precipitation (MSWEP-CIi)
during September. White areas over continent indicate that MSWEP database does not show values.

3.2. Climatological and extreme FLEXPART monthly precipitation with origin in the Meditterranean Sea

To identify the major climatological monthly moisture sinks for the Mediterranean region, we
tracked the air masses over the Mediterranean Sea forward in time for the period 1980-2015.Those
areas where precipitation exceeds evaporation in the net moisture budget, (E-P)<0, represent the
moisture sinks regions. The climatological values of (E-P)<0 integrated during the 10 days of the
forward tracking for September (PFLEX) for the Mediterranean region are shown in Figure 5. These
values are a good estimation to the precipitation generated by moisture coming from the
Mediterranean Sea. The highest values are found in regions close to the Mediterranean (reddish
colors, >0.6 mm/day) over the north-western coast, Tunisian, Libyan, and Middle East coast.
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Figure 5. Monthly averaged value of E-P<Ointegrated during 10 days (PFLEX-Cli) for the period
1980-2015 obtained from the forward Lagrangian experiment for Mediterranean Sea during
September.

We have also computed for the same 5 years grid by grid of maximum precipitation used to
compose MSWEP-extreme the precipitation generated by moisture coming from the Mediterranean
Sea as calculated by our Lagrangian experiment, namely from here as PFLEX-extreme.
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Figure 6. Mean precipitation for each grid point for the same 5 years with the highest value of
precipitation (PFLEX-extreme) in September identified in MSWEP-extreme. Results are obtained
from FLEXPART monthly precipitation data taking into account a 36 years temporal period
(1980-2015).

These extreme E-P<0 values (PFLEX-extreme) shown in Figure 6 during September exhibits a
similar geographical pattern as recorded by MSWEP-extreme, with expected lower values as these
are due only by the moisture that comes from the Mediterranean Sea.

As for MSWEDP results, Figure 7 shows the ratio between PFLEX-Cli and PFLEX-extreme.
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Figure 7. Ratio between mean values of the detected 5 years for each grid point with highest values
of E-P<0 calculated using FLEXPART (PFLEX-extreme) and mean climatological values of E-P<0
(PFLEX-Cli) during September.

3.3. Identification of differences between FLEXPART and MSWEP climatological monthly precipitation and
extreme monthly precipitation

To show the influence of the Mediterranean Sea moisture in the precipitation registered in the
Mediterranean region during September, we have calculated the percentage between the mean
climatological value of precipitation obtained via forward Lagrangian experiment (PFLEX-Cli) and
the monthly climatological precipitation in the Mediterranean region (MSWEP-Cli) using the
MSWEP precipitation dataset (Figure 8).
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Figure 8. Monthly climatological percentage of the Mediterranean moisture contribution (PFLEX-CIi)
in the precipitation (MSWEP-Cli) during September. Violet color represents where the percentage
values are 100%, and black color indicate regions where the MSWEP precipitation dataset does not
show values.

Results show that the Mediterranean moisture has the highest contribution for the total
precipitation over semiarid and arid regions in Africa, Middle East and Asia and over the
north-western coast in Europe (values more than 40%, orange and red colors). Important fraction of
precipitation is located the Mediterranean coast of the Iberian Peninsula, France, Alpine regions and
Greece; there are moderate contribution (with values between 20 and 40%, oranges colors) over the
Italian Peninsula, and Central Europe. Those results are in concordance with some previous works
[28].
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The same computation was done to check the percentage explained between monthly extreme
precipitation values (PFLEX-extreme versus MSWEP-extreme) for 5 years with maximum values
grid by grid during September (Figure 9).
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Figure 9. As Figure 8 but for the percentage between PFLEX-extreme and MSWEP-extreme.

From the Figure 9 we can conclude that the moisture that comes from the Mediterranean region
during the years with the highest precipitations represents more than the 20% in the areas around
the Mediterranean Sea.

5. Conclusion.

In general terms, the spatial pattern of the contribution of the Mediterranean source to the
precipitation does not differ a lot between those years with higher precipitation and the climatology;
however there any European regions where the Mediterranean is not an important source for
climatological precipitation but it is a significant source for extreme precipitation years.
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