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Climate change evolution of the hydrological balance
of the Mediterranean, Black and Caspian Seas: impact

of climate model resolution

Nellie Elguindi, S. Somot, M. Déqué, W. Ludwig

Abstract In this study we have evaluated the ability of
the CNRM-ARPEGE CLIMATE V4 general circulation
model (GCM) to estimate the present-day hydrological
budget components [precipitation minus evaporation over
the sea (P — E) and fresh water runoff (R)] over the
Mediterranean, Black and Caspian sea basins. Three
simulations were performed which were exactly identical
except for horizontal resolution, allowing for a unique
opportunity to isolate and study the effects of resolution on
simulating the hydrological components. Model calculated
values of runoff and P — E were compared to a variety of
data sources and show that the model’s performance
improves significantly with increased resolution, especially
in regions with mountainous terrain. Corresponding future
climate simulations (following the IPCC A2 scenario) were
also performed and indicate that while resolution does not
seem to have a significant effect on the qualitative impacts
of future climate change on the hydrologic balance,
quantitatively the results vary significantly among the
models. These results suggests that high resolution global
models, or downscaling models such as RCMs, are nec-
essary in order to assess the magnitude of future changes in
the hydrological components of these basins.
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1 Introduction

The Mediterranean, Black and Caspian Sea basins
encompass vast and diverse regions extending over much
of western and central Europe and into North Africa. The
terrain across these regions ranges from desert to rugged
mountains. An understanding of the potential future cli-
mate change impacts on the hydrological budget over these
basins is important from several standpoints. First from a
socio-economic standpoint, runoff from major river basins
in these regions such as the Po, Rhone, Ebro, Volga,
Danube and Nile provide essential water resources to
millions of people. Sensitivity to current climate variability
has already proven to be devastating to many of these
regions. Over the last decades, the Mediterranean basin has
experienced a general drying (Valero et al. 1996; Xoplaki
et al. 2000; Boukthir and Barnier 2000; Alpert et al. 2002)
probably linked with decadal variability of the North-
Atlantic Oscillation and a decrease in the strength of the
Mediterranean cyclogenesis (Trigo et al. 2000). A positive
phase of the NAO leads to less precipitation over the
Mediterranean area in winter, the rainy season. The attri-
bution of this trend to anthropogenic climate change has
not been demonstrated up-to-now. This decrease in the
mean precipitation amount is however accompanied by an
increase in extreme precipitation (Alpert et al. 2002),
showing the complexity of the Mediterranean water cycle.
The Caspian Sea region is also very sensitive to climate
variability. During the last century, large and rapid flucu-
ations in the Caspian Sea level resulting from variations in
the water budget components have had catastrophic



consequences for the surrounding communities. During the
late 1970s and 1980s, rapidly rising Sea levels wiped out
many settlements along the shoreline and caused enormous
amounts of pollution (Rodionov 1994).

Second, studies have shown that changes in the tem-
perature and salinity of the Mediterranean Sea due to
changes in the water budget components can have a sig-
nificant direct impact on the Mediterranean thermohaline
circulation (MTHC) as well as indirect impacts on the
Atlantic ocean characteristics. This has been observed and
modelled for paleo-events leading to anoxic situations for
the Mediterranean deep waters and to the formation of
sapropel layers during the weak MTHC phase (Bethoux
1993; Myers et al. 1998). Nowadays, this kind of thermo-
haline shifts due to change in the water budget of the
Mediterranean Sea are also observed. For example, the
impact of the damming of the Nile river on the Mediter-
ranean water masses has been demonstrated (Rohling and
Bryden 1992; Skliris and Lascaratos 2004). Moreover, the
now well-known eastern Mediterranean transient (see
Roether et al. 2007 for a recent review) has probably been
partly driven by a drying in the eastern Mediterranean Sea
in the early 1990s (Malanotte-Rizzoli et al. 1999), an
increase in evaporation during the winters 1992 and 1993
(Josey 2003) and by the decrease in the Black Sea fresh-
water input towards the Aegean Sea (Zervakis et al. 2000).
More recently, other water masses changes in the western
Mediterranean Sea (Schroeder et al. 2008), at the Gibraltar
Strait (Millot et al. 2006) and in the Mediterranean outflow
waters in the Atlantic (Potter and Lozier 2004) also seem to
be linked with changes in the water budget components of
the Mediterranean Sea. Concerning regional climate
change scenarios, the projected drying of the Mediterra-
nean area would lead to a decrease of runoff and precipi-
tation, an increase in evaporation (Giorgi 2006; Somot
et al. 2006; Sanchez-Gomez et al. 2009a; Ludwig et al.
2009) and strong changes in MTHC and MOW charac-
teristics (Thorpe and Bigg 2000; Somot et al. 2006). Third,
changes in the hydrological budget of the Seas can
potentially have large impacts on the marine ecosystems
through changes in the hydrodynamic circulation patterns.

Given the significant impacts future climate change
could have on the hydrological balance of the Mediterra-
nean, Black and Caspian Sea basins, it is no surprise that
much effort has already been devoted to improve our
understanding of how projected climate change will impact
the hydrological budget, mainly through the use of climate
models (Mariotti et al. 2008; Somot et al. 2006; Elguindi
and Giorgi 2007; Arpe and Leroy 2007; Sanchez-Gomez
et al. 2009a). In addition, several large international
projects have been devoted to further understand the
present-day and potential future climate impacts on the
hydrological balance of the Mediterranean and Caspian Sea

basins (HYMEX, CIRCE, CASSEAS, CECILIA). While
climate models are essential tools for evaluating potential
climate change impacts, there is still a great deal of
uncertainty in how well they can reproduce the hydrolog-
ical budget over hydrological basins. One question which
must be addressed is what is the minimum horizontal res-
olution necessary to accurately simulate the individual
components of the hydrological budget. In some areas of
the basins where orographic precipitation plays an impor-
tant role in river runoff, coarse general circulation models
(GCMs) may not be sufficient to accurately simulate the
hydrological balance of the basin, and high resolution
GCMs or downscaling, such as through the use of regional
climate models, may be necessary. The main focus of this
study is to determine how much of an effect horizontal
resolution has on simulating the hydrological budget of the
Mediterranean, Black and Caspian Seas. To this end, we
analyze model output from three separate simulations
performed using the ARPEGE-CLIMATE global model
which are identical except for the horizontal resolution.
Two simulations are run for each model, one for the
present climate (1979-2002) and one for the future climate
(2046-2070) following the IPCC SRES-A2 scenario. The
high resolution model is run with a TL359 grid (0.5°
x 0.5° latitude—longitude), the medium resolution model is
run with a TL159 grid (1.125° x 1.125° latitude—longi-
tude), and the low resolution model is run with a TL63 grid
(2.8° x 2.8° latitude—longitude) . Hereafter, these models
will be referred to as the HiRes, MedRes and LoRes
models, respectively. Because the only difference between
the three models is horizontal resolution, this sensitivity
experiment is very clean and offers a unique opportunity to
isolate and study the effects of resolution on simulating the
hydrological components of the Mediterranean, Black and
Caspian Sea basins.

In this study, we attempt to address the following three
questions:

(1) Is the ARPEGE-CLIMATE V4 global model able to
reproduce the hydrological balance of the Mediterra-
nean, Black and Caspian Seas, and to which confi-
dence level? To address this question, individual
components of the hydrologic balance are calculated
from the present-day simulations and compared to a
variety of data sources.

(2) Is this estimation (mean and variability) dependent on
the resolution for present-climate? Specifically, is
there a marked improvement in the simulation of the
water budget components over the three basins with
increased resolution. By evaluating runoff at a sub-
basin scale we can assess whether or not the
performance of the model is dependent on resolution
only over specific terrains, such as mountainous



regions, or if increased resolution improves the
overall performance of the simulation.

(3) Does the future evolution of the hydrological balance
dependent on the resolution? Namely, do all three
models produce similar future climate changes in
terms of spatial pattern and intensity?

2 Data and methodology

In order to evaluate how well the models can estimate the
hydrological budget over the Mediterranean, Black and
Caspian Sea basins we divide the Mediterranean and
Caspian basins into several sub-basins and perform a sub-
basin scale validation of runoff. Model runoff is estimated
by spatially integrating the output runoff field over selected
sub-basins. Our choice of sub-basins were determined
largely upon the availability of observations. The Medi-
terranean is divided into ten sub-basins previously defined
by Cruzado (1985) (hereafter referred to as the C85 sub-
basins) which are shown in Fig. 1 and listed in Table 1.
Although the Black Sea is encompassed in the Mediterra-
nean Sea basin, we consider it separately because the cli-
matological characteristics are significantly different than
that of the Mediterranean, and because we have additional
data sources for the Black Sea. While the Mediterranean
drainage basin covers more than 5 x 10° km?, much of this
area is desert where a lot of the river discharge is lost
through evaporation. In addition, the construction of the
Aswan High Dam in the late 1960s drastically reduced the
amount of discharge from the Nile River into the Medi-
terranean Sea. Thus the majority of runoff actually reach-
ing the Mediterranean Sea comes from a land area of less
than 1.5 x 10° km? (Ludwig et al. 2009), of which the
three largest river basins are the Rhone, Po and Ebro (not
counting the Nile). In terms of their water discharge, these
three rivers are the first, second and fifth largest rivers of
the Mediterranean, respectively (Ludwig et al. 2009). The
drainage area of the Black Sea basin is over 2 x 108 kmz,
extending far to the north and west of the Sea where the
terrain is flat for the most part. Mountains lie to the south
and east of the Black Sea, covering only a small fraction of
the total drainage basin. While the Mediterranean region
experiences wet-cold winters and dry-warm summers, the
Black Sea basin receives most of its rainfall during the
summer months.

The drainage basin of the Caspian Sea is vast, covering
approximately 3.5 x 10° km? and extending from 35 to
60N. For this study we divide the Caspian Sea basin into its
three largest river basins: the Volga, the Kura and the Ural.
Although more than 130 rivers flow into the Caspian Sea,
these three river basins provide over 90% of the total runoff
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Fig. 1 Mediterranean sub-basins as defined by Cruzado (1985). ALB
Alboran, SWE South-Western, NWE North Western, TYR Tyrrhenian,
ADR Adriatic, ION Ionian, CEN Central, AEG Aegean, NLE North-
Levantine, SLE South-Levantine, BLS Black Sea Land

Table 1 Area in km? x 10° of individual basins and seas

HiRes MedRes LoRes Observations
C85 Mediterranean Sub-Basins
Alboran 173 185 252 1117
South-Western 206 223 177 129*
North-Western 390 400 363 311*
Tyrrhenian 174 148 117 112*
Adriatic 316 310 336 235%
Tonian 77 93 31 68*
Central 1,380 1,360 1,351 1,135%
Aegean 342 322 328 286"
North-Levantine 171 173 186 131*
South-Levantine 3,529 3,545 3,455 3,010%
Black Sea Land 2,685 2,686 2,308 2,398?
Individual Mediterranean River Basins
Ebro 87 82 87 84°
Rhone 93 91 68 96"
Po 78 78 72 70°
Danube 814 812 814 807"
Individual Caspian River Basins
Volga 1,407 1,403 1,407 1,360°
Kura 181 186 186 205"
Ural 232 232 234 236°
Seas
Black Sea 456 466 344 460" 400°
Mediterranean Sea 2,517 2,516 2,601 2,500
Caspian sea 383 396 367 376¢

2 Ludwig et al. (2009), ®Vorosmarty et al. (1998), “Georgievsky
et al. (2003), “Stanev et al. (2000)

(Fig. 2). The Volga basin is by far the largest, contributing
almost 80% of the total runoff into the Sea and covering
most of the northern part of the basin where the terrain is
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Fig. 2 The Volga, Ural and Kura river basins which contribute over
90% of the total runoff into the Caspian Sea

predominantly flat. Similarly the Ural basin covers a lar-
gely flat region, although much smaller than the Volga,
extending from the southern end of the Ural mountains to
the Caspian Sea. By contrast, the Kura basin covers a
mostly mountainous region to the west of the Caspian Sea
where the Caucasus mountains lie.

To validate the present-day components of the hydro-
logical budget, comparisons between climatological aver-
ages as well as interannual variability are investigated. The
total hydrological budget for the Mediterranean Sea is
estimated as,

Py — Ev + Ru

where P\ and E\; represent precipitation and evaporation
given in mm year ' over the Mediterranean Sea. Ry
represents the total freshwater input to the Mediterranean
Sea and is equal to,

Ry = Regs + I

where Rc85 represents river runoff expressed as an area
flux with respect to the Mediterranean Sea surface and is
calculated as follows:

nbasin Ab
Rcgs = Fp x —
; Ams

where nbasin is the number of sub-basins and F}, refers to
the sub-basin’s runoff flux expressed in mm year . Ay, is
the area of the sub-basin and Ayg is the area of the
Mediterranean Sea as defined by Ludwig et al. (2009).
Because of discrepancies in the size of the basins, all
model fluxes are standardized using the areas given by
Ludwig et al. (2009) in Table 1. Iz represents the inflow
from the Black Sea basin into the Mediterranean Sea
through the Straits of Bosphorus and is estimated as
follows:

IB = (PB —EB —|—RB) X (Ais)
Awms

where Py, Eg and Rp represent the precipitation,

evaporation and runoff fluxes over the Black Sea,

respectively, and Agg is the area of the Black Sea. For

the Caspian Sea, the total hydrological budget is estimated

as,

Pc — Ec 4+ Re

where Pc, Ec and Rc represent the precipitation, evapo-
ration and runoff fluxes over the Caspian Sea.

To explore changes in the hydrologic balance of the
Mediterranean, Black and Caspian sea basins occurring
under anthropogenically induced projected mid-century
climate change (IPCC A2 scenario), we compare three
future simulations for the period 20462070 to the corre-
sponding present-day simulations discussed above. Future
changes that occur in temperature, precipitation and
evaporation fields as well as in the individual hydrological
budget components over the regions of interest are dis-
cussed. Following is a description of the CNRM-GCM
ARPEGE which was used to perform all of the simulations
in this study and the observational data used for the pres-
ent-day validation.

2.1 Model description

The model used is Arpege-Climat 4.6, which has been
derived from cycle 24 of the meteorological forecast model
Arpege/IFS used by Météo-France, the French Meteoro-
logical service, and ECMWF for operational short, medium
and seasonal-range forecasting. It uses a semi-lagrangian
advection with a two time-level discretization. The vertical
discretization uses 31 vertical levels located mainly in the
troposphere. The time step is 15 min. Three horizontal
resolutions are defined with respectively 64, 160 and 360
latitude circles. The number of longitudes varies according
to latitude to maintain grid isotropy (the maximum number
being 128, 320 and 720, respectively). The upper-air
dynamical fields are expanded on a series of spherical
harmonics with a triangular truncation to wavenumber
n = 63, 159 and 359, respectively. The convection scheme
is derived from the mass-flux scheme with moisture con-
vergence closure described by Bougeault (1985). The
Morcrette (1990) scheme is used to calculate the radiation,
which includes the effect of four greenhouse gases (CO,,
CH,, N,O and CFC) in addition to water vapor and ozone,
and of five aerosol types (land, sea, urban, desert and sul-
fate) in addition to background aerosols. The cloud-pre-
cipitation-vertical diffusion scheme uses the statistical
approach of Ricard and Royer (1993). The soil scheme
consists of a four-layer diffusion scheme for temperature



and the ISBA soil vegetation scheme (Douville et al. 2000)
for the hydrological cycle. Runoff is calculated as the water
overflow in the surface and deep soil layers. Representation
of orographic gravity wave drag has been improved, with
respect to the scheme used in version 1 (Déqué et al. 1994),
by the addition of mountain blocking and the lift effect
(Lott and Miller 1997; Lott 1999). More details on the
model can be found at: http://www.cnrm.meteo.fr/
gmgec/site_engl/arpege/arpege_en.htm.

For the present-day simulations, SSTs are taken from the
ERAA40 dataset (Uppala et al. 2005). In the future climate
simulations, SSTs are estimated to be present-day values
plus a perturbation. This perturbation is calculated as the
difference between future and present-day SSTs from
simulations performed by the ARPEGE/OPA coupled
Atmosphere—Ocean GCM for the Intergovernmental Panel
on Climate Change Assessment Report 4 (IPCC-AR4). The
model horizontal resolution was TL63 (about 300 km) for
the atmosphere and 2° for the ocean in these simulations.
More model details can be found at: http://www-pcmdi.
lInl.gov/ipcc/about_ipcc.ph. It should also be noted that a
bias correction factor has been applied to the future sce-
nario SSTs. This correction factor is calculated as,

SST2(m,y) = SST1(m.y)
+ [MSST_Era(m) — MSST_Arp(m)]

where m represents the month and y the year. SST1 and
SST?2 are the corrected and uncorrected SSTs, respectively.
MSST_Era and MSST_Arp are averages for the period
1958-2000 from ERA40 and ARPEGE/OPA, respectively.

2.2 Data

To validate the models’ temperature and precipitation
fields we use the global half degree precipitation and
temperature datasets of the Climate Research Unit (CRU)
of the University of East Anglia (New et al. 2002). The
CRU data cover the period 1979-2002 and provide a good
present-day climatology. As with most observational
datasets, there are some inherent biases in the CRU data.
The data are uncorrected for gauge undercatch, therefore
estimates of precipitation can be largely underestimated,
especially in mountainous regions and when there is
snowfall. In addition, the data have a low elevation station
bias, thus temperature in mountainous regions are likely to
be overestimated.

A variety of data sources are used to validate runoff and
P — E over the Mediterranean basin. For runoff over the
Mediterranean basin we use the estimates of Ludwig et al.
(2009) for the period 1960-2000. These authors compiled
time-series of 37 Mediterranean and Black Sea rivers uti-
lizing several different sources (Medhycos 2001), the glo-
bal river discharge database RivDIS (Vorosmarty et al.

1998) and the Hydro database (French Ministry of Envi-
ronment 2006). Whenever the observations correspond to
gauging stations close to the river mouths, river runoff data
were aggregated to the sub-basin scale as defined by Cru-
zado (1985). For the parts of the drainage basins which
were not covered by observations, runoff was estimated by
conversion of the CRU P and T climatologies into water
discharge based on a simple hydrological algorithm which
is based on the empirical formula of Pike (1964) and found
to give realistic estimations for average runoff depth in
Mediterranean rivers (Ludwig et al. 2009). Pike (1964)
proposed to calculate the mean annual runoff ratio (RR =
runoff/precipitation) as a function of the ratio of the mean
annual precipitation total (APPT) over the mean annual
potential evapotranspiration (APE):

1
AppT\? )"
(1 + ( APE ) )
According to Holdridge (1959), APE can be derived in a
first order approximation as a linear function of the mean
annual biotemperature (ABT; APE = ABT x 58.93),
which is the average of all monthly temperatures for
which negative values were set to zero. A theoretical runoff

(Q-Pike) can consequently be obtained by multiplication of
RR and APPT:

RR=1-

Q-Pike = RR x APPT

The so-created freshwater budgets correspond to about
one-third of observations and two-thirds of purely mod-
elled values for the Mediterranean drainage basin. In the
case of the Black Sea, the large rivers are much more
important in the total budgets and almost 80% of the
budgets are constrained by observations. This is important
because in the drainage basin of the Black Sea Q-Pike is
probably less adapted to estimate water discharge (Ludwig
et al. 2009).

The resulting freshwater budgets estimate by Ludwig
et al. (2009) correspond to the entire continental area that
is drained into the Mediterranean and Black Sea and are
used to validate runoff from the climate model outputs in
this study. Additional data sources for the Black Sea basin
compiled by Stanev et al. (2000) and Kara et al. (2008) are
also used.

An important point when establishing the river fresh-
water budget estimates for the Mediterranean is how to
deal with the Nile River. After the construction of the
Aswan Dam in 1964, the runoff from the Nile basin into the
Mediterranean Sea was drastically reduced. This could
have had an impact on the overall freshwater budgets of the
Mediterranean Sea, however, there is a great deal of
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uncertainty regarding the amount of reduction in runoff
caused by the dam. Some studies have estimated a more
than 90% reduction in runoff after the damming (Poulos
and Drakpooulos 2001), while others claim the reduction is
less because the pre-damming value at the river mouth was
probably only slightly more than half of the discharge at
Aswan (Nixon 2003). Given the uncertainty regarding the
amount of reduction in runoff caused by the dam, coupled
to the fact that the models do a poor job of estimating
precipitation in the tropical southern part of the basin as
will be demonstrated in the following section, we chose to
supplement the models’ estimate of runoff from the Nile
basin with the estimate of Ludwig et al. (2009), 7 mm
year™ ', in order to complete our estimation of the total
hydrological budget. For the future calculations, we cal-
culate the change in the model’s estimate of present-day
and future Nile runoff, then apply this percentage change to
the value used for in the present-day calculations (7 mm
year ).

The literature provides numerous estimates of total
Mediterranean freshwater runoff and P — E that have been
made using a variety of different methods and data sources
(Tixeront 1970; Bethoux 1979; Tomczak and Godfrey
1994; Boukthir and Barnier 2000; Mariotti and Struglia
2002; Struglia et al. 2004). Given the many different
sources of error in obtaining these estimates, it is not sur-
prising that the range of values is quite large. Nonetheless,
it provides us a guide in which to base our validation.
Estimates of inflow and outflow through the Gibraltar Strait
provide us with an additional source of validation. The
only outlet of the Mediterranean Sea is through the
Gibraltar Strait to the Atlantic Ocean, thus the long-term
hydrological budget over the entire basin should be
approximately equal to the net water flux at the Gibraltar
Strait. This allows us to utilize measurements of the net
water flux at the Gibraltar Strait to further validate the
basin’s hydrological balance (Garcia-Lafuente et al. 2007;
Baschek et al. 2001; Bryden et al. 1994; Candela 2001;
Tsimplis and Baker 2000).

For the Caspian Sea we use time series of inflow and
water balance components for the Volga, Kura, and Ural
river basins that have been compiled by the Russian State
Hydrological Institute (SHI) (Georgievsky et al. 2003;
Shiklomanov et al. 2003). For P — E over the Sea, we use
the annual values calculated as a residual of the Sea’s water
balance.

3 Present-day validation
We begin this section by presenting a comparison of

present-day temperature and precipitation climatological
fields between the models’ output and the CRU

observations. We focus on winter (DJF) and summer (JJA)
climatological seasons based on the time period 1979-
2002. Finally, we compare components of the basins’
hydrological budget calculated from the models’ output to
observed estimates.

3.1 The Mediterranean and Black Seas region

Spatial maps of the bias between the models and the
observations are presented in Figs. 3 and 4. For a more
quantitative assessment, modelled and observed precipita-
tion and temperature averages, as well as standard devia-
tions, during the winter and summer months for individual
sub-basins are also presented in Tables 2 and 3. During the
winter season (DJF), the HiRes model simulates tempera-
ture reasonably well across the domain, however, there is a
cold bias (2-4°C) around some parts of the Mediterranean
basin, namely Spain, northwestern Africa, and significant
portions of southern Italy and Greece, which is comparable
in magnitude to biases others have found in the region
(Gibelin and Déqué 2003; Jacob et al. 2007; Giorgi et al.
2004). Contrarily, a slight warm bias exists in the Caucasus
mountains east of the Black Sea (perhaps due to deficien-
cies in large-scale dynamics in the model or more likely
representation of topography). The spatial pattern of the
temperature biases are similar in the MedRes model,
however the warm bias in the Caucasus mountains is more
pronounced. In addition, slight warm biases begin to
appear in much of the mountainous regions in the basin,
most notably in the Alps, the Apennines in central Italy and
the Dinaric Alps along the Croatian coast. This is certainly
due to the under-representation of topography in the model.
The LoRes model indicates a similar warming trend with
decreased resolution, thus much of the cold biases present
in the other models have disappeared while the warm
biases in the mountainous regions are considerably more
pronounced (2-8°C).

The HiRes model also simulates temperature well across
the domain during the summer season (JJA). There are a
couple of notable exceptions, namely a significant cold bias
(6-8°C) exists in the southwestern region of the Black Sea
(Caucasus mountains), which is likely a result of too much
precipitation in this region, and a slight warm bias (2—4°C)
in the Saharan desert of Egypt and Libya. In the MedRes
and LoRes models these biases become more pronouced as
resolution decreases. In addition, the lower resolution
models (MedRes and LoRes) have warm biases in the
mountainous regions, particularly in the Alps where biases
are between 6 and 8°C.

With regard to the sub-basin averages presented in
Tables 2 and 3, we find similar results showing that as
resolution decreases the model becomes warmer. The
spatial maps show that this is mostly the case in



Fig. 3 Difference plots (model
minus observations) between
modelled and observed present-
day temperature (°C)
climatology over the
Mediterranean and Black Sea
basins for the HiRes, MedRes
and LoRes models during winter
(DJF) and summer (JJA)
seasons
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mountainous regions where we expect topography to be
under-represented in the lower resolution models. During
the winter, the models have a cold bias in all of the sub-
basins, with the highest resolution model having the largest
bias. However, we should keep in mind that the ground
based observations, such as the CRU dataset, have a low
elevation station bias thus the models’ biases may not be as
large in reality. In several of the sub-basins during the
summer, we find that while the HiRes model still has a
slight cold bias, the LoRes model has a slight warm bias
and the MedRes model falls somewhere in between. In
general, the models have too much interannual variability
during the winter. One notable exception is the Black Sea
basin where all the models have a smaller standard devi-
ation than the observed. In almost half of the sub-basins
(SWE, NWE, TYR, ADR and ION), the interannual vari-
ability is clearly better represented by the HiRes model.
The interannual variability is better represented by all
models during the summer, especially the HiRes model.
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Precipitation is simulated generally well in the HiRes
model during the winter season except for a positive bias
over eastern France and Germany. In the MedRes model,
the magnitude of this positive bias decreases somewhat but
is still prominent over the same spatial extent, whereas in
the LoRes model the area of the bias is considerably
reduced. Negative biases in mountainous regions as well as
over peninsulas and islands, such as in southern Italy,
increase significantly in the LoRes model. Precipitation
biases are slightly larger during the summer season. Sig-
nificant positive biases exist over large parts of Spain,
France and Germany as well as to the southeast of the
Black Sea. These biases increase as resolution decreases.

With regard to the sub-basin averages, during the winter
all models have a negative bias in most of the sub-basins,
with the HiRes model coming closest to the observed
values. However, during the summer the contrary is true in
that all models tend to have positive biases, where the
HiRes model produces the most precipitation and thus has



Fig. 4 Difference plots (model
minus observations) between
modelled and observed present-
day precipitation (mm day’l)
climatology over the
Mediterranean and Black Sea
basins for the HiRes, MedRes
and LoRes models during winter
(DJF) and summer (JJA)
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Table 2 Average modelled and observed temperature (°C) and precipitation (mm day ") during winter (DJF) for the Mediterranean sub-basins

Temperature Precipitation

HiRes MedRes LoRes Obs HiRes MedRes LoRes Obs
Alboran 5.9 (0.90) 6.8 (0.76) 8.6 (1.13) 9.3 (0.65) 1.06 (0.42) 0.92 (0.52) 0.39 (0.29) 1.52 (0.67)
South-Western 5.3 (0.79) 5.8 (0.88) 7.1 (1.15) 9.1 (0.66) 1.20 (0.44) 0.88 (0.33) 0.59 (0.27) 1.79 (0.45)
North-Western 2.4 (0.79) 2.3 (1.11) 3.7 (1.10) 5.5 (0.71) 2.13 (0.53) 1.94 (0.50) 1.84 (0.57) 1.92 (0.52)
Tyrrhenian 5.1 (0.62) 5.7 (0.84) 6.3 (0.97) 9.0 (0.56) 1.62 (0.46) 1.30 (0.28) 0.83 (0.27) 2.27 (0.51)
Adriatic 0.7 (0.74) 0.9 (1.02) 1.6 (0.96) 3.3 (0.74) 2.60 (0.74) 2.29 (0.54) 2.08 (0.45) 2.65 (0.73)
Ionian 4.3 (0.73) 5.5 (0.73) 5.5 (1.01) 8.9 (0.58) 2.15 (0.64) 1.72 (0.47) 1.54 (0.44) 3.11 (0.78)
Central 11.9 (0.67) 12.5 (0.60) 12.3 (0.93) 13.9 (1.14) 0.13 (0.04) 0.10 (0.03) 0.06 (0.03) 0.45 (0.10)
Aegean 1.6 (0.90) 1.3 (0.78) 1.6 (1.06) 5.6 (0.71) 2.32 (0.60) 2.16 (0.54) 1.89 (0.40) 2.68 (0.73)
North-Levantine 1.6 (0.87) 2.2 (0.64) 3.2 (0.93) 6.2 (1.21) 2.64 (0.55) 1.99 (0.39) 2.00 (0.48) 2.98 (0.77)
South-Levantine 19.2 (0.55) 19.5 (0.44) 20.3 (0.60) 21.8 (0.60) 2.92 (0.23) 2.72 (0.21) 2.42 (0.14) 0.64 (0.14)
Black Sea —2.1 (0.86) —2.5(0.91) —2.2 (0.84) —1.9 (1.16) 1.95 (0.31) 1.90 (0.26) 1.77 (0.22) 1.55 (0.25)

Standard deviation is given in parenthesis

the largest bias. In most of the sub-basins, the interannual
variability during the winter is represented reasonably well
by the HiRes model, whereas the MedRes and LoRes

models tend to underestimate the variability. During the
summer, the models do not perform as well and have a
tendency to overestimate the interannual variability.



Table 3 Average modelled and observed temperature (°C) and precipitation (mm day ') during summer (JJA) for the Mediterranean sub-basins

Temperature Precipitation

HiRes MedRes LoRes Obs HiRes MedRes LoRes Obs
Alboran 22.7 (0.65) 23.9 (0.50) 28.9 (0.73) 24.4 (0.68) 1.23 (0.40) 1.00 (0.51) 0.72 (0.48) 0.21 (0.14)
South-Western 22.8 (0.74) 24.2 (0.65) 26.7 (0.70) 24.9 (0.76) 1.26 (0.39) 1.02 (0.40) 0.69 (0.36) 0.36 (0.18)
North-Western 17.8 (0.65) 18.3 (0.75) 20.5 (1.05) 20.3 (0.65) 2.92 (0.43) 2.93 (0.42) 2.42 (0.41) 1.52 (0.42)
Tyrrhenian 21.6 (0.74) 23.3 (0.78) 24.6 (0.53) 23.6 (0.66) 1.50 (0.43) 1.13 (0.39) 0.59 (0.19) 0.60 (0.25)
Adriatic 17.9 (0.70) 18.8 (0.75) 20.2 (0.56) 19.8 (0.67) 3.21 (0.57) 2.96 (0.57) 2.66 (0.27) 2.24 (0.42)
Ionian 21.1 (0.82) 23.6 (0.62) 23.9 (0.61) 23.5 (0.68) 1.46 (0.47) 0.88 (0.32) 0.93 (0.31) 0.49 (0.20)
Central 29.4 (0.58) 29.9 (0.46) 30.4 (0.61) 29.2 (0.61) 0.19 (0.10) 0.12 (0.05) 0.07 (0.03) 0.06 (0.02)
Aegean 20.9 (0.79) 21.4 (0.65) 23.7 (0.68) 22.9 (0.76) 1.52 (0.42) 1.55 (0.36) 1.50 (0.37) 0.72 (0.24)
North-Levantine 20.6 (0.53) 22.3 (0.59) 25.1 (0.52) 24.2 (1.00) 1.02 (0.29) 0.80 (0.30) 0.59 (0.23) 0.31 (0.13)
South-Levantine 24.2 (0.39) 25.2 (0.36) 27.0 (0.53) 26.7 (0.29) 4.85 (0.36) 4.51 (0.30) 3.86 (0.79) 2.99 (0.35)
Black Sea 18.7 (1.09) 18.9 (0.58) 20.9 (0.88) 19.4 (0.76) 2.40 (0.32) 2.47 (0.43) 2.01 (0.18) 2.13 (0.22)

Standard deviation is given in parenthesis
3.2 The Caspian Sea region

Spatial maps of the bias between the models and the
observations over the Caspian basin are presented in
Figs. 5 and 6. Modelled and observed precipitation and
temperature averages (and standard deviations) during the
winter and summer months for the individual basins are
also presented in Tables 4 and 5. In the winter season,
there is a general slight warm bias north of 40°N and a
slight cool bias to the south. These biases are slightly
more pronounced in the HiRes simulation. However,
the HiRes model noticeably decreases the biases in the
mountainous areas to the southwest of the Sea. Also
during the summer, increased resolution decreases biases
associated with topography, as well as the warm bias in
the desert area east of the Sea present in lower resolution
simulations. Temperature averages over the individual
river basins also show that the models tend to have a
slight warm bias during the winter and a slight cold bias
during the summer.

Precipitation is simulated well across the basin by the
HiRes model except for some noticeable biases in the
mountainous regions south and west of the Sea, particularly
during the summertime. Contrary to what is expected,
decreased resolution actually increases the precipitation
biases over mountainous regions, notably over the Cauca-
sas mountains in the Kura basin in the MedRes model, and
to a lesser extent in the LoRes model. As a result, the
LoRes and MedRes models have significant positive biases
in this region, especially during the summer.

Overall we see a general improvement in the simulation
of temperature and precipitation across the Mediterranean,
Black and Caspian basins with increased horizontal reso-
lution. This is largely due to a more accurate representation
of the topography and large-scale circulation, which is

necessary for simulating the water budget components
within a hydrological basin.

4 The hydrologic balance
4.1 The Mediterranean and Black Seas region

Runoff values (both the present-day climatological average
and interannual variability) for the C85 sub-basins (which
include the total direct freshwater input into the Mediter-
ranean Sea except that which enters from the Black Sea
basin via the Dardanelles Strait), the four largest individual
river basins in the Mediterranean (Ebro, Po, Rhone and
Danube) and the Black sea are presented in Table 6. Also
presented in Table 6 are the calculations for P — E over
the Mediterranean and Black seas, followed by estimates of
the complete hydrologic budget.

Resolution has little impact on the Black Sea basin’s
estimated runoff which is an expected result given the
flatness of the terrain. The models’ runoff estimates are
very close (within 4%) to observed estimates of Ludwig
et al. (2009) and Stanev et al. (2000). Although when
compared to the estimate of Vorosmarty et al. (1998), the
models overestimate by 40—45%, however their observed
estimate only takes into account the largest rivers in the
basin which may partly explain why it is much lower that
the other observed estimates. Contrarily, Pg — Eg over the
Sea is largely overestimated in the models, especially in
the HiRes model which estimates an average Pg — Eg of
—365 mm year ' compared to the observed —125 mm
year_l (Stanev et al. 2000). The MedRes and LoRes esti-
mates are also very high, more than double the observed
estimate. When the estimate of total freshwater input
(Pg — Eg + Rp) from the Black Sea basin into the



Fig. 5 Difference plots (model
minus observations) between
modelled and observed present-
day temperature (°C)
climatology over the Caspian
Sea basin for the HiRes, MedRes
and LoRes models during
winter (DJF) and summer (JJA)
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Mediterranean Sea is considered, all model estimates fall
within the range of observed uncertainty (408-750 mm
year ).

In all of the C85 sub-basins, the models consistently
underestimate runoff in comparison to the observations. In
nearly all of the cases, as resolution decreases the models’
estimates of runoff decrease, thus the HiRes model pro-
duces the best overall estimates. In sub-basins where there
is little precipitation and where the models tend to under-
estimate precipitation, such as the SWE, TYR and CEN
sub-basins around northern Africa and western Italy, the
models’ estimates of runoff are less than half the observed.
The ALB, NWE, ADR and NLE sub-basins produce the
best estimates in which the HiRes model has biases of —13,
3, —12 and —7%. Runoff is underestimated in the ION and
AEG basins which include Greece and parts of Turkey by
—25 and —24%, respectively, by the HiRes model where
precipitation is also underestimated. In the ION and AEG
basins the MedRes and LoRes models perform much
worse, underestimating runoff by approximately 75 and
40%, respectively. When the total freshwater input to the
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Mediterranean Sea is considered (Rc85), only the HiRes
model’s estimate of 121 mm year ' is within the range of
the observed uncertainty (100—141 mm year™'), while the
MedRes and LoRes models both underestimate the fresh-
water input (88 and 84 mm year ', respectively).
Because there is often a large discrepancy between
modelled and observed precipitation due to deficiencies in
both the models and observations as mentioned previously,
it is worthwhile to also consider the runoff ratio quantity
(R/P) for each sub-basin in order to better assess how well
the models translate precipitation into runoff. We would
expect this ratio to be higher where precipitation is better
simulated, such as mountainous regions in the HiRes model
where the topography is better represented and orographic
precipitation is better simulated. In such cases when the
ground is saturated, the increased precipitation will trans-
late into more overland runoff resulting in a higher R/P
ratio. This is indeed the case when we compare the runoff
ratio for both the models and observations for the C85 sub-
basins in Table 7. The observed runoff ratios are calculated
using the observed runoff values from Ludwig et al. (2009)



Fig. 6 Difference plots (model
minus observations) between
modelled and observed present-
day precipitation (mm day’l)
climatology over the Caspian
Sea basin for the HiRes, MedRes
and LoRes models during winter
(DJF) and summer (JJA)
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Table 4 Average modelled and observed temperature (°C) and precipitation (mm day™") during winter (DJF) for Caspian Sea basins

Temperature Precipitation

HiRes MedRes LoRes Obs HiRes MedRes LoRes Obs
Volga —7.7 (1.14) —8.4 (1.43) —8.2 (1.44) —10.0 (1.90) 1.58 (0.27) 1.43 (0.27) 1.39 (0.23) 1.27 (0.23)
Kura —3.3 (0.81) —2.7 (0.56) —2.0 (0.77) —3.0 (1.30) 1.24 (0.23) 1.32 (0.25) 2.12 (0.42) 0.90 (0.26)
Ural —8.9 (1.54) —8.9 (1.44) —8.7 (1.29) —11.8 (1.97) 1.17 (0.37) 1.04 (0.26) 0.96 (0.24) 0.82 (0.22)

Standard deviation is given in parenthesis

Table 5 Average modelled and observed temperature (°C) and precipitation (mm day™") during summer (JJA) for the Caspian Sea basins

Temperature Precipitation

HiRes MedRes LoRes Obs HiRes MedRes LoRes Obs
Volga 16.2 (1.16) 16.6 (1.00) 17.8 (1.42) 18.1 (1.11) 2.58 (0.55) 2.19 (0.32) 1.70 (0.36) 2.18 (0.38)
Kura 16.6 (0.70) 16.4 (0.65) 19.5 (0.95) 20.9 (0.97) 2.16 (0.42) 3.55 (0.52) 2.06 (0.39) 1.47 (0.39)
Ural 19.1 (1.32) 20.3 (1.23) 22.6 (1.48) 20.8 (1.31) 1.52 (0.56) 1.21 (0.34) 0.88 (0.27) 1.16 (0.28)

Standard deviation is given in parenthesis
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Table 6 Modelled and observed average runoff values in the Mediterranean Sea basin in mm year™'

HiRes MedRes LoRes Observations
C85 Basins
Alboran 32 (59) 18 (146) 0 37 (87)°
South-Western 14 (127) 3 (129) 0 71 (47)°
North-Western 298 (19) 239 (23) 207 (24) 289 (18)*
Tyrrhenian 79 (52) 37 (71) 0 164 (33)*
Adriatic 468 (22) 337 (18) 356 (23) 530 (16)
Tonian 123 (50) 36.5 (88) 41 (71) 165 (35)°
Central 0.3 (171) 0 0 4 (41)°
Aegean 137 (44) 102 (57) 104 (43) 179 (26)*
North-Levantine 144 (27) 54 (74) 67 (68) 156 (38)*
South-Levantine 7¢ 7¢ 7¢ 7 (55)*
Rc85 121 88 84 1417, 100°, 140°
Individual River Basins
Ebro 141 (32) 137 (56) 43 (83) 161¢
Rhone 488 (22) 459 (22) 563 (20) 559¢
Po 501 (25) 356 (23) 736 (16) 675¢
Danube 256 (26) 266 (16) 252 (22) 2544
The Black Sea
Rg 903 (24) 907 (16) 884 (18) 879% (12), 875°, 6284
Py — Eg —365 (24) —290 (112) —292 (157) —125°
P — Eg + Rp 538 617 592 750%, 408"
Iy 99 114 109 120°, 75¢
The Mediterranean Sea
Ry (Re85 + Ip) 220 202 193 1968 216" 265!
Py — Eum —832 (6) —772 () —657 (8) —680° —603° —699°, —594°
Py — En + Rum —612 —571 —464 —494° _524° _391° —570°

Gibraltar Strait net flux

—631% —505"™ —1135"

? Ludwig et al. (2009) , ®Mariotti and Struglia (2002), “Boukthir and Barnier (2000), CIVorosmarty et al. (1998), °Stanev et al. (2000), TLacombe
and Tchernia (1972), 8Garcia-Lafuente et al. (2007), "Bethoux (1979), iStanev et al. (2000) and iVorosmarty et al. (1998), ITixeront (1970),
kBaschek et al. (2001), lBryden et al. (1994), ™Candela (2001), "Tsimplis and Baker (2000), “Tomczak and Godfrey (1994). For cases where the
observed value was reported as a volume flux, the observed areas given in Table 1 were used to convert the value to mm year '

and the observed precipitation from the CRU dataset. For
most of the sub-basins, except those in which there is not
much topography such as the Black Sea and the South-
Levantine basins, the HiRes model has the highest runoff
ratio of the three models. Although in most cases the HiRes
model’s runoff ratio is not as high as the observed, one
must keep in mind the low elevation station bias in the
observed precipitation dataset which would lead to an
under-representation of precipitation and thus a higher
observed runoff ratio.

Unlike the larger C85 sub-basins, the HiRes model does
not always produce the highest runoff estimate in the
individual river basins. In fact, in the Rhone and Po basins
the LoRes model produces the highest and best runoff
estimates (biases are 41 and +9%, respectively). However,
it should be noted that the better runoff estimates by the
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Table 7 Modelled and observed runoff ratio values (runoff/precipi-
tation) for the Mediterranean Sea sub-basins

Runoff/precipitation

HiRes MedRes LoRes Obs
Alboran 0.07 0.04 0.00 0.07
South-Western 0.03 0.01 0.00 0.13
North-Western 0.30 0.25 0.25 0.36
Tyrrhenian 0.12 0.07 0.00 0.27
Adriatic 0.40 0.33 0.38 0.46
ITonian 0.17 0.07 0.08 0.29
Central 0.01 0.00 0.00 0.04
Aegean 0.19 0.14 0.16 0.26
North-Levantine 0.22 0.11 0.15 0.23
Black Sea 0.25 0.22 0.25 0.25




LoRes model found in these basins are due to the large
positive precipitation bias found in these regions (Fig. 4)
rather than improved physical processes. In the Ebro river
basin, the HiRes and MedRes models have runoff biases of
—12 and —15%, respectively, while the LoRes model
grossly underestimates runoff by more than 70%. All of the
models give similar estimates of runoff from the Danube
river basin which is expected given the flatness of the
terrain, and are within less than 5% of the observed value.
These river basins are considerably smaller than the C85
sub-basins and therefore a higher resolution model may be
necessary to capture the regional land-surface forcings in
order to estimate the hydrological components.

Observed values of total freshwater (Ry;) entering the
Mediterranean Sea range from 196-265 mm year '. The
HiRes and MedRes model estimates are both within this
range (220 and 202 mm year_l, respectively), while the
LoRes model estimate is slightly lower (193 mm year™ ).
Model estimates of Py; — E); over the Mediterranean Sea
are —832, —772 and —657 mm yeaf1 for the HiRes,
MedRes and LoRes models, respectively. The observed
values presented in Table 6 range from —594 to —699 mm
year_l, therefore the LoRes model has the smallest bias.
However, the observed estimates of Mariotti and Struglia
(2002) and Boukthir and Barnier (2000) use coarse reso-
lution reanalysis data to obtain their estimates which may
in fact underestimate evaporation over the Sea. There are
other estimates in the literature which are much higher. For
example, Castellari et al. (1998) estimated Py; — Ep to be
between —620 and —1,018 mm yearfl, while Bethoux and
Gentili (1999) estimates range from —832 to —1,230 mm
year™'. Naturally, there is a lot of disagreement in the
literature as to the actual value of Py; — E);, therefore it is
difficult to judge which model produces the best estimate,
however it is worth noting that all model estimates are
within the observed range.

The complete estimates of the hydrologic balance
(Pm — Eym + Ry) over the entire Mediterranean basin for
the HiRes, MedRes and LoRes models are —612, —571
and —464 mm year ', respectively. The Mediterranean
hydrological budget (including the Black Sea input) can be
estimated by two different ways, either from the atmo-
spheric branch or from the oceanic branch of the Medi-
terranean Sea water cycle. In the first case, one needs to
estimate the various terms as we have done using the
ARPEGE simulations. In the second case, the net Py; — Ep
+ Ry flux is computed as the net water transport through
the Gibraltar Strait. Over a multi-year period of time, both
estimate should agree. However, up-to-now in the litera-
ture, the two estimates do not agree, with a higher value
coming from the oceanic estimate. Both estimates include
their own uncertainties and it is difficult to decide which
one is the truth: the atmospheric branch is mainly estimated
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from non-perfect reanalyses or low resolution satellite
datasets in a frame of large interannual variability whereas
the oceanic branch is more stable from one year to another
but is estimated from few vertical profiles across the
Gibraltar Strait and over too short periods of time. In our
study, the HiRes and MedRes model estimates of —612 and
—571 mm year ' lie somewhere in between the upper
range of the atmospheric estimates and the lower range of
the oceanic estimates. The LoRes model estimate of
—464 mm year ' is in the lower end of the atmospheric
observed estimates. While the HiRes and MedRes models
give similar estimates of the total Mediterranean hydro-
logical budget which are both within the range of uncer-
tainty, it is important to point out that the HiRes model’s
estimate is more physically correct because its runoff
estimate from the Mediterranean (Rc85) is within the range
of the observed values while the MedRes model estimate is
below the range.

In order to evaluate how well the models reproduce the
interannual variability in runoff and P — E over the sea we
compare the models’ coefficient of variation (CV) to the
observed. The CV is calculated by dividing the standard
deviation in average annual runoff by the mean. It is dif-
ficult to draw any conclusions as to how well the models
are able to reproduce the interannual variability in runoff
from the ten Mediterranean sub-basin by comparing the
CV given in parenthesis in Table 6. In the European sub-
basins (NWE, ADR, TYR, ION, AEG, and NLE), the
HiRes model produces a value closest to that of the
observed in the majority of the cases. The one exception is
in the Adriatic basin, however the differences between the
models are not very large. None of the models reproduce
the interannual variability well in the other basins which
are quite dry (ALB, SWE, CEN, SLE). Over the Black Sea
basin, the CV produced by the MedRes and LoRes models,
16 and 18, respectively, are closer to the observed value of
12, while the HiRes produces too much variability having a
CV of twice as much as the observed. This is indicative of
the fact that the Black Sea basin is largely flat, thus reso-
lution does not produce significant improvements.

4.2 The Caspian Sea region

For the Caspian Sea basin we examine runoff from the
Volga, Kura and Ural river basins which together con-
tribute over 90% of the freshwater runoff into the Caspian
Sea. The Caspian Sea is a closed sea with no outlet to the
Ocean, thus P — E should be equal to total runoff over the
long-term. However, the Caspian Sea basin is especially
sensitive to multi-decadal climate variability which has led
to long periods of the Sea either rising or falling rapidly
(Rodionov 1994). As such, it is difficult to obtain a
true climatology of the individual components of the



hydrological balance, and this should be kept in mind when
interpreting the results. The observations were calculated
for the period 1960-1999, part of which time after the late
seventies, the hydrologic budget was positive due to
increased precipitation in the northern basin and higher
evaporation over the Sea (Elguindi and Giorgi 2005). One
should also keep in mind that we are evaluating runoff
from only three river basins, and although they account for
over 90% of the total runoff into the Sea, there is still
another approximately 10% that we do not account for.

Resolution has a large impact on estimated runoff in the
Volga basin. The HiRes model has the smallest bias
(—10%) while the MedRes and LoRes models largely
underestimate runoff by —48 and —60%, respectively.
Contrarily, in the Kura basin, runoff estimates decrease as
model resolution increases, however all of the models
overestimate runoff by between 96% in the HiRes model to
over 240% in the LoRes model. This is a result of the large
overestimation of precipiation in the MedRes and LoRes
models over the Kura basin. The HiRes model produces the
best runoff estimate in the Ural basin as well, with a bias of
—50% compared to —83 and —100.0% in the MedRes and
LoRes models, respectively. Overall, the HiRes model
produces the best estimate total runoff (Rc), having a bias
of <5%, while the MedRes and LoRes models underesti-
mate it by —35 and —42%.

In comparing the models’ runoff ratio (Table 8) we find
that the HiRes model has the highest ratios, which are
closest to the observed, over the Volga and Ural basins.
However, over the Kura basin we find the opposite in that
the LoRes model has the highest ratio (0.35), and all
models overestimate this ratio in comparison to the
observed value of 0.16. The fact that the LoRes and
MedRes models have such high runoff ratios is a reflection
of how poorly they perform over this region, namely their
overestimation of precipitation.

Pc — Ec is overestimated by about 10-15% by the
HiRes model and <5% by the MedRes model, while the
LoRes model underestimates Pc — Ec by 38%. In com-
paring the total (Pc — Ec + Rc) budget, the HiRes,
MedRes and LoRes models produce estimates of —126,
—231 and —25 mm year ', respectively. The observed

hydrologic balance is close to zero, —16 or 1 mm year™ ',

Table 8 Modelled and observed runoff ratio values (runoff/precipi-
tation) for the Caspian Sea basins

Runoff/precipitation

HiRes MedRes LoRes Obs
Volga 0.23 0.15 0.14 0.23
Kura 0.24 0.25 0.35 0.16
Ural 0.04 0.02 0.00 0.08
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depending on how evaporation over the Sea is calculated.
Although it appears that the LoRes model provides the best
estimate this is not necessarily for good physical reasons
because the model significantly underestimates both runoff
and Pc — Ec. Rather the HiRes model again produces the
best estimate of Rc in comparison to the observations.
Also, both the HiRes and MedRes models produce rea-
sonable estimates of Pc — Ec, while the LoRes model
significantly underestimates it.

The coefficient of variation in annual runoff in the river
basins of the Caspian Sea are noted in parenthesis in
Table 9. The HiRes, MedRes and LoRes models all pro-
duce too much variability in the Volga basin (40, 35, and
57%) compared to the observed CV of 19%. However, the
Volga rive is highly regulated so one cannot expect to
simulate the same variability as observed. In the Kura basin
where there is mountainous terrain, the HiRes and MedRes
reproduce the interannual variability well, while the LoRes
model produces too much variability. In the Ural basin, all
of the models significantly overestimate the variability in
runoff.

5 Future changes

Several recent global climate change studies have reported
significant changes in the hydrological cycle characteristics
of the Mediterranean, Black and Caspian Sea basins
(Giorgi 2006; Sheffield and Wood 2008; Mariotti et al.
2008; Somot et al. 2006; Elguindi and Giorgi 2007). Based
on the IPCC-AR4 GCMs, Giorgi (2006) identified the
Mediterranean region as a climate change “hot-spot” in
which decreased precipitation and increased temperature
would lead to an overall drying of the region. Using multi-
model projections from the World Climate Research Pro-
gram Coupled Model Intercomparison Project Phase 3
(CMIP3), Mariotti et al. (2008) further analyzed future
changes in the Mediterranean hydrologic cycle character-
istics. Based on the multi-model ensemble mean, they
report a 20% reduction in total runoff and a 24% decrease
in P — E over the Sea by the end of the century. Recently,
Sanchez-Gomez et al. (2009a) used the 25-km RCM sim-
ulations of the European project ENSEMBLES to estimate
the water budget of the Mediterranean Sea. Their ensemble
average predicts a —10% (range is from —42 to +21%)
reduction in runoff and a 15-35% decrease in P — E for
the 2040s (SRES-A1B scenario). These last results are
qualitatively in agreement with Mariotti et al. (2008) but
can not be properly compared to understand the role of the
spatial resolution. Indeed the scenario, the time period and
the model physics are not identical. In contrary, our study
allows a clean evaluation of the resolution impact as it is
the only modified factor in our experiments.



Table 9 Modelled and observed average runoff values in the Caspian Sea basin in mm year™'

HiRes MedRes LoRes Observations
Volga 155 (40) 90 (35) 68 (57) 172 (19),
Kura 162 (19) 226 (21) 283 (29) 83 (18),
Ural 18 (122) 6 (180) 0 36 (58),
Rc 661 450 402 689,
Pc — Ec —786.9 (10) —680.8 (11) —426.5 (15) —704.9, —687.5,
Pc — Ec + Re —126 —231 -25 —16; 1,

The coefficient of variation is given in parenthesis. Georgievsky et al. (2003) ;>

Future climate change studies have been performed over =~ Somewhat surprisingly, the largest response is in the LoRes
the Caspian region as well. Using a regional climate model = model where the warming is most severe and spatially
(RCM) nested in time-slice GCM simulations under the extensive, while the MedRes model had the most modest

Special Report Emissions Scenario A2 for the period 2071—  response. During the winter season (DJF), temperatures
2100 Elguindi and Giorgi (2007) found substantial changes warmed up to between 2 and 3°C across the domain, with
in the hydrological balance of the Caspian Sea basin.  the strongest warming occurring in North Africa.

Namely, large increases in temperature and evaporation The largest changes in evaporation occur over the
over the basin offset the increases in wintertime precipi-  Mediterranean and Black seas (Fig. 8) where evaporation

tation leading to a deficit in the hydrological budget increases by over 1 mm day ' in some areas. The largest
towards the end of the century. Similarly, Arpe and Leroy  increases are in the HiRes and MedRes models, both in
(2007) performed future climate simulations over the winter and summer. While there are increases over the sea
Caspian Sea basin using the Max Planck Institute for  in the LoRes model, it is less extreme than in the other two
Meteorology GCM, although their results were less  models during the winter and almost negligible during the

conclusive. summer. Evaporation decreases occur over parts of Spain,
In the previous section we showed that increasing the = France and areas around the Black Sea.
model resolution produces the best estimates of the Noticeable changes in precipitation are found among all

hydrological budget components over the Mediterranean  three models (Fig. 9). During the winter, precipitation
and Caspian Sea basins, particularly over mountainous  increases over some parts of the basin and decreases over
regions. In this section, we examine whether the future  other parts. While the region of increased and decreased
evolution of the hydrological budget is dependent on model  precipitation vary among the models, these differences are
resolution, or whether all three models produce similar  likely fluctuations around an unchanged situation rather
future climate changes in terms of spatial pattern and  than an effective signal due to resolution. During the
intensity. Specifically, we compare temperature, precipi- summer, precipitation decreases significantly over much of
tation and evaporation climatological fields from the future ~ the european part of the basin. The exception is over the
simulations (2046-2070) to the present-day simulations  Alps in northern Italy where significant increases in pre-
(1979-2002) produced by the HiRes, MedRes and LoRes  cipitation occur in the HiRes model.
models. An analysis of the impact of future climate chan-
ges on the hydrological balance of the Mediterranean,  5.1.2 The Caspian Sea region
Black and Caspian Sea basins is then presented.

In the Caspian region, there is an up to 4°C warming over

5.1 Changes in temperature, precipitation the basin during the summer (Fig. 10). The warming is
and evapotranspiration greater in the northern Caspian basin in the HiRes model
than in the MedRes or LoRes models. During the winter,

5.1.1 The Mediterranean Sea region there is also significant warming of up to between 3 and
4°C in parts. The warming is greater in the north and

As expected, temperatures warmed all across the Medi-  decreases gradually towards the south due to snow-albedo

terranean domain in the future simulations (Fig. 7). The  feedback. During the winter, changes in evaporation are
greatest warming occurred during the summer season (JJA) evident mainly over the Caspian Sea where significant
where temperatures increased by more than 3—4°C in parts  increases (up to 1 mm day~') have occurred in all of the
of the domain, namely central Spain and in the region  models (Fig. 11). Contrarily, during the summer there are
around the Black Sea in Turkey, Ukraine and Russia. decreases in evaporation over the Sea. During the summer,
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Fig. 7 Difference plots (future
minus present-day) between
present-day and future
temperature (°C) climatology
over the Mediterranean and
Black Sea basins for the HiRes,
MedRes and LoRes models
during winter (DJF) and
summer (JJA) seasons
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precipitation decreases over much of the Caspian basin
(Fig. 12). The changes in winter precipitation are much
less pronounced, with only a few areas of increases
occuring in mainly the southern part of the basin.

5.2 Impact on the hydrologic cycle
5.2.1 The Mediterranean Sea region

Percent changes in the models’ calculated runoff due to
projected climate change for the various sub-basins are
presented in Table 10. The mean fluxes between the HiRes
model and the lower resolution models are all statistically
different (5% significance level) except for runoff from the
Black Sea basin (Rg). Mean fluxes between the MedRes
and LoRes models are statistically different except for
runoff from the ADR, NLE and SLE basins, and Pg — Eg
over the Black Sea.

Runoff decreases in all of the sub-basins, and in the
majority of cases the decreases are slightly greater in the
MedRes model than in the HiRes model but significantly
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greater in the LoRes model than either the HiRes or
MedRes models. Percent changes are greatest in the Alb-
oran, South-Western and Ebro basins (—42, 63 and —44%,
respectively), however, there is comparatively less present-
day runoff in these basins so the absolute changes in runoff
are not large. The South-Levantine sub-basin is the only
area in which runoff actually increases by 10% in the
HiRes. In terms of total runoff (Rc85), the HiRes model
shows an —17% decrease, while the MedRes shows a
slightly higher —20% decrease and the LoRes model show
the greatest decrease of —33%.

Interestingly, runoff from the Black Sea basin has nearly
no change in the HiRes and MedRes models. It is not
surprising that the mean runoff is not statistically different
between the two models in this region since the terrain is
mostly flat. Consistent with the other changes in runoff, the
LoRes model shows the largest decrease of —30%. Pg — Ep
decreases by approximately 30, 46 and 29% in the HiRes,
MedRes and LoRes models, respectively. Due to the sig-
nificantly reduced runoff and increased evaporation over
the sea, the Black Sea basin contributes 47% less total



Fig. 8 Difference plots (future
minus present-day) between
present-day and future

evapotranspiration (mm day ") 52°N
climatology over the
Mediterranean and Black Sea
basins for the HiRes, MedRes
and LoRes models during winter
(i)s and summer (JJA) seasons
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freshwater input to the Mediterranean Sea in the LoRes
model. Contributions in the HiRes and MedRes models are
also reduced by 19 and 30%, respectively.

The runoff ratios for the sub-basins are presented in
Table 11. Universally, the ratio decreases, indicative of the
fact that the efficiency of the hydrological system to pro-
duce runoff from a given amount of precipitation decreases
in a warmer climate, namely as a result of the decrease in
precipitation and increase in evapotranspiration. The
decrease in the sub-basins’ runoff ratio is an indication of
the reduction in water resources that will be available to the
local communities.

In terms of the impact of future climate changes on the
hydrologic budget of the Mediterranean Sea, the HiRes
model has an approximately 18% decrease in total fresh-
water runoff and 22% decrease in Py; — E);, resulting in
36% decrease in the total Mediterranean Sea basin budget.
Based on the CMIP3 multi-model ensemble, Mariotti et al.
(2008) report a 19.6 and 23.4% reduction in total runoff
into the Mediterranean Sea during the wet (October—
March) and dry (April-September) seasons by the end of

30°E
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the century. They report Py — Ey; to decrease by 29.6 and
19.2% during the wet and dry seasons, respectively. Because
these projections are for the end of the century, they are not
directly comparable with our mid-century estimates, how-
ever, Mariotti et al. (2008) shows that the projected trends
begin during the early part of the century and continue at a
steady rate throughout the century, thus we are able to infer
something about mid-century changes. While the HiRes
model shows an 18% mid-century reduction in total runoff
which is slightly less than the end of the century reduction
shown by the CMIP3 ensemble, both the MedRes and LoRes
models show reductions which are greater, 26 and 48%,
respectively. Likewise, the HiRes model’s estimate of
decreased Py — Ev , —22%, is closer to the CMIP3 model
ensemble mean than the —18 and —15% estimates of the
MedRes and LoRes models, respectively.

All of the models show a substantial reduction in the
total Mediterranean hydrological budget, ranging from 33
to 41%. The reduction in amount of total freshwater
reaching the Sea is significantly greater in the MedRes and
LoRes models (—26 and —48%) than in the HiRes model



Fig. 9 Difference plots (future
minus present-day) between
present-day and future
precipitation (mm day’l)
climatology over the
Mediterranean and Black Sea
basins for the HiRes, MedRes
and LoRes models during winter
(DJF) and summer (JJA)
seasons
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(—18%). This is largely due to the more increased warming
with decreased resolution found in the models. This is to be
expected as differences in the present-day climate state
among the models can lead to differences in how the future
climate evolves. For example, differences in soil water
content will impact summer temperatures, evapotranspira-
tion and even precipitation. On a global scale, resolution
can impact weather regimes over Europe due to changes in
the tropics-extratropics teleconnections that can be affected
by spatial resolution through the representation of the
tropical convection. Above all, resolution has a large
impact on local forcings, namely orography, which can
lead to different future climate responses. A notable
example is increased temperatures in mountainous regions
which may significantly reduce the snow amount in lower
resolution models where topography is not well repre-
sented, thus enhancing the warming found in these regions.
While it is difficult to prove beyond a doubt, the fact that
the HiRes model’s mean future climate fluxes (Table 10)
are indeed statistically different from the lower resolution
models and that the HiRes present-day fluxes are in better
agreement with the observations strongly suggests that the
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HiRes projected hydrological budget change is more
accurate.

The reduction in the total Mediterranean hydrological
budget predicted by the models not only indicates a
potential depletion in water resources for region’s com-
munities, but the decrease Py — Ey would lead to
increased salinity in the seawater which could lead to
changes in the MTHC. The MTHC is driven by both the net
surface heat loss and the net surface water loss. In a
warming climate, the heat loss would decrease leading to
an increase in SST and a lightening of the surface water
masses. However, an opposite salinity effect (underlined by
our study) could counteract this warming in terms of water
density, thus affecting the strength of MTHC. Some studies
have shown that the increase in SSTs has a stronger
influence than the increase in salinity, resulting in a
weakening of the MTHC (Thorpe and Bigg 2000; Somot
et al. 2006). If the models used in our study had been
coupled to an ocean model, the salinity increase would
have been simulated and it would have been interesting to
see what kind of role resolution played on balancing the
effects of increased salinity and decreased heat loss.



Fig. 10 Difference plots (future
minus present-day) between
present-day and future
temperature (°C) climatology
over the Caspian Sea basin for
the HiRes, MedRes and LoRes
models during winter (DJF) and
summer (JJA) seasons
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5.2.2 The Caspian Sea region

Percent changes in the models’ runoff over the Caspian
basin due to projected climate change are presented in
Table 12. The models are not consistent in their projected
changes of the individual hydrological budget components.
For example, runoff from the Volga basin is projected to
decrease in the HiRes and LoRes models, but increase in
the MedRes model. In the Kura basin, the HiRes model
projects a 5% decrease in runoff, while the MedRes model
projects a 4% increase and the LoRes model projects no
change at all. Projected runoff changes in the Ural basin are
larger but there is still no agreement among the models.
The HiRes model projects a 38% increase and the MedRes
model projects a 20% increase. Pc — Ec is projected to
decrease by the HiRes and MedRes models by 7 and 6%,
respectively, and increase by 4% in the LoRes model.
Despite the lack of agreement among the models in the
projected changes of the individual hydrological budget
components, all of them project decreases in the total
overall budget (60, 6 and 28% in the HiRes, MedRes and
LoRes models, respectively).
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6 Discussion and conclusions

In this study, we have examined how well the ARPEGE-
CLIMATE V4 global model is able to reproduce the
hydrological balance of the Mediterranean, Black and
Caspian Seas. Three simulations were performed using
ARPEGE-CLIMATE V4 which were identical except for
the horizontal resolution in order to isolate and study the
effects of resolution on simulating the hydrological com-
ponents. Model calculated values of average present-day
runoff and P — E were compared to a variety of data
sources. In general, the models underestimate runoff in
most of the basins. Total runoff into the Mediterranean Sea,
excluding the Black Sea basin, estimated by the HiRes
model is within the range of observations, while the
MedRes and LoRes models underestimate it by at least
—12 and —16% when compared to the lower limit of the
observations. As expected, resolution did not have much of
an effect on runoff estimates from the Black Sea basin
where the terrain is mostly flat. Depending on which data
source is considered, the models overestimated runoff by
between less than 5 and up to 25%. In the Caspian Sea
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basin, the HiRes model overestimated runoff by only 5%
while the MedRes and LoRes models underestimated
runoff by —35 and —42%, respectively. Overall, we found
that the HiRes model improved the runoff estimates based
not only on the lower biases but on physical reasons as
well. For example, in some cases such as in the Po River
the LoRes model produced a better runoff estimate due to a
high precipiation bias in the region.

Py — Ep is largely overestimated by all of the models
(by at least 100%) indicating that it is not at all represented
well by the model. Over the Mediterranean Sea Py — Ey
is better represented and the model biases are all within the
observed range of uncertainty. Over the Caspian Sea, the
HiRes model overestimates Pc — Ec by between 10 and
15% while the MedRes model overestimates it by less than
5%. Contrarily, the LoRes model underestimates Pc — Ec
by almost 40%.

Observed estimates of the Mediterranean hydrological
budget ( Py; — Eyv + Ry) range from —391 to 1,135 mm
year™ ', indicating a net loss. This large uncertainty range
comes from a disagreement between the atmospheric esti-
mate that is lower and the indirect Gibraltar net transport

60°E 30°E 40°E 50°E B60°E

estimate that is larger. This inconsistency has not been
solved in the literature up-to-now and constitutes one of the
scientific objectives of the forthcoming HyMex project
(http://www.cnrm.meteo.fr/hymex/). The HiRes model
produces an estimate which is in between the atmospheric
and oceanic observed estimates (—612 mm year_l), while
the MedRes and LoRes models produce estimates which
are at the upper and lower end of the atmospheric esti-
mates, —571 and —464, respectively. Although the HiRes
and MedRes models produce similar estimates which are
both with the range of uncertainty, we consider the HiRes
model to be better because the individual hydrological
components, namely runoff and P — E, estimated by the
HiRes model are closer to observed estimates than those of
the MedRes model. For the Caspian Sea, total hydrological
balance over the long-term should be near zero. Although
the LoRes model produced an average hydrological bal-
ance nearest to zero (—25 mm year '), it had the largest
biases for runoff and P — E over the sea. Thus despite the
fact that the HiRes model produces a more negative total
hydrologic budget over the Caspian basin (—126 mm
year '), it does a better job in simulating the hydrological
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Fig. 12 Difference plots (future
minus present-day) between
present-day and future
precipitation (mm day~")
climatology over the Caspian
basin for the HiRes, MedRes and
LoRes models during winter
(DJF) and summer (JJA)
seasons

DJF (HiRes)

64°N
60°N
56°N
52°N
48°N
44°N
40°N

36°N

JUA (HiRes)

64°N
60°N
56°N
52°N
48°N
44°N
40°N

36°N

30°E

64°N
60°N —
56°N
52°N —¢
48°N
44°N
40°N

36°N

30°E 40°E 50°E

DJF (LoRes)

e
60°N =
56°N
52°N
48°N
44°N
40°N

36°N

30°€

40°E 50°E
processes which is represented in its better estimates of the
individual hydrological components, especially runoff.

In this study, we also examined the impact of hori-
zontal resolution on future climate change simulations.
Specifically, we addressed the question of whether or not
resolution would change the outcome of the impact cli-
mate change would have on the hydrological basins.
Output from three future climate change simulations
performed with the HiRes, MedRes and LoRes models
were compared to the corresponding present-day simu-
lations. In the Mediterranean region, all three models
showed similar spatial patterns of warming due to climate
change, however, the degree of warming varied. The
LoRes model produced the most intense warming, while
the MedRes model produced the least. Despite future
climate changes in precipitation not being spatially con-
sistent among the models, the response in runoff was
generally consistent. Runoff decreased in almost all of the
basins and in all of the models, although the percentage of
decrease varied. In general, the HiRes model had the
smallest decreases in runoff (although still significant)
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while the MedRes model had slightly larger decreases
and the LoRes model had much larger decreases. This
was true even in the Black Sea basin where the terrain is
largely flat and we would not expect resolution to have a
large impact. The effect of resolution on the impact of
climate change on runoff in the Caspian sub-basins is
more ambiguous, however, when runoff from the entire
basin is considered the same pattern emerges with the
HiRes and MedRes models having more moderate
decreases than the LoRes model.

All of the models show decreases in P — E over the
Mediterranean, Black and Caspian seas except for the
LoRes model over the Caspain Sea which estimates a slight
increase of about 4%. The MedRes model estimates the
largest decrease in P — E over the Black Sea, while the
HiRes estimates the largest decrease over the Mediterra-
nean and Caspian Seas. When changes in the total hydro-
logical budget over the Mediterranean, Black and Caspian
Sea basins are considered all models predict significant
decreases, however, the percentage of decrease varies
considerably among the models.



Table 10 Percent change in average runoff values (coefficient of
variation) in the Mediterranean Sea basin

Table 12 Percent change in average runoff values (coefficient of
variation) in the Caspian Sea basin

HiRes MedRes LoRes HiRes MedRes LoRes
DLO02 Basins Volga -303) 5@3) -9 (52)
Alboran —42 (56) —49 (-21) ok Kura -5 (84) 4 (5 0 (56)
South-Western —63 (—06) —-29 (2) Hkok Ural 38 (—16) 20 (—38) ok
North-Western —22 (26) —27 (30) =37 (71) Rc -2 6 —6
Tyrrhenian —18 (12) —26 (13) ok Pc — Ec =7 (=20) —6 (—18) 4 (—13)
Adriatic —11 (5) —16p (72) =28 (9) Pc — Ec + Rc —60 —6 —28
Ionian —34 12 —41(=3) —69 (38) HM = differences between the HiRes and MedRes model means are
Central —18 (149) ok ok not statistically significant at the 5% significance level. HL = dif-
Aegean —22 (4) —22(7) —53 (37) ferences between the HiRes and LoRes model means are not statis-
. tically significant at the 5% significance level. ML = differences
North-Li t -32 (1 —24 14 —61 212
orfi-evan Tne 32 (100) we (14) Ol (212) between the MedRes and LoRes model means are not statistically
South-Levantine 10 (43) 6mL (8) —10mL (7) significant at the 5% significance level
R85 -17 -20 —33
Individual River Basins . .
Table 13 Future model runoff ratio values (runoff/precipitation) for
Ebro —44 G —63.(7) —74 (12) the Caspian Sea basins
Rhone —18 (27) —18 (32) —31 (100) . —
Po _17 (12) _15 (48) 23 (56) Runoff/precipitation
Danube —1(-23) —10 (81.3) —36 (22.7) HiRes MedRes LoRes
The Black Sea Volga 021 0.16 0.12
Ry O (=16)  —Tpm (81) —3033) Kura 0.22 0.25 0.34
Pg — Ep —30 (-33) —46p (—82) —2% 1 (—87) Ural 0.06 0.02 0.00
Py — Eg + Ry -19 -30 —47
The Mediterranean Sea
Rm —18 —26 —48 In this study we have given an evaluation of how well
Py — En —22 (50) —18 (186) —15 (13) the ARPEGE-CLIMATE V4 global model is able to
Py—Ey+Ry 36 -33 —41 reproduce the hydrological balance of the Mediterranean,

HM = differences between the HiRes and MedRes model means are
not statistically significant at the 5% significance level. HL = dif-
ferences between the HiRes and LoRes model means are not statis-
tically significant at the 5% significance level. ML = differences
between the MedRes and LoRes model means are not statistically
significant at the 5% significance level. ***Denotes where there is no
runoff in the model

Table 11 Future model runoff ratio values (runoff/precipitation) for
the Mediterranean Sea sub-basins

Runoff/precipitation

HiRes MedRes LoRes
Alboran 0.05 0.02 0.00
South-Western 0.01 0.00 0.00
North-Western 0.26 0.20 0.18
Tyrrhenian 0.11 0.05 0.00
Adriatic 0.36 0.29 0.30
Ionian 0.12 0.04 0.03
Central 0.00 0.00 0.00
Aegean 0.15 0.12 0.09
North-Levantine 0.16 0.08 0.07
Black Sea 0.21 0.21 0.19
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Black and Caspian Sea basins. We have also shown that the
model’s performance improves significantly with increased
resolution, especially in regions with mountainous terrain.
Although resolution does not seem to have a significant
effect on the qualitative impacts of future climate change
on the hydrologic balance, quantitatively the results vary
significantly among the models. The HiRes model simu-
lates a lower decrease in river runoff and a larger decrease
in P — E over the sea. These results suggests that high
resolution global models, or downscaling models such as
RCMs, are necessary in order to assess the magnitude of
future changes in the hydrological components of these
basins.

It is worth noting that the models used in this study were
not coupled to an ocean model. Furthermore, the SST
anamolies used for the future climate scenario were
extracted from a previously run low-resolution AOGCM.
Therefore, the high-resolution ocean feedback which can
have a regional impact on precipitation in climate change
scenarios (Somot et al. 2008) and consequently on the
change in water budget are not taken into account. Global
or regional high-resolution coupled climate models would
be the ideal modelling tool when assessing the change in



the water budget of regional seas as the Mediterranean,
Black and Caspian seas.
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