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Abstract: In the last decades many studies have pointed out an increasing number of natural
hazards associated with extremes in precipitation and droughts over the Mediterranean region. The
Mediterranean is located at the border between the tropical climate zone and the mid-latitude
climate belt. Due to its large extension and diverse topography, it shows large climatic differences
that make its climate scientifically interesting.

The aim of this study is to identify the main climatological moisture sources for Mediterranean
region during 1980-2015, and to analyze the moisture transport during the meteorological drought
episode observed over the area in 2003. This episode was the most severe in the period 1980-2015
according to the one-month Standardized Precipitation Evapotranspiration Index (SPEI-1) analysis.
The SPEI-1 was calculated using monthly Climate Research Unit (CRU TS3.24.01) precipitation
(PRE) and potential evapotranspiration (PET). The Mediterranean region was defined according to
the 5th Intergovernmental Panel on Climate Change (IPCC) Assessment Report. Analyses of
precipitation, potential evapotranspiration, omega at 500hPa, and vertically integrated moisture flux
have been conducted to characterize the anomalous patterns over the regions during the episode. A
Lagrangian approach was then applied in order to investigate possible changes in the moisture
transport over the Mediterranean region during the episode. This approach is based on the
FLEXiblePARTicle (FLEXPART) dispersion model integrated with data from the reanalysis
produced by the European Centre for Medium-Range Weather Forecasts (ECMWEF): the ECMWF
Re-Analysis (ERA) - Interim.

Results show that anomalous subsidence, increased PET, and reduced PRE predominated over
the region during the episode. The most intensive reduction in the moisture supply for the
Mediterranean region was registered from the Mediterranean Sea (MED) source.
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1. Introduction

Drought is a part of the natural climate cycle that commonly affects large areas and is related to a
prolonged lack of precipitation. It starts with a reduction in rainfall (Meteorological drought) and
depending on the time, the area on which it extends, intensity and severity, can develop into
Agricultural (occurs when there is not enough soil moisture to satisfy the needs of a crop production
at a particular time) or Hydrological drought (refers to deficiencies in surface water supply, based on
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measurements of stream flow and lake, reservoir and groundwater levels) [1-5]. Meteorological
drought represents the primary cause of drought, while the other types of drought describe the
secondary effects of long-term precipitation deficit on certain sections such as soil moisture, river
flows and economic sectors [6].

During the twentieth century, the climate in Mediterranean region has been characterized by an
overall temperature increase, and the beginning of the 21st century is marked by intensified severe
and prolong drought events [7]. Due to the unique geographic location, the Mediterranean region is
particularly vulnerable to the climate variability and the climate change. This region is located in the
transition zone between the African climate regime (hot and dry) in South and the European climate
(mild and humid) in the North, showing large climate variations [8]. The year 2003 was
characterized by one of the worst droughts recorded in Mediterranean region [e.g. 9]. A better
understanding of the source-sink relationships in the atmospheric water cycle is very important due
to the role that they play in the extreme meteorological events [10].

In this work, our specific objectives are (1) to identify the main climatological moisture sources for
the Mediterranean region during the period 1980-2015, by tracking the air masses that eventually
reach the region backwards in time through a Lagrangian methodology [11,12], and (2) to analyse
the anomalies in the moisture lost over the Mediterranean region during the 2003 meteorological
drought episode.

2. Data and methods
2.1. Standardized Precipitation Evapotranspiration Index

To identify meteorological drought episodes occurred over the Mediterranean region during
1980-2015, we computed the one-month Standardized Precipitation Evapotranspiration Index
(SPEI-1). SPEI was first proposed by Vicente-Serrano et al. [13] as an improved drought index that is
particularly suitable for studying the effect of global warming on drought severity [14]. The SPEI
follows the same conceptual approach like Standardized Precipitation Index (SPI), but rather than
concentrating on precipitation alone [2,15], it is based on a monthly climatic water balance
(precipitation minus evapotranspiration). SPEI has the advantage of combining multi scalar
character with the possibility of including the effects of temperature variability on assessment of
drought. It can, therefore, point to anomalies in climatic water balance. The climatic water balance is
calculated at various time scales (i.e. accumulation periods), and the resulting values are fit to a
log-logistic probability distribution to transform the original values to standardized units that are
comparable in space and time and at different SPEI time scales. The index was calculated using the
Climate Research Unit (CRU) Time-Series (TS) Version 3.24.01 precipitation (PRE) and potential
evapotranspiration (PET) data at a spatial resolution of 0.5 degrees [16]. We have chosen the SPEI-1
time scale which corresponds to the water balance conditions accumulated during one month
because this time scale is closely related to meteorological drought [17]. A drought episode starts
when the SPEI value falls below zero, followed by a value of -1 or less, and ends when SPEI returns
again to positive values [15, 18].

2.2. Lagrangian methodology

The Lagrangian approach developed by Stohl and James [11,12] was applied to identify the
climatological moisture sources during the period 1980-2015 and to analyze anomalies in the
moisture lost over the Mediterranean region during the 2003 meteorological drought. The approach
is based on the FLEXPART (FLEXiblePARTicle dispersion model), which uses the global reanalysis
data ERA-Interim produced by the European Centre for Medium-Range Weather Forecasts
(ECMWE). This data set has a horizontal resolution of 1° on 60 vertical levels, from 1000 to 0.1 hPa
[19]. In the FLEXPART simulation, the global atmosphere was divided homogenously into nearly
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2.0 million particles with constant mass transported using 3D wind fields. The particle position and
specific humidity (q) were registered. The changes in specific humidity (q) of each particle along its
path were computed every 6h, and they can be expressed as: e-p=m(dq/dt) where m is the mass of the
particle and e-p represents the freshwater flux associated with particle (evaporation e minus
precipitation p). By adding (e-p) for all the particles residing in the atmospheric column over a given
area we obtained the total (E-P) field. It represents the surface freshwater flux connected with the
tracked particles, where (E) indicates the evaporation rate and (P) indicates the precipitation rate
per unit area.

The trajectory of the particles can be traced using a backward in time analysis to determine the
sources of moisture for a given region (areas where the particles get moisture E — P>0) or forward in
time to identify the sinks of the moisture transported by particles leaving a given region (areas
where the particles lost moisture E — P<0). Particles were tracked for a period of 10 days because this
is the average residence time of water vapor in the atmosphere [20]. In this study, firstly the
trajectories of the particles which reached the Mediterranean region were obtained by backward
tracking for the period 1980-2015, and we identified the moisture sources. Then, the trajectories
were tracked forwards in time from these sources in order to analyze the anomalies in the moisture
supply into the Mediterranean region during the 2003 drought episode.

3. Results and Discussion

3.1.  Identification of the major climatological moisture sources for the Mediterranean region during
1980-2015

To identify the major climatological annual moisture sources for the Mediterranean, we tracked the
air masses over the given region backward in time for the period 1980-2015. The Mediterranean
region consists only in the land portions shown in the Figure 1 (MED-ARS5, grey color), and its
boundaries were defined in the 5 Assessment Report (AR5) of the Intergovernmental Panel on
Climate Change (IPCC) [7, 21]. In order to define a threshold that limits the spatial extent of the
moisture sources, we used the 95t percentile of the positive values of E-P obtained through the
climatology at annual scale. The seven main moisture sources for Mediterranean region according to
this threshold of 0.04 mm/day are shown in Figure 1. Those are: Gulf of Mexico (GMX, garnet color),
Gibraltar (GIB, green color), Mediterranean Sea (MED, yellow color), Black Sea (BLS, violet color),
Caspian Sea (CPS, cyan color), Terrestrial moisture source region (TER, orange color), and itself.
Through the forward in time analysis from these seven sources towards the Mediterranean target
region (MED-ARS), climatological results at annual scale reveal that the moisture contribution
comes mainly from two sources of moisture: the Mediterranean Sea (MED) and from the own area
(MED-ARS).



The 1st International Electronic Conference on Hydrological Cycle (CHyCle-2017), 12 — 16 November 2017;
Sciforum Electronic Conference Series, Vol. 1, 2017

A
r— - G MED [ BLS cPs
— MED-ARS

Figure 1. Schematic representation of the main moisture sources for the Mediterranean region (MED-AR5, grey
color) at annual scale during 1980-2015: Gulf of Mexico (GMX, garnet color), Gibraltar (GIB, green color),
Mediterranean Sea (MED, yellow color), Black Sea (BLS, violet color), Caspian Sea (CPS, cyan color), Terrestrial
moisture source region (TER, orange color), and itself.

3.2. Anomalous patterns configured over the Mediterranean region during the meteorological drought
episode of 2003

The drought occurred over the Mediterranean region in 2003 has been investigated by previous
studies [e.g. 22, 23]. This event received considerable attention because it had tremendous adverse
social, economic and environmental effects [22].

Through the SPEI-1 analysis over MED-ARS during 1980-2015, 48 meteorological drought episodes
were identified, but the most severe event occurred from May 2003 to August 2003 (4 months). The
SPEI-1 values for this episode reached a peak of -2.71 in June 2003, which is associated with the
category extreme according to McKee [18].

Monthly anomalies of the PRE, PET, and omega at 500 hPa are shown in Figure 2a, while monthly
anomalies of the moisture lost (E-P<0) over the MED-ARS region by the particles leaving the six
main sources and itself during the drought episode are shown in Figure 2b, together with the
precipitation anomalies accumulated (AA-1).

For each month, bars for each source region are set up to avoid cluttering. The height of each color
rectangle (computed through the difference between the top and the bottom values of the rectangle
reading on the y-axis) represents the magnitude of the anomalous contribution from the respective
source. This means that larger color rectangles are associated with a more intensive anomalous
contribution. The superimposition of the anomalous moisture lost allows us to estimate the
accumulated anomalies in the moisture contribution from all the studied sources in a given month.
From the Figure 2b we can see that in May 2003, the onset of the episode, the moisture lost from
almost all selected sources reduced (except from the BLS, CPS, and the MED-ARS5). In June 2003
(when the SPEI-1 value reached its peak), the moisture contribution from all sources reduced. In July
2003, positive anomalies of moisture contribution prevailed, associated with some weakening in the
negative anomaly of precipitation. The drought episode ended in August 2003, associated with
positive anomalies of PRE from September onwards. An intensified moisture contribution from the
MED and TER sources occurred in September 2003, while in October 2003 this intensification came
mainly from MED, GIB and the own region.

The anomalies in the moisture supply by the sources for the MED-ARS5 accumulated during the 2003
episode are presented in Table 2, summarizing the effect of each source. In general, a reduction in
the moisture supply by the studied sources prevailed during the episode, with the exception of the
BLS and TER. Results also indicate that the MED source registered the highest accumulated negative
anomalies (-23.29 mm/day).
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Table 2. Accumulated anomalies of the moisture supply from the sources over the Mediterranean
region (MED-ARS5) during the drought episode May-August 2003 (in mm/day).

Scale Drought episode BLS CPS GIB GMX MED TER MED-AR5

SPEI-1  May - August 2003 0.66 -0.04 -4.82 -0.27 -23.29 1.82 -1.82

Anomalies of the Vertical Integrated Moisture Flux (VIMF) and its divergence are shown on Figure 3
to illustrate the anomalous moisture transport prevailing during the May-August 2003 episode.
Divergence of VIMF (reddish color) occurred over the Europe and Mediterranean, indicating the
breaking of precipitation over this large spatial domain during the event. An anomalous anticyclonic
circulation localized over central Europe confirms the Lagrangian results in terms of the inhibition of
the transport of moisture from the MED source towards mainly the northern part of MED-ARS.
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Figure 2. (a) Monthly anomalies of the precipitation (PRE, x10 mm/month, blue bars), potential
evapotranspiration (PET, x10 mm/month, red bars) (data from Climatic Research Unit (CRU) Time
Series (TS) 3.24.01), and ERA-Interim omega at 500hPa (omega 500, hPa/s, grey line), and (b)
Anomalies in the moisture supply (E-P<0) (accumulated bars) by each source over the
Mediterranean region obtained via the forward experiment (mm/day) and the accumulated

precipitation anomalies (data from CRU TS 3.24.01) (brown line AA-1, mm/month) for the drought
episode of 2003.
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Figure 3. Anomalies of ERA-Interim vertically integrated moisture flux (vector, kg/m/s) and its
divergence (shaded, mm/day) averaged during the May-August 2003 episode.

4. Conclusions

In the present study, we investigated the anomalies in the moisture transport observed during
the meteorological drought episode occurred over the Mediterranean region in 2003 through a
Lagrangian methodology. To do this, we first identified the main climatological moisture sources for
the Mediterranean region at annual scale for the period 1980-2015, by tracking the air masses that
reach the Mediterranean region backward in time. The Mediterranean region (MED-ARS5) mainly
receives moisture from seven different oceanic and terrestrial moisture sources regions: Gulf of
Mexico (GMX), Gibraltar (GIB), Mediterranean Sea (MED), Black Sea (BLS), Caspian Sea (CPS),
Terrestrial moisture source region (TER), and the own region (MED-ARS5). The analysis of the
Standardized Precipitation Evapotranspiration Index (SPEI) over Med-ARS5 revealed that the period
May - August 2003 configured the most severe meteorological drought episode in the region during
1980-2015 according to this index calculated in a 1-month scale (SPEI-1).

The 2003 episode was characterized by an anomalous subsidence, increased potential
evapotranspiration (PET), and reduced precipitation (PRE) associated with the predominance of
reduced moisture supply from almost all the detected moisture sources, with exception of BLS and
TER. The Mediterranean Sea (MED), which is the major climatological moisture contributor for
MED-ARS, was the source that presented the most intensive reduction in the moisture supply. From
September 2003 onwards, the weakening of the anomalous subsidence and of the positive anomalies
of PET were associated with an increasing of PRE and a higher moisture supply mainly from MED.
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