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CNRM-GAME (CNRS/Météo-France), 42, avenue Coriolis, 31057 Toulouse, France

(Manuscript received 31 January 2014; in final form 17 October 2014)

ABSTRACT

A fully coupled regional climate systemmodel (CNRM-RCSM4) dedicated to theMediterranean region is described

and evaluated using a multidecadal hindcast simulation (1980�2012) driven by global atmosphere and ocean

reanalysis. CNRM-RCSM4 includes the regional representation of the atmosphere (ALADIN-Climate model), land

surface (ISBAmodel), rivers (TRIPmodel) and the ocean (NEMOMED8model),with adaily coupling by theOASIS

coupler. This model aims to reproduce the regional climate system with as few constraints as possible: there is no

surface salinity, temperature relaxation, or flux correction; the Black Sea budget is parameterised and river runoffs

(except for the Nile) are fully coupled. The atmospheric component of CNRM-RCSM4 is evaluated in a companion

paper; here, we focus on the air�sea fluxes, river discharges, surface ocean characteristics, deep water formation

phenomena and the Mediterranean thermohaline circulation. Long-term stability, mean seasonal cycle, interannual

variability and decadal trends are evaluated using basin-scale climatologies and in-situmeasurements when available.

We demonstrate that the simulation shows overall good behaviour in agreement with state-of-the-artMediterranean

RCSMs.An overestimation of the shortwave radiation and latent heat loss as well as a cold Sea Surface Temperature

(SST)bias anda slight trend in thebottom layers are theprimary currentdeficiencies.Further,CNRM-RCSM4shows

high skill in reproducing the interannual to decadal variability for air�sea fluxes, river runoffs, sea surface temperature

and salinity as well as open-sea deep convection, including a realistic simulation of the Eastern Mediterranean

Transient. We conclude that CNRM-RCSM4 is a mature modelling tool allowing the climate variability of the

Mediterranean regional climate system to be studied and understood. It is used in hindcast and scenario modes in the

HyMeX and Med-CORDEX programs.

Keywords: Mediterranean Sea, regional climate system model, air-sea fluxes, hindcast simulation,

interannual variability

1. Introduction

TheMediterranean region is a perfect case study for climate

regionalisation. The local climate is defined by a complex

topography channelling regional winds (Mistral, Tramontane,

Bora, Meltem, Sirocco), many small islands limit the low-

level air flow and the coastline is particularly complex.

Additional regional characteristics including a strong land�
sea contrast, land�atmosphere feedback, intense air�sea
coupling and aerosol�radiation interactions must also

be taken into account when dealing with Mediterranean

climate modelling. Like the Mediterranean climate, the

Mediterranean Sea shows a complex bathymetry including

narrow and shallow straits, coastal currents, strong eddy

activity and various distinct and interacting water masses

involved in a deep thermohaline circulation. Rivers also

play a key role in the hydrological cycle.

For these reasons, the Mediterranean area is often

chosen to test new regional climate modelling tools called

regional climate system models (RCSMs), which include

a high-resolution and fully coupled representation of most

of the physical components of the regional climate system:

atmosphere, land surface, vegetation, hydrology, rivers and

ocean. These RCSMs belong to the same family as the

global earth system models (ESM) used in the CMIP5
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experiment. Note that RCSMs have also been developed

in other semi-enclosed seas such as the Baltic Sea and the

Arctic Sea. For the Mediterranean area, this modelling

effort started with daily coupled Atmosphere�Ocean

Regional Climate Models (AORCMs) with typical horizontal

resolutions of 30�50 km in the atmosphere and 10�20 km

in the ocean (Somot et al., 2008; Artale et al., 2010;

Herrmann et al., 2011; Krzic et al., 2011; Drobinski et al.,

2012; L’Hévéder et al., 2013). More recently, river coup-

ling was added in order to attain the status of RCSMs

(Dell’Aquila et al., 2012). Other Mediterranean modelling

groups are currently preparing the addition of interactive

lakes, vegetation, city, ocean biogeochemistry and aerosols.

The coordination of the Mediterranean regional climate

system modelling community started within the European

project CIRCE (Gualdi et al., 2013a), through which five

AORCMs or RCSMs were intercompared (Dubois et al.,

2012; Gualdi et al., 2013b). Nowadays, 11 modelling centres

including groups from Italy (ENEA, CMCC), Spain (UCLM/

UPM, UAH), France (CNRM, LMD, IPSL), Germany

(MPI, GUF), Tunisia (INSTM) and Serbia (Univ. of

Belgrade) are coordinated through the Med-CORDEX

initiative (Ruti et al., 2014; www.medcordex.eu). Med-

CORDEX is both the regional climate modelling taskforce

of the HyMeX program (www.hymex.org) and the Medi-

terranean domain of the international CORDEX program.

As in previous versions [see Somot et al. (2008) for

version 1; Somot et al. (2009) and Dubois et al. (2012) for

version 2 and Herrmann et al. (2011) for version 3], CNRM-

RCSM4 is based on the ARPEGE-ALADIN atmosphere

model, the ISBA land-surface model and the OPA-NEMO

ocean model to which we added the TRIP river model.

CNRM-RCSM4 is a fully coupled model without any cons-

traint at the interfaces between the different components of

the system. Thus, the regional climate system evolves with a

large degree of freedom. The main drivers are at its lateral

boundary conditions, for which we prescribed global atmo-

sphere and ocean reanalyses � that is to say, our best

knowledge of the current global climate. The previous

RCSMs, as described in the literature, had more constraints

than CNRM-RCSM4. The PROTHEUS system (Artale

et al., 2010; Carillo et al., 2012; Dell’Aquila et al., 2012) kept

the Levitus climatology in the Atlantic part of the model.

This is a weak point in studying the system’s sensitivity to

the Atlantic Multidecadal Oscillation [AMO, Marullo et al.

(2011)], as underlined by Mariotti and Dell’Aquila (2012).

Moreover, the Black Sea runoff was corrected to match

the monthly climatology presented by Stanev and Peneva

(2002). L’Hévéder et al. (2013) and Drobinski et al. (2012)

used a climatology in the Atlantic part of the system, and

observed river runoffs; as did Krzic et al. (2011), whose

ocean domain does not include any Atlantic part.

The goal of this paper is to evaluate and analyse the

CNRM-RCSM4 simulation for the ERA-Interim period

(1979�2012). From the surface fluxes to the deep ocean,

from the daily to the climatic scale, we demonstrate the

model’s ability to reproduce the key Mediterranean pro-

cesses [regional winds over the sea, strong air�sea fluxes,

ocean deep convection, strait dynamics, decadal variability

such as Eastern Mediterranean Transient (EMT) and long-

term trends]. We also give an overview of the model’s per-

formance in simulating the behaviour of the Mediterranean

Sea. In this way, we prepare forthcoming scientific studies

of Mediterranean climate variability and encourage in-

tercomparisons with other models � for example, in the

Med-CORDEX framework.

First, in Section 2, we describe the individual models

used for the coupled system (RCSM4 in the following) as

well as the coupling. Then, in Section 3, we present the

model’s lateral boundary conditions and the experimental

set-up. The evaluation is presented in Section 4: we focus

on the Mediterranean Sea and its forcings (Atlantic, rivers,

air�sea fluxes) and compare the model results to observa-

tions and gridded products. The atmospheric component of

RCSM4 is evaluated in a companion paper (Nabat et al.,

2014b). Long-term stability, mean seasonal cycle, interannual

variability and decadal trends are analysed. A comparison

with state-of-the-art RCSMs, the current limitations of

RCSM4, and the evaluation and understanding of trends

will be discussed in Section 5. Conclusions and ideas for

future improvements are given in Section 6.

2. Model description

2.1. The atmospheric regional model ALADIN-

Climate

The ALADIN-Climate model (Radu et al., 2008; Colin

et al., 2010; Herrmann et al., 2011) is a bi-spectral regional

climate model (RCM) with a semi-implicit semi-Lagrangian

advection scheme. Horizontal diffusion, semi-implicit cor-

rections and horizontal derivatives are computed using

a finite family of analytical functions. In the case of

ALADIN, a 2-D bi-Fourier decomposition is used (Haugen

and Machenhauer, 1993). In contrast to the globe, the

domain is not periodic, so a bi-periodisation is achieved in

grid-point space by adding a so-called extension zone, used

only in Fourier transforms. The non-linear contributions

to the equations are performed in grid-point space. In

this configuration, ALADIN-Climate includes an 11-point

wide bi-periodisation zone in addition to the more classical

eight-point relaxation zone using the Davies technique.

More details can be found in Radu et al. (2008) and Farda

et al. (2010). The main physical parameterisations of

ALADIN-Climate version 5 are the convection scheme, a
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mass-flux scheme with convergence of humidity closure

based on Bougeault (1985), the cloud scheme based on the

Ricard and Royer (1993) statistical scheme and the large-

scale precipitation as described by Smith (1990). The radia-

tive scheme is derived from Morcrette (1989) and from the

IFS model of the ECMWF. It includes greenhouse gases

(CO2, CH4, N2O and CFC) in addition to water vapour

and ozone. The scheme also takes into account five classes

of aerosols (sulphate, black carbon, organic carbon, desert

dust and sea salt). The climatology used comes from Tegen

et al. (1997). The aerosols are not transported, they are

used by the radiative scheme to diffuse and absorb short-

wave and longwave radiations (LW). Nabat et al. (2013)

proposed a new climatology of aerosols which is used

in Nabat et al. (2014b), with the same CNRM-RCSM4

model. The planetary boundary layer turbulence physics

including the computation of the turbulent air�sea fluxes is

based on Louis (1979), and the interpolation of the wind

speed from the first layer of the model (about 30 m) to

the 10 m height follows Geleyn (1988). In the current study,

we use a Lambert conformal projection for the pan-

Mediterranean domain at an horizontal resolution of

50 km centred at 148E, 438N with 128 longitude grid-points

in x and 90 latitude grid-points in y including the bi-

periodisation (11 grid-points) and the relaxation zone

(2�8 grid-points). The ISBA model [Interaction between

Soil Biosphere and Atmosphere, Noilhan and Planton

(1989), Noilhan and Mahfouf (1996)] is the land-surface

scheme interfaced with the atmospheric model. This version

of the model has 31 vertical levels. The time step used

is 1800 s. The model domain (Figs. 1 and 2) corresponds

to the definition of the Med-CORDEX domain (www.

medcordex.eu).

2.2. The ocean regional model NEMOMED8

The NEMOMED8 regional model (Beuvier et al., 2010) is

a regional Mediterranean Sea version of the NEMO-V2.3

ocean model (Madec, 2008). NEMOMED8 covers the

Mediterranean Sea plus a buffer zone including a nearby

part of the Atlantic Ocean, where a 3D damping is perfor-

med to a temperature and salinity state, so that the circu-

lation through the strait is simulated with realistic Atlantic

Waters (AW). The model does not include the Black Sea.

The 1/88�1/88 cos(lat) grid is tilted and stretched at the

Gibraltar Strait to follow the SW�NE axis of the strait
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Fig. 1. ALADIN-Climate grid in grey, TRIP 0.58 in red, Black Sea drainage area in blue.
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better and to increase the local resolution up to 6 km.

Elsewhere the resolution varies from 9 to 12 km from

North to South. The grid has 43 vertical levels, with

layer thickness increasing from 6 to 200 m. The partial

steps definition of the bottom layer is used, with a no-slip

lateral boundary condition on the velocity and the surface

is parameterised with the free surface configuration and

with the filtered formulation. The bathymetry is depicted in

Fig. 2. The time step used is 1200 s.

A new feature, the relaxation of the sea surface height (SSH)

in the Atlantic buffer zone, has been added to the model.

This method was first implemented in NEMOMED12

(Beuvier et al., 2012). It was similarly added to NE-

MOMED8 (Soto-Navarro et al., 2014), with the following

formula:

sshðx; y; tÞ ¼ sshðx; y; tÞ þ relaxðx; yÞ
� ðssh combðx; y; tÞ � sshðx; y; t� 1ÞÞ (1)

where ssh is the SSH of the model, ssh_comb is the monthly

value of the reference, and relax is the relaxation term

which spatially varies along the longitudes. Relax is equal

to 1/1.7 s from the western limit of the domain to 7.58W; it

decreases linearly to 1/90 d from 7.58W to 68W and is equal

to zero for the rest of the domain.

The prescribed SSH on the Atlantic side of the Gibraltar

Strait will impose a signal containing the effect of steric and

mass variations at global scales, allowing the volume

conservation, which is not imposed in the regional model:

in the previous experiments, the evaporated water of the

Mediterranean basin was introduced into the Atlantic buf-

fer zone, leading to spurious sea-level variations. Figure 3

shows the added value of the SSH relaxation by comparing

two simulations with NEMOMED8 in a stand-alone mode

for the 2003�2008 period, with the same set-up as in Soto-

Navarro et al. (2014), except for the addition in the simu-

lation represented in green of an SSH relaxation to the

NEMOVAR-COMBINE reanalysis (Balmaseda et al., 2010)

in the Atlantic part. With the relaxation, the model im-

proves the representation of the seasonal cycle of the SSH

in the Mediterranean Sea considerably, bring it close to

that of the NEMOVAR-COMBINE reanalysis used as a

reference. Further, the net transport through the Gibraltar

Strait is better simulated, as shown by Soto-Navarro et al.

(2014), especially the seasonal cycle of the inflow (not

shown). It is worth noting that the mass variations at the

global scale will be introduced only if they are included in

the imposed SSH; that is, if the large-scale model assimila-

tes observed SSH or contains the melting of continental ice.

The coupled version of NEMOMED8 has already been

used in previous publications (Herrmann et al., 2011;

Dubois et al., 2012; L’Hévéder et al., 2013; Gualdi et al.,

2013a), but without the coupling of rivers. Here, the river

runoffs are fully coupled from the atmospheric model to

the river routing model and then to the oceanic model. All

the rivers of the Mediterranean and the Black Sea drainage

area are included in that way, except for the Nile river, as

we will see later. There is one ocean grid-point which

receives the runoffs flowing into the Black Sea added to the
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Evaporation minus Precipitation budget of the Black Sea.

Two grid-points, Damietta and Rosetta, are used for the Nile

Delta, and 230 other mouths receiving the river runoffs

from the TRIP model.

2.3. The TRIP river routing model

The TRIP river routing model was developed by Oki and

Sud (1998) at the University of Tokyo. It is used at Météo-

France to convert the runoff simulated by the ISBA land-

surface scheme into river discharge using a global river

channel network at 18 or 0.58 resolutions (0.58 in this

RCSM4 version) (Decharme et al., 2010; Szczypta et al.,

2012; Voldoire et al., 2013). TRIP is based on a single prog-

nostic reservoir whose discharge (Qs
out in kg/s) is linearly

related to the river mass (S in kg), using a uniform and

constant flow velocity (n in m/s), equal to 0.5 m/s:

@S

@t
¼ Qs

in þQsb �Qs
out where Qs

out ¼
n

L
S (2)

Qs
in (kg/s) represents the sum of the surface runoff from

ISBA within the grid cell and the water inflow from the

adjacent upstream neighbouring grid cells, Qsb (kg/s) is the

deep drainage from ISBA, and L (m) the river length,

which considers a meandering ratio of 1.4 as proposed by

Oki and Sud (1998).

The 0.58 grid is cut on a domain that covers the whole

drainage area of the Mediterranean and the Black Sea

(Figs. 1 and 2), except for the Nile river basin, whose runoff

is prescribed by a 12-month climatology [RivDis database,

Vörosmarty et al. (1996)]. This is due to the very large size

of the Nile river catchment area, which extends south of the

Victoria lake, with many dams, and the fact that its current

runoff is very small in comparison with the water collected

all over the drainage area (Dubois et al., 2012). Ultimately,

the dimensions of the domain are 122�60, with longitudes

from 12.758W to 47.758E, and latitudes from 26.258N to

55.758N.

Following Ludwig et al. (2009) and Dubois et al. (2012),

the TRIP 0.58 description of the flow directions has also

been modified on the French and Adriatic Eastern coasts as

it appeared to be unrealistic (Fig. 4), sending, for example,

the Tet river on the French Roussillon coast to the
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Garonne drainage basin, and thus to the Atlantic Ocean

instead of the Mediterranean Sea.

2.4. The OASIS3 coupler and the coupling fields

We use the OASIS3 coupler (Valcke, 2013) with a daily

coupling frequency. The wind stresses, solar and non-solar

heat fluxes, and evaporation minus precipitation (E � P)

budget are sent by the atmospheric model to the ocean

model.

The river runoffs computed by the ISBA scheme are sent

to the TRIP model, and the river discharges at the river

mouths are sent by TRIP to the ocean model. Only the

TRIP cells included in the Mediterranean and Black Sea

drainage area are considered. The river discharges of the

Black Sea drainage area (58 river mouths in the TRIP 0.58
grid) are summed with the E�P budget over the Black Sea

and sent to the same ocean grid-point.

The SST field of the ocean model is sent to the atmo-

spheric model. The ERA-Interim SST values are used for

the sea points of the atmospheric model grid that are not

present in the ocean grid.

3. Spin-up, initial and boundary conditions

3.1. Initial conditions and spin-up

The initial conditions of the NEMOMED8 model are

set by the month of August of the 1960 year of the 10-yr

filtered Rixen dataset (Rixen et al., 2005), completed with

the Reynaud climatology (Reynaud et al., 1998) in the

Atlantic part of the domain. We insist on the fact that this

initial condition does not include any pattern which would

result from the interannual variability of the Mediterranean

Sea of the end of the 20th century. First, a 5-yr spin-up was

computed with the NEMOMED8 model in a forced mode,

with a 3D damping to the initial condition, to create the

current structure without altering the water mass. Next, 21

yr of spin-up of the RCSM4 were performed with the same

conditions as for the hindcast, using the 1980�1986 period

in a three-time loop. The goal is to reach an ocean state

representative of the beginning of the 1980s with the cons-

traint of an ERA-Interim dataset starting in 1979. The

ALADIN-Climate simulation starts from an ERA-Interim

initial state for the 3D prognostic variables of the model

(atmosphere, land surface). The first 2 yr are considered

spin-up, allowing the land water content to reach its equili-

brium. However, it is worth noting that this land-surface spin-

up is negligible with respect to the coupled model spin-up.

3.2. Atmospheric lateral boundary conditions

Reanalyses of multidecadal series of past observations are

used, among other things, to provide boundary conditions

in the framework of long-term oceanic and atmospheric

numerical hindcast simulations. The ERA-Interim reana-

lysis (Berrisford et al., 2009) covers the period from 1979 up

to today. The ERA-Interim data assimilation system uses a

2006 release of the Integrated Forecasting System devel-

oped jointly by ECMWF and Météo-France, which con-

tains many improvements, both in the forecasting model

and in the analysis methodology relative to ERA40

(Simmons and Gibson, 2000), particularly in the resolution

(T255, 80 km, http://www.ecmwf.int/research/era/do/get/

era-interim). Outputs were produced every 6 hours. In the

current study, ALADIN-Climate uses the full-resolution

ERA-Interim 3D reanalysis as atmospheric lateral bound-

ary conditions every 6 hours after a vertical and horizontal

interpolation onto the ALADIN-Climate model grid. Land-

surface parameters and aerosols concentrations are upda-

ted every month following a climatological seasonal cycle

derived from observations. The sea surface temperatures

are those of the ocean model over the coupled area and are

updated every month outside the Mediterranean Sea with
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a monthly variability following ERA-Interim SSTs. In

addition to lateral boundary forcings, we used the spectral

nudging technique. Complete details concerning this tech-

nique can be found in Radu et al. (2008) and Colin et al.

(2010). This technique allows a better constraint of the

large-scales of a limited-area model that is usually driven

only at its lateral boundaries. In the spectral space, a

relaxation towards the driving model (here, the reanalysis)

is applied to the large-scales of some of the prognostic

variables. In ALADIN-Climate, the following parameters

are tuneable: the choice of the nudged variables, the

strength of the nudging (which depends on the variable

and the altitude) and the threshold of the large-scales to

be nudged. In the current study we nudged the following

prognostic variables: temperature, specific humidity, wind

vorticity, wind divergence and the logarithm of the surface

pressure. The maximum e-folding time depends on the

variables (6 hours for the vorticity, 24 hours for the logari-

thm of the surface pressure, the specific humidity and the

temperature, 48 hours for the divergence) following the

setting of Guldberg et al. (2005). The maximum e-folding

time is reached above 700 hPa and for scales larger than

1280 km. The nudging decreases linearly between 700 and

850 hPa and between 1280 and 640 km for the horizontal

scales. Therefore, the atmospheric boundary layer and the

scales not represented in ERA-Interim are not nudged. All

of this set-up is in agreement with the CORDEX recom-

mendations for the evaluation runs except for the use of the

spectral nudging technique which is not specified. A non-

coupled ALADIN twin simulation forced by ERA-Interim

SST, hereafter referred to as ARCM, for Atmosphere RCM,

was also performed and will be used for comparison.

3.3. Oceanic lateral boundary conditions

The NEMOVAR-COMBINE reanalysis is used for the 3D

damping in temperature and salinity in the Atlantic part

of the domain. A reanalysis like NEMOVAR-COMBINE

provides temperature and salinity conditions, and thus

fluxes through the Gibraltar Strait, with an interannual

variability, as opposed to a climatology such as Reynaud’s.

The coefficients of relaxation evolve from 3 d at the western

limit of the domain to 100 d at the 7.58W latitude, and

monthly means are used from 1980 to 2008. Then, from

2009 to 2012, the year 2008 is maintained, as NEMOVAR-

COMBINE is not available after 2008.

The anomalies of the SSH from the same source are used

for the SSH relaxation: monthly fields are prepared as

anomalies to the average SSH of a previous experiment per-

formed without any SSH relaxation. While the NEMOVAR-

COMBINE reanalysis does not include any SSH assimilation,

it shows a monthly variability which is relatively realistic,

though underestimated (not shown) compared to the

GLORYS1V1 reanalysis (Ferry et al., 2010) which assim-

ilates the AVISO Sea Level Anomaly (SSALTO/DUACS

User Handbook, 2013).

4. Results

4.1. Air�sea fluxes evaluation

The atmospheric heat fluxes over the Mediterranean Sea

represent the energy that the ocean surface receives from the

atmosphere. A comparison of the different components of

the heat budget is performed with different datasets. The

datasets used for the evaluation are derived from the best

estimates of different in-situ and/or satellite reconstructions.

A selection was made from the numerous available datasets

based on the following criteria: no spurious behaviour in

time and space over the Mediterranean Sea, a clear land�
sea mask, a 20-yr minimum common period and respect of

the Gibraltar Strait long-term closure hypothesis (balance

between the net heat transport through the Gibraltar Strait,

the surface heat flux over the Mediterranean Sea and the

heat content trend). Ultimately, only five datasets were kept.

SRB-GEWEX data is produced by the NASA Global

Energy and Water-cycle Experiment (GEWEX) SRB pro-

ject (version 3.0), as well as SRB-QC (Quality Check),

providing surface radiation at 18�18 resolution (Stack-

house et al., 2000). The ISCCP data are part of the World

Climate Research Program collecting weather satellite radi-

ance measurements (Zhang et al., 2004; Zerefos et al., 2009).

The data are global with a spatial resolution of 2.58�2.58.
The NOCS products are based on Voluntary Observing

Ships observations from the international Comprehensive

Ocean�Atmosphere Data Set (Woodruff et al., 1998; Berry

and Kent, 2009). We use here a NOCS version adapted

to the Mediterranean Sea (Sanchez-Gomez et al. 2011; S.

Josey, personal communication). The data are at 18�18
horizontal resolution. The OAFLUX products integrate

satellite observations with surface moorings, ships reports

and atmospheric model reanalysed surface meteorology

Yu et al., 2008), with a 18�18 horizontal resolution. The

combinations obtained by the shortwave from SRB-QC,

ISCCP or NOCS, the longwave from NOCS or SRB-

GEWEX, the sensible heat flux from OAFLUX or NOCS

and the latent heat flux from OAFLUX or NOCS, provid-

ing that they agree with the Gibraltar Heat Transport

(Béthoux, 1979; Bunker et al., 1982; Macdonald et al., 1994;

Criado-Aldeanueva et al., 2012) give a range for the total

heat budget of �10 to 0 W/m2 over the 20-yr period from

1985 to 2004. The values of the individual components are

in agreement with Pettenuzzo et al. (2010) and the HB3

estimation in Sanchez-Gomez et al. (2011).

Figure 5 and Table 1 show the annual and interannual

variability for the four different terms of the heat budget

A FULLY-COUPLED RCSM: DESIGN AND EVALUATION FOR THE 1980�2012 PERIOD 7



in comparison with the observations. The uncertainty in

the observations is represented by the spread of the average

curves. The standard deviation of each dataset is not in-

cluded to build an error bar, as the observations and the

model cover the same period. Results of RCSM4 and the

stand-alone ALADIN-Climate simulation (ARCM forced

by ERA-Interim SST) are compared.

The RCSM4 net shortwave radiation has a mean value

of 196 W/m2 over the 1985�2004 period, with a strong bias

of more than 10 W/m2 above the observations, particularly

in summer. The best estimate from the observations is

178�185 W/m2 on average over the 1985�2004 period using

the reconstruction from SRB-QC, ISCCP and NOCS. This

positive bias is similar in ARCM. The bias is higher along

the African coast and in the western basin (Fig. 6a), par-

ticularly in summer. The interannual variability is well

represented, with interannual correlations equal to 0.87

(0.70 and 0.60, respectively) between RCSM4 and ISCCP

(resp. SRB-QC and NOCS). The net shortwave of ISCCP

and SRB-QC is computed as follows:

SWnet ¼ ð1� albÞ � SWdown (3)

where alb is the albedo monthly values of an ocean point

from ISCCP, with a mean value of 0.065, and SWdown is

the downward shortwave.

For the net LW, the mean value is �81 W/m2 for the

1985�2004 period for RCSM4 and �82 W/m2 for ARCM

simulations. These values are found to be in the range of

Table 1. Mean values for the shortwave, longwave, latent, sensible and total heat fluxes over the Mediterranean Sea for the 1985�2004
period in W/m2

SW LW Lat Sens Total

[178; 185] [�84; �75] [�90; �88] [�14; �6] [�10; 0]

OBS SRB-QC, ISCCP, NOCS NOCS, SRB-GEWEX NOCS, OAFLUX OAFLUX, NOCS Combination

RCSM4 196 �81 �108 �11 �4

ARCM 196 �82 �120 �12 �19
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Fig. 5. Time series of yearly averaged heat fluxes in W/m2 (shortwave, longwave, latent, sensible, top), their seasonal cycle (middle); total

heat flux and seasonal cycle (bottom); RCSM4 in red, ARCM in blue, observations in grey; the seasonal cycles are computed over the

1985�2004 period.
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the observations (SRB-GEWEX and NOCS). For SRB-

GEWEX, the net longwave is computed as follows:

LWnet ¼ es � LWdown� es � r � T4 (4)

where es is the surface emissivity equal to 0.97, LWdown

the downward flux, s the Stefan-Boltzmann constant

(equal to 5.67 10�8 J/s/m2/K4) and T the sea surface

temperature (in 8K) taken from Marullo et al. (2011). It is
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difficult to interpret the seasonality of the model bias in

LW. Indeed, the amplitude and phase of the seasonal cycle

of the Mediterranean surface LW are very uncertain in the

various observation-based datasets that show inconsis-

tencies like the models [Fig. 5 using SRB-GEWEX and

NOCS, Sanchez-Gomez et al. (2011) and Dubois et al.

(2012)]. In Sanchez-Gomez et al. (2011), the seasonal cycles

of NOCS and ERA40 are very different, as are those from

the 12 ARCMs analysed, showing that the seasonal cycle of

the LW is still an open issue. The model seasonal cycle

shows two maxima in May and December and a minimum

in July/August. Those peaks are found not in the observa-

tions, but in some of the ARCMs analysed in Sanchez-

Gomez et al. (2011). Fig. 6b presents a positive and relatively

uniform bias in winter, and a negative bias in summer in

the southern Mediterranean. The summer underestimation of

LW radiation is partly explained by the dust aerosols (Nabat

et al., 2014b).

For the latent heat loss, the mean value is 108 W/m2 for

the RCSM4 simulation and 120 W/m2 for the ARCM

simulation over the period 1985�2004. This value is nearly

20 W/m2 greater than in the observations. Here, RCSM4

shows an added value compared to ARCM, due to a better

consistency between the SST and the atmospheric fluxes.

The interannual variability is captured well, but the trend

observed in recent years in the observations (OAFLUX

and NOCS) is not. This point as well as the strong bias will

be discussed in Section 5. Note that the ARCM simulation

reproduces the latent heat trend. The seasonal cycle peaks

in November/ December, with a mean value of 150 W/m2

associated with strong, cold and dry winds during this

period; a minimum is found in May/June with a value as

low as 60 W/m2.

For the sensible heat flux, the mean value is the weakest

term of the heat budget and is equal to 11 W/m2 for the

RCSM4 simulation and 12 W/m2 for the ARCM simula-

tion over the 1985�2004 period. It is found to be in the

range of the observations (OAFLUX: 14 W/m2 and NOCS:

6 W/m2).

Those four different terms compose the total heat budget

at the ocean surface. This total net heat flux is negative

(the Mediterranean Sea loses heat through the surface in

average) to balance out the heat gain through the strait of

Gibraltar. For the period 1985�2004, it is about �4 W/m2

for the RCSM4 simulation and �19 W/m2 for the ARCM

simulation. The coupled simulation is of the order of

magnitude of the different combinations obtained with the

different datasets and in agreement with the Gibraltar

Strait heat transport; this is not the case for the ARCM

simulation, mainly due to the overestimated latent heat

flux. The interannual variability shows heat gains in some

years (e.g. 1989) and strong heat losses in others (e.g. 2005),

and is very well captured by RCSM4, with the exception of

the trend due to the latent heat loss, which is simulated only

by ARCM.

4.2. Water, heat and salt budgets

Table 2 gives the water, heat and salt budgets of the CNRM-

RCSM4 model averaged over the 1980�2012 period. The

Table 2. Water, heat and salt budgets of the Mediterranean given by the coupled simulation and the observations

Parameter 1980�2012 mean Observations

Water inflow at Gibraltar 0.85 Sv 0.81 (Soto-Navarro et al. 2014)

Water outflow at Gibraltar �0.80 Sv �0.78 Sv (ibid)

Net water flux at Gibraltar 0.05 Sv 0.04�0.10 Sv (see text)

Water flux through the surface �0.67 m/yr or 0.05 Sv �0.43 to � 0.66 m/yr (Sanchez-Gomez et al., 2011)

Heat flux through the surface �5.1 W/m2 �3 to�10 W/m2 (see text)

Heat flux at Gibraltar 6.8 W/m2

Heat content change 0.0078K/yr or 1.4 W/m2

Salt transport at Gibraltar 1.1016 g/yr or 0.003 psu/yr

Mediterranean salt content change 1.1016 g/yr or 0.003 psu/yr

Evaporation RCSM4 1.39 m/yr 1.09 to 1.13 m/yr (Sanchez-Gomez et al., 2011)

Evaporation ARCM 1.53 m/yr

Precipitation RCSM4 0.51 m/yr 0.26 to 0.59 m/yr (ibid)

Precipitation ARCM 0.58 m/yr

E � P RCSM4 0.89 m/yr 0.50 to 0.88 m/yr (ibid)

E � P ARCM 0.95 m/yr

Runoff 0.13 m/yr

Runoff (1980�2000) 0.13 m/yr 0.13 m/yr (Ludwig et al., 2009)

Black Sea 0.09 m/yr

Black Sea (1980�1997) 0.10 m/yr 0.11 m/yr (Stanev and Peneva, 2002)
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aim of this table is both to compare the input and output of

water, heat and salt fluxes of RCSM4 to the observations,

and to check the ability of the ocean model to close these

budgets.

The inflow, outflow and net water transport at the

Gibraltar Strait are in agreement with all the estimations

found in the literature and in Beuvier et al. (2010), giving a

net inflow between 0.04 and 0.10 Sv. The net water flux

E�P�R�B (R for runoff and B for Black Sea) of �0.67 m/

yr is at the upper limit of the observations gathered by

Sanchez-Gomez et al. (2011). It is fully balanced with the

net water transport at the Gibraltar Strait. Given that

the observations are not on exactly the same period as the

RCSM4 simulation, Table 2 shows that, when the E and

P terms that comprise the E�P budget are compared with

observations, the E�P budget of RCSM4 is nearly in

agreement with the observations, while that of ARCM is

overestimated.

The heat flux through the surface in Table 2 contains the

loss due to the evaporation of surface water at the sea

surface temperature with the following formula:

SHF ¼ Q� ðE � P� R� BÞ � SST � q0 � Cp (5)

where SHF is the surface heat flux (in W/m2), Q is the

surface heat flux (in W/m2) received from the ALADIN-

Climate model, r0 is the volumic mass of reference, equal

to 1020 kg/m3 in NEMOMED8, Cp is the ocean specific

heat, equal to 4000 J/kg8C, and E-P-R-B are the various

terms of the water budget (in m/s). Note that the second

term of the equation is computed online at each time step

of the model and is an approximation of the vertical flux

of heat through the surface linked with the free surface

movement in NEMO. The changes in the heat and salt

content are computed as the difference between the final

and initial instantaneous files of the model, divided by the

time between the two dates. We use these terms to char-

acterise the heat and salt budget closure of the model,

considering that the change should compensate for the

difference between the surface fluxes and the Gibraltar

transports. We find that the heat budget is nearly closed,

with a 0.3 W/m2 mismatch (Table 2). The salt transported

through the Gibraltar Strait is fully balanced by the salt

content change.

4.3. Comparison to buoys

Buoy datasets are key in-situ observations for validating

ocean�atmosphere coupled systems. The AZUR (7.878E,
43.428N) and LION (4.688E, 42.068N) buoys from Météo-

France, available since 1999 and 2002, respectively, provide

long-term measurements of meteorological parameters:

2-m temperature (T2m in 8C), 2-m specific humidity (Q2m

in g/kg), 10-m wind speed (FF10 in m/s) and Mean Sea

Level Pressure (MSLP in hPa). As for the oceanic para-

meter, the SST is recorded at the locations of the buoy (see

Section 4.5.1). The comparison of the simulation to these

two buoy datasets can only serve as an indication for the

validation of the atmosphere model, because we compare a

50�50 km grid mesh to a single position. Besides, as the

coupling between ALADIN-Climate and NEMOMED8

has a frequency of 1 d, there is no diurnal cycle of the

surface fluxes nor, consequently, of the ocean surface layer.

Therefore, we cannot compare the diurnal cycles of the para-

meters, only the daily means. Table 3 shows the RCSM4’s

ability to capture the meteorological variations well. Indeed,

correlation values of 0.96 or 0.97 are found for daily

MSLP, and 0.74 and 0.84 for daily air temperature, once

the seasonal cycle is removed. The wind speed variations

are better reproduced over the LION buoy (cor�0.9) than

over the AZUR buoy (cor�0.81), and the biases for the

wind speed are weak (90.17 m/s). The weakest correlation

values are found for the 2-m specific humidity (0.52 over

the AZUR buoy and 0.61 over the LION buoy).

4.4. River runoffs

The annual runoff of the rivers in the Mediterranean Sea

is highly correlated to the observations of Ludwig et al.

(2009) and Stanev and Peneva (2002), with a correlation

equal to 0.94, and a weak bias of 0.01 m/yr for the total

inflow of freshwater during the common 1980�1997 period,
due to the Black Sea, as shown in Fig. 7 and Table 2. When

examining the river runoffs in greater detail, we can com-

pare the river discharges of the TRIP model to the obser-

vations. The yearly mean of the Rhône discharge is quite

accurately represented by the model (Fig. 8), with a 1980�
2011 mean of 1572 m3/s, while the observations give 1680

Table 3. Correlation and bias of the daily atmospheric and oceanic parameters available from the AZUR and LION buoys with the

outputs of RCSM4

T2m T2m (8C) MSLP MSLP (hPa) FF10 FF10 (m/s) Q2m Q2m (g/kg) SST SST (8C)

Corr. Bias Corr. Bias Corr. Bias Corr. Bias Corr. Bias

AZUR 0.74 0.21 0.96 0.61 0.81 0.17 0.52 3.3 0.63 0.14

LION 0.84 �0.11 0.97 0.30 0.90 �0.17 0.61 2.1 0.75 �0.52

For the correlations the seasonal cycle has been removed.

A FULLY-COUPLED RCSM: DESIGN AND EVALUATION FOR THE 1980�2012 PERIOD 11



m3/s, with a correlation equal to 0.90. However, the

seasonal cycle shown in Fig. 8 is overestimated, which

can be explained by the absence of dams and the repre-

sentation of ground-water in the ISBA and TRIP models.

The underestimation is more obvious for the Po river, with

a 1980�2006 mean of 1137 m3/s compared to 1457 m3/s for

the observations, but the correlation is still high, equal to

0.73. As for the Rhône river, the minimum and maximum

values of the seasonal cycle are delayed by 1 month, and

the underestimation of the winter season is greater than for

the other seasons. These comparisons show that the model

is able to simulate a realistic input of fresh water at the

Mediterranean Sea scale, especially in terms of interannual

variations, but performs less well at the individual river

scale.

4.5. Surface ocean characteristics

4.5.1 Sea surface temperature. Three types of datasets

are available for the evaluation of the SST: Marullo et al.

(2007) provide gridded 1985�2005 fields from satellite

infrared AVHRR; Ingleby and Huddleston (2007) perform

a 1-degree monthly objective analysis from ocean tempera-

ture and salinity profiles called EN3; Rixen et al. (2005)

offer estimations of the temperature and salinity variability

from the MEDAR set of data. Here we will use the 1-yr

surface average. The mean 1980�2012 RCSM4 SST field

and the 1985�2007 difference with the Marullo average are

presented for winter (JFM) and summer (JAS) in Fig. 9,

showing a cold bias of the simulation which is more

significant in the Eastern part, especially in summer. This

cold bias, averaged over the whole Mediterranean basin,

increases from0.38 in 1985 to 0.88 in 2007, as shown inFig. 10.

This increase is seen only in comparison to the Marullo

climatology, not with the EN3 climatology nor the Rixen

dataset, for which the difference of mean Mediterranean

SST of the simulation is constant. An inconsistency be-

tween the model SST and the satellite (Marullo) SST may

appear, given that the latter gives night-time values (which

are also corrected from skin effect). Nevertheless, the yearly

mean SST of the simulation is highly correlated with the

Marullo, EN3 and ERA-Interim datasets. The mean values,
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standard deviations and correlations computed over the

relevant periods are presented in Table 4. The standard devia-

tions are close, but slightly underestimated in RCSM4.

When comparing the daily SST of the ocean model grid-

point corresponding to the position of the LION buoy,

Fig. 11 shows a model cold bias already seen in Fig. 9 with
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RCSM4 SST mean and the Marullo mean climatology in winter (JFM, bottom left), and summer (JAS, bottom right), for the 1985�2007
period; SST in 8C.
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the comparison to Marullo, equal to �0.528C on the com-

plete series (Table 3). This discrepancy is greater than

the 0.28C exactitude of the measurement over the period

studied and is due to the underestimation of SST maxima

in summer. For the AZUR position, the model tends to

overestimate the SST, with a 0.148C bias, showing an

underestimation of the surface cooling in winter (Fig. 11).

Once the seasonal cycle is removed, the correlations of

Table 4. Mean and standard deviation of the Mediterranean Sea averaged SST and SSS on the indicated periods

RCSM4 EN3 RCSM4 Rixen RCSM4 Marullo RCSM4 ERAI

MED basin 1980�2010 1980�2010 1980�2002 1980�2002 1985�2007 1985�2007 1980�2012 1980�2012

SST 8C (std. dev.) 19.18 (0.27) 20.10 (0.30) 19.11 (0.27) 19.74 (0.26) 19.23 (0.22) 19.83 (0.35) 19.20 (0.27) 19.90 (0.38)

Correlation 0.86 0.56 0.85 0.93

SSS (psu) (std. dev.) 38.14 (0.08) 38.24 (0.09) 38.12 (0.07) 38.14 (0.08)

Correlation 0.45 0.23

The correlation is computed on the yearly means between RCSM4 and the observations.
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Fig. 11. Q�Q plot of the daily SST (8C) at the locations of the LION buoy (top left) and AZUR buoy (top right); seasonal cycle of the

SST (bottom); observed values (dots) stand for the buoys.
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the daily SST series are equal to 0.63 for the AZUR buoy

and 0.75 for the LION buoy. For both buoy positions,

the seasonal cycle amplitude of the model is slightly

underestimated.

4.5.2 Sea surface salinity. The mean 1980�2012 sea

surface salinity (SSS) is presented in Fig. 12. The river

mouths appear as minima of salinity, lower than on the

EN3 climatology, as can be seen in the difference computed

over 1980�2010 (Fig. 12). This is particularly apparent in

the Aegean Sea, as the Black Sea is treated as a river in the

model. Explaining the SSS bias near the river mouths is

a complex issue. For one thing, the EN3 climatology has

a low spatial resolution and probably suffers from sub-

sampling close to the coast line. Further, the two reference

datasets (EN3 and Rixen) are quite different, with a cor-

relation equal to 0.5, and the evolution of the yearly mean

of RCSM4 (Fig. 10) is also not very close. The mean values

and the correlation computed on the relevant periods are

presented in Table 4. There is no bias compared to Rixen,

and only a small bias compared to EN3. The standard

deviations are similar for the three datasets, demonstrating

the coupled model’s ability to represent the SSS interannual

variability. As for the correlations, they are much lower

than for the SST, but the observations are also less reliable,

due to sampling difficulties (see Section 5).

4.5.3 SSH and circulation. The SSH presents a particular

challenge for ocean models, especially with the Boussinesq

approximation as used in NEMO: the main hypothesis

is the conservation of volume rather than mass. In the

Mediterranean Sea, there is also the possibility of salt mass

change, through the Gibraltar Strait. Jordà and Gomis

(2013) show that it might induce a change of SSH of a mag-

nitude range which compensates the SSH change related

to the halosteric contribution. A first approximation for

properly comparing the SSH of the model to the AVISO

Sea Level Anomaly (SSALTO/DUACS, 2013) is to add

only the thermosteric contribution (as a constant resulting

from the average over the whole basin) to the dynamic

SSH of the model. The mean dynamic SSH and circulation,

and the interannual variability of the mean Mediterranean

dynamic SSH plus the thermosteric contribution are plot-

ted in Figs. 13 and 14. We also choose to compute the

0�600 m thermosteric contribution, in order to avoid a

trend due to the trend in temperature in deep water (see

Fig. 16). Two reconstructions of the sea level are also

represented (Calafat and Jordà, 2011; Meyssignac et al.,

2011). The correlation of the RCSM4 series (0�bottom) to

AVISO for the 1993�2011 period is equal to 0.86 (0.68 for

the detrended series). The amplitude of the mean seasonal

cycle is equal to 16.9 cm for the simulation, and 14 cm for

AVISO (Fig. 14). Thus, the model is able to reproduce a

variability which is realistic over the years, and in terms of

seasonal cycle.

The mesoscale activity of the ocean can be characterised

by Eddy Kinetic Energy (EKE). This diagnosis is particu-

larly adapted to identifying the regions of eddies, current

meanders, fronts and their variability. Pascual et al. (2014)

performed a detailed analysis of the EKE of a long-term

hindcast simulation performed with NEMOMED8 in a

stand-alone mode over the same period of time as RCSM4.
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It is computed here as in Pascual et al. (2014), from the

daily SSH, the anomalies with respect to the average over

the whole period, and the geostrophic assumption (Fig. 15).

The western basin is represented, for comparison with Fig. 3

in Pascual et al. (2014). The two Alboran Gyres are repre-

sented, with a maximum value of 520 cm2/s2 over the 1993�
2007 period (not shown), thus stronger than the value of

250 cm2/s2 given by Pascual et al. (2014) over the same

period. The Almeria Oran Front is also stronger (410 cm2/s2

vs. 200 cm2/s2), as is the Northern Current (70 cm2/s2 vs.

50 cm2/s2), while the Algerian Current is of the same order

(up to 250 cm2/s2).

4.6. Ocean temperature and salinity characteristics

The yearly means of potential temperature and salinity

are computed for the layers 0�150 m, 150�600 m, 600

m�bottom and the whole column (top�bottom) for the

Mediterranean basin (Med), the Western and the Eastern

basins (Fig. 16, without any correction of bias or trend).

The temperatures and salinities of the bottom layer are

plotted even though we are aware that the observations are

less reliable in deep areas. As for the salinity the observa-

tion profiles are more sparse than for the temperature. For

the Med basin, the correlations between the model and the

EN3 climatology are high over the common periods (see

Table 5), with the exception of the 0�150 m salinity,

confirming the difference in SSS seen in Figs. 10 and 12.

The warm bias and trend in the whole column of Med are

explained by the behaviour in the bottom layer of the

Eastern basin. The negative bias in the Mediterranean

subsurface salinity is mostly due to the Western basin, and

the positive bias and trend in salinity of the whole column

come from the bottom layer of the Eastern basin. The

intermediate layer (150�600 m) is well represented, with

nearly no bias and a good interannual variability.

Fig. 13. 1980�2012 dynamic SSH (in cm) and currents at 25 m (in m/s).
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(Calafat and Jordà 2011; Meyssignac et al. 2011). The model seasonal cycle is compared to AVISO data (right).

16 F. SEVAULT ET AL.



In order to illustrate the stratification of the surface

layer, we compute the stratification index (IS) of the 0�150
m layer as in Herrmann et al. (2010). This corresponds

to the loss of buoyancy necessary to induce convection

through this layer. The higher the value of IS, the more

stratified the layer. Figure 17 compares the 0�150 IS

for MEDATLAS and RCSM4, as well as the bias. The

Alboran region is more stratified in RCSM4 than in

MEDATLAS due to (1) a weak mixing of the incoming

Atlantic water through Gibraltar, and thus an excessively

strong vertical density gradient in this region, and (2)

because the surface layer of NEMOVAR-COMBINE is

lighter compared to MEDATLAS. Another large discre-

pancy is found in the Aegean Sea: this may be related to the

fact that we treat the Black Sea as a river, which leads to

very fresh surface water close to the mouth grid-point.

The 348N section in Fig. 18 (and the line on Fig. 19) for

the model and for the Rixen climatology, shows that the

model agrees well with the observations in general, despite

a bottom layer which is too salty and too warm, confirming

results of Fig. 16.

The 58E section in the Western basin (Fig. 18 and the line

on Fig. 19) shows that the model represents the main

characteristics of the basin quite well, with the Modified

Atlantic Water (MAW, identified by a minimum of salinity

at the surface on the two transects of Fig. 18), the Winter

Intermediate Waters (WIW, subsurface minimum of tem-

perature on the 58E transect), the Levantine Intermediate

Water (LIW, maximum of salinity on the 348N transect),

the Western Mediterranean Deep Water (WMDW, minimum

of temperature) and the isopycnal doming in the Gulf

of Lions gyre near 428N. The LIW feature appears to be

slightly amplified in RCSM4 (warmer and saltier), espe-

cially after the 1990s, in agreement with Fig. 16.
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Fig. 15. Geostrophic Eddy Kinetic Energy (cm2/s2) computed

from the daily SSH for the 1980�2012 period.
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4.7. Ocean winter convection and thermohaline

circulation

4.7.1. Winter convection. Open-sea deep convection is

one of the characteristics of the Mediterranean Sea. It

occurs during winter, when cold and dry winds induce a

cooling and densening effect of the surface water, making it

sink and produce deep water through strong mixing. The

main areas are the Gulf of Lions, where the WMDW is

formed, the Adriatic Sea, where Eastern Mediterranean

Deep Water (EMDW) is formed before overflowing through

the Otranto Strait, and to a lesser extent the LIW and the

Aegean Sea (Cretan Deep Water, CDW). To characterise

the mixed layer depth with NEMOMED8, we use the

turbocline depth: that is, the depth at which the vertical

eddy diffusivity coefficient falls below a given value, equal

to 5 cm/s2.

The main convection regions can be found in Fig. 19,

which represents the mean 1980�2012 winter (JFM) mixed

layer depth. Then, for each year and each of the four

sub-basins [Adriatic (ADRI, North of 408N), Levantine

(LEVA, East of 258E), Aegean Sea (AEGE) and Gulf of

Lions (LION)], we keep the temporal maximum values of

the spatial maximum values of each daily mixed layer depth

field (see Fig. 20a). The model shows a strong interannual

variability in all the sub-basins. The evaluation of this

variability is not straightforward with the existing in-situ

observations, as it requires a Winter Conductivity Tem-

perature Depth (CTD) cast, and these are sparse. For

the Gulf of Lions, we can however rely on the extensive

literature. We are nearly sure that open-sea deep convection

(MLDmax�1000 m) occurred in the following years: 1982,

1987 and 1992 (Mertens and Schott, 1998), 1999 and 2000

(Béthoux et al., 2002), 2005 and 2006 (Schroeder et al., 2008),

2009, 2010, 2011, 2012 (L. Houpert, personal communication,

using the LOCEAN-CEFREM deep mooring). Despite a

strong interannual variability, CNRM-RCSM4 simulates

open-sea deep convection for all the observed years, with

the possible exception of 1982 (750 m for the model, 1100 m

for the observations) and 1992 (750 m for the model, 1400 m

for the observations). On the whole, the model simulates

a convection deeper than 1000 m for 18 of the 33 yr, giving

a 54% rate [see Sannino et al. (2009), Herrmann et al.

(2010) and L’Hévéder et al. (2013) for other model results,

ranging from 39 to 87% of convective years].

For each month, we compute the volume of water with a

density greater than 29.1, 29.2 and 29.3 for ADRI, AEGE

and LEVA sub-basins and 29.10, 29.11, 29.12 for LION

(Fig. 20b). Then the yearly formation rate (expressed in Sv)

is computed taking the maximum volume of the year and

the minimum volume of the year before, divided by 1 yr in

seconds (Fig. 20c). We noticed an increase in deep water

volume in the Gulf of Lions from 1999 onwards, and this

may be a sign of the denser LIW entering the Western basin

(Schroeder et al., 2008). The years of deep convection clearly

appear as years of strong formation rates. The strong for-

mation rate during the 1992�1993 years will be discussed in

Section 4.8.

4.7.2. Meridional and zonal overturning stream function.

The meridional overturning stream function (integration of

the meridional circulation along the longitudes) is com-

puted for the Adriatic and Northern Ionian sea (North of

378N), and the zonal overturning stream function (integra-

tion of the zonal circulation along the latitudes) is

computed for the Mediterranean Sea, East of the Gibraltar

Strait, as in Somot et al. (2006). They show the vertical

circulation of the water, and especially the main water mass

circulation in the basin. Figure 21, right, shows the

overflow of dense water from the Adriatic at the Otranto

Strait, becoming the EMDW south of 408N. Figure 21,

left, shows the mean circulation of the surface Atlantic

Water, and the westward path of the LIW in the subsurface

layer. EMDW, which originates at the Aegean Sea, is

outflowing at 278E, which is characteristic of the EMT

period.

4.8. Eastern Mediterranean Transient

The EMT refers to the period between the late 1980s and

the early 1990s, when the Aegean Sea produced very dense

water which flowed into the Levantine basin to form new

EMDW, replacing the deep dense water which usually

flows from the Adriatic Sea. The EMT was first reported

by Roether et al. (1996) and its evolution has since then

been further analysed by Klein et al. (1999), Lascaratos

et al. (1999), Theocharis et al. (1999) and Zervakis et al.

(2004) and finally reviewed by Roether et al. (2007). The

densest overflows were recorded in the deepest straits of the

Table 5. Mean values of temperature and salinity of different layers of the Mediterranean basin for EN3, the simulation, and correlation

T3D T3D T3D T3D S3D S3D S3D S3D

1980�2010 Surfaces�bottom 0�150 m 150 m�600 m 600 m�bottom Surf�bottom 0�150 m 150 m�600 m 600 m�bottom

EN3 13.67 16.33 14.02 13.27 38.63 38.42 38.74 38.63

RCSM4 13.77 16.04 13.96 13.41 38.66 38.31 38.74 38.68

Correlation 0.86 0.92 0.78 0.68 0.73 0.45 0.67 0.69
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Cretan Arc, Kassos and Karpathos, located East of Crete

(Theocharis et al., 2002; Kontoyiannis et al., 2005). After

overflowing the sills of the Cretan Arc straits, the new

EMDW sank to the bottom of the eastern Mediterranean

and spread. Our modelling study shares the same oceanic

model NEMOMED8 as in Beuvier et al. (2010), but here

we have different initial conditions: we use a pre-EMT

climatology to initialise the model [Beuvier et al. (2010) used
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MEDATLAS and mentioned the change of climatology for

a pre-EMT one as a perspective of improvement], different

Atlantic boundary conditions and atmospheric forcings (cf.

Section 3.1). However, we will compare the chronology and

the intensity of this event in the two simulations and with

the observations.

Josey (2003) described strong anomalies of winter heat

and water fluxes which lead to strong density anomalies

in the Aegean Sea. These anomalies, computed on NDJF

months, are presented on Figs. 22 and 23. The maximum of

the heat flux anomaly (�86 W/m2 in 1992 and �66 W/m2

in 1993), and the anomalies of E-P (�0.72 m/yr in 1992,

the highest value of the period, and �0.69 m/yr in 1993)

are stronger than the SOC and NCEP/NCAR in Josey

(2003) (�0.5 to 0.7 m/yr for E-P, �54 to �65 W/m2 for

the heat flux). The NDJF anomalies of E�P�R�B equal to

1.64 m/yr in 1992 and 0.80 m/yr in 1993 also confirm the

diminution of the Black Sea input during these years. The

winter anomalies of heat flux are larger than in Beuvier

et al. (2010) (�73 in 1992 and �65 W/m2 in 1993), in

contrast to the E�P�R�B winter anomalies (�0.73 in 1992

and �1 m/yr in 1993).
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45N

40N

35N

30N

5W 0 5E 10E 15E 20E 25E 30E 35E

500450400350300250200150100500

Fig. 19. 1980�2012 winter (JFM) mixed layer depth (in m). 58E and 348N sections (lines).

20 F. SEVAULT ET AL.



The daily maximum of mixed layer depth reaches the

bottom in 1993 in the Aegean Sea and the Levantine basin

(Fig. 20). The maximum rate of formation (density greater

than 29.3) is reached in 1993 and is equal to 0.74 Sv, larger

than the 0.55 Sv found in Beuvier et al. (2010). It is

important to note that deep convection also occurred in the

Adriatic Sea in 1993, showing that deep waters were still

being formed during the winter of 1992�1993, but with a

lower density (29.2 instead of 29.3). From Fig. 20, it is clear

that the EMT in the model is a long-term accumulation

process of dense water in the Aegean Sea with the for-

mation of water denser than 29.3 in 1983, 1985, 1987, 1989,

1990, 1992 and 1993. This dense water accumulation,

combined with the anomalies of surface heat fluxes and

Black Sea runoff, lead to overflow through the sills of the

Cretan Arc at the beginning of the 1990s with a peak of 4.5

Sv of water denser than 29.2 in 1993 in the Levantine basin

(Fig. 20c). This large volume of dense water allows the

CDW to reach the bottom of the Levantine Basin (see

Fig. 25) after overflowing the sills. When the limit of the
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LEVA basin is shifted to 208E, the Antikithera Strait is

included, and the formation rate of water denser than 29.2

reaches 3.2 Sv in 1992 and 8.7 Sv in 1993 (not shown).

Thus, there is also an outflow of dense water through the

Antikithera Strait as found in the observations (Roether

et al., 2007). The monthly values of the potential densities

of the waters just above the sill of Antikithera, Kassos

and Karpathos straits are compared to the observations

(Fig. 24, Kontoyiannis, personal communication). For the

Karpathos Strait, the model densities are higher than the

observed ones, and also much higher than in Beuvier et al.

(2010). But for the Kassos and Antikithera straits, the

monthly chronology of the model follows the observations,

and the densities are consistent. The difference of results

between the Karpathos Strait on one side, and the Kassos

and Antikithera straits on the other come from the dif-

ference of the depth at which the densities were obtained,

in the observations and in the simulation: nearly the same

depth for the first, deeper for the observations than for

the model for the two others. The 348N density sections

displayed for May 1980 (beginning of the simulation), 1989

and 1991 (pre-EMT conditions), 1994, 1995 and 2000

(post-EMT conditions) in Fig. 25 show that waters denser

than 29.24 kg/m3 appear in 1994 at the bottom of the

Levantine basin, South of Crete. In terms of basin char-

acteristics (Fig. 16), the signature of the EMT in the

Eastern basin (cooling and freshening in the intermediate

layer, warming and saltening in the deep layer due to a

massive vertical reorganisation of the water masses) is

important enough in the simulation to influence the whole

Mediterranean. However, Figs. 16 and 18 show that the

impact of the EMT signal on the long-term average is

stronger in the model than in the observations.

We showed in this section that the main characteristics

of the EMT event are simulated by RCSM4. The surface

flux conditions are well represented, as is the formation

of Aegean deep water, as well as its overflow through the

Antikithera, Kassos and Karpathos straits to form new

EMDW. To the best of our knowledge, reproducing the

EMT with this level of accuracy has never before been

achieved in a realistic long-term hindcast simulation with-

out ad-hoc flux correction.

5. Discussion

5.1. Comparison of CNRM-RCSM4 with the state-

of-the-art Mediterranean RCSMs

After the evaluation of the 1980�2012 simulation of

CNRM-RCSM4, and the comparison with available ob-

servations, we choose to discuss the added value of this

method compared to the previous systems, in particular for

river, air�sea flux and ocean behaviours. We have to keep

in mind that most of the published RCSMs were forced by
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the ERA-40 reanalysis (Artale et al., 2010; Herrmann et al.,

2011; Carillo et al., 2012; L’Hévéder et al., 2013) or by

GCMs (Somot et al., 2008; Krzic et al., 2011; Carillo et al.,

2012; Dell’Aquila et al., 2012; Dubois et al., 2012; Rojas

et al., 2013; Sanna et al., 2013) and that only one 5-member

multi-model ensemble is available [FP6-CIRCE project,
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Dubois et al. (2012), Gualdi et al. (2013a)]. Note that

reanalysis-driven simulations are expected to perform better

than GCM-driven simulations, as their lateral boundary

conditions can be considered more realistic. To our knowl-

edge, only one simulation [Drobinski et al. (2012), Di Luca

et al. (2014), same simulation] described an ERA-Interim

driven RCSM for a period (1989�2008), shorter than in the

current study (1980�2012). A recent review of the literature

can be found in Li et al. (2012) and Planton et al. (2012).

In terms of the river runoff, CNRM-RCSM4 shows very

similar performances for the Mediterranean rivers (aver-

aged over the whole basin or for the Rhone and Po rivers)

compared to previous ERA-40 driven runs (Carillo et al.,

2012) and better agreement in term of biases than GCM-

driven runs (Dubois et al., 2012). The Black Sea freshwater

budget (E�P�R budget of the Black Sea) has clearly been

improved with respect to previous simulations (Carillo

et al., 2012; Dubois et al., 2012). Note that the PROTHEUS

system is using an ad-hoc correction of the Black Sea

freshwater budget (Dell’Aquila et al., 2012).

As for the air�sea fluxes, CNRM-RCSM4 confirms that

RCSMs are able to simulate realistic a Mediterranean Sea

surface heat budget thanks to atmosphere-SST consistency

(e.g. Somot et al., 2008; Dubois et al., 2012; L’Hévéder et al.,

2013) without consistently improving the biases in indivi-

dual components of the budget (e.g. SW bias in CNRM-

RCSM4). With respect to the individual components of the

heat budget, the CNRM-RCSM4 simulation has biases

(between �11 and �18 W/m2 in SW and between �18 and

�20 W/m2 in LH loss with good values for LW and SH)

comparable to other models. With respect to the reference

datasets of Table 1 in this study, Sanchez-Gomez et al.

(2011) give a bias range of [�31;�36]W/m2 for the SWand

of [�5; �40] for the LH loss for the Atmosphere-RCMs,

andDubois et al. (2012) a range of [�35;�26]W/m2 for the

SW and [�12; �10] W/m2 for the LH loss for RCSMs

driven by GCMs. Concerning the water budget, CNRM-

RCSM4 shows better performances thanmost of the models

in previous studies (Sanchez-Gomez et al., 2011; Dubois

et al., 2012), which explains the very good behaviour of the

model in SSS and salt content. The model SST cold bias

is present in most of the other ERA40-driven RCSMs (Li

et al., 2012) and GCM-driven RCSMs (Dubois et al.,

2012; Sanna et al., 2013) except for the LMDZ-Med/

NEMOMED8 model, which shows nearly no SST bias

(L’Hévéder et al., 2013). However, despite spatial biases, the

SSS simulated by CNRM-RCSM4 has the smallest bias on

average over the Mediterranean Sea among the published

RCSMs, with most of the other RCSMs showing an over-

estimated SSS (Carillo et al., 2012; L’Hévéder et al., 2013;

Di Luca et al., 2014). The behaviours of the heat and salt

contents (bias, variability, trend) of CNRM-RCSM4 are

similar to the best simulations published up until now

using PROTHEUS (Carillo et al., 2012), in particular those

without spurious deep layer drifts leading to realistic ther-

mosteric sea-level representation. The surface circulation

has not been detailed in previously publishedMediterranean

RCSMs, but the surface circulation of CNRM-RCSM4 has

the same qualities and drawbacks as the stand-alone

ocean simulations based on theNEMOMED family (Beuvier

et al., 2010, 2012). In addition, the Mediterranean deep

water formations (DWF) and the Mediterranean ther-

mohaline circulation (MTHC) are well-simulated in both

Eastern andWestern basins with the representation of all the

open-sea DWF areas, the simulation of a stable WMDW

formation with strong interannual variability, the deep

overflow of the Adriatic Deep Water south of Otranto and

the simulation of a realistic EMT. Even though quantitative

evaluation of theDWF andMTHC is a complex issue due to

the lack of long-term observations, we believe that the 1980�
2012 hindcast simulation performed with the CNRM-

RCSM4 model has the most realistic MTHC ever simulated

at climate-scale with Mediterranean ocean models based on

OPA or NEMO (Somot et al., 2006; Béranger et al., 2010;

Beuvier et al., 2010, 2012; Herrmann et al., 2010; L’Hévéder

et al., 2013; Pinardi et al., 2013).

5.2. Current limitations of CNRM-RCSM4

Establishing an understanding of the behaviours and biases

of a coupled RCSM is an extensive undertaking, and it

is beyond the scope of this study to address all of them.

However, we would like to discuss some of the most

striking points mentioned in Section 4.

Concerning the air�sea fluxes (see Table 1), the Medi-

terranean Sea surface heat budget is achieved by compen-

sating errors with an excessively large surface shortwave

(�11/�18 W/m2 depending on the reference data) and

excessively large latent heat loss (�18/�20 W/m2). These

biases were already identified in previous studies using

ALADIN in versions 4 and 5 (Sanchez-Gomez et al., 2011;

Dubois et al., 2012). Further, the origin of these biases has

been identified and will be corrected in the next generation

of CNRM-RCSM4. In the surface shortwave, the bias is

explained by two main causes: an underestimation of the

aerosol effect on the surface shortwave with the Tegen

aerosol climatology used in this study [the bias is reduced

by 3 W/m2 over the 1985�2004 period using the improved

climatology developed in Nabat et al., (2013)] and a general

underestimation of the cloud cover [see Fig. 2 in Nabat

et al. (2014b)]. As for the LH loss bias, it is partially

explained by the use of the spectral nudging technique, as a

sensitivity test using ALADIN-Climate without spectral

nudging gives a 9 W/m2 weaker latent heat loss for the

1985�2004 period (not shown). The remaining bias is most

probably due to the use of the Louis (1979) bulk formula to
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compute the turbulent fluxes. Indeed this formula is known

to overestimate the latent heat flux by strong wind con-

ditions (S. Belamari and G. Caniaux, personal commu-

nication). The next generation of CNRM-RCSM4 will use

a more recent bulk formula adapted to Mediterranean Sea

conditions. A sensitivity test using ALADIN-Climate with

the ECUME bulk formula (Belamari, 2005) instead of the

Louis reduces the LH loss by 19 W/m2 (not shown).

Another hypothesis concerning the LH loss overestima-

tion is a possible overestimation of the surface wind speed.

Herrmann et al. (2011) and Nabat et al. (2014b) showed

that ALADIN-Climate and CNRM-RCSM4 simulate a

sea surface wind speed in agreement with the QuikSCAT

satellite product with a slight underestimation of the upper-

quantile. This result is confirmed by the comparison of

the model surface wind speed with the AZUR and LION

buoys (cf. Section 4.3). We conclude that the representation

of the surface wind speed may not cause the latent heat loss

overestimation in CNRM-RCSM4. As for the estimation

of the surface wind speed, Herrmann et al. (2011) proved

that the dynamical downscaling of ERA-Interim gives better

results than using ERA-40 and also that the use of the

spectral nudging technique leads to better daily correlation,

especially in the eastern part of the basin. Both options

were used in the current set-up. Following Herrmann et al.

(2011), we expect a mean bias to QuikSCAT lower than

�14%. Additionally, humidity at 2 m is overestimated

with respect to buoy observations as a consequence of the

excessively large LH loss and thus cannot be considered as

a possible cause of the LH bias. As seen in Table 1, while

the surface net heat budget of CNRM-RCSM4 (�4 W/m2)

is in agreement with the observed estimates ([�10; 0] W/m2)

over the period 1985�2004, this is not the case of the non-

coupled ALADIN-Climate twin simulation, which shows

an overestimated surface net heat loss (�19 W/m2). The

difference between both simulations explains the cold SST

bias in CNRM-RCSM4, as the SST of the coupled model

cools until the equilibrium between the Gibraltar net flow

and the surface heat loss is nearly reached. Note that this

balance is always achieved in Mediterranean RCSMs (e.g.

Somot et al., 2008; Dubois et al., 2012). To achieve this

balance, the latent heat flux is modified from �120 W/m2

in ALADIN to �108 W/m2 in CNRM-RCSM4. Knowing

that the averaged model SST bias is equal to �0.98C or

�0.68C depending on the reference dataset (see Table 4),

we can compute the average air�sea flux/SST retroaction

coefficient of the model, which is equal to [�17; �25] W/

m2/K. Despite its spatial and temporal variations (not

computed here), this retroaction coefficient can be com-

pared to the relaxation coefficient used in stand-alone ocean

models for SST relaxation. For example, in the NE-

MOMED8 simulations (e.g. Beuvier et al., 2010; Herrmann

et al., 2010), �40 W/m2/K is used.

For the Mediterranean Sea water budget, estimates of pre-

cipitation over the sea remain inconsistent (e.g. Sanchez-

Gomez et al., 2011) limiting the possibility of evaluating

this component of the water budget. However, we believe

that precipitation over the sea is overestimated in CNRM-

RCSM4, as both the precipitation over land (see Nabat

et al., 2014b) and the evaporation are overestimated. The

river runoff discharges are well represented, with a weak

deficit of 0.01 m/yr for the total runoff in the Mediterranean

Sea compared with the observed estimates (due to the

Black Sea freshwater input). The interannual variability of

the total Mediterranean river runoff discharge is captured

very well by RCSM4, with a correlation of 0.94. This

means that the lack of human influence (dams, irrigation)

in the current version of the ISBA land model and TRIP

river model is not detrimental to simulating the interannual

scale. The seasonal cycle is, however, difficult to capture

in CNRM-RCSM4 (see for example Fig. 8). This can be

attributed to the following causes: the seasonal cycle of the

precipitation or evaporation biases over land, the misre-

presentation of the underground water phenomena or the

lack of human activities such as damming or irrigation in

the model. It has recently been shown that the new version

of TRIP (not yet included in CNRM-RCSM), which con-

tains ground-water processes (Vergnes and Decharme, 2012;

Vergnes et al., 2012), improves the seasonal cycle and in

particular the summer minimum values.

The Gibraltar Strait and the related incoming AW play a

key role in the Mediterranean Sea circulation (Sannino et al.,

2009), in particular through the surface water stratification.

Concerning the representation of the AW, Soto-Navarro

et al. (2014) showed that NEMOMED8 in a forced mode

reproduces the water characteristics and the volume trans-

port of the inflow at the Gibraltar Strait well (0.80 Sv in the

model vs. 0.81 Sv in the observations). Nevertheless, in the

current simulation in coupled mode, the incoming flux is

slightly larger (0.85 Sv) and fresher. This difference comes

from the change of the dataset used in the Atlantic buffer

zone [NEMOVAR-COMBINE reanalysis in the current

study instead of Reynaud climatology in Soto-Navarro

et al. (2014)]. As the 0�150 m layer in NEMOVAR-

COMBINE is less dense on average than the Reynaud

climatology in the near-Atlantic (not shown), the incoming

waters are consequently lighter than the observed refer-

ences in the Alboran area: the model is indeed slightly

warmer (Fig. 9), clearly fresher (Fig. 12) and too stratified

(Fig. 17). Note that we consider the newly used NEMOVAR-

COMBINE dataset to be more realistic than the pre-

vious, older Reynaud dataset. In particular, thanks to

data assimilation, the reanalysis includes the evolution of

the Atlantic water mass characteristics related to climate

change (not shown). The behaviour of CNRM-RCSM4 is

thus probably related to deficiencies in water mixing at the
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AW/MOW interface at the strait of Gibraltar, where no

specific parameterisation is applied.

One of the goals of the design of CNRM-RCSM4 is to

represent all the forcings of the SSS variability, which is not

the case in stand-alone regional ocean models and previous

RCSMs. No constraint, such as correction or relaxation,

is used at the air�sea interface, and evaporation and

precipitation are provided daily by the high-resolution

ARCM. The river discharges and the Black Sea freshwater

inputs are computed online from the atmosphere precipita-

tion over land and also provided daily. Further, we have

included the monthly variability of the near-Atlantic con-

ditions (temperature, salinity, SSH). Note, for example,

that the Atlantic buffer zone salinity of the surface layer

(0�150 m) has an interannual standard deviation equal to

0.08 psu. Finally, the model simulates an averaged SSS in

very good agreement with the reference datasets Rixen and

EN3 with nearly no bias (see Table 4), and very similar

interannual standard deviations (0.08 psu for Rixen, 0.07

for EN3 and 0.08 for CNRM-RCSM4, see also Fig. 10).

Note that all the other Med-CORDEX RCSMs under-

estimate the variability of the SSS averaged over the

Mediterranean Sea (not yet published).

Nevertheless, we also must note that the SSS interannual

variability in the observation-based gridded products is less

reliable than the SST variability, mostly due to larger

sampling errors for salinity reconstruction (Llasses et al.,

2014) and to the lack of accuracy (too recent, poor spatial

coverage, weak precision) of the satellite products based on

SMOS for the Mediterranean Sea (Font et al., 2012). This

lack of reliability in the gridded products can be illustrated

by the weak interannual correlation between the EN3 and

Rixen datasets (0.50 for the common period 1980�2002).
Evaluating the temporal chronology of the model is there-

fore complex. The correlation between the SSS interannual

time series of CNRM-RCSM4 and the Rixen data is only

0.23 with no determination of which is correct, the data or

the model. Using 3-yr filtered time series as advised by M.

Rixen (personal communication) notably improves the

correlation, which reaches 0.75, limiting the sampling error

effect.

Despite the weak interannual correlation between the

three datasets, the SSS minimum values in 1996�1998 are

well reproduced by all the datasets including the model

(anomalies of about 0.15�0.20 psu with respect to the

beginning of the 1990s). From the analysis of the various

sources of salinity forcing in the model, we conclude that

this minimum period is explained by exceptional precipita-

tion (not shown) and river runoff (Fig. 7) values in 1996

and 1997. The total sea surface water budget E�P�R�B
is thus at its minimum during these years, leading to a

minimum in the net transport through the Gibraltar Strait,

associated with a minimum of salt transport (not shown).

Note that no salinity minimum is observed in the near-

Atlantic at the same time, nor before, demonstrating that the

anomaly of the water budget is the principal explanation.

The absence of a recent and high-resolution SSS gridded

dataset including sampling error bars for the Mediterra-

nean Sea limits the model evaluation, especially for its

spatial patterns. Some localised biases are however clear in

coastal areas (Aegean Sea, Adriatic Sea, Gulf of Gabes,

shelf of the Gulf of Lions) where tide mixing, river

discharge and exchange with the Black Sea (no time lag

for the river discharges of the whole drainage area) have the

largest influence. Too weak a mesoscale activity in CNRM-

RCSM4, which is eddy-permitting and not eddy-resolving,

could partly explain the spatial patterns of the salinity bias

(see for example the Gulf of Lions or the Adriatic Sea in

Fig. 12).

Longer term, we hope that improved gridded products

with sampling error quantification, a new generation of

satellite-derived products and long-term time series at buoy

locations (SSS is now measured at the LION and AZUR

buoys since September 2012) will increase the robustness

of SSS evaluation in future modelling works.

Finally, we found that the open-sea deep convection

phenomena is well represented by the model (areas of con-

vection, depth, interannual variability, decadal variability

with the EMT). However, DWF in the Mediterranean Sea

is also related to another phenomena, often called shelf

cascading, as in the Northern Adriatic, the Aegean Sea or

the shelf of the Gulf of Lions. We would like to underline

that this phenomena is currently not well represented by

climate-scale ocean models with Z-levels and using 50-km

atmosphere forcing such as NEMOMED8 in the CNRM-

RCSM4. To be simulated correctly, some conditions must

be full-filled: first, the resolution of the wind-field must be

at least 10 km over the area of interest, as demonstrated for

the Bora events in the Adriatic Sea (Pullen et al., 2003;

Herrmann et al., 2011). Secondly, the ocean models must

use either very high spatial and vertical resolution if using

Z-levels (Langlais et al., 2009) or sigma coordinates

(Herrmann and Somot, 2008). We hope that the next

generation of RCSMs will be able to reproduce and study

this Mediterranean phenomena involved in DWF and the

related MTHC.

5.3. Evaluation and understanding of trends in

RCSMs

The evaluation and understanding of the trends in a

RCSM is an interesting but complex issue. For one thing,

observations are not always sufficiently reliable, especially

over the sea (Jordà and Gomis, 2013; Llasses et al., 2014),

due to sampling errors or issues of temporal homogeneity.
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For example, the 3D-averaged salt content trend is nearly

impossible to evaluate with state-of-the-art observations.

We can only note that CNRM-RCSM4 shows a similar

trend (�0.003 psu/yr, 1980�2012 period) as in L’Hévéder

et al. (2013) (�0.002 psu/yr, 1958�2001 period) and higher

than in the observations (Fig. 16). As for the 3D-averaged

heat content that can be evaluated through the sea level, the

model seems to overestimate the positive trend with a value

of �0.0088C/yr due to an excessively large trend below

600 m (Fig. 14). This trend is two times larger than in

Carillo et al. (2012) and L’Hévéder et al. (2013), which

report �0.0048C/yr and �0.00458C/yr on the 1958�2001
period, respectively. The trend is equal to 0.003 and 0.004

in Rixen (1980�2002) and EN3 (1980�2010).
The question of the SST trend and the related latent

heat loss trend over the Mediterranean area has a stronger

observational basis. To our knowledge, it was first illus-

trated using various observed datasets by Mariotti (2010)

despite large uncertainties in the observed datasets. She

attributed the LH loss increasing trend at the first order to

the Mediterranean SST increasing trend. She also conclu-

ded that the sign of the trend is reproduced by the CMIP3

models, which is not the case for the amplitude (one order

of magnitude too small in the global models). CNRM-

RCSM4 clearly does not reproduce any of those trends

correctly (see Figs. 5 and 10). In addition, it was recently

shown that none of the Med-CORDEX coupled RCMs

driven by ERA-Interim were able to reproduce the observed

SST and LH trends (figure not published yet, C. Dubois,

personal communication). Note, however, that the ERA-

Interim reanalysis and also the ARCM ALADIN-Climate

(see Fig. 5), both driven by observed SST, reproduce a

strong LH trend. This confirms the key role played by the

SST trend as driver of the LH trend. We can quantify these

trends over the period 1985�2007 for the SST, and 1985�
2004 for the LH loss. For RCSM4, the SST trend is equal

to �0.138C/decade, while it is equal to �0.398C/decade
for Marullo and to �0.338C/decade for ERA-Interim. The

LH loss trend is equal to �0.61 W/m2/yr in OAFLUX and

�0.34 W/m2/yr in NOCS. These values give an estimate

of the observation uncertainty. Over the same period, the

coupled model CNRM-RCSM4 shows a clear underestima-

ted trend with �0.15 W/m2/yr, whereas the corresponding

Atmosphere-RCM driven by observed SST gives a value of

�0.61 W/m2/yr equal to the OAFLUX value. In addition,

a very recent study performed at CNRM (Nabat et al.,

2014a) concludes that the Mediterranean SST trend is

partly explained by the decreasing sulphate aerosol trend

from the 1980s (known as the European brightening effect).

Including this aerosol trend in CNRM-RCSM4 allows the

improvement of the simulated SST trend as well as the SST

trend spatial pattern and the related LH trend. However,

even in this new simulation, the LH trend remains under-

estimated. The work by Nabat et al. (2014a) was not

available at the time of writing this manuscript; therefore,

the sulphate aerosol trend is not taken into account in

CNRM-RCSM4 in the current study. Note that the ob-

served references showing a very strong trend (�10 W/m2

between 1985�1995 and 2000�2004) are also doubtful,

especially the satellite-derived products which sometimes

suffer from temporal breaks (Mariotti, 2010) and could be

reassessed in the coming years by using new observation-

based products with climate-approved quality checks and

homogenisation procedures (see for example the CCI

initiative of ESA, http://www.esa-cci.org/).

Concerning the SSS, a significant trend is also obtained

over the 1980�2012 period in CNRM-RCSM4 (�0.005

psu/yr). In the model, this positive trend can be attributed

to the lateral advection of a similar trend of the near-

Atlantic Ocean (�0.005 psu/yr in average over the surface

layer: 0�150 m). Note that this SSS trend is not associated

to an increase in net surface water budget neither to an

increase in the net Gibraltar Strait mass transport. This

underlines the key role of near-Atlantic salinity variability

on the Mediterranean salinity.

6. Conclusion and future improvements

The design of a new fully coupled regional climate system

model (CNRM-RCSM4) dedicated to the study of Medi-

terranean climate variability is described and the ocean

component of the model is evaluated in-depth including

the analysis of ocean forcings (near-Atlantic ocean, river

runoff, Black Sea freshwater inputs and air�sea fluxes).

The atmospheric component has been evaluated in a

companion paper (Nabat et al., 2014b). The model includes

the regional representation of the atmosphere (ALADIN-

Climate model), the land-surface and hydrology (ISBA

model), rivers (TRIP model) and the ocean (NEMOMED8

model) with a daily coupling by the OASIS coupler. The

results from a 1980�2012 hindcast simulation for which

the RCSM is laterally driven by the global reanalyses are

analysed. When possible, the outputs of the model are

compared to the available climatologies and observations

as well as to the corresponding non-coupled ARCM when

relevant. For the first time, using only available satellite

and in-situ datasets (ISCCP, SRC-QC and SRB-GEWEX,

NOCS, OAFLUX) for a 20-yr period (1985�2004), we

establish observed estimates of the various components of

the Mediterranean Sea heat budget which are consistent

with the Gibraltar Strait closure hypothesis. The value of

the sensible heat flux (more than 100% error between the

datasets), the amplitude and phase of the seasonal varia-

tions of the LW, and the representation of the aerosols

in the SW and LW still remain uncertain. Our approach is

based on only a selection of published datasets. The great
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uncertainty of precipitation over the sea does not allow the

closure of the Mediterranean Sea water budget.

With respect to the published literature and to the

previous generation of the CNRM coupled RCSMs, the

main novelties of the CNRM-RCSM4 design are:

� the use of spectral nudging in ALADIN-Climate:

this technique strongly constrains the synoptic

chronology of the atmospheric flow and thus the

chronology of the air�sea fluxes and of the ocean

response. This facilitates day-to-day and interannual

evaluation with respect to relevant observations. It

also limits the internal variability of the atmosphere

RCM;

� the use of global ocean reanalysis to drive the near-

Atlantic buffer zone including interannual variability

for temperature, salinity and sea level. This allows

the Mediterranean SSS interannual variability to

be improved and the climate trends in the near-

Atlantic ocean to be taken into account;

� the use of a SSH relaxation in the near-Atlantic

region instead of the water conservation hypothesis.

This allows improvement of the seasonal cycle of

the Mediterranean Sea level;

� the interactive coupling of Mediterranean and Black

Sea river runoff without correction through the use

of the river routine scheme TRIP and a parameter-

isation of the Black Sea freshwater inputs. This

allows us to close the regional water budget and

make the Mediterranean salinity consistent with

the precipitation over land. The Nile discharge is

prescribed with observed values;

� the use of a 26-yr long spin-up;

� the use of new initial conditions representative of

the 1960s, thus excluding the effect of the EMT;

� no correction or relaxation at any of the interfaces

between the ocean, atmosphere, land surface, surface

hydrology and rivers, allowing the spatio-temporal

variability of the system to be maximised.

The CNRM-RCSM4 model is able to reproduce the main

features of the Mediterranean Sea with respect to observed

references. Taking into account the observation limitations,

the average behaviour, the seasonal cycle and the inter-

annual variability of the SST, SSS, sea level, surface

circulation, total heat and salt content, net heat and water

budget, river runoff discharges, Gibraltar Strait exchanges

and ocean deep convection in various sub-basins are well

reproduced by the model. With regards to the Mediterra-

nean Sea thermohaline circulation, the EMT, the overflow

of the Adriatic Sea deep water, south of the Otranto Strait

and the strong interannual variability of the WMDW

formation are particularly well captured with respect to the

current knowledge obtained from observations. Demon-

strating the added value of the RCSM with respect to

Atmosphere-only RCM and Ocean-only RCM is difficult

and is not the main focus of this study. However, we

showed that the latent heat loss, the surface net heat budget

and the surface net water budget of the Mediterranean Sea

are better simulated using the RCSM than the corresponding

ARCM, probably due to the improved atmosphere-SST

consistency. The main drawbacks of the hindcast simula-

tion are an overestimation of the surface shortwave and

latent heat loss, a cold bias in SST, especially in summer, an

excessively fresh bias in the surface layers of the Western

Mediterranean Sea, leading to surface layers which are too

stratified and a Gibraltar Strait inflow which is too strong.

CNRM-RCSM4 also shows deficiencies in reproducing

observed trends for some of the ocean-related variables. At

the surface, the SST increase and the related latent heat loss

trend are not reproduced. Despite the low reliability of the

observations in the ocean bottom layers, we also consider

that the model shows an overestimation of the bottom layer

trends in temperature and salinity in the Eastern Mediter-

ranean Sea. This last bias leads to a slightly overestimated

trend of the heat and salt content of the whole Mediterra-

nean Sea and consequently of the thermosteric sea level.

In addition to the above-mentioned biases, the main

limitations of the current CNRM-RCSM4 set-up are the

relatively low resolution of the atmosphere model [50 km

whereas 12 km models are now available for the Mediter-

ranean area, Herrmann et al. (2011), Tramblay et al. (2013)],

the relative low resolution of the ocean model (10 km),

which can be considered as eddy-permitting and not eddy-

resolving for the Mediterranean Sea [whereas 2-km resolution

Mediterranean Sea models are now available (Soto-Navarro

et al., 2014)], a lack of representation of the SST and air-

sea fluxes diurnal cycle, an overly simple representation of

the exchanges between the Black Sea and Aegean Sea, an

overly simple representation of the Gibraltar Strait (Sannino

et al., 2009; Soto-Navarro et al., 2014) and finally the lack

of online representation and coupling of other key compo-

nents of the Mediterranean climate system such as aerosols

(Nabat et al., 2013), ocean biogeochemistry [to improve the

solar radiation penetration, Palmiéri et al. (2014)], waves,

or the human influence on the river runoff (dams, irrigation

and water management).

Despite the aforementioned model biases and modelling

limitations, we consider that the in-depth evaluation of

the atmospheric component (Nabat et al., 2014b) and of

the river and ocean components (this study) of CNRM-

RCSM4 as well as the good performance of the model in

simulating the present climate variability allow its behaviour

to be validated in hindcast mode driven by reanalyses.

CNRM-RCSM4 will be used in the future for detailed

analyses of the past variability of Mediterranean climate
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using sensitivity studies in hindcast mode, for regional climate

change future projections in the framework of CORDEX

and for multi-model intercomparisons in Med-CORDEX

[www.medcordex.eu, Ruti et al. (2014)].
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Badie, R. and co-authors. 2010. Impact of the spatial distribution

of the atmospheric forcing on water mass formation in the

Mediterranean Sea. J. Geophys. Res. Oceans. 115(C12).

Berrisford, P., Dee, D., Fielding, K., Fuentes, M. N., Kallberg, P.

and co-authors. 2009. The ERA-interim archive. ERA Report

Series 1, 1�16.
Berry, D. I. and Kent, E. C. 2009. A new air-sea interaction

gridded dataset from ICOADS with uncertainty estimates. Bull.

Am. Meteorol. Soc. 90, 645�656.
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