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[1] The ability of a three-dimensional sigma coordinate free surface model to reproduce
the interfacial layer between the Atlantic and Mediterranean waters in the Strait of
Gibraltar is verified. The model uses a coastal-following curvilinear orthogonal grid that
includes the Gulf of Cadiz and the Alboran Sea, with very high resolution in the strait
(less than 500 m). It is forced by imposing the two major semidiurnal tidal components
(M2 and S2) along the Atlantic and the Mediterranean open boundaries. The main
experiment covers an entire spring-neap cycle (fortnight period). Results show that the
model is able to reproduce a thick interfacial layer that carries a substantial fraction of the
total transport. The interfacial thickness is strongly modulated by tidal forcing that
enhances the vertical exchanges between layers. In order to take into account the thick
interfacial layer, a three-layer approximation is used to study the hydraulics. Results show
that the exchange regime is intermittently maximal due to cyclically controlled regions
over Camarinal Sill and within Tarifa Narrows. The analysis has been repeated in a
two-layer framework to evaluate the impact of the introduction of an interfacial layer on
the calculation of hydraulics. In the two-layer approximation, there is not any
controlled region extending on the whole cross section, so the exchange is always
submaximal. Concluding, the two-layer approximation underestimates hydraulic controls
in the strait respect to the three-layer approach.
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1. Introduction

[2] The Strait of Gibraltar represents the only significant
link between the Mediterranean Sea and the world’s oceans.
It is about 60 km long and 20 km wide with a minimum
width of less than 15 km near the contraction of Tarifa
Narrows (TN). The strait has a shallow sill (Camarinal Sill
(CS)), located west of Tarifa, with a minimum depth of less
than 300 m (Figure 1).
[3] The excess of evaporation over precipitation and river

runoff over the Mediterranean basin represents, together
with the conservation of mass and salt, the main driver of
the mean circulation through the strait. This circulation,
generally called ‘‘inverse estuarine’’ [Stommel and Farmer,
1953], has been traditionally characterized as a two-layer
system: in the upper layer fresh and warm Atlantic water
flows eastward spreading in the Mediterranean basin, while
in the lower layer a compensating flow of colder and saltier
water exits from the Mediterranean toward the Atlantic.
This two-layer exchange flow, as initially suggested by
Bryden and Stommel [1984], is also determined by the
physical configuration of the strait, that controls both
the amount of water exchanged and the magnitude of the

salinity difference between the Atlantic and Mediterranean.
It was also pointed out by Bryden and Stommel [1984] that
the two-layer system is hydraulically controlled at CS,
where the composite Froude number reaches critical values.
Many papers have subsequently dealt with the applicability
of the hydraulic control theory to the Strait of Gibraltar,
focusing on the number and location of the hydraulic
controls (see Armi and Farmer [1985], Farmer and Armi
[1986], Bormans et al. [1986], Garrett et al. [1990], Bryden
and Kinder [1991], Lafuente et al. [2000], and Send and
Baschek [2001] for a theoretical and experimental approach
and Wang [1989, 1993], Izquierdo et al. [2001], Sannino et
al. [2002], and Brandt et al. [2004] for a numerical
modeling approach). Arguably the most important feature
emerging from these works is the existence of distinct
regimes of flow exchange. The first (maximal exchange)
occurs when the flow is hydraulically controlled both at CS
and TN, while the second (submaximal exchange) charac-
terizes flows that are only controlled at CS. In the first
regime, the flow exchange between the Atlantic and the
Mediterranean Sea is maximal, and is only determined by
processes occurring in the region in between the two
controls.
[4] The two-way exchange is strongly affected by entrain-

ment and mixing that take place between the Atlantic and
Mediterranean waters. This entrainment and mixing leads
to the formation of a thick interfacial layer where density
and velocity change gradually in vertical. This interfacial
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layer, as observed by Bray et al. [1995] (hereinafter
referred to as BR), is capable of carrying a significant
fraction of the horizontal mass transport in both directions.
However, they did not take into account explicitly the tidal
forcing, which, as shown by Wesson and Gregg [1994],
represents the main source of mixing and entrainment
between the two layers in the strait.
[5] Although it is believed that this interfacial layer is

important in determining the correct two-way exchange and
hydraulics within the Strait of Gibraltar, there is still a
tendency to consider the actual two-way exchange as a two-
layer exchange (i.e., the water within the strait is divided
only in two layers of homogeneous properties). Also
recently, in some numerical studies, two-layer numerical
models have been used to study the Strait of Gibraltar
[Izquierdo et al., 2001; Brandt et al., 2004].
[6] In this paper we first test the ability of a three-

dimensional high-resolution model, forced by the two
principal semidiurnal tide components, to simulate the
interfacial layer within the Strait of Gibraltar, and then we
study the effect of tides on the hydrological and physical
properties of this layer. Moreover, in order to investigate the
effect induced by the presence of the interfacial layer on the
hydraulics, model results are analyzed by means of a three-
layer hydraulic theory.
[7] The paper is organized as follows. Section 2 contains

a description of the model used to simulate the three-
dimensional tidally forced circulation in the strait. In
section 3, the model is validated through comparison with

most of the available experimental data. Section 4 is
devoted to test the ability of the model in reproducing the
interfacial layer. Always in section 4 the simulated volume
transports and hydraulics, computed in the three-layer
framework, are presented together with a comparison
between the two-layer and the three-layer approximations.
Conclusions complete the paper.

2. Model Description

[8] The numerical model used in this work is based on
the Princeton Ocean Model [Blumberg and Mellor, 1987] in
the configuration implemented by Sannino et al. [2004]
(hereinafter referred to as SBA) to study the effect of the
semidiurnal tides on the rectified mean water exchange in
the Strait of Gibraltar. In particular the model used in this
study is the Message Passing Interface parallel version
implemented by Sannino et al. [2005] by means of the
Scalable Modeling System tool [Govett et al., 2003]. In the
following we only focus on the principal model character-
istics (for a complete description of the model the reader is
referred to SBA). The model uses a curvilinear orthogonal
grid, covering the region between the Gulf of Cadiz and the
Alboran Sea. The grid has a nonuniform horizontal spacing;
horizontal resolution is maximum in the strait, where it is
less than 500 m, while at the eastern and western ends it
reaches 10–20 km and 8–15 km, respectively. The portion
of the horizontal grid representing the strait is rotated
anticlockwise of about 17� so that the along-strait velocity

Figure 1. Chart of the Strait of Gibraltar showing the principal geographic features referred to in the
text. Locations of current meter mooring deployed during the Gibraltar Experiment (October 1985 to
May 1986) and during the CANIGO observations (October 1995 to April 1996) are also shown with
circles and squares, respectively.
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is quite well represented by the model u component. The
vertical grid is made of 32 sigma levels, logarithmically
distributed at the surface and at the bottom, and uniformly
distributed in the rest of the water column.
[9] To reduce the well-known pressure gradient error

produced by sigma coordinates in regions of steep topog-
raphy [Haney, 1991], a smoothing was applied in order to
reach values of dH/H <0.2, where H is the model depth
[Mellor et al., 1994]. The resulting model topography in the
region of the strait, with the minimum depth of the shelf set
to 25 m, is shown in Figure 2. The dominant topographic
features of the strait (from west to east) are clearly recog-
nizable: Spartel Sill (Sp), Tangier Basin, CS, with a mini-
mum depth of 284 m, and TN.
[10] Initial temperature and salinity fields for the Alboran

basin have been obtained from a horizontal average of the

spring MODB data (available at http://modb.oce.ulg.ac.be/
modb/welcome.html), while the spring Levitus [1982] data
set has been used to set initial values within the Gulf of
Cadiz. At the eastern and western ends of the computational
domain there are two open boundaries. Here we use an
Orlanski radiation condition [Orlanski, 1976] for the depth-
dependent velocity, a forced Orlanski radiation condition
[Bills and Noye, 1987] for the surface elevation and a zero
gradient condition for the depth-integrated velocity. Tem-
perature and salinity are specified at the open boundaries by
using an upwind advection scheme that allows the advec-
tion of temperatures and salinities into the model domain
under inflow conditions. The normal velocities are set to zero
along coast boundaries; at the bottom, adiabatic boundary
conditions are applied to temperature and salinity, and a
quadratic bottom friction with a prescribed drag coefficient

Figure 2. (top) Model bathymetry, computational grid, and transects for the presentation of model
results within the Strait of Gibraltar. The gray levels indicate the water depths. The points Sp and CS
mark the points where Spartel Sill and Camarinal Sill, respectively, are located. (bottom) Bathymetry
along the longitudinal section E.
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is applied to the momentum flux. The Smolarkiewicz up-
stream-corrected advection scheme [Smolarkiewicz, 1984,
1990], as implemented by Sannino et al. [2002], was used
in the present study.
[11] The model resolves the vertical subgrid-scale turbu-

lence by prognostic equations for the turbulence velocity
and length scale [Mellor and Yamada, 1982], thus there is
no need for specific parameterizations of entrainment, as
recently demonstrated by Ezer [2005]. This feature makes
our model capable of taking into account the effect of
entrainment and mixing between Atlantic and Mediterra-
nean waters.
[12] The model starts from rest and is forced at the open

boundaries through the specification of the surface tidal
elevation that is characterized by the two principal semidi-
urnal harmonics: M2 and S2. Amplitude and phase of these
two harmonics have been obtained from the global tidal
model of L. H. Kantha [Kantha, 1995; Kantha et al., 1995].
[13] Because of the strong velocities generated by the

tidal forcing, short external and internal time steps of 0.1
and 6 s respectively need to be used in the simulation.
[14] The model was initially run for 360 days without

tidal forcing, in order to achieve a steady two-way circula-
tion that represents our nontidal experiment. Then the model
simulation was extended for another 29 days, forced only by
the M2 and S2 semidiurnal tidal components, in order to
achieve a stable time periodic solution, and finally the
model was run for a further fortnight period (14.79 days)
that represents our tidal experiment (main experiment). The
term ‘‘time-averaged’’ that will be used in the following
refers to the average over this fortnight period. Finally,
spring tide corresponds to day 10 of the simulation while
neap tide to day 3.

3. Model Validation

[15] The main experiment is basically the same as SBA,
so for a complete description of the model and data
comparison the reader is referred to SBA. In the following,
only the main validation features will be recalled. The
results obtained in our main experiment were compared
with all available observed data collected during both the
Gibraltar Experiment [Bryden and Kinder, 1988] and the
Canary Islands Azores Gibraltar Observations (CANIGO)
project (see Parrilla et al. [2002] for a complete list of
related papers). The former experiment was conducted from
October 1985 to May 1986 while the latter was conducted
10 years later, from October 1995 to April 1996. Locations
of current meter moorings used in this study are shown in
Figure 1.
[16] The comparison between the main model simulation

and data was carried out by means of a least squares
harmonic analysis of both surface elevation and current at
all depths. A good agreement between observed [Tsimplis et
al., 1995; Lafuente et al., 2000; Candela et al., 1990] and
predicted values of surface elevation is found. Maximum
differences do not exceed 6.2 cm in amplitude, with a
maximum error of about 15%, and 13� in phase. Maximum
discrepancies are confined to coastal points as Ceuta,
Algeciras, Tarifa and Point Cires, reflecting the fact that
the model grid is not properly a coastal-fitted one (see Table 1
and Table 2 in SBA for a detailed error analysis.) A good

agreement between model and data is also found for tidal
currents; the mean deviation and the root-mean-square
deviation of the simulated semimajor axis of the tidal
ellipse from the observed values (see Lafuente [1986] for
stations N, C, and S and Candela et al. [1990] for
stations M1, M2, M3, F3, M7, M8, and M9) do not
exceed 4.0 cm s�1 and 7.5 cm s�1 for the S2 component
and 5.9 cm s�1 and 7.9 cm s�1 for the M2 component
(see also Table 3 in SBA). As already demonstrated in
SBA, the model is also capable of simulating eastward
and westward propagating internal bores.

4. Three-Layer Approximation

4.1 Interfacial Layer Definition and Layers
Characteristics

[17] As suggested by BR, we use the upper and lower
limit of the halocline to define the interfacial layer. How-
ever, a different quantitative method for dividing all salinity
profiles into Atlantic layer (AL), interfacial layer, and
Mediterranean layer (ML) has been used. In this work
salinity profiles are fitted with an hyperbolic tangent. The
upper and lower bounds of the interfacial layer are identi-
fied as the intersections of the tangent at the flex of the
hyperbolic tangent with two vertical lines passing respec-
tively through the simulated salinity at surface and at the
deepest salinity (defined as the arithmetic mean between the
deepest simulated salinity and the deepest fitted salinity). In
order to quantitatively measure the fit quality of all salinity
profiles, the amount of variance that is explained by the
hyperbolic tangent fitting was computed as:

fq � 1�
X
k

Sk � Ŝk
� �2�X

k

Sk � �Sð Þ2
!!

� 100;

  
ð1Þ

where k represents the model vertical levels, Sk is the
simulated salinity, Ŝk is the fitted salinity and �S is the
arithmetic mean of the profiles. Only salinity profiles with a
fit quality >98% are retained; that however represent more
than 80% of the available salinity profiles (about 3000). The
mean fit quality value obtained averaging over the entire set
of retained salinity profiles is about 99.5%. As an example,
four different salinity profiles and the respective fitted
curves are shown in Figure 3.
[18] Figure 4 shows the time-averaged thickness of the

three layers together with the depth of the midpoint of the
interfacial layer. The thickness of the AL is characterized by
a positive north-south gradient, more intense in the region to
the west of CS, where the thickness ranges from 30 m up to
120 m. Along TN the thickness presents a value of about
40 m, decreasing to 20 m at the eastern end of the strait. It is
evident that the AL is strongly influenced by CS, in fact the
thickness almost halves its value crossing the sill. In
accordance with the bathymetric gradient, the thickness of
the ML is characterized by a negative along-strait gradient
going from the eastern end of the strait toward CS, with a
decrease of the thickness along TN from 800 m to about
80 m. On the western side of the strait, instead, the ML is
very shallow with a thickness of about 100 m along the
Tangier basin. The interfacial layer thickness has a relative
minimum of about 120 m over CS and a maximum of 180 m
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just west of it along Tangier Basin; a north-south gradient is
evident both to the west and to the east of the sill. This
pattern is reflected in the depth of the midpoint of the
interfacial layer which presents a north-south gradient
throughout the entire strait that is more intense east of
CS. Here the values range from about 180 m in Tangier
Basin to 40 m on the north coast, while in TN the values
range from about 120 m on the south to 40 m on the north.
[19] Comparison with the results of BR shows a general

agreement for the midpoint depth of the interfacial layer,
while differences are evident both in the magnitude and

pattern of the interfacial layer thickness. BR shows a
thickness that is everywhere lower than the simulated one,
with an along-strait gradient to the east of CS that is not
present in our simulation, and lower values on the western
side of CS, along the Tangier Basin. These discrepancies
can be mainly attributed to the fact that the analysis of BR
does not take tidal variability into account explicitly, while
we use simulated data from an entire fortnight tidal cycle,
and secondly to the fact that we use a different method to
define the upper and lower bounds of the interfacial layer.

Figure 3. Comparison of the simulated (solid lines) with fitted (dashed lines) salinity profiles. The
tangent to the flex of the hyperbolic tangent and the two horizontal lines indicating the upper and lower
bound of the interfacial layer are also plotted.
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