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This paper analyses current precipitation rates (PRs) and trends over the
Mediterranean Sea region and their response to global climate change scenar-
i0s. The analysis uses 0.25° gridded PRs dataset over a 13-year period (1998—
2010) based on remote sensing data from the Tropical Rainfall Measuring Mis-
sion. Future scenarios use the results of six global climate models (GCMs) under
four representative concentration pathway scenarios (i.e., RCP26, RCP45,
RCP60, and RCP85).

Results indicate that the Mediterranean Sea region displays a seasonally
significant (insignificant) wetter trend during cold (hot) seasons, and exhibits
annual spatial variation ranging from under 15 to over 100 mm month ' over
the period 1998-2010. Sea level pressure has two different effects on precipita-
tion over the northern (inversely related to precipitation) versus southern (di-
rectly related to precipitation) Mediterranean Sea. However, sea surface tem-
perature is anti-correlated with precipitation. The GCMs that describe the
current Mediterranean Sea precipitation most realistically are GFDL-CM3-1,
MIROC-ESM-CHEM, and HadGEM2-AO, which are used to calculate the en-
semble mean for each representative concentration pathway scenario. The en-
semble means realizations indicate that the study area will experience substan-
tial drought in the 21° century. Uncertainty in the projected precipitation over
the Mediterranean Sea was partitioned into four sources, of which the used
scenario dominates.
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1. Introduction

The Mediterranean Sea (Fig. 1), which extends from —7° to 36° east and 30°
to 46° north, represents a significant resource for tourism, oil, and gas extraction,
fishing, farming, and trade. The Mediterranean region has undergone large cli-
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Figure 1. The Mediterranean and adjacent sub-basins (LPC = Liguro—Provencal and Catalan sub-
basins, AAM = Active Atlantic Mediterranean sub-basin west of the Strait of Gibraltar).

mate change in the past (Lionello et al., 2006b) and might be a climate change
hot-spot in the future due to the global warming associated with increasing
greenhouse gas concentrations (Lionello at al., 2006a; Giorgi and Lionello, 2008).

The Mediterranean Sea is characterized by wet winters and dry summers.
Xoplaki (2002) defined the Mediterranean wet season as extending from October
to March, but with considerable variability in precipitation rates (PRs). Hurrell
(1995), Mariotti et al. (2002) and Romanou et al. (2010) found that the winter
North Atlantic Oscillation (NAO) is anti-correlated with precipitation, especial-
ly over the western and northern—central Mediterranean regions. Following Xo-
plaki et al. (2004), we regard the Mediterranean Sea wet season as controlled by
the atmospheric large-scale circulation represented by sea level pressure, though
sea surface temperature (SST) also has a small effect. Dry summers are due to
high sea level pressure when atmospheric subsidence dominates over the Medi-
terranean region (Giorgi and Lionello, 2008).

Trenberth and Shea (2005) showed that the drier condition of the Mediter-
ranean Sea associated with warmer conditions. Mariotti and Dell’Aquila (2012)
support the previous findings and showed that the sea surface temperature rise
is combined with decrease in precipitation rates over the Mediterranean Sea.
Moreover, Berg et al. (2013) showed that the connective precipitation increase
with increased temperature. In addition, they did not found that the heavy strat-
iform precipitation is linked to high temperature. Recently, Shaltout and Omst-
edt (2014) found that the annual Mediterranean Sea precipitation is in strongly
negative correlation with sea surface temperature.

Henry (1977) and Kjellstrom et al. (2011) noticed that the Mediterranean
Sea 1s characterized by maximal (minimal) PRs over the European (African)
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coasts. The Alpine chain is considered as an important source of moisture for the
northern Mediterranean Region (Lionello et al., 2006a,b). Precipitation south of
the Alps is controlled by the large-scale atmospheric circulation represented by
sea level pressure (Efthymiadis et al., 2007). Following Bordi and Sutera (2008),
the Mediterranean Sea experienced severe dry/wet events during the 2000-2007
period, while north-western Africa and central Europe (including central—south-
ern Italy) experienced a high percentage of dry (wet) events during the same
period.

Mariotti et al. (2002) estimated several PRs using different datasets for the
1979-1993 period, estimating that the Mediterranean Sea has annual mean
precipitation ranging from 27.5 to 40 mm month . Romanou et al. (2010) esti-
mated PRs during the 1988-2005 period over the Mediterranean Sea based on
satellite-derived ocean fluxes (HOAPS-3 satellite data) and found a range of
6—60 mm month !, more (less) pronounced over the northern Ionian sub-basin
and western Black Sea (eastern and southern Mediterranean Sea). Shaltout and
Omstedt (2012) estimated that the annual average PR over the eastern Mediter-
ranean Sea during the 1958-2009 period was 48 mm month ™', with the highest
rates in December (i.e., 98 mm month ™). Precipitation occurs mainly in the cold
months over the southern Mediterranean region; however, over the northern
Mediterranean region, significant precipitation occurs in all seasons (Kelley et
al., 2012).

According to the recent IPCC (2013) assessment, the Mediterranean Sea is
projected to experience a significant drying trend associated with increasing sea
surface temperature until 2100. Giorgi and Lionello (2008) projected a pro-
nounced drying (—25% to —30%) in the current century for the Mediterranean
region, most markedly in summer. Their analysis used coupled atmosphere—
ocean general circulation models forced using the ensemble mean of 17 global
climate models (GCMs). Romanou et al. (2010) demonstrated that the central
Mediterranean, eastern Mediterranean, and Black Sea (western Mediterranean
Sea) experienced a drying (wetting) trend of —0.6, —0.3, and —6 mm month " yr™
(3 mm month " yr™), respectively, over the 1988—-2005 period. Kjellstrom et al.
(2011) stated that the Mediterranean Sea region will experience increased
drought by the end of the current century based on scenario A1B. Shaltout and
Omstedt (2012) demonstrated that the eastern Mediterranean Sea experienced
a drying trend of 0.06 mm month " yr~" over the 19582009 period. The expected
drying trends in the Mediterranean Sea are not uniformly distributed, as there
are sub-areas where wetting trends are also expected, for example, the Alps
region especially in winter (Giorgi and Lionello, 2008) and some sub-regions in
the south and east (Jacobeit et al., 2007).

New spatial and temporal precipitation trends over the Mediterranean Sea
were further studied using reanalysed data (Mariotti et al., 2002; Shaltout and
Omstedt, 2012), downscaled global climate modelling (Giorgi and Lionello, 2008),
and HOAPS-3 satellite data (Romanou et al., 2010). The present study follows such
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recent work but uses new remote sensing data from the Tropical Rainfall Measur-
ing Mission (TRMM) and separates the Mediterranean Sea into ten sub-basins.
In addition, this work analyses projected Mediterranean precipitation patterns
and trends using the more recent scenarios (CMIP5, the Coupled Model Inter
comparison Project 5). CMIP5 gives better resolution and dynamics than do the
previous-generation CMIP3 multi-model ensembles (Taylor at al., 2012), resulting
in improved estimates of the average PRs and trends for the Mediterranean region.

We use a 13-year high-resolution precipitation database: 1) to examine the
spatial and temporal variability of precipitation over the Mediterranean Sea and
its surrounding sub-basins; 2) to examine the relationship between precipitation
in the study area and other atmospheric parameters, such as the North Atlantic
Oscillation Index (NAOI), mean sea level pressure (SLP), and sea surface tem-
peratures (SST); and 3) to examine projected precipitation over the study area
up to 2100 using six GCMs with the most recent projection scenarios. The ma-
terials and methods used are presented in Section 2, the results in Section 3, and
the discussion and conclusions in Section 4.

2. Materials and methods

2.1. Materials used

This paper analyses the present characteristics and future trends and un-
certainties of PRs over the Mediterranean Sea based on various available data
sources, as follows.

— Precipitation data: Gridded three-hour Tropical Rainfall Measuring Mis-
sion (TRMM) data with a 0.25° spatial grid (version 6), 1998-2010, were
used to study recent precipitation characteristics. TRMM is part of NASA’s
mission to monitor and study tropical rainfall in cooperation with the Ja-
pan Aerospace Exploration Agency using TRMM and other satellite pre-
cipitation products. TRMM (version 6) merges high-quality microwave
precipitation estimates when available and calibrated infrared precipita-
tion estimates otherwise (full algorithms are available at http://trmm.gsfc.
nasa.gov/3b42.html). TRMM data are considered the most effective tools
for estimating the PR at the nominal observation time (Huffman et al.,
2007; Gopalan et al., 2010).

— Atmospheric data: Daily NAOI data were extracted from the KNMI
Climate Explorer website for the 1998-2010 period. Gridded daily sea
level pressure (SLP) data were extracted from the ERA-Interim full-reso-
lution (0.75° % 0.75°) database for the same period. Gridded daily AVHRR
SST data (version 2) with a 0.25° latitude/longitude spatial grid were also
extracted. The data were used to study recent statistical correlations be-

tween precipitation and various atmospheric components, such as NAO,
SLP, and SST.


http://en.wikipedia.org/wiki/Japan_Aerospace_Exploration_Agency
http://en.wikipedia.org/wiki/Japan_Aerospace_Exploration_Agency
http://trmm.gsfc.nasa.gov/3b42.html
http://trmm.gsfc.nasa.gov/3b42.html
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- Future precipitation data: Model output from six GCMs using four 21%-
century CMIP5 scenarios (i.e., RCP26, RCP45, RCP60, and RCP85) were
used (Tab. 1). RCP stands for “Representative Concentration Pathways”
and the following number indicates one tenth of the assumed radiative
forcing at the end of the 21* century. These data were used to study future
expected precipitation rates and trends, and the deviations between the
best models were used as a measure of model uncertainty.

2.2. Methodology

The TRMM dataset is used to describe the spatial and temporal variability
of precipitation over the Mediterranean and adjacent sub-basins and to evaluate
how the GCMs used describe the current precipitation structure. Based on this

Table 1. Simulation of various global climate models following the CMIP5 protocol with four pro-
Jected future Representative Concentration Pathway (RCP) scenario

Spatial
?I/{?l(jr?i)er of resolution
Organization group Simulation period °lat x °lon

realizations for

each scenario) (relevant
source)
Geophysical Fluid Dynamics
Laboratory, Coupled Physical Model; From historical 2.0° x 2.5°
GFDL-CM3 (1) National Oceanic and Atmospheric  conditions (1860—2005) (Donner et al.,
Administration (NOAA) up to 2300 2011)
USA
Beijing Climate Center: Climate From historical 2.8° % 2.8°
bee-csm1-1 (1) System Model for the last century  conditions (1850-2005) (Tongwen et al.,
China up to 2300 2013)

From historical 1.125° x 1.125°

MRI-CGCM3 (1)  Meteorological Research Institute. —  4.i0n < (1850-2005)  (Yukimoto et

Japan up to 2100 al., 2011)
Japan Agency for Marine-Earth
Science and Technology; Atmosphere . . o o
MIROC-ESM.- and Ocean Research Institute From historical 2.87x 2.8
. . . conditions (1850-2005) (Watanabeet
CHEM (1) (The University of Tokyo); National b to 2100 al., 2011)
Institute for Environmental Studies. b v
Japan
Mete(I:iiféo?caalllﬁzzgiﬁjhﬁiorea From historical 1.25% x1.875°
HadGEM2-AO (1) el L. . conditions (1860-2005) (Baek et al.,
Meteorological Administration.
Koren up to 2100 2013)
CCSM4 (6) Atmos héric Research (NCAR) conditions (1850-2005) (Gent et al.,
P up to 2300 2011)

USA
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evaluation, a mini-ensemble mean realization is calculated for each RCP sce-
nario based on the GCMs that realistically describe the current precipitation
conditions.

2.2.1. TRMM precipitation dataset

The spatial and temporal distributions of precipitation over the Mediterra-
nean and adjacent regions are studied using the TRMM three-hour dataset over
a 13-year period focusing on seasonal and inter-annual variability. Linear trends
for each grid, each sub-basin, and the entire study area are calculated using
ordinary least squares estimation.

The annual precipitation range is defined as the difference between the
maximum and minimum precipitation throughout the study period at each grid
point (Chu and Lan, 2012). This definition calculates the exact precipitation
range, avoiding the effects of annual shifts of wet and dry seasons. However, this
definition might not give the exact annual precipitation range, especially in areas
characterized by marked seasonal and annual variation (e.g., the Mediterranean
Sea). This method might be unsuitable for describing the annual precipitation
range of the study area, so the current research instead calculates the annual
precipitation range (P, (i,))) at each grid point (i, j) using seasonal averages in
the following formula:

yr=N . .. .. ..
E ) (seasonalmaxzmum(t,]) - seasonalmmzmum(z,]))
yr=

N

1

Pan(i’j):

where N is number of years studied and equal to 13.

The study area, 1.e., the Mediterranean Sea and adjacent sub-basins (here-
after called Med+), is divided into ten sub-basins: the Active Atlantic Mediter-
ranean (west of Gibraltar Strait; hereafter, AAM), Alboran, Algerian, Tyrrhe-
nian, Liguro—Provencal and Catalan (hereafter, LPC), Ionian, Levantine,
Aegean, Adriatic, and Black Sea sub-basins. These sub-basins are illustrated in
Fig. 1.

The average number of very wet days is calculated and analysed for each
sub-basin on annual and seasonal bases. A very wet day is defined as a day when
the precipitation exceeds the sum of the mean of the entire Mediterranean pre-
cipitation and one standard deviation from the mean. Finally, daily correlation
coefficients (R) between precipitation and the other studied atmospheric param-
eters (i.e., NAO, SST, and SLP) are calculated on annual and seasonal bases. All
the linear trends and correlation coefficients have been tested for significance by
t-testing at the 95% level.

2.2.2. Global climate model results

The results of the six GCMs under the four RCP scenarios for the 1998-2010
period were examined using the TRMM precipitation dataset. The bias percent-
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age (i.e., 100x GCM - TRMM PR %) is used to test the performance of GCMs in
TRMM PR

simulating PRs over the study area (Kjellstrom et al., 2011; Shaltout et al., 2013).

Only the GCMs that realistically describe the current climate precipitation con-

ditions were used to calculate the mini-ensemble mean realization for each sce-

nario.

The RCP scenarios include a low-forcing scenario (RCP26), two moderate-
forcing stabilization scenarios (RCP45 and RCP60), and a high-forcing scenario
(RCP85), as explained by Taylor et al. (2012) and Shaltout and Omstedt (2014).

To better understand the projected precipitation in the study area during
the 21st century, uncertainties in the projection are analysed. In the current
research, at least four sources of uncertainty are associated with the scenario
design, the GCM itself as well as seasonal and regional variations. The source
of the uncertainty is calculated only with respect to the GCMs used when calcu-
lating the mini-ensemble means. The contribution of each uncertainty source is
determined using the range between the various simulations used.

3. Results

3.1. Spatial and temporal distribution of precipitation
over the Mediterranean and adjacent regions

To characterize the total precipitation over the Med+ region, we calculate,
based on 13-year data, the seasonal and annual average PRs. The annual aver-
age PRs over the study area ranged from 3.6 to 133.46 mm month ™ and displayed
a spatial distribution with increasing values towards the north and west and a
spatially averaged variability of 41.5+596 mm month ' (Fig. 2a). The very wet
area (mean Mediterranean precipitation plus 0.6 of standard deviation from the
mean, 766 mm month™) occurred only over 4% of the study area and only over
the eastern Black Sea. The very dry area (mean Mediterranean precipitation
minus 0.3 of standard deviation from the mean (236 mm month ™ occurred only
over 16% of the study period, especially over the southern part of the Levantine
sub-basin. In general, the annual average PR over the northern Ionian sub-basin
is much higher than over the Aegean sub-basin, which both are sub-basins at
the same latitude. This is in accordance with the findings of Shaltout and Om-
stedt (2014), indicating that the Aegean sub-basin is colder than the northern
Tonian sub-basin. In addition, precipitation over open water is higher than over
coastal areas, indicating a stronger marine influence.

The annual average precipitation over the Med+ region differs significantly
from season to season, being 49+ 666 mm month ~ in winter, 24+386 mm month ™
in spring, 21+ 356 mm month ' in summer, and 102+ 1026 mm month ™ in au-
tumn. In autumn, approximately 42% of the study area is considered very wet,
especially over the central western Mediterranean, central Tyrrhenian, north
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Figure 2. Spatial distribution of annual/seasonal precipitation rates, means, and trends over the
1998-2010 period in the Mediterranean and adjacent sub-basins; green in the left (right) panel in-
dicates very wet areas (strong wetting trend), while yellow represents very dry areas (non-significant
precipitation trend) of the Mediterranean Sea.
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Tonian, and south Adriatic sub-basins together with the southern Black Sea (Fig.
2e). In winter, approximately 9% of the study area is considered very wet, espe-
cially over the Aegean sub-basin and southern Black Sea (Fig. 2b). In spring and
summer, under 1% of the study area is considered very wet, especially over the
southern part of the eastern Black Sea (Figs. 2¢ and 2d).

Approximately 43% of the Med+ region displayed non-significant precipita-
tion trends, most markedly over the eastern Mediterranean sub-basin, as seen
in Fig. 2f. In addition, strong wetting trends (greater than 6 mm month ' yr ™)
were found over 2% of the Med+ region, especially over the south Adriatic sub-
basin, central Tyrrhenian sub-basin, and eastern Black Sea. Moreover, only 6%
of Med+ region displayed significant drying trends (less than 1 mm month ™ yr™),
especially over the Aegean sub-basin.

Long-term (1989-2010) annually averaged precipitation trends over the
Med+ region were 1.14 £ 1.6 mm month ' yr ~', peaking in winter
(1.34+3.2 mm month " yr ™) and autumn (1.32+2.8 mm month " yr ) as seen in
Figs. 2g and 2j. In warm seasons, the average long-term precipitation trends over
the area were insignificant (Figs. 2h and 21).

In the Med+ region, the average annual precipitation range was calculated
to be 67+26 mm month ', as seen in Fig. 3. The Med+ region reach their mini-
mum annual range (under 40 mm month ™) over 16% of their area, especially
along the Egyptian—Libyan Mediterranean coast, and reach their maximum
annual range (over 95 mm month ') over 15% of their area, especially over the
central western Mediterranean sub-basin, northern Ionian sub-basin, western
Black Sea, and offshore of Antalya, Turkey.

20 40 60 80 100 120 140 160 180 200 220

Annual range of precipitation (mm month'1 )

A0 E

E 10E 15E 20E BE
Figure 3. Spatial distribution of annual precipitation range over the 1998-2010 period in the Med-
iterranean Sea and adjacent sub-basins.
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Figure 4. Annual precipitation time series for the ten studied sub-basins, calculated based on three-
hour gridded TRMM data (AAM = Active Atlantic Mediterranean sub-basin west of the Strait of
Gibraltar, Med = only the Mediterranean Sea).

3.2. Mediterranean sub-basin precipitation rate characteristics

In this section, time series are used to reveal the precipitation variation
among the ten studied sub-basins, all of which display annual trends, ranging
from 3.46 mm month ' yr ' over the Adriatic sub-basin to —1.14 mmmonth ' yr™
over the Aegean sub-basin (Fig. 4 and Tab. 2).

The ten studied sub-basins display an annual average PR of approximately
28.36 mm month *, ranging from 26.05 mm month " in the Levantine sub-basin
to 54.4 mm month ™' in the Adriatic sub-basin. This is also in accordance with
previous findings of Shaltout and Omstedt (2014), who found that, in the Med+
region, the SST was lowest in the Levantine sub-basin. The negative relation
between SST and PR is discussed in the next section.

The annual variation in PRs can also be illustrated by calculating the vari-
ance (Fig. 5). The figure illustrates that most of the studied stations are out of
phase, indicating that the processes affecting precipitation differ between sub-
basins. The only exception is between the LPC, Algerian, and Tyrrhenian sub-
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Figure 5. Annual precipitation variance for the ten studied sub-basins, calculated based on three-

hour gridded TRMM data (AAM = Active Atlantic Mediterranean sub-basin west of the Strait of
Gibraltar).

basins (correlation coefficient of annual variance between each two of them,
R>0.8; number of observations, n=13; significance level >99%).

Generally, the annual average total numbers of very wet days (i.e., over
3.4 mmday ' of precipitation) in the study area range from 25.5 days over the
Levantine sub-basin to 61.8 days over the Black Sea (Tab. 3). The Black Sea
reaches its maximum number of very wet days in autumn at 26.7% of season
days and its minimum number of very wet days in spring at 10.4% of season
days. In contrast, the number of very wet days over the Levantine sub-basin
ranges from 1.3% to 12.5% in spring and autumn, respectively.

3.3. Correlation between Mediterranean precipitation and atmospheric
parameters

In most of the Med+ region, precipitation is not significantly correlated with
the studied atmospheric parameters. However, in the northern Mediterranean
Sea, precipitation is anti-correlated with SLP, especially in winter and spring
(see Fig. 6), possibly due to the influence of the Alps. The Alps are believed to be
a significant source of northern Mediterranean moisture transport (Lionello et
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Table 3. Average annual numbers of very wet days defined as precipitation rates higher than
3.4 mmday™ (Med = only the Mediterranean Sea, LPC = the Liguro—Provencal and Catalan sub-
basins).

Annual Winter Spring Summer  Autumn
Med 38.3 10.5 2.5 2.5 22.8
Active Atlantic Mediterranean 28.2 9.5 3.2 1.2 14.5
Alboran 30.2 11.0 4.2 1.8 13.2
Algerian 53.8 12.2 8.8 6.5 26.2
Tyrrhenian 48.2 10.5 7.7 7.2 22.8
LPC 46.4 9.9 8.4 7.8 20.3
Tonian 37.5 11.0 2.2 4.2 20.2
Levantine 25.5 12.8 1.2 0.2 11.2
Aegean 39.5 14.3 3.8 2.4 19.0
Adriatic 53.2 11.3 9.9 10.9 21.0
Black Sea 61.8 16.2 9.4 12.2 24.0

al., 2006b) and the amount of moisture is greatly affected by SLP (Efthymiadis
et al., 2007).

In the southern Mediterranean Sea, precipitation is directly correlated with
SLP, especially over the north Levantine sub-basin in summer. This may be
explained by the inverse effect of SLP on SST, i.e., high-pressure systems are
associated with low SST, and low SST is associated with Mediterranean high
stratiform precipitation as described by Trenberth and Shea (2005), Mariotti and
Dell’Aquila (2012), Berg et al. (2013) and Shaltout and Omstedt (2014).

There is an inverse (direct) correlation between NAO and precipitation es-
pecially in winter (summer) in the north Tyrrhenian (north-east Ionian) sub-
basin. Previous studies (e.g., Hurrell, 1995; Mariotti et al., 2002; Romanou et al.,
2010) have demonstrated that precipitation in the Mediterranean Sea region is
inversely correlated with the winter NAO over the western and north—central
Mediterranean regions. However, the current study found that the NAO and
precipitation are only correlated over the north Tyrrhenian sub-basin and the
Black Sea. This disagreement could be due to the better resolution and improved
accuracy of the TRMM database or due to the relatively short data period used
for the current study. The sensitivity of the correlation to the time period using
a few sub periods of TRMM data (1998-2006, 2000—-2008 and 2000-2010) shows
that the correlation is dependent on time especially during autumn and summer
season. In autumn, PR is significantly monthly correlated with NAO over 10%,
8.7% and 15.4% of the Mediterranean Sea during the respective periods 1998—
2006, 2002—2008 and 2002 and 2010. In summer, the monthly significant cor-
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relation between PR and NAO is ranged from 24.5% for the period 2002—2010
to 2.5 % for the period 1998-2006.

SST is anti-correlated with precipitation throughout the study area, with
the maximum inverse correlation occurring in spring and in the Levantine sub-
basin (Fig. 6). This is also in good agreement with the previous finding from
Trenberth and Shea, (2005), Mariotti and Dell’Aquila (2012), Berg et al. (2013)
and Shaltout and Omstedt (2014). The findings of Berg et al. (2013) that the
connective precipitation increase with increased temperature merits our interest
and will be discussed in our future work.
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Figure 6. Annual and seasonal correlation coefficients between precipitation over the Mediterranean
Sea and adjacent sub-basins and the studied atmospheric components.
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3.4. Scenario calculations

In this section, the future PRs of the Med+ region projected until 2100 are
investigated using the results of six GCM models and with four scenarios, i.e.,
RCP26, RCP45, RCP60, and RCP85. Five of the GCMs used are available based
on only one set of initial conditions; however, the CCSM4 GCM is available with
six initial conditions (realizations).

3.4.1. Present conditions based on the control period, 1998-2010

The performances of the various GCM realizations for the RCP26 and RCP85
emission scenarios over the Med+ region are shown in Tab. 4. The results for
scenarios RCP45 and RCP60 are not shown, as they are quite similar. In Tab. 4,
the PR results obtained using the TRMM data and different GCM realizations
are tested for significance using ¢-tests (significance level = 95%).

The models that best describe precipitation of the Med+ region during the
control period are GFDL-CM3-1, MIROC-ESM-CHEM, and HadGEM2-AO, in
comparison with TRMM data. The GFDL-CM3-1 and MIROC-ESM-CHEM mod-
els underestimate PRs by approximately —14% (—16%) and —8% (—5%), respec-
tively, during scenario RCP26 (RCP85). However, the HadGEM2-AO model
overestimates the Med+ region PRs by approximately 19% (16%) during sce-
nario RCP26 (RCP85).

Mini-ensemble means (EMR3) based on three GCMs (i.e., GFDL-CM3-1,
MIROC-ESM-CHEM, and HadGEM2-AO) are calculated and presented in the
last row for each scenario in Tab. 4. The annual EMR3 displays negligible bias
for the PRs of the Med+ region. However, EMR3 displays large seasonal biases,
particularly in spring and autumn. Generally, EMR3 scenarios result in esti-
mated PRs that best describe the control period (Tab. 4), and this mini-ensemble
mean will be used to analyse future changes and uncertainties in the PRs in next
section.

3.4.2. Future Mediterranean Sea precipitation change, 2000-2100

The mini-ensemble calculations based on the mean of three GCMs (EMR3)
indicate a significant drought over the current century in the Med+ region, the
maximum (minimum) drought being based on calculations using scenario RCP85
(RCP26) (Fig. 7a and Tab. 5). The change in the PRs of the Med+ region by the
end of the current century is comparable to the PRs at first part of the current
century, the change ranging from no change to a precipitation reduction of
7.5 mm month 7'; in the AAM sub-basin the precipitation change ranges from
—2.7 to —9.5 mm month " and in the Black Sea from insignificant change to
—4.5 mm month ',

The AAM sub-basin displays the strongest drying trends, stronger than those

of the Mediterranean and Black seas. The Mediterranean Sea displays spatial
variability in drying trends between its various sub-basins, the maximum (min-
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Table 4. Performance of various studied GCMs over the Mediterranean Sea in the control period (1998
2010) during scenarios RCP26, and RCP85. Model CCSM4 is available with six initial conditions. Gray
shading indicates the GCMs that best describe the precipitation rates during the control period. EMR3
=ensemble mean of the three models that best describe the present Mediterranean Sea precipitation, i.e.,

models GEDL-CM3-1, MIROC-ESM-CHEM, and HadGEM2-AO models. Bias = %S TEMM PR

TRMM PR

Scenario Model Winter Spring  Summer Autumn  Annual
bee-csm1-1 -19.8 -17.6 —-14.4 —-29.3 —-23.2
GFDL-CM3-1 -7.9 47.2 -15.5 -36.4 -14.2
MRI-CGCM3 -33.8 —-8.2 34.5 —24.3 -18.4
MIROC-ESM-CHEM -10.8 43.8 22.8 -28.5 =7.7
HadGEM2-AO 25.4 16.7 -2.9 21.7 19.4
f§ CCSM4_000 —-22.0 -12.6 —48.3 —-34.1 —29.2
‘_% CCSM4_001 -12.5 -23.7 -37.0 -33.9 —26.4
CCSM4_002 -20.7 -17.0 —47.4 —-34.1 —29.2
_ CCSM4_003 -18.2 -11.1 —48.9 -31.2 —26.6
T\T CCSM4_004 -30.8 -14.4 -36.0 -32.2 -29.8
E CCSM4_005 -32.1 —-25.0 —46.8 -30.3 -32.0
8 EMR3 2.2 35.9 1.5 -14.4 -0.8
é bee-csm1-1 -20.6 —-21.2 -15.1 —217.6 —23.2
~‘§ GFDL-CM3-1 —-21.5 44.9 -11.4 -32.4 -16.4
§ MRI-CGCM3 -30.2 -4.7 21.2 -19.5 -16.1
& MIROC-ESM-CHEM ~ -7.0 47.1 26.7 —27.7 -5.3
HadGEM2-A0 20.9 13.0 -6.1 19.5 16.2
0 CCSM4_000 -24.4 -11.2 —42.8 -26.9 -25.8
§ CCSM4_001 -17.7 —20.1 -30.2 —28.8 —24.5
CCSM4_002 -17.3 —20.4 —46.8 -34.5 -28.8
CCSM4_003 -22.4 -10.6 —45.3 -36.4 -29.7
CCSM4_004 —28.2 -9.6 —-41.9 —28.0 —27.1
CCSM4_005 -26.3 -17.6 -41.5 -30.6 -28.8
EMR3 -2.5 35.0 3.0 -13.5 -1.8

imum) drying trends occurring in the Aegean sub-basins (the Alboran, Tyrrhe-
nian, and LPC sub-basins), as seen in Tab. 5.

Generally, there is strong variability in the seasonal drought projections (Fig.
7b and Tab. 5). The only exception to the reduced PRs is the positive winter trend
for the Black Sea (Tab. 5). The Mediterranean Sea PRs are projected to lead to
droughts in each scenario, most pronounced in winter and less pronounced in
summer and spring, as seen in Tab. 5. Current results support the study of
Giorgi and Lionello (2008) and IPCC (2013).
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Table 5. Change in the EMRS3 calculated precipitation rates (mm month™) in the various sub-basins at
the end of the 21" century (relative to precipitation rates, 2000-2029) for the four studied RCP scenarios.

Sub-basin RCP Winter Spring Summer Autumn Annual
RCP26 0.1 -0.1 -1.3 0.2 -0.2
RCP45 -3.0 -2.1 2.4 —6.3 -3.5
Med
RCP60 -3.9 -2.3 2.7 —4.8 -3.7
RCP85 -9.1 -5.8 -5.8 -84 -7.5
RCP26 —4.1 -3.8 1.1 —4.0 2.7
RCP45 —4.8 -7.5 -0.2 -11.1 -5.9
AAM
RCP60 -9.6 -9.7 1.2 -11.6 -7.1
RCP85 —-12.7 -8.6 1.1 -17.6 -9.5
RCP26 4.4 0.8 2.7 -2.8 -0.2
P4 4 2. —5.2 2. 1.

Black Sea RCP45 7 3 > 3 6
RCP60 4.8 2.3 —6.4 1.7 0.6
RCP85 1.8 -2.8 -10.9 —6.1 —4.5
RCP26 —3.7 2.4 1.6 -1.5 -1.5
RCP45 —4.1 -6.6 0.3 -5.6 -3.8

Alboran
RCP60 —6.4 -6.7 1.7 —4.2 -3.9
RCP85 -7.6 -9.6 2.2 -9.5 —6.2
RCP26 -1.0 1.1 -1.8 0.2 -0.3
. RCP45 -2.9 -2.6 -2.1 -8.2 -39

Algerian
RCP60 -7.6 —4.1 -1.6 -5.0 -4.5
RCP85 -11.0 -7.1 -1.3 -7.9 -7.1
RCP26 -0.9 1.3 -3.0 1.0 -0.4
. RCP45 —0.7 -1.9 -2.3 -7.0 -3.1

Tyrrhenian
RCP60 -3.1 -2.4 -3.7 -3.4 -3.5
RCP85 -6.8 -5.7 -8.2 —4.2 -6.4
RCP26 3.7 3.1 -2.5 2.1 1.7
LPC RCP45 1.0 -0.9 -3.9 -8.4 -3.1
RCP60 —2.4 -3.7 2.0 -1.3 2.2
RCP85 —4.2 -8.2 -11.0 2.1 —-6.4
RCP26 0.3 -0.7 -1.4 1.4 0.0
. RCP45 —4.9 -3.0 -1.8 —4.8 -3.7
Tonian
RCP60 —4.3 -2.6 -3.0 -5.6 —4.2
RCP85 -10.9 —4.3 —4.1 -6.9 -7.0
RCP26 -0.7 -1.0 -0.1 1.2 -0.2
. RCP45 -4.0 -1.2 -0.8 -6.6 -3.0
Levantine

RCP60 -2.9 -1.7 -0.3 -7.6 -3.4
RCP85 -9.2 -3.7 -1.1 -14.1 -7.3
RCP26 0.1 -3.8 -2.0 -6.1 -2.7
RCP45 -3.1 -2.8 -6.3 -5.5 —4.4

Aegean
RCP60 -1.3 -0.4 -6.1 -5.8 -3.8
RCP85 -10.2 -8.8 8.7 -16.2 -11.2
RCP26 -1.2 1.7 -1.3 -3.2 -0.9
Adriatic RCP45 -0.7 -1.1 —4.3 -7.6 -3.6
RCP60 -4.6 0.3 -7.2 1.7 -2.8

RCP85 -8.6 -7.8 —20.2 -3.8 -10.1
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Figure 7. Thirty-year running (a) annual and (b) seasonal PR means with reference to the 2000—-2029
period for the EMR3 (EMR3 = Ensemble-mean realizations based on the GCMs that best describe
the current PR, i.e., the GFDL-CM3-1, MIROC-ESM-CHEM, and HadGEM2-AO models).

3.5. Uncertainty measurements

In this study, four sources of uncertainty are taken into consideration: un-
certainty associated with the scenarios, the GCMs, seasonal variations, and
regional variations. The uncertainty due to the GCMs used was taken into ac-
count by calculating the ensemble of GCMs (Hagemann et al., 2012). In the
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current paper, the impact of GCM-related uncertainty is discussed only for the
models used in the mini-ensemble simulation.

Uncertainties in the PRs projected for the Med+ region at the end of the
current century were estimated to be 7.3, 4.5, 3.2, and 2.8 mm month ™ due to
the scenario used, GCM used, regional variations, and seasonal variations, re-
spectively. The greatest estimated uncertainty originates from the particular
emission scenario used. Overall, the projected PRs are affected by a wide range
of uncertainties, calling for various assumptions regarding future socioeconom-
ic adaptation measures. Questions such as: How should uncertainty, risk, and
precaution be incorporated into effective ocean governance and policy-making?
merit considerable future attention but will not be addressed here.

4. Discussion and conclusion

Precipitation in the Mediterranean Sea and adjacent regions during the
1998-2010 period is affected by sea surface temperature and large-scale sea
level pressure but only in parts of the system, and NAO has a small effect. This
indicates that the studied PRs are largely controlled by the regional meteorology.

Recent remote sensing TRMM precipitation data indicate a range of drought
and wetter events in the studied region, while ensemble mean scenarios indicate
decreasing PRs over the present century.

The Mediterranean Sea and adjacent regions received an average annual
precipitation of 39.4+65 mm month ™ over the 13 years from 1998 to 2010, rang-
ing from 47.7+72 mm month ' in winter to 17.5+ 37 mm month ™' in summer.
The Black Sea (AAM sub-basin) had higher (lower) PRs. These calculations are
in accordance with previous calculations by Mariotti et al. (2002), Romanou et
al. (2010), and Shaltout and Omstedt (2012). In addition, the current PRs in the
studied area indicate a wetting trend of 0.9 mm month ™ yr ' with seasonal vari-
ability peaking at 1 mm month " yr  in winter. The Black Sea and AAM sub-
basin display stronger current wetting trends. The current Mediterranean Sea
precipitation trend is not uniform, as some sub-basins display drying trends (e.g.,
the Aegean sub-basin), while others display no change (e.g., the Ionian and Le-
vantine sub-basins), or wetting trends (e.g., the Alboran sub-basin). This is in
contrast to Romanou et al.’s (2010) results, probably due to the different periods
and databases studied. Moreover, the current Mediterranean Sea precipitation
rates are dependent on the study period and the period 2005—-2009 represent the
maximum wetting trend over the 1998-2010 years.

Future PRs (CMIP5 scenarios) over the study period were described using
mini-ensemble mean of the GCMs that best describe the current PRs. Based on
direct comparison between TRMM precipitation data and the results of various
GCM realizations, the GFDL-CM3-1, MIROC-ESM-CHEM, and HadGEM2-AO
models were found to be closest to the TRMM data. Mini-ensemble mean realiza-
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tions calculated based only on these three GCMs display negligible biases com-
pared with the TRMM data. The mini-ensemble mean realizations were then
used to project future PRs during the 21* century.

During the 21* century, the general projected decline in the annual Mediter-
ranean PR was —7.5 mm month ™' century " under scenario RCP85; however, the
Black Sea (AAM sub-basin) displays a weaker (stronger) drying trend. The dry-
ing trends projected for the Mediterranean Sea and adjacent areas over the 21%
century were not uniform, as some sub-basins under certain scenarios displayed
wetting trends (e.g., the LPC sub-basin under scenario RCP26 and the Black Sea
under scenario RCP45) while other sub-basins displayed negligible trends (e.g.,
the Mediterranean Sea under scenario RCP26). This is in agreement with ear-
lier findings of Giorgi and Lionello (2008). The variation in PRs projected for the
21* century was dominated by emission variations and not by used GCMs or
regional or seasonal variations, indicating that management efforts should em-
phasize emission reductions. This is in agreement with previous findings of Shal-
tout and Omstedt (2014).

Generally, more droughts can be expected for the Mediterranean Sea and
adjacent regions, as addressed here, together with warming trends (Shaltout
and Omstedt, 2014). These changes are in consistent with IPCC (2013) and will
greatly affect the water and heat balances of the Mediterranean Sea and there-
fore the Sea’s salinity and temperatures. Climate change may thus have an
impact on several aspects, such as sea levels, Mediterranean Sea outflow, and
Mediterranean marine ecosystems, aspects that merit further research.
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SAZETAK

Recentni trendovi oborine i buduéi scenariji
nad Sredozemnim morem

Mohamed Shaltout i Anders Omstedt

U ovome radu analiziraju se aktualni intenziteti oborine (PR) i trendovi oborine nad
podruc¢jem Sredozemnog mora i njihovi odzivi na scenarije opéih klimatskih promjena. U
analizi se koristi niz podataka intenziteta oborine u mrezi od 0,25° tijekom 13-godisnjeg
razdoblja (1998-2010) uzet iz podataka dobivenih daljinskim mjerenjima tijekom Misije
mjerenja tropske oborine (Tropical Rainfall Measuring Mission, TRMM). Bududi sce-
nariji koriste rezultate iz Sest opéih klimatskih modela (globalni klimatski model, GCM)
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uz Cetiri scenarija reprezentativnih staza koncentracije (RCP) (tj. RCP26, RCP45, RCP60
i RCP85).

Rezultati indiciraju da podrucje Sredozemnog mora pokazuje sezonski signifikantno
(nesignifikantno) vlazniji trend tijekom hladnih (toplih) sezona, te tijekom promatranog
razdoblja (1998-2010) prikazuje godisnju prostornu varijaciju koja se krec¢e u rasponu od
15 do preko 100 mm mjesec . Tlak zraka na razini mora ima dva razli¢ita uéinka na
oborinu nad Sredozemljem. Nad sjevernim Sredozemljem obrnuto je razmjeran oborini,
dok je nad juznim Sredozemljem izravno razmjeran oborini. Medutim, temperatura
povrsine mora je antikorelirana s oborinom. Opéi klimatski modeli koji najrealisti¢nije
opisuju aktualnu oborinu nad Sredozemljem su: GFDL-CM3-1, MIROC-ESM-CHEM 1
HadGEM2-AO, a koriste se za izracun srednjaka ansambla za svaki scenarij reprezenta-
tivne staze koncentracije. Realizacije srednjaka ansambla indiciraju da ¢e podrucje studi-
je dozivjeti znatnu susu u 21. stolje¢u. Nesigurnost u projiciranoj oborini nad Sredozem-
nim morem pripisana je ¢etirima izvorima, gdje je od njih najvazniji koriSteni scenarij.

Kljucne rijeci: Sredozemno more, Crno more, oborina, klimatski modeli
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