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[1] We have evaluated a regional-scale simulation of the Mediterranean outflow by
comparison with field data obtained in the 1988 Gulf of Cádiz Expedition. Our ocean
model is based upon the Hybrid Coordinate Ocean Model (HYCOM) and includes the
Richardson number–dependent entrainment parameterization of Xu et al. (2006). Given
realistic topography and sufficient resolution, the model reproduces naturally the major,
observed features of the Mediterranean outflow in the Gulf of Cádiz: the downstream
evolution of temperature, salinity, and velocity profiles, the mean path and the spreading
of the outflow plume, and most importantly, the localized, strong entrainment that has
been observed to occur just west of the Strait of Gibraltar. As in all numerical solutions,
there is some sensitivity to horizontal and vertical resolution. When the resolution is made
coarser, the simulated currents are less vigorous and there is consequently less
entrainment. Our Richardson number–dependent entrainment parameterization is
therefore not recommended for direct application in coarse-resolution climate models. We
have used the high-resolution regional model to investigate the response of the
Mediterranean outflow to a change in the freshwater balance over the Mediterranean
basin. The results are found in close agreement with the marginal sea boundary condition
(MSBC): A more saline and dense Mediterranean deep water generates a significantly
greater volume transport of the Mediterranean product water having only very slightly
greater salinity.
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1. Introduction

[2] The Mediterranean Sea is a semienclosed marginal
basin in which strong evaporation exceeds the sum of
precipitation and river runoff, thus transforming the rela-
tively fresh North Atlantic surface water (salinity S of 36.1)
into the salty and dense Mediterranean water (S of 38.45
and potential density sq of 28.95 kg m�3) [Wüst, 1961]. As
this dense water mass spreads into the North Atlantic
Ocean, it mixes with the surrounding waters, creating a
warm and saline tongue of water at an intermediate depth of
about 1100 m that can be traced throughout the entire
subtropics [Levitus and Boyer, 1994]. Moreover, the impact
of the Mediterranean outflow water (MOW hereafter)
extends well beyond the subtropics of the North Atlantic
Ocean and the intermediate depth. Through either indirect

or direct routes, the MOW is responsible for supplying salt
to the near surface water that ultimately flows into the
Nordic Seas and influences the deep water formation there
[Reid, 1979, 1994; Iorga and Lozier, 1999a, 1999b;
McCartney and Mauritzen, 2001; Bower et al., 2002].
Therefore studying the Mediterranean outflow is important
for understanding not only the water properties and
circulation in the subsurface of the eastern North Atlantic,
but also the meridional overturning circulation in the entire
Atlantic basin.
[3] The circulation and evolution of the MOW begins as a

bottom-trapped gravity current flowing out the Strait of
Gibraltar. This dense water plume descends the Iberian
continental slope, on which bottom topography, earth rota-
tion, and bottom friction play a key role in controlling the
plume pathway [Ochoa and Bray, 1991; Madelain, 1970;
Smith, 1975; Zenk, 1975; Johnson et al., 1994a, 1994b;
Price and Baringer, 1994]. At the upper interface of the
outflow plume, the entrainment of North Atlantic Central
Water (NACW hereafter) increases the volume transport
and consequently reduces the density contrast between the
MOW and the ambient water [Ambar and Howe, 1979a,
1979b; Baringer and Price, 1997a, 1997b; Price et al.,
1993; Zenk and Armi, 1990]. The outflow plume shows the
spatial variations and multicore features at about 7�W [e.g.,
Zenk, 1970; Ambar and Howe, 1979a; Ambar, 1983; Ambar
et al., 2002]. The variations have usually been attributed to
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differential mixing with NACW [Baringer and Price,
1997a, 1997b; Iorga and Lozier, 1999a]. An important
transition in plume behavior, from a bottom-trapped density
current to a wall-bounded jet, the MOW undercurrent,
occurs to the west of about 8�W. Downstream from this
point the plume becomes equilibrated in the water column
and continues westward at intermediate depths. Further
downstream at Cape St. Vincent, the bottom topography
abruptly changes direction, and the flow separation from the
bottom slope promotes the generation of MOWanticyclonic
vortices (so-called Meddies [McDowell and Rossby, 1978;
Bower et al., 1997]). Beyond the Cape, the undercurrent
generally separates into two main branches flowing north-
ward and westward [Daniault et al., 1994].
[4] Reproducing the circulation and the evolution of

MOW in oceanic general circulation models (OGCMs) is
a challenge. This is due not only to the high computational
cost in resolving the small topographic and geographic
features associated with the MOW, but also to the difficulty
of accurately prescribing the entrainment process in the
outflow, the key process in determining the final water
properties, the volume flux, and the equilibrium depth of
MOW when spreading into the North Atlantic Ocean. The
difficulty of outflow representation depends strongly on the
choice of vertical coordinates [Griffies et al., 2000]. By
construction, there is no numerically induced diapycnal
mixing in isopycnic coordinate models, and the entrainment
can be precisely controlled. Furthermore, these models
naturally provide efficient vertical resolution by migrating
isopycnals to the pycnocline atop the outflow plume.
[5] The finding by Chang et al. [2005], that the param-

eterization of Hallberg [2000] is too strong and the interior
mixing induced by shear instability in the K-profile param-
eterization (KPP) [Large et al., 1994, 1997] is too weak for
accurately representing the entrainment process in gravity
currents, led Xu et al. [2006] to develop a new algebraic
entrainment parameterization. The parameterization casts
the entrainment as a function of the layer Richardson
number (Ri) times the velocity difference across layers. To
determine the function f (Ri), simulations of generic gravity
currents over various bottom slope angles were carried out
with the hydrostatic Hybrid Coordinate Ocean Model
(HYCOM), and compared to similarly configured experi-
ments using a high-resolution, three-dimensional, nonhy-
drostatic model, which serves as a ground truth. A simple
linear function, f (Ri) = 0.2 (1 � Ri/0.25) with Ri < 0.25,
was found to reproduce entrainment, salt flux, Richardson
number, velocity profiles, and plume propagation well in
comparison with the nonhydrostatic simulations. This pa-
rameterization, though extremely simple, is also consistent
with the theoretical and laboratory results from stably
stratified shear flows in that the shear-induced turbulence
grows (decays) in the regime of Ri < 0.25 (Ri > 0.25),
respectively [e.g., Miles, 1961; Rohr et al., 1988]. When
applied to a regional model of the Mediterranean outflow,
the Xu et al. [2006] parameterization produced a better
equilibrium depth of the MOW in the Gulf of Cádiz than the
parameterizations of Hallberg [2000] and KPP.
[6] The representation of marginal sea outflows in cli-

mate models is a challenge given that climate models
typically have a horizontal grid size of 1� or more. This
horizontal grid spacing is one order of magnitude larger

than is required to explicitly resolve the width of the narrow
outflow passages. An alternative method of outflow repre-
sentation in climate models was suggested by Price and
Yang [1998] and termed the marginal sea boundary condi-
tion, or MSBC. As the name implies, the MSBC collapses
the deep water formation processes (exchange between the
marginal sea and the open ocean, descent and entrainment
of the outflow on the continental slope) into what amounts
to a side-wall boundary condition for an OGCM. This
approach to modeling deep water formation by a marginal
sea is appropriate from an oceanic perspective since the
outflow water mass transformation takes place within one
grid cell of a typical ocean climate model. In MSBC, a
hydraulic model converts the surface inflow of open ocean
water into an outflow source water; and a rotating, entrain-
ing density current model then transforms the source water
into the final outflow product water by entraining oceanic
water.
[7] This study has three aims. The first is to evaluate how

well the algebraic entrainment parameterization of Xu et al.
[2006] is able to reproduce the observed outflow when
included in a well-resolved numerical, regional simulation
of the Mediterranean outflow. This is achieved by
performing a detailed model-data comparison, focusing on
the question of whether the simulation can reproduce the
localized entrainment immediately west of the Strait of the
Gibraltar as well as the evolution of MOW in the Gulf of
Cádiz. The second aim of this study is to investigate how
sensitive this parameterization is to the horizontal and
vertical resolutions used in the model. This is an important
question because the regional, basin-scale, and global cli-
mate models typically use very different resolution and
eddy viscosity, and will therefore have different density
gradient and velocity shear, and thus Ri. The result is likely
to be quite different. The third aim is to compare the
HYCOM regional model and the MSBC to learn how
simulated MOW product water changes when the water
properties in the deep Mediterranean Sea are changed. This
comparison can be regarded as an interim test for MSBC to
the extent that the HYCOM simulation contains far fewer
modeling assumptions. It may also be viewed as an attempt
to understand/forecast the change in MOW induced by long
timescale variations over the Mediterranean Sea or else-
where in the North Atlantic Ocean; see Curry et al. [2003]
for documented changes in salinity over the North Atlantic.
[8] The paper is organized as follows. Sections 2 and 3

briefly present the observational data and the numerical
model configuration, respectively. The numerical results are
compared in detail to the observations in sections 4, 5, and
6. The sensitivity of the modeled results to the horizontal
and vertical resolutions is investigated in section 7. The
sensitivity of the MOW product water to a water property
change in outflow source water and ambient oceanic water
is explored in section 8. Finally, the paper concludes with a
summary and discussion.

2. Observational Data

[9] The observational data used in this study are obtained
from the 1988 Gulf of Cádiz Expedition survey [Price et al.,
1993]. This survey primarily focused on the descent and
mixing of the Mediterranean outflow as it spreads into the
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Gulf of Cádiz, particularly the first 100 km of the path
where the mixing was shown to be most intense. It therefore
provides an excellent data set that can be used to evaluate
our numerical simulations. The observational data that will
be used in the comparison includes 120 CTD profiles and
79 in situ horizontal current profiles gathered with the XCP
(expendable current profiler). Figure 1 shows the location of
the stations. The CTD stations were laid out in 11 sections,
labeled from A to K, with section I along the axis of the
strait and the rest approximately normal to the outflow in
the gulf. The XCPs were deployed throughout sections A
through F whenever CTD casts indicated the presence of
salty MOW. The repeat profiles in sections A, B, and C
show remarkably similar velocity and density structure
within the plume, implying a negligible tidal influence
and a steady plume signature. Analysis of this data set has
appeared in work by Baringer [1993], Price et al. [1993],
Johnson et al. [1994a, 1994b], and Baringer and Price
[1997a].
[10] Additional field data including mean velocity pro-

files obtained from measurements within the Strait of
Gibraltar are used to assess the exchange between the North
Atlantic and the Mediterranean. One set of velocity profiles

was obtained from two moorings deployed at Gibraltar’s
main sill between October 1985 and October 1986 during
the Gibraltar Experiment (GibEx) [Bryden et al., 1994]. A
second set was obtained at a nearby location during October
1994 to October 1996 with one mooring with a bottom-
mounted, upward-looking Acoustic Doppler Current Profil-
er (ADCP), capable of measuring the velocity of the entire
water column with a vertical resolution of 10 m [Candela,
2001].

3. Model Configuration and Exchange Through
the Strait of Gibraltar

3.1. Model Configuration

[11] The general circulation model used in this study is
the Hybrid Coordinate Ocean Model (HYCOM) [Bleck,
2002; Chassignet et al., 2003; Halliwell, 2004]. The vertical
coordinate in HYCOM is isopycnal in the open, stratified
ocean and smoothly changes over to terrain-following in
shallow coastal regions and to fixed depth level in the
surface mixed layer and/or unstratified seas. In doing so,
the model combines the advantages of different coordinate
in optimally simulating coastal and open ocean circulation
features. In our application, the outflow plume is primarily
resolved with isopycnic coordinates.
[12] The regional model is configured with an horizontal

grid resolution of 0.08� (approx. 7 km). The computational
domain (13.0 � 3.08�W, 34.2 � 40.6�N; see Figure 2)
includes the northeast Atlantic Ocean, the Gulf of Cádiz, the
Strait of Gibraltar, and a small part of the western Mediter-
ranean Sea. There are 28 layers in the vertical, with
reference densities listed in Table 1. The bottom topography
is based on the Naval Research Laboratory digital bathym-
etry database with 2-min resolution (NRL DBDB2, see
http://www7320.nrlssc.navy.mil/DBDB2_WWW for docu-
mentation). The model is initialized with the temperature
and salinity fields from the third version of climatology
‘‘Generalized Digital Environmental Model’’ (GDEM)
[Teague et al., 1990]. Since this is a process study, there
is no surface forcing, all boundaries are closed, and relax-

Figure 1. Locations of (top) CTD and (bottom) XCP
stations during the 1988 Gulf of Cádiz Expedition.

Figure 2. Bathymetry in meters of the eastern North
Atlantic Ocean, the Gulf of Cádiz, and the western end of
the Mediterranean Sea.
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