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Abstract:

Several questions remain unanswered about the role and importance of the
Mediterranean Overflow Water (MOW) in the Atlantic Ocean. In this study, we
investigate the variability of MOW and more specifically the extent to which MOW
variability is driven by buoyancy forcing changes within the Mediterranean Sea and/or
variability in the properties of the entrained waters. To answer this question, we use a
1/3° North Atlantic configuration of the HYbrid Coordinate Ocean Model (HY COM). To
allow for an accurate representation of the outflow properties, the Marginal Sea
Boundary Condition developed by Price and Yang (1998) is implemented in HY COM to
parameterize the Mediterranean overflow. Sensitivity experiments in which T/S
properties are fixed in the Atlantic and/or the Mediterranean are contrasted with a control
experiment in which the overflow properties are free to adjust.

We found not only that MOW is more sensitive to variations of entrained water
properties than source water properties, but also that the strength of the entrainment based
on the density difference between the source and entrained water is critical to
understanding the variability of this water mass. Indeed, the entrainment controls the salt
(heat) flux either by affecting the properties and/or the total transport of MOW, thereby
the entrainment can partially influence the distribution of Mediterranean salt(heat) in the

Atlantic.
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1. Introduction

The Mediterranean Overflow Water (hereafter MOW) is produced by the mixing
of Mediterranean Sea Water (MSW) and North Atlantic Central Water (NACW) in the
Gulf of Cadiz. This water mass has long been recognized as an important contributor to
the heat and salt content of the North Atlantic (Zenk, 1975; Reid, 1979). Many past
studies have focused on its pathway to the northeastern Atlantic and its contribution to
preconditioning the Nordic and Labrador Sea deep water formation (Reid, 1979; Lozier
et al., 1995; McCartney and Mauritzen, 2001; Lozier and Stewart, 2008). The variability
of the MOW however has received less attention. A major unanswered question is: how
and to what extent does the climatic variability of the MOW influence the property
changes and circulation of the Atlantic Ocean? As a first step to answer this question, we
focus in this study on the source of variability of the MOW.

The analysis of observations collected over the latter half of the 20" century
shows a significant positive trend in water mass characteristics of the MOW in the North
Atlantic (Levitus et al., 2000; Arbic and Owens, 2001; Curry et al., 2003). In the vicinity
of the Gulf of Cadiz, Potter and Lozier (2004) found a positive trend of 0.101 =
0.024°C/decade for temperature and 0.0283 + 0.0067 psu/decade for salinity, suggesting
that the MOW is changing more rapidly than the other water masses of the Atlantic
Ocean. More recently, Leadbetter et al. (2007) compared the data from a 36°N transect
occupied in 1959, 1981 and 2005, and found a 20-year reversal of the MOW properties
between 10° and 20°W. They describe a warming and salinification between 1959 and

1981 and a cooling and freshening between 2005 and 1981. However, data collected in



the Mediterranean Sea suggest that both temperature and salinity of the Mediterranean
Water at Gibraltar have been increasing over this time period but at a rate one third as
large as the MOW trend (Rixen et al., 2005; Millot et al., 2006). Another possible source
of MOW variability is the NACW entrained in the Gulf Of Cadiz. According to the
results of Arbic and Owens (2001), NACW water properties below 500m at 36°N in the
eastern Atlantic displayed changes similar to MOW water properties between 1959 and
1981. The complementary study by Leadbetter et al. (2007) shows similar changes in
both water masses from 1981 to 2005. The question is then: what is driving the variability
of the MOW in the Atlantic? One method for answering this question is to use numerical
models.

MOW variability has not been extensively explored in ocean model studies,
primarily because the physical processes involved in outflows require very high spatial
resolution and accurate representation of mixing processes. While the parameterization of
outflows in z-coordinates (spurious numerical mixing) and terrain-following coordinates
(pressure gradient errors) remain a challenge, dense overflows are naturally represented
in isopycnal coordinates (Griffies et al., 2000). This coordinate system prevents spurious
numerical diapycnal mixing with ambient water, enabling the flow to maintain its density
as it descends along the slope. Instead, diapycnal mixing can be finely controlled by the
chosen turbulence closure. Several parameterizations of entrainment based on the
Richardson number exist, such as the K-Profile Parameterization (hereafter KPP, Large et
al., 1994), the bulk entrainment parameterization (hereafter TP, Turner, 1986; Hallberg,
2000) and more recently an algebraic entrainment parameterization (hereafter TPX, Xu et

al., 2006). While KPP induces mixing too weak for a proper representation of an



entrained gravity current (Chang et al., 2005), TP and TPX were able to correctly
reproduce the observed entrainment such as the one occurring in the Mediterranean
outflow process (Papadakis et al., 2003; Xu et al., 2007). However, such a scheme
requires a fairly high horizontal resolution and an explicitly resolved Mediterranean Sea
with a thermohaline circulation able to produce realistic dense water at the Gibraltar sill.
The most commonly used method in climate models that does not require any conditions
in terms of vertical or horizontal discretization is a relaxation to climatological T and S in
the Gulf of Cadiz. However, in this case, the properties of the outflow waters vary only
seasonally, making this parameterization unsuitable for the study of interannual and
decadal variability. Here, an intermediate approach is considered: the Marginal Sea
Boundary Condition of Price and Yang (1998) (hereafter MSBC). As with the relaxation
method, the entrainment processes do not need to be explicitly resolved with the MSBC,
but the parameterization of the entrainment is based on TP. Moreover, as the MSBC uses
water mass properties produced by the ocean model, the outflow water properties will
vary on time scales produced by the ocean model.

The performance of the MSBC has been evaluated in a 1/12° HYbrid Coordinate
Ocean Model (HYCOM) configuration of the Gulf of Cadiz region and very similar
responses were found between the TPX and the MSBC when analyzing changes in the
freshwater balance of the Mediterranean Sea (Xu et al., 2007). The MSBC has also been
implemented by Wu et al. (2007) in the ocean component of the NCAR Community
Climate System Model version 3 (CCSM3): the Parallel Ocean Program (Smith and
Gent, 2004). Comparing the effect of a parameterized MOW on the thermohaline

circulation using coupled and uncoupled experiments, Wu et al. (2007) show that the



Mediterranean tongue was correctly represented despite the low horizontal resolution
(3°). We thus consider this parameterization suitable for our study.

The goal of this study is to 1) present the implementation of the MSBC in
HYCOM, 2) present its application to a 1/3° resolution configuration of the Atlantic
Ocean in order to study the sensitivity of the MOW to variations in the source water
(Mediterranean Sea water, i.e. MSW) and entrained water (North Atlantic Central water,
i.e. NACW) and finally 3) evaluate the consequences on the MOW properties in the
Atlantic Ocean.

The paper is organized as follows: The ocean model and the implementation of
MSBC is presented in section 2. A review of the water masses involved in the MOW
processes is given in section 3. An evaluation of the sensitivity of MOW using the MSBC

is presented in section 4, followed by a summary/discussion in section 5.

2. Presentation of the models
2.1 HYCOM

In this study, an Atlantic Ocean configuration of the HYbrid Coordinate Ocean
Model (HYCOM) (Bleck, 2002; Chassignet et al., 2003; Halliwell, 2004) is used. The
vertical discretization in HYCOM combines z coordinates at the surface, isopycnic
coordinates in stratified open ocean and sigma coordinates over shallow coastal regions.
The 1/3° resolution model domain extends from 90°W to 30°E and from 20°S to 70°N
(Figure 1) and does not include the Mediterranean Sea. The bottom topography is derived
from DBDBS5 (National Geophysical Data Center, 1985). The vertical discretization uses

28 hybrid layers whose o, target densities range from 23.50 to 37.48 kg/m’. The initial



conditions in temperature and salinity are given by the General Digital Environmental
Model (GDEM3; Teague et al. 1990). Relaxation to climatology is applied at the northern
and southern boundaries in 10° buffer zones. The horizontal background viscosity is
~350 m’s™" and the deformation dependent viscosity coefficient is 0.2. Vertical mixing is
provided by the KPP model (Large et al., 1994).

Climatological atmospheric forcing is derived from the 1979-1993 ECMWF
climatology (ERA15). To account for synoptic atmospheric variability, 6-hourly wind
stress anomalies corresponding to the neutral Nifio period (September 1984-September
1985) are added to the monthly wind stresses; wind speed is obtained from the 6-hourly
wind stresses. The heat and freshwater fluxes are calculated using bulk formulae during
model simulations. The heat flux is derived from surface radiation, air temperature,
specific humidity, wind speed, and model sea surface temperature (hereafter SST). The
freshwater flux consists of an evaporation minus precipitation budget (E-P) plus a
relaxation to observed surface salinity with a 30 day time scale. Evaporation is calculated
from bulk formulae using wind speed, specific humidity and model SST. Precipitation is

given by COADS.

2.2 The Mediterranean Sea Boundary Condition
The MSBC is designed to be used when HYCOM is run at a horizontal resolution
too low to resolve the Strait of Gibraltar. HYCOM is then run without a Mediterranean
Sea and the Gulf of Cadiz becomes a boundary zone where the MSBC determines the
water properties, depth range, and transport of the overflow water entering the Atlantic

basin. The MSBC combines two models: (1) the Bryden-Stommel-Kinder model (Bryden



and Kinder, 1991), which estimates properties of the deep outflow water entering the
Atlantic basin through the Straits of Gibraltar, and (2) the Price-Baringer Marginal Sea
Boundary Layer model (Price and Baringer, 1994), which then calculates properties of
the final overflow (product) water by entraining Atlantic interior water into the Gibraltar
overflow water.

Characteristics of the MSBC are illustrated schematically in Figure 2. Using
information about the surface waters of the Atlantic in the Gulf of Cadiz and the heat and
evaporation budget over the Mediterranean Sea, the model computes the properties
(temperature, salinity and transport) of the Mediterranean Sea water at Gibraltar and of
the Mediterranean Outflow Water at depth. Though a relatively simple model of the
outflow process, results from the MSBC have been shown to be as accurate as the results
from the parameterization of Xu et al. (2007) for the Mediterranean outflow region.

Inputs to the MSBC are either specified or provided by the model at grid points
just west of the Gulf of Cadiz boundary zone. Specified inputs are the mass (E-P) flux
and the net surface heat flux averaged over the Mediterranean Sea, which are set to
0.55m/y and -13W/m’, respectively. These values were altered from the original values
used by Baringer and Price (1994; 1997) of 0.7m/y and OW/m®. The inputs provided by
the model are Gibraltar inflow temperature and salinity (75, S.1) averaged over the upper
140m just west of the Gulf of Cadiz boundary zone, and the temperature and salinity of
the entrained NACW (T, Sens), set to the values at a depth of 625m just west of the Gulf
of Cadiz. The NACW water depth was changed to 625m from the value of 400m
recommended by Price and Yang (1998) in order to yield more realistic MOW properties.

Since the mean mass and heat fluxes over the Mediterranean Sea are kept constant, all



MOW variability results from water mass changes in the Atlantic Ocean just west of the
Gulf of Cadiz boundary zone. The MSBC outputs are highlighted in red in Figure 2.
These include four transports: 77,4, Trgip, T7en, and T, with the first two being equal
and opposite to each other. They also include the temperature and salinity of the Gibraltar
outflow (Zgip, Sgin) and the MOW (T,.s, Sous). The corresponding densities are calculated
using the model equation of state.

Implementation of the MSBC in HYCOM is not straightforward because the
MOW, which has a temperature and salinity calculated by MSBC, must be accepted by
interior isopycnic layers such that the target isopycnic density in each accepting layer is
preserved. Additionally, it is important to keep the injected water salinity (S,.) and the
average temperature of the injected water as close as possible to the value calculated by
the MSBC. Technical details of the MSBC implementation are presented in the
Appendix.

In brief, the Price-Baringer Marginal Sea Boundary Layer model calculates the

entrainment parameter ¢ as follows: ¢ = 1—- F>” where the geostrophic Froude number

geo
Fgeo is F;,w=\/g, fO;l

and g’, the buoyancy anomaly between the Gibraltar water

geo
and the entrained NACW isg’ = g(p,;, - 0,,,) = §Ap,, ais the slope of the continental

slope, and /g, the thickness of the outflow. hg., depends on the geometry of the strait
before the shelf break, the geostrophic velocity of the flow in this area and on the velocity
of the flow at the strait deduced from the maximal exchange formulation (see Price and
Baringer (1994) for more details). With this formulation, the entrainment of NACW

increases as the density difference between the two water masses increases, with the



functionality shown in Figure 3. Once calculated, the entrainment parameter is used to

calculate the properties of the outflow water (77ou, Tous, Sour):

1
Trout = Trgib 1 _ (p (1)
’Tout = ’Tgib - (Tgib - Tenl )(p (2)
Sout = Sgib - (Sgib - Senl )(p (3)

The value of ¢ ranges between 0 and 1. If ¢ equals 0, no entrainment occurs, the
salinity of MOW (S,.,) equals the salinity of MSW (Sg»). If @ tends to 1, a large
entrainment occurs, the salinity of MOW (S,,,) tends to the salinity of NACW (S.n).
From a study of the upper and lower core of the Mediterranean Outflow Water, Rhein
and Hinrichsen (1993) evaluated the proportion of pure Mediterranean water at 7°30°W
to be 28-29% (corresponding to ¢~ 0.72-0.73). Later, Baringer and Price (1997)
deduced from observations between 7° and 7°30’W in the Gulf of Cadiz an entrainment
parameter of ~0.7. This result means that the signature of the entrained water is by
definition more important than the signature of the Mediterranean Sea in the variability of
the Mediterranean outflow water properties.

In this study, 1) we test the sensitivity of the MOW variability to density
compensated (Ap; constant) change in entrained water properties in HYCOM and 2) we
evaluate the impact of a change in the density difference (4p4) between MSW (o) and

NACW (0.n;) on the MOW variability in the Atlantic Ocean.

3. Validation of the MSBC in HYCOM

3.1 Mediterranean Outflow Water in the observations
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The Mediterranean Overflow Water results from the transformation of fresh and
warm surface Atlantic waters into dense and salty Mediterranean water through air-sea
interactions (see review by Pinardi and Masetti, 2000). This dense water mass (MSW)
flows back across the Strait of Gibraltar at depth and cascades along the slope in the Gulf
of Cadiz mixing with the ambient North Atlantic Central Water (NACW) until it reaches
its buoyancy depth around 1100m (Iorga and Lozier, 1999; Candela, 2001). The MOW
then flows into the open Atlantic. In the observations, the 6/S properties of the
Mediterranean Sea at Gibraltar have been estimated at 13°C and 38.4 psu respectively
(Baringer and Price 1997; Hopkins, 1999). During its descent along the slope, MSW
mixes with NACW whose temperature ranges between 11.4°C and 12.5°C and whose
salinity ranges between 35.6psu and 35.7psu (Price and Baringer, 1994). Finally, the
MOW reaches its buoyancy depth between 800 and 1200m and is divided in two main
cores: an upper one (600-750m) and a lower one (down to 1200m) (Zenk and Armi,
1990; Bower et al. 1997, Torga and Lozier, 1999). The 6/S properties of the upper core
are 12.89°C/36.43psu and 12.17°C/36.65psu for the lower core in the Gulf of Cadiz
(Baringer and Price, 1997). However, considering the vertical and horizontal resolution
of our study along with the fact that the MSBC assumes that a single core of MOW is
injected into the interior Atlantic, the MOW will be represented as a unique core
introduced in the Atlantic around 8.5°W. Following the climatological data of Lozier et
al. (1995) and the 6/S plot of Maz¢ et al. (1997; see their Fig. 3), the temperature and
salinity of the main core are approximately 11°C and 36.2psu in the vicinity of Cape St
Vincent.

A wide range of transport estimates (from 0.2 to 1.8Sv; 1Sv = 10°m’/s) at
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Gibraltar exists in the literature (see Astraldi et al., 1999), mostly due to the multiple
methods used to obtain these estimates. However, most estimates from direct
measurement of the flow give a transport between 0.7Sv (Baringer and Price 1997) and
1.2Sv (Lacombe and Richez, 1982). The total transport of MOW in the Gulf of Cadiz has
been evaluated at 3-4 times the value at the sill (Rhein and Hinrichsen, 1993; Baringer

and Price 1997).

3.2 Mediterranean Outflow Water in HYCOM

A simulation of 40 years (CLIM) forced by climatological atmospheric fields is
performed in order to test the ability of the 1/3° Atlantic configuration of HYCOM to
reproduce MOW characteristics. The mechanical spin-up is achieved after 20 years.

The temperature and salinity at the Gibraltar sill, calculated by the MSBC and
averaged over years 35 to 40, are 10.3°C and 38.14psu, respectively. This water then
mixes with NACW whose temperature and salinity are 11.1°C and 35.7psu, respectively.
The product water introduced in HYCOM has a temperature of 10.9°C and salinity of
36.2psu, in agreement with observations (Table 1). The total MSBC transport of MOW
in the Atlantic, when the modeled transport at Gibraltar of 0.8Sv, is approximately 4Sv, a
slight overestimate of the observed value. The general shape of the tongue in the Atlantic
Ocean is well reproduced in CLIM compared to GDEM3 (Figs. 4a and 4b): an outflow
enters the basin in layers 0,=36.38 kg/m’ and 0,=36.52 kg/m’, surfaces that are neutrally
buoyant around 1100m in the vicinity of the Gulf of Cadiz. The salty water (S>35.40psu)
spreads westward until 40°W and northward to 50°N as in GDEM3. The vertical structure

of the MOW in CLIM is also very close to GDEM3 (Figs. 4c and 4d) although the main
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core of the MOW presents a greater westward and vertical extension in our experiment.
Indeed, salinity greater than 36psu can be found as far as 20°W and most of the MOW
spreads in the Atlantic between 800m and 1300m. A reason for these differences can be
attributed to the large transport of MOW imposed by the MSBC. Nevertheless, the main
characteristics of the salty tongue are well reproduced and we consider the model suitable

to investigate the sensitivity of the MOW.

4. Evaluation of the sensitivity of the MOW using the MSBC
4.1 Experimental set-up

In this portion of our study, we test the sensitivity of the MOW variability 1) to
changes in the entrained water properties in HYCOM keeping Ap, constant and 2) to
changes in MSW properties that change Ap,.

1) In a first experiment, ENT, the impact of density-compensated variations of
NACW properties on the MOW is considered. To that aim, we fix the temperature and
salinity of the entrained water (75, and S..;) at 11°C and 35.6 psu, 0.1°C and 0.1 psu
lower than what is obtained in CLIM, but with the same density (0.,~ 36.06) as CLIM.
In this experiment, Ty, Seir and pyp are free to evolve.

2) In order to test the sensitivity of the MOW to changes in the difference of
density between MSW and NACW (A4p,), we perform two experiments where two
different pg;;, are prescribed at the Gibraltar strait : one with Mediterranean water lighter
than in CLIM (GIB_light) and one with water denser than in CLIM (GIB_dense). In
CLIM, pgi» equals 38.11. In GIB_light, the temperature and salinity at the sill (75 and

Seiv) are fixed to the observations: 13°C and 38.4psu (pyi» = 37.67) (Baringer and Price,
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1997). In GIB_dense, the MSW properties are set to 10°C and 38.6psu (pgi» = 38.52). In
these two experiments, 0., is free to evolve and is provided by HYCOM. However, Q.
does not change much over the 40-year time period and a change in pg 1s representative
of a change in Ap,.

Each experiment starts from year 20 of CLIM and is integrated for an additional
20 years. All results presented in this section are averaged over the last 5 years of the

simulations. The results of each experiment are summarized Table 1.

4.2 Evaluation of the entrainment

As explained in section 2.2, the first step of the MSBC consists in the calculation
of water properties at Gibraltar (Tgis. Sgin, Pein and Trg;p). The second step is to determine
the entrainment parameter ¢. To that aim, the MSBC calculates the density difference
(Apq) between the NACW (taken at 625m in HYCOM) and MSW, and the entrainment
parameter ¢, taking into account the geometry of the outflow region (Price and Baringer
1994). Figure 5 shows the evolution of these two parameters (Ap; and ¢) for each
simulation. By definition, p.(GIB dense)> pgis(CLIM) > pin(GIB_light).
Consequently, Ap;(CLIM) is greater than Ap,(GIB light) leading to a smaller
entrainment parameter of 0.73 in GIB light than in CLIM (0.79). Analogously,
ApsCLIM) is smaller than ApGIB dense) leading to a much larger entrainment
parameter of 0.83 in GIB dense (Figure 5). ENT presents a Ap; and an entrainment
parameter close to CLIM. All experiments slightly overestimate the observed value of the
entrainment parameter (~0.7, Baringer and Price, 1997). As will be shown later in

section 4.4.2, the relatively strong MSBC transport of MOW observed in all experiments
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can be explained by these overestimates. With similar entrainment parameters, CLIM and
ENT (Figure 5c) show similar outflow transports (~4Sv). With the largest entrainment
parameters, GIB_dense has the highest transport with 4.7Sv, whereas GIB_light has the

lowest with 3.5Sv.

4.3 The outflow properties

The final step of the MSBC is the calculation of the outflow properties. In ENT,
we prescribe the entrained NACW 0.1psu fresher and 0.1°C colder than in CLIM. With
an entrainment parameter of 0.8, the calculation of the MSBC outflow properties in ENT
(using Egs. (1), (2) and (3) from section 2.2) yields an outflow salinity that is 0.08 psu
lower than in CLIM. Indeed, with ¢ = 0.8, the MOW is formed by 80% of NACW and
20% of MSW. This result shows that the impact of a density-compensated change in
NACW properties has more impact on the MOW properties than a change in MSW
properties for entrainment parameters greater than 0.5, as expected from Eq. 3 and in
agreement with the results of Baringer and Price (1997) and Xu et al. (2007).

We now analyze the results of the “non density-compensated” experiments,
GIB_dense and GIB_light. The salinity and temperature at Gibraltar have been fixed to
38.6psu and 10°C in GIB dense. With an entrained water salinity and temperature of
35.71psu and 10.9°C, the estimated outflow salinity and temperature are 36.19psu and
10.8°C, respectively. However, in GIB_light where Gibraltar water salinity and
temperature have been fixed to 38.4psu and 13°C, we obtain an outflow salinity and
temperature of 36.36psu and 11.8°C. So despite a higher salinity at Gibraltar (+0.2psu),

the GIB_dense outflow salinity is 0.2psu fresher than in GIB_light. This result can be
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explained by the strength of the entrainment. The entrainment parameter is lower in
GIB_light than in GIB dense (0.73 compared with 0.83), meaning that less “mixing”
with the NACW occurs, leading to a stronger signal of the MSW in GIB_light. If the
entrainment parameter of GIB_light had been as high as the entrainment parameter of
GIB dense, the outflow salinity of GIB light would be 36.16psu. The variation in
entrainment parameter is therefore an important factor that determines the outflow
property variability.

Thus, we conclude that for the parameter range explored in this study most of the
MOW variability is driven by the NACW variability. However, changes in the density of
NACW and/or MSW also have an important impact on the variability by changing the
entrainment parameter. The relative impact of these factors is evident from an inspection
of Figure 3 where it is shown that relatively small changes in the density difference create
large changes in the entrainment. In these experiments, the relative change in the
entrainment is greater than 10%, whereas changes in the salinity differences are less than
2%. Thus, as evident from Eq. 3, changes in the entrainment will have a greater impact
on the salinity of the outflow waters. We now look at the evolution in the Atlantic Ocean

of the water mass properties calculated by the MSBC for each experiment.

4.4 Water mass evolution in the Atlantic Ocean
4.4.1 General shape of the tongue
The horizontal shape and extent of the tongue remain reasonable throughout the
integration of each experiment when compared to the climatology GDEM3 (Figure 7).

The position of the maximum salinity core (S>36psu) is closer to the observations in
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ENT than in the other experiments where it extends further westward. However, if we
consider the total spreading area, we can see that CLIM and ENT are similar to GDEM3,
while the spreading areas of GIB light and GIB dense are more confined and more
extended, respectively. Specifically, if we compare the western edge of the tongue (using
the isohaline 35.4psu as a boundary), we can see that GIB_light’s Mediterranean tongue
reaches 30°W, GIB dense’s tongue reaches to 50°W and GDEM3’s extends to 35°W.
These results can be related to the MOW transport strength as calculated by the MSBC
for each experiment. The stronger the transport, the larger the tongue’s extent.
GIB_dense has the strongest transport (~4.7Sv) while GIB_light has the lowest (~3.5Sv).

We now focus on the vertical shape of the salt tongue on a section at 36°N (Figure
8). The depth of the main core differs from one experiment to another as shown in Figure
9. As areminder, the MOW injected into the Atlantic is distributed between two selected
isopycnic layers with different temperatures in such a way that the average temperature
of the injected flow in both layers equals the temperature of the outflow calculated by the
MSBC (See Appendix for details). Thus, GIB_light and ENT, with warmer outflows, are
mainly distributed along layer 14 (0~=36.38) whereas GIB dense, with the coldest
outflow temperature, is mainly distributed in layer 15 (0,=36.52) at a lower depth. We
also notice that the vertical extension of the flow differs between experiments. This
vertical spreading depends on the MSBC transport of MOW, as was the case for
horizontal spreading. CLIM has an outflow transport of 4Sv, with a vertical extension
between 800m and 1500m. GIB light has a transport of 3.5Sv and spreads into the
Atlantic Ocean between 950m and 1100m. GIB_dense has the largest transport (4.8Sv;

see Table 1) with a vertical extension of nearly 800m, between 800m and 1600m.
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4.4.2 Salinity evolution

In this section, we analyze the evolution of the outflow properties in layers 14 and
15 in a box extending from 33°N to 42°N, and from 10°W to 20°W in the Atlantic Ocean
(Figure 8). The evolution of the maximum salinity (Figure 10a) is comparable to the
evolution of the salinity calculated by the MSBC (Figure 6f), with the highest salinity for
GIB_light and the lowest for ENT. Analyzing the evolution of the spatially averaged
salinity in the same box, however, yields different results (Figure 10b). While ENT still
has the lowest salinity, GIB_light salinity is 0.05 psu fresher than CLIM and GIB_dense,
despite the fact that its outflow salinity was 0.2 psu saltier. To understand these results,

we have to take into account the salt flux S -Tr

out out

(in Sv psu) imported into the box

(Figure 10c). GIB dense produces the highest salt flux with 172 Sv psu, followed by
CLIM and ENT with 145 and 150 Sv psu, respectively. Finally, GIB light produces the
lowest salt flux with 125 Sv psu, despite having the highest S,,,. Comparing Figures 10c
and 5c shows that the strength of these salt fluxes is induced by the MSBC transport 77,
rather than the salinity S,,,, However, since the MSBC transport 77,, does not vary
between CLIM and ENT, the decrease of the average salinity in the box between these
two simulations is due to the decrease of S,,,. In GIB_light, the weakness of the salt flux
and, more specifically, the weakness of the transport do not allow the Mediterranean
tongue to be maintained at the same salinity as in CLIM. As seen in section 4.4.1, the
transport sets the amount of salt imported into the box, but also plays a role in the spatial
distribution of the MOW. Figure 10d shows the ratio of the volume of water mass whose

salinity exceeds 35.85psu (lowest average salinity calculated in the box, see Figure 10b)
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with respect to the total volume of water in the box for each experiment. As expected
from the strength of the salt flux, GIB light ratio is small (0.30) compared with
GIB_dense or CLIM ratio (0.85 and 0.70, respectively). This result shows that GIB_light
Mediterranean tongue is confined to the box while GIB_dense and CLIM tongues spread
more widely, giving them a potentially greater impact on the Atlantic Ocean properties
and circulation. One can therefore state that, in order fully to understand the variability of
the MOW in the Atlantic Ocean, the variability of the salt/heat flux of the outflow as well

as the T/S properties of the outflow need to be taken into account.

5. Summary and discussion

In this study, we used the Marginal Sea Boundary Condition (MSBC) to study
mechanism(s) responsible for MOW variability. To that aim, we used different sensitivity
experiments to evaluate the impact of different source waters and entrained waters on the
outflow properties in the Atlantic Ocean.

The analysis of the water mass transformation in the MSBC shows that the
density gradient (Ap;) between the Mediterranean Sea water (MSW) and the entrained
water (NACW) is the dominant factor in the Mediterranean outflow process. Its value
determines the entrainment parameter ¢ that has been evaluated between 0.73 and 0.83
in our experiments, in agreement with the observations. As a direct consequence, the
variability of the MOW is more sensitive to the entrained water variability in agreement
with Price and Baringer (1994) and Baringer and Price (1997). However, we also show

that the entrainment parameter determines the total outflow transport and therefore the
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importance of the resulting MOW salt/heat flux. The mechanism driving the outflow
variability can be summarized as:

* If pen increases and/or if pgy decreases, Ap,; decreases leading to a lower
entrainment rate ¢. This leads to a decrease of the outflow transport and to a
stronger influence of the Gibraltar waters at the expenses of the NACW.

* If pen decreases and/or if pgy increases, Ap, increases leading to a higher
entrainment rate ¢. This leads to an increase of the outflow transport and to a
stronger influence of the NACW at the expense of the Gibraltar waters.

In the Atlantic Ocean, we show that the evolution of the Mediterranean tongue
depends not only on the T/S properties of the waters flowing out of the Gulf of Cadiz, but
also on the strength of the outflow transport. Furthermore, the transport determines the
importance of the spreading area and therefore the ability of the MOW to influence the
Atlantic Ocean properties and circulation.

The variations of properties at Gibraltar that lead to such transport changes have
been chosen purposely large compared with the observed interannual variability of these
waters. Even with these large variations, the shape and water properties of the outflow
tongue remain relatively stable. We therefore expect that realistic variations of the
outflow transport (as in ENT compared to CLIM) will have weaker impact on the MOW
variability than actual property variations of the NACW.

Following these results, the impact of changes like Eastern Mediterranean
Transient on the MOW (Lascaratos et al., 1999), i.e. an increase of the density and
salinity of the Gibraltar water (Millot et al., 2006), would increase Ap, and therefore the

entrainment. A possible consequence of this transient on the MOW would be an
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increased transport and a slightly extended tongue, but not necessarily an increase of its
salinity. On a longer time scale, several scenarios of climate change have suggested that
the density of the water at Gibraltar will decrease despite an increase of the salinity
(Thorpe and Bigg, 2000; Somot et al., 2006). As a marginal sea, the Mediterranean Sea
properties should vary faster than the open-ocean properties. Consequently, the density
difference Ap; would decrease as well as the total transport of MOW, leading to a saltier
but less extended tongue.

The results of this study strongly depend on the fact that the Mediterranean
outflow mechanism is density-driven. This assumption has been made in most of the
parameterizations of outflow including the MSBC (Turner, 1986; Price and Yang, 1998;
Hallberg, 2000; Xu et al. 2006) and is based on the experimental results of Ellison and
Turner (1969). We thus consider our results robust. A follow-up study will be to evaluate
the impact of interannual atmospheric variability, the impact of realistic variations of the
MSW properties on the MOW variability, and the role of the Meddies in the spatial

expansion of MOW properties using a 1/12° configuration of the Atlantic Ocean.
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APPENDIX: Implementation of the MSBC in HYCOM

The first step in implementing the Price-Yang MSBC is to define the Gulf of
Cadiz boundary zone at the initialization stage of each model run. The meridional
boundary of this zone must be located sufficiently far to the west of the Straits of
Gibraltar so that water depths exceed 1500m to permit the unimpeded injection of
overflow water. The meridional boundary is therefore chosen as the first column of grid
points west of the Straits where a maximum depth of 1500 m is encountered at two or
more grid points within this column. This column is defined by index i;. All grid points in
and to the east of this column within the Gulf of Cadiz are then considered to be part of
the boundary zone. The latitude range over which water is exchanged between the
interior Atlantic and the boundary zone consists of all grid points in this column
beginning with the first point located south of the latitude of the Straits and extending
northward to the Iberian coast. These rows are defined by indices j; to j,. The required
input variables for the MSBC boundary model, 7,4, Sui, Ten, and Sen (Figure 2) are all
obtained from the first column of grid points to the west of the boundary longitude (index
i;-1). The MSBC subroutine always sets current velocity to zero at all # and v grid points
within the boundary zone. It also initially resets the temperature, salinity, and layer
thicknesses at all p grid points within the boundary zone to their climatological values
with the exception of the model layers that receive the injected MOW.

The primary difficulty associated with injecting Mediterranean overflow water is
that this water must be accepted by interior isopycnic layers with discrete target densities
that do not match the density of the overflow water. The simplest way to do this would be

to identify the model layer located just west of the boundary zone that spanned the MOW
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injection depth calculated by MSBC, inject the MOW transport calculated by MSBC into
this layer with the temperature and salinity values calculated by MSBC, and then rely on
the hybrid vertical coordinate grid generator to re-establish isopycnic conditions in the
layer. However, this requires the grid generator to move model interfaces large distances
during each time step which induces large numerical diffusivity and produces highly
uneven layer thicknesses in the MOW tongue west of the Gulf of Cadiz. It was therefore
necessary to inject the water in a manner that preserved the isopycnic target densities in
the receiving layers.

The first step of this procedure is to identify the two isopycnic layers with target
potential densities that bracket the MOW density that is calculated by the HYCOM
equation of state:

Gout = G(T;Jut ’ Sout’ p0)>

where py is the reference pressure and potential density is calculated in sigma units.

All overflow water is accepted by these layers, denoted by indices k; and 4, and separated
by interfaces located at pressure depths pi;, pi2, and pis (Figure 11). The procedure to
partition the MOW injection into the two layers is designed to the greatest extent possible
insure that the mass-weighted average temperature of the injected water equals 7,
calculated by the MSBC. Within the boundary zone, the salinity in both of the two
selected layers is set to S, calculated by the MSBC, and then the temperature in each

layer is set to

-1
T;cloul =0 (akl s Sou/ b p() )
-1 s
T;r2out =0 (OkZ’ Saut ’pO )
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where o™ signifies the inversion of the equation of state built into HYCOM to calculate
temperature from potential density and salinity, and where o; and oy, are the isopycnic
target potential densities of the two layers. The pressure depth of the intermediate

interface py> within the boundary zone is then reset to

pout+(0'5_q)(pk2_pkl) qSOS
P = )
p()ut+(0’5_q)(pk3_pk2) q>05

where

lout T out
b
T;cZout

_ L
Tk

lout —

and where p,,, is the central pressure depth of the injected overflow water. Note that ¢
must be bounded between 0 and 1 because these limits can be exceeded due to the
nonlinear equation of state since the two layers were selected based on their target
potential densities and not temperature. The interface pressure depths above and below

the two layers are then given by

Pii =Pirat P~ Pra
Pz =Pt Pz~ Pra

All other interfaces above and below these three within the boundary zone are set to their
climatological mean pressure depths except to maintain a minimum thickness of 5 m.
With layer thicknesses and water properties set at all of the grid points within the
boundary zone, MOW injection into the interior Atlantic is accomplished by partitioning
the total zonal transport U, provided by MSBC is apportioned among the two accepting

layers as
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T, = (1-q)Tr

out
s

Tr, =qTr,

out

It is implemented by controlling the zonal velocity at the column of u grid points located
immediately west of column i, of the pressure grid points that represent the offshore edge
of the boundary zone. The zonal transport of the injected water in each layer is distributed
over both the layer thickness and the meridional distance between grid point rows j; and
Jj2. To insure that there is no net zonal transport between the interior Atlantic and the
boundary zone, the other two zonal transports at the edge of the boundary zone calculated
by the MSBC (7, and Tr.,) must also be accounted for. Both of these transports are
distributed over the same latitude range (from j; to j2) as 77, but Tr,, is distributed over

the upper 140 m while 77, is distributed over the depth range between 140 m and py;.
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Tables

Experiments | Ty, Sgin Trgip Tent> Sent Touts Sout Trou
Gibraltar Gibraltar Entrained Outflow Outflow

Observations | 13°C 0.7Sv-1.28v 11.4°C-12.5°C 11°C-36.2psu 2.1Sv-4.8Sv
38.4psu 35.6psu-35.7psu

CLIM 10.3°C (0.07) 0.83 Sv (0.00) 11.1°C (0.07) 10.9°C (0.07) 4.0Sv (0.02)
38.14psu (0.02) 35.7psu (0.02) 36.2psu (0.02)

GIB_light 13°C 0.87 Sv (0.00) 11.4°C (0.09) 11.8°C (0.07) 3.5 Sv (0.03)
38.4psu 35.67psu (0.02) 36.36psu (0.01)

GIB_dense 10°C 0.79 Sv (0.00) 10.9°C (0.02) 10.7°C (0.02) 4.8 Sv (0.05)
38.6psu 35.69psu (0.01) 36.18psu (0.00)

ENT 10.4°C (0.16) 0.83 Sv (0.00) 11°C 10.9°C (0.03) 4.1 Sv (0.03)
38.15psu (0.04) 35.6psu 36.12psu (0.01)

Table 1: Summary of the results averaged over years 35 to 40 of the MSBC for each

experiment and observations. Values in bold type are constant during the experiment.

Values in parentheses are standard deviations.

List of Figures

Figure 1: Bathymetry (m) of the HYCOM Atlantic Ocean configuration.

Figure 2: Schematic of the exchange at the Strait of Gibraltar. S, corresponds to Atlantic
waters, Sgp corresponds to Mediterranean Sea Water at Gibraltar (source water), S
corresponds to NACW entrained water and finally S, corresponds to outflow water.
Variables in green are prescribed, variables in blue are given by HYCOM and red

variables are calculated by the MSBC.
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Figure 3: Entrainment parameter (¢) in function of Ap; (kg/m’) for velocities at the
Gibraltar strait ranged between 0.125m/s and 2.0m/s with an increment of 0.075m/s.
Black lines highlight the evolution of ¢ for two velocities corresponding to transports at
Gibraltar of 0.7Sv and 1.2Sv respectively (see Table 1).

Figure 4: Salinity averaged on layers 14 and 15 (0,=36.38 and 0,=36.52, bounded by the
white lines) for a) GDEM3 and b) CLIM (averaged over years 35 to 40). Vertical sections
of salinity at 36°N for ¢c) GDEM3 and d) CLIM.

Figure 5: a) Density difference Ap; (kg/m’) between MSW (Pgiv) and NACW (0ens), b)
entrainment parameter ¢ for each experiment and c¢) MSBC transports of the
Mediterranean Outflow in Sv (1Sv=10° kg/m’). CLIM is in black, GIB_light in dotted-
dashed black, GIB_dense in dotted gray, ENT in dashed gray.

Figure 6: Evolution of the temperature a) at Gibraltar, b) of the entrained water and c) of
the Mediterranean outflow water. Evolution of the salinity d) at Gibraltar, e) of the
entrained water and f) of the Mediterranean outflow water. CLIM is in black, GIB_light
in dotted-dashed black, GIB dense in dotted gray, ENT in dashed gray. The vertical
dashed line indicates the end of the 20-year spin-up.

Figure 7: Salinity averaged over the sigma layers 36.18 and 36.52 for a) GDEM3, b)
CLIM, c¢) ENT, d) GIB dense, and ¢) GIB_light.

Figure 8: Location of box used for Figure 10 on salinity at 1100m (contour). The dashed
line indicates the location of the section used for Figure 9.

Figure 9: Vertical section at 36°N in the Atlantic of salinity year 40 for a) GDEM3

(climatology), b) CLIM, ¢) ENT, d) GIB_dense and ¢) GIB_light.
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Figure 10: Evolution of a) the maximum of salinity of each experiment, b) the mean
salinity, c) the transport of salt from the MSBC in HYCOM and, d) the volume of water
mass with a salinity S>35.85psu with respect to the total volume of the box defined
Figure 7. CLIM is in black, GIB light in dotted-dashed black, GIB_dense in dotted gray,
ENT is in dashed gray. The vertical dashed line indicates the end of the 20-year spin-up.

Figure 11: Schematic diagram illustrating the two layers chosen to accept the MOW
injected from the Gulf of Cadiz boundary zone (right) into the interior North Atlantic
(left). The solid arrows illustrate the partition of the MOW transport between the two
layers while the dashed line shows the central pressure depth of the injected water

calculated by the MSBC.

33



H40N

20N

EQ

20S

Figure 1: Bathymetry (m) of the HYCOM Atlantic Ocean configtion.



E-P-R Q

Depth (m)

= 290m

A\

Tout, Souts Pout, /
=1100m Trout

kN p— ——
Tatl, Satl, Patl, =

Tratl

ATLANTIC OCEAN <—— Tygib, Sgib, Pgib,
Trgib

MEDITERRANEAN
SEA

Tent, Sent, Pent, depth, @

Trent
=)

Figure 2: Schematic of the exchange at the Gibraltar stsgjtcorresponds to Atlantic waters,

Sy corresponds to Mediterranean Sea Water at Gibraltar (somater),S,,,; corresponds to

NACW entrained water and finally,,; corresponds to Outflow water. Variables in green are

prescribed, variables in blue are given by HYCOM and redaldes are calculated by the

MSBC.



1.0 _0.125m/s

0.500m/s

— 0.875m/s
0.8 - ?

o
()}
\

N
BN
\

Entrainment parameter ((p)

o
(N}
[

0-0 ‘ i 1 ‘ 1 1 ‘ 1
0.5 1.0 1.5 2.0 25 3.0

Apd (kg/m3)

Figure 3: Entrainment parametes)(in function of Ap, (kg/m3) for velocities at the Gibraltar
strait ranged between 0.125m/s and 2 m/s with an increméh0@bm/s. Black lines highlight
the evolution ofy for two velocities corresponding to transports at GibradfeD.7Sv and1.2Sv

respectively (see Table 1).



50N 50N

Latitude
Latitude

N
40W
Longitude

34.00 34.20 34.40 34.60 34.80 35.00 35.20 35.40 35.60 35.80 36.00 36.20 36.40

0

1000 1000

2000

Depth (m)
Depth (m)

3000 3000

4000
-80 -60

4000
-20 0 -80

Lon-gl(%ude (E)

Lorfélqude (E)

3475 3493 3511 3528 3546 3564 3582 3599 36.17 36.35

Figure 4: Salinity averaged on layer 14 and &5 € 36.38 ando, = 36.52, bound by the white
lines) for a) GDEM3 and b) CLIM (averaged over year 35 to 403rti¢al sections of salinity

at 36N for c) GDEM3 and d) CLIM.



2.6
24

2.2
2.0
1.8

1.6
1.4

0.84
0.82
0.80
0.78
0.76
0.74

55
5.0

4.5

4.0

35
3.0

Q
N—

- LM i ]
— — -— GIB_light I =
F GIB_dense 1 ]
ifi_' ENT o —
= N E
= I\ =
C 1 - E
— Apq (kg/m3) ! E
= : I ‘ ]
5 10 15 20 25 30 35 40

Time (year)

b)

F 1 B
E 1 Z
; 1 *:
- v - 7
,\" —— — ‘_/\—’—:
= ) =
i 1 7:
E | “’ _____ —_———e— T T e ——— " \_E
= ¢ I =
= ‘ | | 3
5 10 15 20 25 30 35 40

Time (year)

@)

— i m
- I E
C 1 .
- [ E
= I 3
N— - T ~ =
- g :
— ! N e -—— i — -~
- Total Transport (Sv) P\ — -5
= ‘ 1 ‘ 3
5 10 15 20 25 30 35 40

Time (year)

Figure 5: a) Density differencép,; (kg/m3) between MSW and NACW, b) entrainment pa-

rametery for each experiment and c) transport of the Mediterraneatfii@®@uin Sv (15v =

10°kg/m?). CLIM is in black, GIB_light in dotted-dashed black, GlBemke in dotted gray,

ENT in dashed gray.



a) Gibraltar Temperature (@] ‘ d) Gibraltar Salinity (psu)

14E j 3 38.7 E
E CcLIMm I 3 38.6E | =
13 . F———— e — e — - — - —
— - — GIB_light L 385E : i
12E GIB_dense ) = 3845 e e e e —
E — — ENT I e 383 iy -
1154 E
E El 382E- - = "\ S
105 ! E 3815 ! -
E 1 3 38.0 ‘ 1 ‘
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Time (year) Time (year)
b) Entrained Temperature (C) e) Entrained Salinity (psu)
11.8F 3 c ‘ ; -
116 | = E | 3
C 3 35.80— —
= | —eNL A 4 B e
11.4F o~ . < = E | E!
E - — A4 3575 E
M2 I / E I A E
E | =™ 3 35700 b S MA
1.0 |5 2 e — E I _’ -7 N
a E E . =
108 I -3 35.65 N - =
1065 I = 3560 I\-————————-—————f
1045 L 1 3s55E I E
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Time (year) Time (year)
v Q) Outflow Temperature (C) f) Outflow Salinity (psu)
120F j Y j E E 3
1.8 - 3645 1 =
E \’E E e — ~—m— __—~~_2
1.6 3 E | [~—" —
A = 3635 | E
n2E E z PREE e N>
11.0 ;\/‘«/‘J = 36.2F I\ =
, - E =
10.8¢ = E e ——— _ ~__ 4
106/ I 3 361 | 3
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Time (year) Time (year)

Figure 6: Evolution of the temperature a) at Gibraltar, b}hef entrained water and c) of the Mediterranean outflow water
Evolution of the salinity d) at Gibraltar, ) of the entraineater and f) of the Mediterranean outflow water. CLIM is iadX,
GIB_light in dotted-dashed black, GIB_dense in dotted gEdNT in dashed gray. The vertical dashed line indicates miokeoé

the 20-year spin-up.
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Figure 7: Salinity averaged over the sigma layer 36.18 angiZ3®r a) GDEM3, b) CLIM, c)

ENT, d) GIB_dense and e) GIB_light.
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Figure 8: Location of box used for Figure 10 on salinity at Q@h0(contour). The dashed line

indicates the location of the section used for Figure 9.
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Figure 9: Vertical section at 38l in the Atlantic of salinity year 40 for a) GDEMS3 (climatol-

ogy), b) CLIM, c) ENT, d) GIB_dense and e) GIB_light.



36.4

2 £ a) cLIM : E
< 363F i ! T~ 3
2 292k —-— GIB_light [ - . .~ 3
£ g GIB_dense 1y ~ ~
8 362 Nt / _//\//\n _____ e
E &
£ 360 N_ T~
x = |
© E | E
= 360E ‘ I ‘ E
5 10 15 20 25 30 35 40

Time (year)
»a~ 36.05? E
£ 36.00 —
5\ o —_———— T T ]
S 3595F =
© F -_———
v 3590 - =
c o J
© = |
2 3585 I E
35.80E . 1 . E
5 10 15 20 25 30 35 40

Time (year)
180[C i i
s £ Q : ]
8 160— | 1
> L ]
2 N— I — ——
x5 140 LY -
= C N e — —.
T 1200 N -
L 1 -
100 . 1 L ]
5 10 15 20 25 30 35 40

Time (year)
8 1r i .
aé 0.8— d) 1 .
= . _
o r ! ]
< 06— I —
% £ I 7
= 04— .
[ [ S — — T T T e — T T =
e NG
£ C 1 ]
2 oC ‘ [ ‘ 3
= 5 10 15 20 25 30 35 40

Time (year)

Figure 10: Evolution of a) the maximum of salinity of each esiment , b) the mean salinity, c)
the transport of salt from MSBC in HYCOM and, d) the volume after mass with a salinity
S > 35.85psu with respect to the total volume of the box in the box defineglFe 8. CLIM is

in black, GIB_light in dotted-dashed black, GIB_dense ittebgray, ENT is in dashed gray.

The vertical dashed line indicates the end of the 20-yeargpi
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Figure 11: Schematic diagram illustrating the two layerssem to accept the MOW injected

from the Gulf of Cadiz boundary zone (right) into the interddorth Atlantic (left). The solid

arrows illustrate the partition of the MOW transport betwelee two layers while the dashed

line shows the central pressure depth of the injected wateulated by the MSBC.
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