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Abstract

A set of simulations from different configurations of the NEMOMEDS8, NEMOMED12
and NEMOMED36 ocean regional circulation models for the Mediterranean Sea has
been studied in order to assess the accuracy of their representation of the exchange
through the Strait of Gibraltar. The model volume transport and thermohaline properties
of the Mediterranean outflow have been compared with observational data collected at
Espartel sill, the westernmost sill of the strait, by a permanent station moored since
October 2004 in the frame of the INGRES projects. Results show that, in terms of
volume transport, NEMOMEDS simulations perform a better representation of the
exchange, while NEMOMED12/36 underestimate both the mean inflow and outflow.
The reason for this underestimation is a too low velocity of the flow, which could be
consequence of an enhanced roughness effect due the flow-bathymetry interaction. An

important improvement in the representation of the exchange seasonality is achieved by
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the simulations including sea surface height variability of the Atlantic area of the
domain. The results for the themohaline characteristics of the Mediterranean outflow are
better for NEMOMED12 and NEMOMED36, as a consequence of their better
representation of the local dynamical processes that leads to a more realistic

composition of the Mediterranean waters comprising the flow.

1. Introduction

The characterization of the exchange through the Strait of Gibraltar is crucial to
understand the functioning of the Mediterranean Sea due to its critical role in the closure
of the water and heat budgets (Bethoux and Gentilli, 1999; Mariotti et al., 2002; Criado-
Aldeanueva et al., 2012). The evaporation losses of the basin generate a water deficit
that must be compensated by a net inflow of warm and fresher Atlantic waters, which
are progressively transformed along the basin, becoming saltier and eventually sinking
to intermediate and deep layers in convection processes triggered by winter cooling.
Finally, the colder and saltier Mediterranean waters leave the basin through the strait.
The close relationship between the circulation of the basin and the exchange through
Gibraltar makes the modeling of the volume transport and the water mass properties of
the exchanged flows a key factor in the development of regional circulation models for

the Mediterranean Sea (Sannino et al., 2009).

The volume transport variability depends on the hydraulic characteristics of the
strait, and can be described by two variables: the interface depth between the
Mediterranean and Atlantic layers, h, and the flow velocity, u. In an ideal two-layer
model of the strait, hydraulically controlled at Camarinal sill (CS in fig. 1), the velocity

112

of the flows is proportional to g"*, g’ being the reduced gravity defined as g’ = g (p2 —

p1) Ipo =0 4p Ipo, Where p is the density and subscripts 1 and 2 refer to the Atlantic and
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Mediterranean layers respectively (Farmer and Armi, 1986; Bormans et al., 1986;
Bryden et al., 1994; Garcia-Lafuente et al., 2002). In a real stratified model, the
relationship between u and 4p remains and, thus, the seasonality of the transport

depends on the seasonality of h and Ap.

The Mediterranean outflow is mainly composed of Levantine Intermediate
Water (LIW) and, to a lesser extent, of Western Mediterranean Deep Water (WMDW).
Millot et al. (2006) also showed contributions of Tyrrhenian Deep Water (TDW) and
Western Intermediate Water (WIW). The properties and fractions of these waters at
Espartel sill (ES in fig. 1), together with some traces of North Atlantic Central Water
(NACW) present in the Mediterranean vein through mixing with the upper layer,
determine the thermohaline characteristics of the waters leaving the strait. The
proportion of WMDW in the outflow depends on the capacity of the flow to aspirate
deep water from the Alboran Sea by Venturi-Bernouilli effect, a mechanism that can
uplift waters from 600-700 m depth and incorporate them to the outflow (Stommel et
al., 1973; Kinder and Bryden, 1990). This is favoured when the winter deep convection
in the Gulf of Lions reaches the bottom, filling it with newly formed WMDW and
uplifting the ancient that is now available to be suctioned out through Gibraltar more
easily. Other factors, like the circulation pattern in the Alboran Sea and the
meteorological forcing also contribute to the process, varying the amount of deep water

available (Garcia-Lafuente et al., 2009, Naranjo et al., 2012).

The final properties of the Mediterranean waters leaving the strait are the result
of a complex mixing process driven by tides, internal waves and the topographical
constrains (Garcia-Lafuente et al., 2011; Sannino et al., 2009). The Strait of Gibraltar is
known as the key controlling factor of the Mediterranean Sea circulation in ocean

regional circulation models since a long time (Bryden and Stommel, 1984; Artale et al.
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2006). Many authors evaluated or studied this specific location in models, either
through case studies (Vlassenko et al., 2009; Sanchez-Garrido et al., 2011), longer
hindcast runs (Béranger et al., 2005; Tonani et al., 2008; Sannino et al., 2009; Oddo et
al. 2009) or in regional climate change scenarios (Thorpe and Bigg, 2000; Somot et al.,
2006). However, up to now and to our knowledge, no research on the evaluation of the
climate variability of long-term hindcast simulations against long-term in-situ
observations has been carried out. Indeed long time series of in-situ observations have
been completed only recently (Soto-Navarro et al. 2010). The main goals of the paper
are (1) to show how in-situ observations can help evaluating climate-scale ocean models
at the Strait of Gibraltar, (2) to evaluate state-of-the-art ocean regional circulation
models at the Strait of Gibraltar for climate-scale variability (mean behaviour, seasonal
cycle), (3) to identify some of the key factors explaining the model skills in using an
ensemble of simulations and (4) to list some ideas for model improvements.. The paper
mainly relies on the observations collected in the Espartel Sill and described in Soto-
Navarro et al. (2010) and on multi-annual simulations performed with different
configurations of the Mediterranean Sea based on the numerical model NEMO (Madec
et al. 2008). Due to the characteristics of the data the comparison will be focused in the
volume transport and the thermohaline properties of the Mediterranean outflow. We
describe the observations in section 2 and the models and simulations in section 3.
Model evaluation is performed in section 4 for the mean behavior and the seasonal cycle

before establishing the conclusions in section 5.

2 Observations

The Strait of Gibraltar is a system of sills and narrows about 60 km long and 20
km wide, with a minimum width of less than 14 km in the Tarifa narrow section (TN)

and a minimum depth of 290 m in the Camarinal sill (CS), located west of Tarifa (fig.
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1). The observational data have been collected by a monitoring station in the Espartel
sill (ES). The station was first deployed in September 2004 at the southern and main
channel of the sill (35°51.7° N, 5°58.6°W), at 356 m depth and is still acquiring
information. It was equipped with an up-looking 75 kHz Acoustic Doppler Current
Profiler (ADCP) 20 m above the seafloor that provides 3-D velocity in 8-m thick bins
every 30 minutes up to a depth above the Mediterranean-Atlantic interface layer, whose
mean depth in Espartel is around 190 m (Sanchez-Romén et al., 2009). Below the
ADCP, at 10 m above the seafloor a Conductivity Temperature (CT) probe samples the
conductivity and temperature of the Mediterranean water. The station is completed by a
point wise current meter settled between the CT and the ADCP to measure the velocity
in the shadow area of the ADCP allowing the full sampling of the Mediterranean vein
velocity.

The Mediterranean outflow is computed from the velocity according to

@{7 WED\ASE 1)

where <U(Z,t)> is the along-strait velocity, previously filtered to remove tidal and
subinertial variability (periods lower than 21 days); W(z) is the channel width at depth z
and h(t) is the time-dependent depth of the surface of zero low-passed velocity
(interface). This transport computation presents two inconveniences: it has implicitly
assumed that the single velocity profile at ES is representative of the entire channel
section ignoring the cross-channel structure of the flow. Moreover, only the southern
main channel of the Espartel section is considered (south of Majuan Bank, MB in figure
1), so Mediterranean water outflowing through the small, secondary northern channel is
neglected. Sanchez-Roman et al. (2009) used an improved version of the CEPOM

numerical model developed by the Ocean Modelling Unit of ENEA to complement the
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observations and correct the flow estimations. Model outputs provide information to
assess the accuracy of the outflow estimations from observations at a single station and
shows that when the cross-strait structure of the velocity field is taken into account the
flow computed from a single station must be reduced around 22% due to lateral friction.
The model also indicates that the fraction of the outflow through the northern channel of
ES is around 18% of the total outflow. Both corrections have been incorporated to

outflow estimations in (Eq. 1).

3. Models and Simulations

Three Mediterranean configurations based on the NEMO code (Madec et al.
2008) are used in this study: NEMOMEDS8, NEMOMED12, and NEMOMED36. They
differ essentially by their grid resolution and are currently being used in climatic studies
of the Mediterranean circulation. One of the aims of this work is to investigate whether
these configurations give rise to a good representation of the exchange in the strait, and
hence can be helpful in the interpretation and analysis of the results for the rest of the
basin. The model grids cover the whole Mediterranean and a buffer zone including a
part of the Atlantic Ocean. The following subsections describe the model
configurations, their parameterizations and their atmospheric forcing and freshwater

inputs.

3.1 Model configurations

NEMOMEDS

The NEMOMEDS8 model (Sevault et al., 2009; Beuvier et al., 2010; Herrmann et
al., 2010) has been developed from previous works done with OPAMEDS8 (Somot et al.,

2006), which was a coarse companion configuration of OPAMED16 (Béranger et al.,
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2005; Drillet et al., 2005). The horizontal resolution is 1/8° x 1/8° cos(¢), with ¢ the
latitude, equivalent to a range of 9 to 12 km from the north to the south of the
Mediterranean domain. NEMOMEDS is considered as an eddy-permitting model
according to a mean deformation radius of 10 km in the Mediterranean Sea. As for
OPAMED16, the originality of the NEMOMEDS grid is its tilt and stretch at the Strait
of Gibraltar, built in order to match its SW-NE axis, hence the resolution increases
locally to 6 km in the strait (two grid points in the narrowest section). NEMOMEDS has
43 vertical Z levels, with an inhomogeneous distribution (from AZ=6 m at the surface to
AZ=200 m at the bottom with 25 levels in the first 1000 m). The bathymetry is based on

ETOPO 5°x5’ database (Smith and Sandwell, 1997).
NEMOMED12

NEMOMED12 (Lebeaupin Brossier et al. 2011, 2012; Beuvier et al. 2012) is a
higher resolution configuration, which uses the standard ORCA grid of NEMO at 1/12°
resolution. This corresponds in the Mediterranean area to a grid cell size between 6 and
8 km, from 46°N to 30°N. The NEMOMED12 model is also considered as eddy-
permitting. The bathymetry is not particularly stretched at the strait of Gibraltar. It has
50 vertical stretched levels (from AZ=1 m at the surface to AZ=450 m at the bottom
with 35 levels in the first 1000 m). The bathymetry comes from the 10" MERCATOR-
LEGOS bathymetry at 30”x 30 resolution, composed of merging between the GEBCO-
0.8 database, the MEDIMAP bathymetry (Medimap Group, 2005) and the Ifremer

bathymetry of the Gulf of Lions (Berneé et al., 2004).
NEMOMED36

NEMOMED3G6 is the companion configuration of NEMOMED12 and the higher

resolution product of the NEMOMED models hierarchy (Beuvier, 2011). Its horizontal
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grid is based on the standard ORCA grid of NEMO at 1/36° resolution (3 times the
NEMOMED12 grid). This corresponds in the Mediterranean area to a grid cell size
between 2 and 3 km, from North to South. The NEMOMED36 model is also considered
as eddy-permitting. The configuration used has the same 50 vertical levels of
NEMOMED12 and the same bathymetry MERCATOR-LEGOS has been interpolated

on its grid.

3.2 Parameterizations

The main parameters of the simulations are summarized in Tables 1 and 2. All
the configurations use very similar parameterizations. To fit the real bathymetry, a
partial cell parameterization is used, i.e. the local deepest level in the model has variable
depth. The horizontal eddy diffusivity is applied with a Laplacian operator and the
horizontal viscosity coefficient for the dynamics (velocity) is applied with a bi-
harmonic operator. A 1.5 turbulent closure scheme is used for the vertical eddy
diffusivity (Blanke and Delecluse, 1993) with an enhancement of the vertical diffusivity
coefficient in case of unstable stratification. The Total Variance Dissipation (TVD)
scheme is used for the tracer advection and the EEN (Energy and ENSstrophy
conservative) scheme is used for the momentum advection (Arakawa and Lamb, 1981;
Barnier et al., 2006). The solar radiation can penetrate into the ocean surface layer
(Bozec et al., 2008). A no-slip lateral boundary condition is used and the bottom friction
is quadratic. The evolution of the sea surface is parameterized by a filtered free surface

(Roullet and Madec, 2000).

Exchange with the Atlantic Ocean

The exchange with the Atlantic Ocean is performed through a buffer zone. From

11°W to 7.5°W, 3D temperature and salinity of the model are relaxed towards T-S
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climatological fields. This relaxation is a Newtonian damping term in the tracer
equation, equal to -(Xmodel — Xclimatology)/z. The restoring term is weak west of Cadiz and
Gibraltar area (r = 100 days for NM8, 90 days for NM12/36 at 7.5°W) and stronger
moving westward (r = 3 days for NM8, 2 days for NM12/36 at 11°W). The
climatologies used in the buffer zone for the different simulations are summarized in
Table 1. For NEMOMEDS, monthly anomalies computed on the data mean (1960-
2005) from Daget et al. (2009) are added to the Reynaud climatology (Reynaud et al.
1998). For NEMOMED12 and NEMOMED36, 3D temperature and salinity of the

model are relaxed towards the T-S climatological fields of Levitus et al. (2005).

Volume conservation

Two different methods are used in order to assure the model volume
conservation in the whole domain (Mediterranean Sea + Atlantic buffer zone), a high
constraint considering that the Mediterranean Sea evaporates about 700 mm/year

(Mariotti et al., 2002; Criado-Aldeanueva et al., 2012).

In the first method the water volume corresponding to the net evaporation
averaged over the Mediterranean Sea is added as precipitation at each time step over the

Atlantic area, between 11°W and 7.5°W (Tonani et al. 2008; Beuvier et al. 2010).

In the second method (Beuvier et al. 2012) the Sea Surface Height (SSH) of the
model is relaxed towards a climatological SSH obtained from a global simulation. In
this case GLORYS1V1 reanalysis (Ferry et al. 2010), a reanalysis of the global ocean
circulation at 1/4° horizontal resolution available for the 2002-2008 period, has been
used. As a result the exchange at Gibraltar is forced by the sea level difference between
the Atlantic and Mediterranean. It implies that the net transport through the Strait of

Gibraltar is not anymore equal to the Mediterranean Sea E-P-R (Evaporation minus
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Precipitation and Runoff) budget as it was by construction in the first method. Apart
from conserving the model volume, the SSH relaxation in the Atlantic buffer zone
allows the model to correctly represent the SSH on the Mediterranean. GLORYS1V1

reanalysis uses the AVISO Sea Level Anomaly as an assimilated data.

Bottom friction

The bottom friction, F, is parameterized as:
F =CoUZ +VZ + EU, )

where Cp is the drag coefficient, Uy and Vy the zonal and meridional velocities of the
bottom layer respectively, U,, the horizontal bottom velocity vector and E is the bottom

turbulent kinetic energy background. For the latter two different schemes have been
used (Table 2): a constant value or a 2D field that incorporates the mean tidal energy
computed by the tidal model of Lyard et al. (2006). The mean tidal energy is the highest
at the Strait of Gibraltar (maximum value over 10000 cm?s?) and has significant values

mainly in the Channel of Sicily, in the Gulf of Gabes and in the northern Adriatic Sea.

3.3 Surface boundary conditions
River runoff and Black Sea

The freshwater flux due to rivers runoff is explicitly added to complete the water
budget. In the NEMOMEDS simulations, a monthly runoff is added at the main 33 river
mouths of the Mediterranean, computed as a combination of the RivDis Database
climatology (Vorosmarty et al, 1996) and the interannual variations coming from
Ludwig et al. (2009). In NEMOMED12 and NEMOMED?36 the values of the inputs of

the other rivers are gathered and averaged in each Mediterranean sub-basin (as defined

10
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in Ludwig et al. (2009)) and put as a coastal runoff in each coastal grid point of these
subbasins.

The Black Sea, not included in the models, is one of the major freshwater
sources of the Mediterranean Sea. The exchanges between the Black Sea and the
Aegean subbasin consist in a two-layer flow across the Marmara Sea and the Turkish
strait (Oguz and Sur, 1989). This exchange is replaced by a net freshwater flux diluting
the salinity of the mouth grid point. Thus, the Black Sea is considered as a river for the
Aegean Sea. In the simulations, monthly values are derived from Stanev et al. (2000)
and Stanev and Peneva (2002). Note that the rivers and Black Sea runoffs are the same

as in Beuvier et al. (2010).

ARPERA atmospheric forcing

ARPERA high resolution atmospheric data are used for the air-sea fluxes.
ARPERA is obtained by performing a dynamical downscaling of the ERA40 reanalysis
(resolution 125 km) from the European Centre for Medium range Weather Forecast
(ECMWF, Simmons and Gibson, 2000) up to 2001 and of the ECMWF analysis
downgraded to the ERA40 resolution from 2002. It means that a break is possible in
2001 even if the RCM ARPEGE is the same for the whole period. The downscaling
method is described in Guldberg et al. (2005). The principle is to use a global stretched-
grid atmospheric model, here ARPEGE-Climate, allowing reaching a 50 km resolution
over the Mediterranean Sea (Déqué and Piedelievre, 1995), in which small scales can
develop freely and large scales are driven by the ECWMF reanalysis. The synoptic
chronology then follows that of ECMWF while the high-resolution structures of the
atmospheric flow are created by the model. All details can be found in Herrmann and

Somot (2008), Tsimplis et al. (2009) and Beuvier et al. (2010).

11



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

Daily mean fields of momentum, freshwater flux (evaporation minus
precipitation) and net heat flux (mean sea level pressure is not used to force the models)
are used to force the ocean. The heat flux is applied with relaxation term using the
ERA-40 Sea Surface Temperature (SST). This term plays actually the role of a first
order coupling between SST of the ocean model and the atmospheric heat flux, ensuring
the consistency between those terms (Barnier et al., 1995). Following the CLIPPER
Project Team (1999), the relaxation coefficient is -40 Wm™ K™, which is equivalent to 8
days restoring time scale. Then the surface fresh water budget is balanced adding a
monthly correction term designed as in Beuvier at al. (2010). No salinity damping is

used at the surface.

ECMWEF atmospheric forcing

ECMWEF reanalysis is applied using the CLIO bulk formulation (Goosse et al.
2001), which allows to compute the heat and water fluxes from the atmospheric
variables. In addition to the ECMWF forcing, a Sea Surface Salinity (SSS) restoring is
applied with a damping coefficient of -16.7 mm/day, towards the monthly SSS

climatology.

3.4 Simulations

The set of simulations and their main characteristics described in the following

are summarized in tables 1 and 2.

NMS8 simulations

Two different simulations based in NEMOMEDS are presented in this work.

The first one, NM8-NOSSH hereinafter, covers the period 1961-2010 after 15 years of

12
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spin-up. To assure the model volume conservation in NM8-NOSSH, the net evaporation

on the Mediterranean is added as precipitation in the Atlantic zone at each time step.

The second simulation, NM8 hereinafter, covers the 2002-2008 period. The
model volume is conserved through a damping of the Sea Surface Height (SSH). The

NM8 begins from the restart of NM8-NOSSH in August 2002.

NM12 simulations

Four different simulations based on NEMOMED12 are presented in the
following and cover the 2002-2008 after 3 years of spin-up. Three of them are forced by

ARPERA and the last one is forced by ECMWF.

For the first one, NM12-ARP hereinafter, the net evaporation on the
Mediterranean is added as precipitation in the Atlantic zone at each time step and the

bottom friction is set to constant (E = CST).

For the second one, NM12-ARP-2DE hereinafter, the net evaporation on the
Mediterranean is added as precipitation in the Atlantic zone at each time step and the
bottom friction used a 2D field for E that takes into account the mean tidal Kkinetic

energy dissipation. It is the same as NM12-ARP except for E.

For the third one, NM12 hereinafter, the model volume is conserved through a
damping of the Sea Surface Height (SSH) and the bottom friction used a 2D field for E.

It is the same as NM12-ARP-2DE except for the SSH damping in the Atlantic area.

For the fourth one, NM12-ECMWF hereinafter, the net evaporation on the
Mediterranean is added as precipitation in the Atlantic zone at each time step and the
bottom friction used a 2D field for E. It is the same as NM12-ARP-2DE except for the

atmospheric forcing.

13
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NM36 simulation

The simulation from NEMOMED36, NM36 hereinafter, covers the period from
the 1% August 2003 to the fall of 2007. It starts with an ocean at rest and from the
averaged August 2003 6 and S fields of its NM12-ECMWF companion simulation. It is

also forced by the ECMWF analyses.

To sum up, the analysis will be focused on the model resolution, the atmospheric
forcing, the parameterization of the Atlantic buffer zone and the bottom friction scheme,
which constitute the main differences between the set of simulation described (tables 1,

2).
4. Model comparison

The evaluation process has been focused on two topics: the seasonality of the
volume transport and the thermohaline characteristics of the outflowing waters. For the
first one we have analyzed the inflow, outflow and net flow seasonal cycles, focusing
on the outflow, for which direct measurements are available. The inflow and net flow
have been compared with the indirect estimations of Soto-Navarro et al. (2010, SN10
hereinafter), based on a combination of reanalysis, model and observed data. The
transport has been computed across different sections for the models and for the
observations, Tarifa and Espartel sections respectively (fig. 1). At seasonal time scale,
the differences between these two sections due to entrainment are not higher than 3%
(Garcia-Lafuente et al., 2011), in any case smaller than the standard deviation of the

monthly time series used in the comparison.

The evaluation of the outflow 6-S characteristics have been performed

comparing the model outputs with the observations at the grid points closest to the

14
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Espartel station (table 2). Both the water thermohaline characteristics and the fraction of
LIW, WMDW and NACW composing the flow have been analyzed. Because of the

availability of observational data, the comparisons are established from 2004.

4.1 Volume transport

The monthly mean time series of the outflow for the observations and
simulations after 2004 are represented in figure 2a. NEMOMEDS simulations show
better agreement with the observations, particularly NM8-NOSSH in the last two years
2008 and 2009. Table 4 also reflects this fact, with higher correlation for NEMOMEDS
and lower for NEMMOMED12 simulations and NM36. In terms of mean values, NM8
and the observations almost coincide for the outflow and inflow (table 5) while in
NEMOMED12 simulations and NM36 both flows are underestimated. The mean net
flow is very similar for all the simulations and close to SN10. It is important to notice
that the mean flows are almost the same among all NEMOMED12 simulations, and the
highest discrepancy is found for NM36, with an underestimation of 19% for the outflow

and 16% for the inflow.

The outflow seasonal cycle is also better represented by NEMOMEDS,
especially by the simulation including SSH relaxation in the Atlantic buffer zone, NM8
(green line, fig. 2b). The cycle of both NM8 simulations is included in the variability
range of the observations. The maximum in April, likely linked with the winter WMDW
production in the Gulf of Lions (Sanchez-Roman et al., 2009; Soto-Navarro et al.,
2010), is very well captured by both simulations. On the other hand, the transport in
spring and summer is overestimated. Reinforcing this result, the 12-month correlation of
the seasonal cycle is very high for NEMOMEDS simulations, with values of 0.71 and

0.75 (table 4). For NM12 and NM36, the seasonality is not so well represented and the

15
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12-month correlation is lower: between 0.57 and 030 for NEMOMED12 and 0.64 for
NM36. The seasonal cycles of these simulations are very similar, showing the spring
maximum one month delayed respect to the observations, and their evolution in the last

months of the year is very different to the observed one.

The net flow seasonality reflects the net surface water flux (E-P-R-B) seasonal
cycle (same as the net flow in NM8-NOSSH, blue line in fig. 2c), although some
differences are achieved when the SSH variability in the Atlantic is considered (fig. 2c).
In the simulations that include SSH relaxation, the net flow is driven by the sea level
difference between the Atlantic and the Alboran Sea, while when the SSH relaxation is
not included the net flow is the result of the artificial incorporation of the net
evaporation over the Mediterranean basin as precipitation in the Atlantic. The first and
more realistic mechanism produces better results, with a more pronounced decrease in
late autumn that agrees better with SN10. For instance, in the cycle of NM8 (green line
in fig. 2c) the maximum in late summer and the minimum in April coincide with the
results of SN10, while for NM8-NOSSH (blue line in fig. 2c) the maximum occurs in
November and the minimum is shifted to May. The last two rows in table 5 show that
the mean values of the net flow and the water deficit are very close for all simulations.
The SSH variability only affects the shape of the cycle so in the long-term the net flow
must compensate the net evaporation losses of the basin and the SSH damping do not
influence the mean value. Furthermore, the ECMWEF dataset used as atmospheric
forcing in NM36 and NM12-ECMWF provides mean net evaporation similar to

ARPERA.

In the seasonality of the inflow (fig. 2d), the positive effect of the SSH damping
to achieve a realistic representation is evident for NEMOMEDS. Although the net flow

cycle is very similar for the two simulations (fig. 2c), the one including this mechanism
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shows much better results for the inflow than the one which do not include it when
comparing with SN10 estimation. Indeed, NM8 shows very high 12-month correlation
with the seasonal cycle of SN10, 0.88, while NM8-NOSSH has a low 0.57. NM12 and
NM12-ARP-2DE also show higher correlation than NM12-ARP (0.80, 0.72 and 0.68
respectively). Except for NM8-NOSSH (for which the shape of the seasonal cycle is
completely different than SN10 and the rest of simulations) the summer maximum
coincides in the cycle of both net flow and inflow, but in NM8 (green line in fig. 2d),
the inflow shows a secondary maximum in spring that is not appreciated in SN10 and
may be a consequence of a velocity increase due to the outflow maximum in this

season.

The results of the previous analysis point out the small differences between the
four simulations based on NEMOMED12. They show almost the same mean values for
both components of the flow and their seasonal cycles are very close. Only NM12-
ECMWEF (light blue line in fig. 2) has a slightly different seasonality, which can be
attributed to the differences in the Mediterranean Water Budgets (MWB) of ARPERA
and ECMWEF datasets. These differences are around 15% in their common period, in
good agreement with the climatological estimations of Mariotti (2011), although the
influence in the volume transport is very low (~1% for inflow and outflow).
Furthermore, the comparison between NM12-ARP and NM12-ARP-2DE shows that the
effect of the 2D E field in the bottom friction parameterization is negligible, without any
noticeable influence in the volume transport. The bottom friction can then be locally
enhanced by the introduction of the 2D field, but it does not have the same effect as that
indicated by Dussin and Treguier (2010), who doubled the Cp coefficient keeping E

constant. For these reasons, in the following the NEMOMED12 analysis will focus
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only in NM12 simulation, which achieves the better results for the volume transport

(tables 4 and 5).

A possible explanation of the underestimation in the mean values for both inflow
and outflow in NM12 and NM36 could be a too low velocity of the flow, especially in
the Mediterranean layer. Figure 3a shows that the velocity profiles at ES of NM12 and
NM36 are more realistic, with the maximum at the center of the Mediterranean layer,
although the velocity is lower than the observed along the whole water column. In
contrast NM8 overestimates the velocity of the upper layer and reaches the maximum at
the bottom level. The possible effect of the bottom friction parameterization to explain
these differences is discarded from the analysis of NM12-ARP and NM12-ARP-2DE
simulations. On the other hand the analysis of NM12-ECMWF and NM36 companion
simulations show an important impact of the model resolution in the mean values of the
flow components, with a reduction of ~10%. Considering that both configurations use
no-slip boundary condition, since in NM36 the geometry of the strait and its shelf are
more precisely described (fig. 1c, d) the interaction between the bathymetry and the
current is stronger and the flow can be slowed down by roughness effect. This transport
decrease as a result of the resolution increase and the use of no-slip boundary condition
and quadratic bottom friction (proportional to the bottom speed) seem to be in
agreement with the results of Dousin and Treguier (2010). The same hypothesis can be
applied to explain the higher velocities of NM8. Although the resolutions of NM12 and
NM8 are similar in the strait area, that is not the case in the rest of the domain, so an
increase of the NM8 velocity with respect to NM12 could be also an effect of the flow-

bathymetry interaction.

Another factor to be considered is the density difference between the

Mediterranean and Atlantic layers. As pointed out in section 1, the velocity of the flows
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depends on 4p. Since the Mediterranean layer has a rather steady density, the seasonal
cycle of 4p follows the changes in the density of the Atlantic layer, which is mirrored
by the sea level seasonal cycle whose origin is the thermal expansion of the water
column (steric effect). Figure 3b shows 4p seasonal cycle for all the simulations at the
Tarifa section, computed as the difference between the integrated density for the layers
of negative and positive velocities. The mean values range between 2.2 kg-m™ and 2.3
kg:m™ so there are not important differences between the models and simulations
studied, even when different datasets are used as atmospheric forcing or in the Atlantic
area for each one. The maximum values in late summer coincide with the maximum of
the temperature seasonal cycle (Cazenave et al., 2002; Criado-Aldeanueva et al., 2008)
and reinforces the maximum in the inflow (fig. 2d). Therefore, the lower velocity of the
flow for NM12 and NM36 is not consequence of the different forcing applied on each

simulation.

In addition to the velocity of the flow, u, the second variable controlling the
volume transport is the depth of the interface between the Mediterranean and Atlantic
layers, h (Eq. 1). Taking into account the differences in the depth of the sill for the three
models (table 3), all simulations show a very good agreement with the observations in
the mean value of the interface depth, around 55% of the water column at the sill (fig.
3c¢). The shape of the seasonal cycles is also fairly well reproduced, with a minimum
depth coinciding with the maximum outflow in spring (fig. 2b), although for NM36 the
cycle is too flat, with very small amplitude between the spring minimum and the winter
maximum. The interface depth seasonality is mainly forced by the water deficit and thus
its cycle and the net flow cycle are very similar (compare fig. 2c and 3c). Besides,
another factor affecting the interface variability is the volume of WMDW present in the

adjacent basin, the Alboran Sea, which could contribute to the minimum depth in spring
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by raising the interface between the LIW and WMDW after the winter convection
process in the Gulf of Lions, and then also raising the Mediterranean-Atlantic interface
(Soto-Navarro et al., 2010). The one month shift of the minimum in the models may be
a consequence of an underestimation of the deep water volume formed that leads to a
slower rising of the interface in the Alboran Sea. Other possibilities are a time shift in
this process (too early or too late in the model) and/or a too weak propagation phase of
the newly formed dense water. For this last point, it should be noted that NM8 and
NM12 are not fully eddy-resolving and, as the propagation phase is partly due to small
eddies advecting the newly formed dense water, this could also influence the seasonality

of the interface (Herrmann et al., 2011; Beuvier et al., 2012). .

To summarize, in spite of the different atmospheric or Atlantic forcing used in
the simulations, Ap and h are very similar among all of them. The small differences in
the transport between the four NEMOMED12 simulations reinforce this result. A
stronger roughness effect in NM12 and NM36, slowing down the current due to the
flow-bathymetry interaction as a consequence of their higher resolution, seems to be
responsible of the better results achieved by NM8. It is worth to point out the positive
effect of the use of SSH damping in the Atlantic buffer zone, which leads to a much

more realistic representation of the seasonality of the volume exchange.

4.2 Thermohaline characteristics of the outflow

In the 0-S diagram of figure 4a, the ES observations and the different
simulations in their common period are represented. The NM8-NOSSH and NM8 show
similar values, with abnormally warm waters. We recall that NM8 starts from NM8-
NOSSH and consequently inherited from NM8-NOSSH biases. One explanation to the

bias could lie in the abnormally high temperature and salinity of the intermediate layer
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in the western basin that make LIW be warmer and saltier than in the observations
(Beuvier et al., 2010). In contrast, the outflow properties in NM36 and, particularly, in
NM12 fit well the observations, this meaning that both the properties of the different
water masses in the Mediterranean basin and their eventual proportion in the outflow

composition are better represented.

The other factor controlling the thermohaline characteristics of the outflow is the
fraction of the different water masses that it comprises. Figures 4b, ¢ show these
fractions for observations and simulations respectively. The characteristics of the LIW
and WMDW in the Alboran Sea, and those of the NACW in the Gulf of Cadiz, have
been used as a reference for the estimations. For the observations the reference 0-S
values have been retrieved from previous works based on oceanographic surveys
(Parrilla et al., 1986; MEDAR Group, 2002), and are summarized in table 6 (the points
for the reference values of the LIW and WMDW are represented by black stars in the 0-
S diagram of fig. 4a, the NACW point is out of the diagram). For the simulations, the 0-
S pairs have been computed every year, using the values corresponding to the maximum
salinity of the spatially averaged vertical profile in the Alboran Sea for the LIW and to
the minimum temperature for the WMDW. For the NACW the mean values at 150 m
depth (approximately the depth of the interface between inflow and outflow) in the Gulf
of Cédiz have been used. This procedure aims to take into account the interannual to
long-term variability of the salinity and temperature in the models for the intermediate
and deep layers (Beuvier et al., 2010), redefining the water masses characteristics
according to those of the simulations (table 6). Of course this should be considered as
an approximation. The hydrological properties of the water masses are variable in time
and space over the strait area. This decomposition has been performed in order to

compare the outflow composition of the models and the observations, and not to
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describe it with accuracy. The approach used for the observations may affect, for
example, the interannual variability or the trends in the water mass fractions,
introducing spurious values, since the water masses properties used as reference are

constant in time.

The results show that the fraction of the WMDW is clearly underestimated in
NM8, this making the outflow be almost completely composed by LIW and, thus,
warmer. It is also important to notice that the fraction of NACW in these simulations is
around 0.09, slightly higher than the 0.05 of the observations. Even though these values
are close, the great difference between the properties of NACW and Mediterranean
waters makes this discrepancy have an important effect in the 6-S characteristics of the
resulting mixed waters that leave the strait. A factor to be considered for the higher
mixing ratio of NM8 is the numerical vertical diffusion, higher in this model due to its
lower resolution, which probably has some influence in its worst performance. For
NM12 the outflow composition is very close to the observed data, with a mean fraction
of 0.65 for LIW (0.59 in observations), 0.33 for WMDW (0.36 in observations) and
0.03 for NACW (0.05 in observations). For NM36 there is a good agreement in the first
two years but not from 2006 onwards, when a strong drift is observed, increasing the
fraction of LIW up to 1. This drifting could be a consequence of the short period

simulated.

The main driving force for the aspiration of WMDW is tides (Kinder and
Bryden, 1990). Since they are not included in the models, the low fraction of WMDW,
and hence the overestimation of the amount of LIW is not unexpected, but there is a
clear difference among the three models. In NM8 the proportion of the water masses is
highly biased, although the recent years of large deep water formation, for instance

2005, 2006, 2009 and 2010 (Lépez-Jurado et al., 2005; Schroeder et al., 2008; Loic
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Houpert, CEFREM, pers. comm.), are reflected in all simulations with an increase in the
proportion of WMDW (a mean value of 0.15 in 2005 in contrast with 0 in 2007 and
2008). For NM12 and NM36 the composition of the flow is much closer to the
observations. The main reason for this difference is the depth at which the WMDW is
found in the Alboran Sea for the different models. In fig. 5 the cross sections of
temperature at 4°W and 6°W for the three models are represented. For NM8 the coldest
waters east of the strait are found deeper than 1000 m (fig. 5a), a depth that make them
inaccessible to be suctioned over the sill. In contrast, for NM12 and NM36 (fig. 5b, c)
the coldest waters can be found up to 600-700 m. From this depth the deep waters are
more suitable to be aspirated and incorporated to the outflow. Moreover, the higher
resolution of NM12 and NM36 leads to a better representation of the mesoscale features
in the adjacent basin that may affect the ventilation process. Naranjo et al. (2012) argue
that the Western Alboran Gyre (WAG) helps to accumulate dense water in the eastern
approach of the strait, which makes it available for its subsequent aspiration. Therefore,
the ability of the higher resolution models to realistically resolve the WAG may have
improved their capacity to reproduce the WMDW aspiration and hence its proportion in
the outflow. However, this potentially interesting link is a hypothesis that requires

further study to be proved.

West of Gibraltar the waters masses distribution of the three simulations is very
similar (fig. 5d, e, f). The Mediterranean Outflow Waters (MOW) resulting from the
mixing at the strait (warmer than the Mediterranean waters at the Alboran Sea) flows
into the Atlantic mainly through the southern channel (Sanchez-Garrido et al., 2009),
below the NACW and the surface waters. In NM12 and NM36, the waters at 150 m (the

depth of the Mediterranean-Atlantic interface at the strait) are warmer; however the
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resulting MOW are closer to the observed ones, this reinforcing the better behaviour of

these models in the representation of the mixing processes.

To further investigate the influence of the fraction of each different water mass
in the final 0-S properties of the outflow, three tests were performed for NM8, imposing
different conditions to the outflow composition while the characteristics of the water
masses were kept constant (with the same values used in the decomposition)(fig. 4d).
Grey points in fig. 4d are the resulting 6-S values when the fraction of NACW is forced
to be 0.05, purple points are the values obtained when WMDW fraction is set to 0.35
and orange points result when both previous conditions are imposed at the same time
(these values have been chosen following the results of the observations at ES, fig. 4b).
The red and blue circles represent the positions of the ES data and the original NM8
points, respectively. All tests imply significant changes, with the resulting mixed waters
closer to the observations, although a good parameterization of the mixing with the
NACW seems to be more important. Indeed, the great difference between the
characteristics of the Atlantic and Mediterranean waters makes a small variation in their

mixing ratio have a large impact in the outflow properties.

To sum up, the properties of the Mediterranean waters are well reproduced in
NM36 and especially NM12. Due to their higher resolution, the physical processes in
the basin are probably better resolved and consequently the salinity, temperature and the
fraction of the different water masses present in the outflow are closer to the
observations. Despite this good agreement, it must be noted that the MOW is the result
of complex mixing processes along the strait, especially at Camarinal sill, that are not
specifically incorporated in the models by parameterization. In NM8 the bias in the LIW
temperature, the difficulty to incorporate WMDW to the flow and the higher amount of

NACW results in too warm Mediterranean water.
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5. Summary and conclusions

A set of simulations from NEMOMEDS8, NEMOMED12 and NEMOMEDZ36
regional circulation models of the Mediterranean Sea have been compared with
observations collected at the Espartel station in order to evaluate their representation of
the exchange through the Strait of Gibraltar in terms of volume transport and

thermohaline properties of the Mediterranean outflow.

NM8 shows better results for the volume transport, with mean values very close
to the observations, and seasonal cycles varying within the range of the observed ones
for both inflow and outflow. In NM12 and NM36 the inflow and outflow mean values
are underestimated, although the seasonal cycles are quite similar to NM8. The reason
for this underestimation is a too low velocity of the flow, which could be a consequence
of the flow-bathymetry interaction, which is stronger in NM12 and NM36 due to their
higher resolution, this slowing down the flow by roughness effect. On the other hand,
the different datasets used as atmospheric forcing and in the parameterization of the
Atlantic buffer zone do not have any remarkable effect in the density difference
between the inflow and outflow layers, and hence in the velocity of the flow. In
addition, the depth of the interface between these layers, the second variable controlling
the exchange, is not affected either. Indeed, the analysis of the set of NEMOMED12-
based simulations shows that the different atmospheric forcings (ECMWF or ARPERA)
and parameterizations (constant or 2D E field) do not have any remarkable effect in the

volume transport.

An important improvement in the representation of the exchange seasonality is
achieved by the simulations including SSH variability of the Atlantic buffer zone. For

the net flow and especially for the inflow, the seasonal cycle is much better described by
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the simulation including this element, as expected considering that it implies a more

realistic mechanism driving the exchange.

The Mediterranean outflow waters are warmer and slightly saltier in NM8 due to
three main causes: the first one is a too warm LIW; the second is the small fraction of
WMDW in the flow consequence of the too deep pooling of this water mass in the
Alboran Sea. Finally, the high percentage of NACW in the flow, which is almost double
than in the observations and have a strong impact in the salinity and temperature of the
outflow due the large difference between the Atlantic and Mediterranean water
properties. In contrast, in NM36 and especially in NM12 the outflow properties and its
composition fit quite well the observations. The LIW and WMDW thermohaline
properties in these simulations are closer to the observed ones, and the higher resolution
of NEMOMED12/36 leads to a better representation of the physical processes in the
whole basin. As a result, the position of the water masses in the Alboran basin, local
dynamical features as the western Alboran gyre and mechanisms as the deep water
aspiration in the Strait sill are better resolved, all these contributing to the good results

of NM36 and NM12.

Among the studied models, the most suitable to achieve an accurate
representation of the exchange through the Strait of Gibraltar are those of higher
resolution (NM12 or preferably NM36). These configurations perform a better
representation of the thermohaline properties of the outflow, although further
investigation is needed to clearly understand the differences in volume transport.
However, due to the complexity of the exchange through the Strait of Gibraltar, even
NM36 is not able to fully represent the physical processes involved and needs the
inclusion of ad hoc parameterization in this area. The extension of the in situ time series

will make possible forthcoming studies focused on the interannual variability and trends
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analysis that this work is lacking. Furthermore, an intercomparison with other models
not based in NEMO would be very worthy in order to test the consistence of the
obtained results, perhaps in the framework of international coordinated projects as

HyMex (www.hymex.org) or Med-CORDEX (www.medcordex.eu). The study of the

possible evolution of the Mediterranean waters and the exchange characteristics in

climate change scenarios would also be an interesting future line.
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860 TABLES

Atmospheric

AT (s) grid bathymetry T, Sinitial state forcing Period
NM8-NOSSH | 1200  1/8°1/8° + stretched at Gibraltar ETOPOS A S oy % ARPERAVZ 19612008
NM8 1200 1/8°x1/8%+ stretched at Gibraltar ETOPO5 NM8-NOSSH ARPERA-V2 2002-2008
NM12-ARP 720 ORCA-1/12° (6-8km) Mercator-LEGOS MEDATl'égs_lgggoma"es ARPERA-V?2 2002-2008
NM12-ARP-2DE | 720 ORCA-1/12° (6-8km) Mercator-LEGOS MEDATl'gés_lgggoma"es ARPERA-V?2 2002-2008
NM12 720 ORCA-1/12° (6-8km) Mercator-LEGOS MEDATl'gés_lgggoma“es ARPERA-V?2 2002-2008
NM12-ECMWF | 720 ORCA-1/12° (6-8km) Mercator-LEGOS MEDATl'égs_lgggoma“es ECMWF 2002-2007
NM36 240 ORCA-1/36° (2-3km) Mercator-LEGOS NM12-ECMWF ECMWF 2003-2007

861 Table 1. Characteristics of the different simulations used in the study. The bathymetries of ETOPOS5 or Mercator-LEGOS have been interpolated
862  onto the NM8, NM12 or NM36 grids. The initial states come from the MEDATLAS climatology for which anomalies (Rixen et al. 2005) have
863  been added in a 3-year window around the starting date.
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864

865
866
867
868
869
870
871

872

SSH in the Atlantic

T,S in the Atlantic buffer

Cp (-10%) E buffer zone zone TD MD(-10") VD

NM8-NOSSH 1.225 2510° NO Reynaud + anomaliesof 4, 1 50
Daget

NM8 1.225 2510° GLORYS1V1 Reynaud S%rgma“es of 125 -1 50

NM12-ARP 1 2510% NO Levitus 60 -1.25 10

NM12-ARP-2DE 1 2D field GLORYS1V1 Levitus 60 -1.25 10

NM12 1 2D field GLORYS1V1 Levitus 60 -1.25 10

NM12-ECMWF 1 2D field GLORYS1V1 Levitus 60 -1.25 10

NM36 1 2D field GLORYS1V1 Levitus 30 410 10

Table 2. Parameterizations for the different simulations used in the study. Concerning the bottom friction, Cp is the drag coefficient and E the
bottom turbulent kinetic energy background (constant or a 2D field; m?/s®). To assure the model volume conservation, the SSH of the model in
the Atlantic buffer zone is relaxed towards a climatological SSH from the GLORYSV1 reanalysis, except for NM8-NOSSH and NM12-ARP, for
which the net evaporation over the Mediterranean area is added as precipitation at each time step. The tracer diffusion is made through a
laplacian operator along iso-neutral surfaces with a coefficient TD (m?/s). The momentum diffusion is applied with a biharmonic operator with a
coefficient MD (m?/s). The turbulent closure scheme TKE of NEMO is used and the vertical diffusion is enhanced towards a maximum value

VD in case of instability.
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Longitude Latitude Depth (m)

ES 5°58.6°W 35°57.1’N 356
NEMOMEDS 5°56.22° W 35°51.1’N 292
NEMOMED12 5°56.04° W 35°54° N 266
NEMOMED36 5°59.58° W 35°,50° N 318
873 Table 3. Positions and depth of ES and the model grid points used in the evaluation.
874
875
876
877

NM8-NOSSH NM8 NM12 NM12-ARP NM12-ARP-2DE NM12-ECMWF NM36

Monthly outflow time 0.40 0.34 0.28 0.22 0.19 0.30 0.32
12-Month seasonal

cycle outflow 0.71 0.75 0.57 0.34 0.48 0.30 0.64
12-Month seasonal

cycle inflow 0.57 0.88 0.80 0.68 0.72 0.62 0.80

878  Table 4. Correlation between the observations and simulations, computed in the common period for each simulation. First row shows the
879  outflow monthly time series. Second and third rows show the month to month correlation of the outflow and inflow seasonal cycle.
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881

Obs. NM8-NOSSH NMS8 NM12 NM12-ARP NM12-ARP-2DE NM12-ECMWF  NM36
Outflow (Sv) | -078+0.06 -0.79+0.07 -0.78+0.07 -0.69+0.07 -0.69+0.07 -0.68+0.08 -0.69+0.06 -0.63+0.04
Inflow (Sv) 0.81+0.05" 0.85+0.09 0.8+0.2 0.73+0.09 0.73+0.06 0.73+0.09 0.74+0.07 0.68+0.07
Net flow (Sv) | 0.04+0.04 0.05+0.02 0.06+0.09 0.05+0.06 0.05+0.02 0.05+0.02 0.05+0.06 0.05+0.06
E-P-R-B 0.05+0.02" 0.05+0.03 0.05+0.03 0.04+0.03 0.05+0.04 0.05+0.04 0.05+0.03 0.05+0.03

882  Table 5. Mean inflow, outflow and net flow at the Strait of Gibraltar for the observations and the different simulations, computed in their
883  common periods. The values of the observed inflow and net flow, marked with an asterisk (*), are those indirectly obtained by Soto-Navarro et
884 al. (2010). The error intervals are the standard deviation of the monthly time series. E-P-R-B is the mean water deficit for the whole basin.
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885

886

887
888
889
890
891

892
893
894
895
896
897
898
899
900
901
902
903
904
905

Salinity Temperature (°C)
Observations LIW 38.56 13.22
WMDW 38.45 12.8
NACW 36.2 15.0
NMS8 LIW [38.63, 38.68] [13.68,13.88]
WMDW | [38.43, 38.45] [12.76, 12.80]
NACW | [36.18, 36.12] [14.44, 14.88]
NM12 LIW [38.50, 38.52] [13.12, 13.18]
WMDW 38.44 [12.76, 12.77]
NACW 36.33 [15.20, 15.25]
NM36 LIW [38.51, 38.54] [13.11, 13.24]
WMDW 38.44 [12.76, 12.77]
NACW | [36.15, 36.26] [15.13, 15.21]

Table 6. Thermohaline characteristics of the LIW, WMDW and NACW water masses
used as reference for the estimation of their respective fraction in the composition of the
outflow. For the observation historical literature values are used while for the models
different values are obtained for each year (see text). The intervals correspond to the

minimum and maximum values for the simulated period.
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Figure 1. a) Bathymetric map of the Strait of Gibraltar showing the main topographic
features. CS and ES indicate the location of the sills of Camarinal and Espartel,
respectively. MB is the submarine ridge of Majuan bank and TN the Tarifa Narrows. b)
— d). Bathymetry at the Strait of Gibraltar for NEMOMEDS (b), NEMOMED12 (c) and
NEMOMED36 (d). The color points represent the grid points where the transport is
estimated on each model.
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Figure 2. a) Monthly mean time series of the outflow for the observations and the
different simulations. b) Monthly mean seasonal cycle of the outflow for the
observations and the different simulations computed in their comon periods.. c)
Monthly mean seasonal cycle of the net flow for the observations and the different
simulations. d) Monthly mean seasonal cycle of the inflow for the observations and the
different simulations. In all figures solid lines represent: Observations (red), NM8-
NOSSH (blue), NM8 (green), NM12-ARP (yellow), NM12-ARP-2DE, NM12
(magenta), NM12-EMWF (light blue) and NM36 (black). The dashed lines correspond
to the maximum and minimum values of every month for the observations. The
observed inflow and net flow are those indirectly estimated by Soto-Navarro et al.,
(2010).
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simulations. b) Mean seasonal cycle of the density difference between the
Mediterranean and Atlantic layers. ¢c) Mean seasonal cycle of the interface depth at ES
for the observations and the different simulations. In all figures solid lines represent:
Observations (red), NM8-NOSSH (blue), NM8 (green), NM12 (magenta) and NM36
(black).
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Figure 4. a) 6-S diagram of the outflowing waters for the observations and the different
simulations at ES. Colors correspond to: Observations (red), NM8-NOSSH(blue), NM8
(green), NM12 (magenta) and NM36 (black). Black stars are the reference points for the
LIW and WMDW used in the decomposition and specified in table 5. The NACW point
is out of the diagram. b) Fraction of LIW (orange diamonds), WMDW (brown circles)
and NACW (blue points), present in the Mediterranean outflow measured at ES. Thick
lines are the monthly means. c) Fraction of LIW (diamonds), WMDW (circles) and
NACW (points) in the Mediterranean outflow for the different simulations. The colors
represent the same as in a). d) Results of the water mass fraction tests for NM8. Grey
points are the 0-S values when the fraction of NACW is forced to be 0.05, purple points
are the values when the WMDW fraction is forced to be 0.35 and orange points result
when both conditions are imposed at the same time. The red circle indicates the position
of the ES data and the blue one the original position of the NM8 points.
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Figure 3
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Figure 4
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Figure 5
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