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Abstract Data collected during a 12-day cruise in July
2009 served to examine the structure of the nascent
Mediterranean Outflow Water (MOW) immediately west
of the Espartel Sill, the westernmost sill in the Strait of
Gibraltar. The MOW is characterized by high salinities
(>37.0 and reaching 38.3) and high velocities (exceeding
1 m s−1 at 100 m above the seafloor), and follows a
submerged valley along a 30 km stretch, the natural
western extension of the strait. It is approx. 150 m thick
and 10 km wide, and experiences a substantial drop from
420 to 530 m over a distance of some 3 km between two
relatively flat regions. Measurements indicate that the
nascent MOW behaves as a gravity current with nearly
maximal traveling speed; if this condition is maintained,
then the maximum MOW velocity would decrease slowly
with distance from the Espartel Sill, remaining signifi-
cantly high until the gravity current excess density is only

a small fraction of its original value. The sharp pycnocline
between the Mediterranean and the overlying North Atlantic
Central waters is dynamically unstable, particularly where the
flow interacts with the 100 m decrease in bottom depth. Here,
subcritical gradient Richardson numbers coincide with the
development of large interfacial undulations and billows. The
very energetic downslope flow is likely responsible for the
development of a narrowV-shaped channel downstream of the
seafloor drop along the axis of the submerged valley, this
probably being the very first erosional scour produced by the
nascent MOW. The coincidence of subcritical gradient
Richardson numbers with relatively high turbidity values
above the channel flanks suggests it may be undergoing
upstream erosion.

Introduction

The Mediterranean Outflow Water (MOW) is born after
the Mediterranean Water (MW) passes the Espartel Sill
(360 m depth), the westernmost sill in the Strait of
Gibraltar (e.g., Madelain 1970; Zenk 1975; Ambar and
Howe 1979; Baringer and Price 1999; Habgood et al.
2003; Hernández-Molina et al. 2006; Zitellini et al. 2009;
León et al. 2010). The MOW penetrates subsurface layers
of the Gulf of Cadiz, driven by pressure gradients caused
by the density excess of the intruding MW relative to the
ambient North Atlantic Central Water (NACW). This
nascent MOW is zonally channeled along the middle
slope by the bottom bathymetry, in what constitutes the
natural extension of the Strait of Gibraltar, until the
channel opens widely into the Gulf of Cadiz. The
plunging MOW is an excellent example of a two-way
flow–bottom interaction process. The MOW is strongly
influenced by the bottom topography, but it is also the
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principal actor in the development and maintenance of the
complex contourite depositional system characterizing the
continental slope in the northern gulf sector (e.g., Baraza
et al. 1999; Nelson et al. 1999; Habgood et al. 2003;
Hernández-Molina et al. 2006; García et al. 2009).

The flow is most intense shortly after exiting the Strait of
Gibraltar, as the MW–NACW density difference is maximal
here (Baringer and Price 1997a). It is in this energetic, and
relatively small, region west of the Espartel Sill that the
nascent outflow undergoes its most significant and fastest
transformation (Baringer and Price 1997a). The large
density-induced MW–NACW velocity difference is respon-
sible for the entrainment of NACW into the MOW, leading
to a substantial decrease in salinity and an increase in
outflow transport. The mean MOW speed, however, is
maintained quite far from this source region (Habgood et al.
2003; Hernández-Molina et al. 2006) because of the
transformation of potential into kinetic energy. Therefore,
the rate of density transformation of this nascent MOW
determines where the current veers northward along the
Iberian continental slope, and also its final equilibrium
depth.

Paleo-changes in MW density and the depth of the
Espartel Sill (relative to sea level) have likely resulted in
different MOW paths into the North Atlantic Ocean
(Bryden and Stommel 1984), as reflected by the presence
of numerous erosional and depositional features of varied
ages (Habgood et al. 2003; Hernández-Molina et al. 2006).
The MOW erosive activity creates V-shaped downslope
scours (Habgood et al. 2003), while the channeling effect
helps maintaining high velocities. Increased erosion may
locally modify the bottom slope, while accelerating the
flow and increasing turbulence, which may lead to an
unstable bottom equilibrium slope with an upslope retro-
gradation of the bottom profile.

Previous oceanographic studies in the region west of
the Espartel Sill have paid little attention to the evolution
of the MOW in its formation region. An exception is the
work of Baringer and Price (1999), who examined the
nascent MOWand its relation with depositional bed forms,
although at poor spatial resolution (typically about
10 km). In fact, no high-resolution bottom data are
available immediately west of the Espartel Sill, precisely
where the MOW begins its downwelling path. Only
Kenyon and Belderson (1973) characterized the erosional
and depositional bed forms at this site, inferred from half a
dozen side-scan sonar surveys.

The aim of the present study is to improve our
knowledge of flow–bottom interaction along the main
outflow channel of the nascent downsloping MOW, based
on a novel set of combined oceanographic (CTD and
velocity measurements) and bottom topography high-
resolution measurements west of the Espartel Sill.

Physical setting

Oceanographic setting

When the MOW passes the western Strait of Gibraltar
through the Espartel Sill (360 m deep), it initially flows
WSWalong the axis of the main channel toward the African
continent, with a salinity of 38.3 and temperature of 13.3°C
under NACW of salinity 36.3 and temperature 15.1°C. The
10-km-wide and 150-m-thick salinity wedge reaches a
maximum speed of 1.5 ms−1, associated with an excess
density of Δρ=1.9 kg m−3 (Ambar and Howe 1979;
Mulder et al. 2003). The nascent MOW is driven by the
downstream pressure gradient generated by this excess
density relative to the surrounding fluid (Madelain 1970;
Borenäs et al. 2002). Immediately west of the Espartel Sill
the flow follows the main channel, but then splits rapidly
into different branches (Baringer and Price 1997a), due
either to the presence of seamounts or to mixing between
MW and NACW. The initial mixing of the MOW is driven
largely by local bathymetry-induced acceleration. The flow
velocity rises as the bottom slope increases, enhancing
vertical shear and favoring subcritical conditions. Shear
mixing can result in the rapid formation of two or more
layers of different densities (Pelegrí and Sangrà 1998), and
these could propagate into the Gulf of Cadiz as distinct
cores (Ambar and Howe 1979). Due to such mixing
processes, the excess density has decreased enough beyond
the 550 m isobath for the Coriolis force to become
comparable to the inertial terms, and thus the MOW turns
northwest onto the Iberian continental slope (Baringer and
Price 1997b).

The distinct MOW cores eventually find their density
levels in the northern Gulf of Cadiz (Madelain 1970; Zenk
1975; Ambar and Howe 1979; Ochoa and Bray 1991;
Baringer and Price 1999; Borenäs et al. 2002; Serra et al.
2005). Two main cores have been reported. The upper core
reaches Cape San Vicente at depths of 500–800 m, with an
average speed of about 0.5 ms−1, temperature of 13°C, and
salinity of 36.2–36.5 (Ambar and Howe 1979; Ambar et al.
1999). The lower core constitutes the main path for MW
transport, located at 800–1,200 m and with an average
speed of about 0.25 ms−1, temperature of 12°C, and salinity
of 36.5 (Zenk and Armi 1990; Bower et al. 2002). At this
late stage the MOW has lost its gravity current character,
and has reached near-geostrophic equilibrium. The exact
path along the Iberian slope, however, depends largely on
those processes that have modified the outflow density.

Morphologic setting

MOW impact on sedimentary structures in the northern
Gulf of Cadiz has been the subject of many past studies (for
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a review, see Hernández-Molina et al. 2006). The northeastern
sector, located between Cádiz and the Strait of Gibraltar, is a
high-velocity zone where multiple scours and sand ribbons
have been reported (Baraza et al. 1999; Nelson et al. 1999;
Habgood et al. 2003; Hernández-Molina et al. 2006; García
et al. 2009), but the region west of the Espartel Sill remains
poorly characterized. Here, the MOW flows west, confined
by east–west channels (Baringer and Price 1999) and
responsible for numerous incisions in the upper sector
(400–600 m) of the middle slope (Habgood et al. 2003).

In most of the Gulf of Cadiz, the contouritic systems
have the erosional–depositional character of contour flows,
or along-slope currents in oceanographic terminology
(Baraza et al. 1999; Nelson et al. 1999; García et al.
2009). However, immediately west of the Espartel Sill the
nascent MOW has a downslope direction within an east–
west submerged valley, hereafter referred to as the Gibraltar
Valley. The seafloor is characterized by several ridges acting
as barriers and constraining the flow’s path, thereby
increasing its velocity and erosive potential (Kenyon and
Belderson 1973). Habgood et al. (2003) proposed that this
nascent downslope MOW is highly erosive, being respon-
sible for the presence of downslope scour alignments, i.e.,
deep V-shaped channels, along the Gibraltar Valley.

Materials and methods

Data were collected during a 12-day cruise from 12 to 21
July 2009 on board the R/V García del Cid, in a study area
centered at 35.85°N, 6.4°W immediately west of the
Espartel Sill (Fig. 1). The cruise started 3 days after the 9
July neap tide and ended 2 days before the 23 July spring
tide (Bonanza-Seville tide-recording station, Puertos del
Estado, http://www.puertos.es). The study area spans 27×
22 km, examined at 4.5 km resolution; a central area of 5×
5 km was surveyed with an increased resolution of 1 km.

Bathymetry

The study area is only marginally covered by the high-
resolution (250 m) maps available in the compilation by
Zitellini et al. (2009). Therefore, additional echo-sounder
data were acquired at 1 s intervals with vessel speeds that
ranged between 1.5 and 10 knots, and subsequently
averaged over 1 min intervals. A gross estimation of the
echo-sounder resolution, obtained by using an average ship
speed of 6 knots and 1 min-averaged bottom depth data,
gives a value of 185 m (square root of study area, 594 km2,
divided by the duration of the cruise, 12 days).

The final dataset includes the Zitellini et al. (2009) data,
the new echo-sounder data, and the 0.5° resolution General
Bathymetric Chart of the Oceans (GEBCO). This set was

post-processed and combined using Generic Mapping Tools
software to obtain the bathymetry on a 0.1 min grid as
shown in Fig. 1. Data density is highest near transects AS
and CS (cf. below), and in a 7-km-wide band immediately
north of these transects corresponding to the Zitellini et al.
(2009) study area.

In situ measurements

A preliminary survey involving expendable bathy-
thermographs served to determine the approximate path of
the MOW. Salinity, temperature, and turbidity data were
subsequently acquired at 1 m vertical resolution by means
of a Seabird 911Plus CTD at 27 hydrographic stations
spaced about 4.5 km apart (Fig. 1, Table 1). Higher-
resolution data were acquired in a smaller area in the central
channel, and include five continuous fixed-position yo-yo
profiles, as well as several short synoptic tow-yo along-
stream (AS) and cross-stream (CS) transects repeated over a
full tidal cycle and characterizing the phases before and
after ebb tide, and before and after flood tide (Fig. 1,
Table 1). In the present study, four along-stream and four
cross-stream short transects are reported. Tow-yo surveys
were carried out at very low ship speeds (1.5 knots) with a
vertical cycle wavelength close to 1 km; the total length
was 4 km for the cross-stream and 6 km for the along-
stream transects, each being completed in less than 2 h.

Continuous current velocities were simultaneously acquired
during all surveys, using an RDI Ocean Surveyor 75 kHz

Fig. 1 Bathymetry based on combined data from the present study,
GEBCO and Zitellini et al. (2009), with the locations of the 27 CTD
stations and the short along-stream (AS) and cross-stream (CS)
transects: W western morphological high, E eastern morphological
high, N northern morphological high. The inset shows a map of the
Gulf of Cadiz with bathymetric contours on a 1-min grid from the
ETOPO1 data base: SV Cape San Vicente, SM Cape Santa María, ES
Espartel Sill, square study area
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acoustic doppler current profiler (ADCP) in Janus configura-
tion with a theoretical maximum depth range of 750 m. In
practice, reliable data reached depths of only about 350–
400 m, as near-bottom values were contaminated by sidelobe
reflections. Tidal information for the central sector of the study
area (near transects AS and CS in Fig. 1) was computed from
the ADCP data obtained during the continuous yo-yo surveys
covering full tidal cycles, using T-Tide MATLAB routines
(Candela et al. 1990; Pawlovicz et al. 2002).

Flow dynamics

During its initial sinking the MOW is driven by the excess
density of MW relative to the surrounding NACW, and so
behaves as a gravity current. Under these conditions the
MW layer is assumed to flow at the propagation speed of
the gravity current head. In the absence of friction, and
assuming a negligible slope, this velocity is (Benjamin
1968):

vgc ¼ C g0dð Þ1=2 ð1Þ
where g′ = gΔρ/ρ, i.e., the reduced gravity acceleration, and
C ¼ 1� dð Þ 2� dð Þd= 1þ dð Þ½ �1=2, in which δ = h/d, i.e., the
ratio between the wedge thickness h and the total water
depth d. The maximum possible speed of this gravity current
is vm ¼ 0:53 g0dð Þ1=2 for δm=0.35 (Benjamin 1968; Pelegrí
1988).

The gradient Richardson number (Ri) can be used to
assess the dynamic stability of the MOW:

Ri ¼ � g

r
@r=@z

@v=@zð Þ2 � N2

S2
ð2Þ

where ρ is the density, v the along-stream velocity, z the
vertical coordinate, and g the gravity acceleration. The
buoyancy frequency for an incompressible fluid is defined
as

N ¼ � g=rð Þ @r=@zð Þ½ �1=2 ð3Þ

and the along-stream vertical shear as

S ¼ @v=@z ð4Þ

For Ri values below some critical value the interfacial
waves may become unstable or, equivalently, the flow
has enough kinetic energy to provide the required
potential energy increase. Some studies argue that this
critical value is 0.25, although more recent studies
suggest it should be 1 (see Van Gastel and Pelegrí 2004
for a historical perspective).

As mixing takes place, the MOW excess density
decreases, so that the speed of the associated gravity
current also decreases, and its width increases. The non-
dimensional Rossby (Ro) number compares the acceler-
ation and Coriolis force terms, and may be used to
evaluate for how long the MOW behaves as a gravity
current. Roy and Rox assess the cross-stream (y) and
along-stream (x) force balances, respectively; values much
less than 1 indicate that the flow is controlled by the
Coriolis force:

Rox ¼ U 2=Lx
fV

¼ U

fLy
ð5Þ

and

Roy ¼ V 2=Ly
fU

¼ U

fLy
d2 ð6Þ

where (Lx, Ly) and (U, V) are the characteristic length and
velocity scales in the (x, y) directions; δ = Ly/Lx, i.e., the
width–length aspect ratio, and the Coriolis parameter is
defined as f=2Ωsinθ, where Ω is the angular velocity of
the Earth and θ the latitude. The scale relation U/Lx = V/Ly
arises from a simple requirement of flow conservation in
the horizontal plane.

Initial time Final time Initial position Final position
(day, hour)

CTD profiles 1–27 08, 17:22 09, 21:17 35°51.71′N, 6°13.53′W 35°48.60′N, 6°34.61′W

Along-stream tow-yo L1 09, 23:34 10, 00:27 35°47.09′N, 6°19.38′W 35°46.44′N, 6°20.88′W

Along-stream tow-yo L2 10, 01:50 10, 04:01 35°47.17′N, 6°18.48′W 35°45.91′N, 6°22.43′W

Along-stream tow-yo L3 10, 05:12 10, 07:32 35°47.41′N, 6°18.49′W 35°46.30′N, 6°22.11′W

Along-stream tow-yo L4 10, 08:40 10, 10:57 35°47.19′N, 6°18.37′W 35°46.22′N, 6°22.16′W

Across-stream tow-yo C1 12, 23:41 13, 01:34 35°45.07′N, 6°20.35′W 35°47.71′N, 6°21.49′W

Across-stream tow-yo C2 13, 02:57 13, 04:45 35°45.14′N, 6°20.42′W 35°47.92′N, 6°21.60′W

Across-stream tow-yo C3 13, 06:01 13, 07:43 35°45.21′N, 6°20.32′W 35°48.15′N, 6°21.68′W

Across-stream tow-yo C4 13, 08:43 13, 10:14 35°45.22′N, 6°20.33′W 35°48.09′N, 6°21.63′W

Table 1 Sampling times and
locations for along- and across-
stream tow-yo and CTD
profiles. Dates correspond to
July 2009
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Results

Morphology

Depths in the study area are everywhere over 100 m (Fig. 1),
even in the northern sector where nautical charts drawn in the
1970s by the Instituto Hidrográfico de la Marina indicated
much shallower values. In the northeastern sector (at about
35.83°N, and 6.32–6.44°W) there is a southward extension of
the continental slope with depths of about 300 m, possibly
diverting the flow toward the southern part of the study area.
South of the continental slope there are three morphological
highs with depths of 340 m (southwestern high), 375 m
(southeastern high), and 370 m (northeastern high), respec-
tively denoted W, E, and N in Fig. 1.

On the upper continental slope of the western Gulf of
Cadiz, the Gibraltar Valley (10 km wide and 150 m deep)
stretches approx. zonally from the Strait of Gibraltar until it
branches into two main channels (Fig. 1). The northern
channel reaches maximum depths of 600 m, with an
entrance sill at 325 m. The southern channel increases in
depth from 400 to 550 m toward the west, its steepest
slopes being in the central sector; in the western part of the
AS transect (Fig. 1), the bottom slope increases to 0.1
(seafloor gradient of 5°). The axis of the southern channel
between 6.35 and 6.45°W displays a remarkably steep V
shape; here, the channel is about 50 m deep and no more
than 500 m wide.

Hydrography

The temperature–salinity diagrams for all CTD records
combined (not shown) reveal two well-differentiated water
masses: the MW (temperature 13.5°C, salinity 38, potential
density 1,030.0 kg m−3), and the NACW (temperature
12.5–15°C, salinity 35.75–36.25, potential density
1,028.25 kg m−3); the excess density between the MW
and the NACW is then 1.75 kg m−3. The horizontal
distribution of maximum (near-bottom) salinity recorded
during the large-scale CTD survey shows the main WSW
path of the high-salinity MOW, as well as a flow diversion
north of the morphologic low located at 35.8°N, 6.4°W
(Fig. 2). The bottom depth increases westward along the
MOW core path (cf. dashed white line in Fig. 2), with an
abrupt change at about 6.35°W (Fig. 3). The maximum
salinities display a general decrease with longitude, the
largest change occurring simultaneously with the maximum
increase in bottom depth (Fig. 3).

Contrasting with the large-scale difference in vertical
salinity patterns between the MW and NACW, changes in
turbidity are much more subdued (Figs. 4 and 5). The
along-stream cross-section illustrates the existence of near-
bottom high-salinity values in excess of 37.5 associated to
the MOW path (Fig. 4). The corresponding turbidity values
generally increase away from the bottom, except immedi-
ately downstream of the abrupt change in bottom depth
where a local maximum is present (Fig. 4). Three

Fig. 2 Bathymetry (solid black
contours, in meters) and salinity
(solid white contours and green
shading): dotted white line
maximum salinity values, a
proxy for the MOW core path;
straight black lines locations of
the tow-yo cross- and along-
stream sections. The inset shows
a three-dimensional view of the
bottom topography, looking
from the southwest: red arrows
approx. MOW trajectory

Geo-Mar Lett (2011) 31:301–314 305



meridional cross-sections (at 6.225, 6.35, and 6.5°W) show
that only the easternmost one captured the whole width
(10 km) of the MOW (Fig. 5), emphasizing the V-shaped
bottom profile and clearly defining the track of the high-
salinity, low-turbidity MOW.

The M2 tidal velocity component is well aligned with
the MOW trajectory (Fig. 6a, b). The tidal velocities are
relatively weak (less than 0.2 ms−1) within NACW, but
increase in the MOW; in fact, the 95% confidence intervals
are very large in the lower 150 m, suggesting a substantial
tidal effect within the MOW. Figure 6c, d reveals strong
temporal variation in the averaged M2 component of the
along-stream velocity between 250–350 m over the tidal
cycle; note that the duration of each short transect (typically
2 h) is substantially shorter than the characteristic period of
the M2 tide (12.4 h).

Distributions of measured (temperature, salinity, turbid-
ity, and velocity) and inferred (buoyancy frequency and
gradient Richardson number) parameters on all short

transects show large-scale patterns that remain invariable
during the different phases of the tidal cycle. In Figs. 7, 8,
and 9 depicting the trends for each along-stream transect,
L2 and L4 correspond to ebb (out of the strait) and flood
conditions, respectively, and L1 and L3 to phases with
weaker tidal currents after ebb and flood tide, respectively
(cf. Fig. 6). High salinity and turbidity values characterize
the MOW, although maximum turbidity is associated to the
MW–NACW interface (Fig. 7). Figure 8 shows the
corresponding along-stream velocity contours for each but
the last along-stream transect, where these data are lacking.
There is a depth reversal in the flow direction, whereby the

Fig. 4 Salinity (white contours and color) and turbidity (black
contours, FTU units) distributions along the MOW core path (cf.
dotted white line in Fig. 2)

Fig. 3 Maximum values of salinity (dashed line) and bottom depth
along the MOW core path (cf. dotted white line in Fig. 2)

Fig. 5 Salinity (white contours and color) and turbidity (black
contours, FTU units) distributions along the eastern, central, and
western meridional large-scale transects at longitudes a 6.25°W, b
6.35°W, and c 6.5°W
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surface layers flow east and the swift MOW heads west,
although no data are available for the deepest 50 m. Low
gradient Richardson numbers are associated to the highly
stratified (large buoyancy frequency) MW–NACW inter-
face (Fig. 9); again the last transect is lacking, and
Richardson numbers below 350–400 m are not shown
because of ADCP contamination.

In Figs. 10, 11, and 12 depicting the flow properties for
each across-stream transect, C1 and C2 correspond to

conditions shortly before and after ebb tide, respectively,
and C3 and C4 to before and after flood tide, respectively
(cf. Fig. 6). The MOW has high salinity and turbidity
values, although maximum turbidity occurs on either side
of the V-shaped channel (Fig. 10). The along-stream
velocity field illustrates the reversal of flow with depth,
most clearly along the northern margin of the channel (and
despite the absence of good-quality data near the seafloor;
Fig. 11). The MW–NACW interface is characterized by

Fig. 6 M2 velocity tidal
component. a Depth profiles of
along-stream (thick continuous
line) and cross-stream (thick
dashed line) velocity tidal
components (thinner lines 95%
confidence intervals). b
Greenwich phase (thick
continuous line) and inclination
(dotted line) of M2 tidal velocity
ellipse. c Vertically averaged M2
along-stream velocity
component between 250–350 m
during along-stream two-yos;
L1–L4 middle time for each
transect. d Vertically averaged
M2 along-stream velocity com-
ponent from 250–350 m during
cross-stream two-yos; C1–C4
middle time for each transect.
Positive velocity values show
flow toward the strait

Fig. 7 Distributions of salinity
(black contours) and turbidity
(color, FTU units) on along-
stream short transects at four
different times of the tidal cycle
(see Fig. 6). Thick solid line
37.0 isohaline, proxy for MW–
NACW interface
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maximum buoyancy frequencies, except after flood (C4)
when high stratification in the center of the channel reaches
down to the seabed (Fig. 12).

The isohalines roughly follow the bathymetry at all times
(cf. individual cross-stream short transects), although there
is also some tidal modulation of the location of the salinity
maximum (Fig. 10). At times C1 and C2 after maximum
westward tidal velocities, the MOW wedge thins and
widens, particularly toward the northern margin. At time
C4 after maximum eastward velocities, the high-salinity
wedge is thicker and located in the center of the channel.

The cross-stream velocity field has no clear pattern (not
shown). In contrast, the along-stream flow is of a two-layer
type, with the MOW reaching values exceeding 1 ms−1

(although only along the northern margin of the channel),
and the NACW flowing eastward with values locally
reaching 0.3 ms−1. The along-stream velocity contours
closely follow the salinity field (Figs. 10 and 11), and the
flow becomes unstable (Ri<0.25) in the pycnocline,
typically for depths below 300 m (Fig. 12). These
subcritical values occur in the well-stratified interface.

Fig. 9 Distributions of gradient Richardson number (solid line Ri=1,
dashed line Ri=0.25) and squared buoyancy frequency (color, 10−4

cycles per hour) on along-stream short transects at three different
times of the tidal cycle (see Fig. 6). Thick solid line 37.0 isohaline,
proxy for MW–NACW interface

Fig. 8 Along-stream velocity (black contours and color) on along-
stream short transects at three different times of the tidal cycle (see
Fig. 6). Thick solid line 37.0 isohaline, proxy for MW–NACW
interface. Positive velocities show flow toward the strait
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Discussion and conclusions

MOW characteristics

The results presented above convincingly demonstrate that the
bathymetry west of the Espartel Sill is responsible for both

steering theMOWand determining specific sites where MOW
kinetic energy becomes redistributed. The maximum salinity
values (38.3) indicates that the MOW initially follows the
Gibraltar Valley orientedWSW, but at 6.35°W bifurcates along
two main channels, mostly the southern channel and less the
northern channel (Fig. 2). Using the 37.0 isohaline as a proxy

Fig. 10 Distributions of salinity
(black contours) and turbidity
(color, FTU units) on cross-
stream short transects at four
different times of the tidal cycle
(see Fig. 6). Thick solid line
37.0 isohaline, proxy for MW–
NACW interface

Fig. 11 Along-stream velocity
(black contours and color) on
cross-stream short transects at
four different times of the tidal
cycle (see Fig. 6). Thick solid
line 37.0 isohaline, proxy for
MW–NACW interface. Positive
values show flow toward the
strait
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for the interface between the NACWand MW, the data reveal
the sinking of the MOWas it flows toward the west following
the bathymetry (Fig. 4); its thickness ranges between ca. 50
and 150 m, decreasing in those areas where the bottom slope
increases rapidly, and reaching maximum values over the
deepest part of the channel. The salinity field in the eastern
section across the MOW is symmetric with respect to the
channel axis, while in the western section the isohalines rise
toward the south, as do the turbidity contours (Fig. 5),
indicating that the MOW is centered south of this transect.

The marked decrease in salinity corresponding to the
pronounced increase in bottom depth at 6.35°W (Figs. 2 and
3) suggests the occurrence of enhanced mixing between high-
salinity MW and low-salinity NACW in this area. Observa-
tions for the AS transect indeed confirm that the local increase
in bottom slope induces a flow acceleration that would
explain the development of large billows, typically 50 m tall
and 1 km long (Fig. 7). Actually, the along-stream irregular
bottom profile becomes mirrored by undulations at the MW–
NACW interface. Subcritical gradient Richardson numbers
(Ri<0.25) are also related to this outflow acceleration (Fig. 8),
so that vertical mixing develops in the undulated and well-
stratified MW–NACW pycnocline (Fig. 9).

All along-stream short transects display a two-layer
structure, with high-salinity near-bottom MOW propagating
westward under the NACW. MW thickness decreases in
association with the pronounced increase in bottom depth at
6.34–6.35°W. While the basic characteristics of the salinity
field remain similar for each transect (Fig. 7), there is

considerable tidal variability in the thickness, which fluc-
tuates by 10–50 m depending on the isopycnals considered.
The data also suggest the occurrence of intermittent
instabilities strongly related to the tidal phase. During the
maximum outflow tide (L4), the mixing of MW (cf. salinities
exceeding 37.0) displays its maximum vertical extension.

Cross-stream velocities are weak and do not exhibit any
noticeable pattern along the MOW core path (not shown).
In contrast, along-stream velocities closely follow the
salinity pattern; MOW velocity remains negative (toward
the west) during the complete tidal cycle, no MOW
inversion having been observed during the cruise (Fig. 8).
The gradient Richardson number is subcritical (smaller than
0.25) in large areas below 300 m, including the well-
stratified interface between the MW and NACW (Fig. 9).
Richardson numbers tend to be smaller west of 6.34°W,
consistent with accelerated flow above the steep slopes
there. High values of the buoyancy frequency occur slightly
below the 37.0 isohaline, defining the sharp NACW–MW
pycnocline (Fig. 9).

Coriolis and centrifugal forces

In addition to the pressure gradient, Coriolis and
centrifugal forces modify the MOW. Considering the
along-stream Rossby number Rox (Eq. 5), a characteristic
MOW width Ly=10 km (cf. Figs. 2 and 5) and maximum
velocity U=1.4 ms−1 result in Rox=1.7. Therefore, the
Coriolis force is not a principal element controlling the

Fig. 12 Distributions of
gradient Richardson number
(solid line Ri=1, dashed line Ri
=0.25) and squared buoyancy
frequency (color, 10−4 cycles
per hour) on along-stream short
transects at four different times
of the tidal cycle (see Fig. 6).
Thick solid line 37.0 isohaline,
proxy for MW–NACW interface
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along-stream MOW force balance during its initial
plunging stage. Setting the critical value Rox=0.1 shows
that the critical velocity for Ly=10 km would be 0.08 m
s−1. In fact, the MOW does not reach such low values in
the Gulf of Cadiz (Ambar and Howe 1979; Baringer and
Price 1999).

Since δ = Ly/Lx has a small value, Eqs. 5 and 6 indicate
that Roy << Rox. This implies that the Coriolis force has a
relevant role in the cross-stream force balance. It is difficult
to meaningfully estimate δ, as the along-stream length scale
should reflect the distance over which the dynamics remains
basically unchanged, an unknown quantity. Therefore, the
reverse exercise would be to set Roy=0.1, and then estimate
δ for a given characteristic along-stream velocity and cross-
stream distance. Specifically, for U=1.4 ms−1 and Ly=10 km,
δ=0.25 or Ly=4.1Lx. This means that the Coriolis force plays
an important role in the cross-stream balance at a distance
only about 4 times the width of the current; using the above
widths, this would occur about 40 km west of the Espartel
Sill, near the western limit of the study area.

In the cross-stream balance, it is possible that the
acceleration term is dominated by the curvature of the
flow’s path. In this case the acceleration term is U2/R, R
being the flow’s radius of curvature; Eq. 6 is replaced by
Roy ¼ Ud2

� �
= fRð Þ, and the cross-stream Rossby number

decreases by a factor Ly/R. If the width of the MOW is
smaller than the radius of curvature, as it happens in the
study area, then the centrifugal term is negligible.

Gravity current behavior

A relevant question is whether the MOW behaves as a
gravity current as it passes the Espartel Sill. Based on
characteristic values reported in García Lafuente et al.
(2007), Sánchez-Román et al. (2008), and García-Lafuente
et al. (2009), a total water depth d=360 m and MOW
thickness h=170 m gives δ=0.47; with density ρ=
1,029 kg m−3 and density anomaly Δρ=1.9 kg m−3, Eq. 1
predicts a speed of 1.32 ms−1. This is close to the mean
maximum value reported by Sánchez-Román et al. (2008)
for the Espartel Sill, 1.25 ms−1. When h decreases to 126 m
(δ=0.35), the outflow would increase to a maximum speed
of 1.37 ms−1, provided the density anomaly remains
unchanged. Therefore, as a first approximation, the condi-
tion for maximum velocity is met by the MOW as it exits
the Strait of Gibraltar at the Espartel Sill.

The rapid changes in bathymetry, and the perturbations of
the interface associated with instabilities that develop at the
MW–NACW interface, make it very difficult to estimate the
mean thickness of the MOW layer from a single survey. In the
central sector, however, the repeated short along-stream trans-
ects enabled meaningful approximations of d=400 m and
MOW thickness h=100 m, so that δ=0.25, again consistent

with maximal speed conditions. Therefore, the observed
velocity remains close to maximum velocity conditions as the
MOW crosses the study area. Using the hydrographic cruise
data at 6.225°W (eastern sector), 6.35°W (central sector), and
6.5°W (western sector; Figs. 3 and 5) leads to d=375, 450,
and 500 m, and Δρ=1.85, 1.75, and 1.65 kg m−3, respec-
tively. The velocity at the three locations would be 1.32, 1.41,
and 1.45 ms−1, respectively. Such an increase shortly
downstream of the Espartel Sill is consistent with the results
of Price et al. (1993) and Baringer and Price (1997a, b), but
does not account for any tidal modulation of the flow.

Consider now the argument that the outflow always
maximizes its speed, i.e., δ = h/d remains constant and close
to δm=0.35 (Eq. 1). The outflow speed varies with both the
water depth and the density excess as

vm ¼ vm0 $r $r0=ð Þ d d0=ð Þ½ �1=2 ð7Þ

where vm0 is the initial maximum speed, taken to be the case
for the MOW over the Espartel Sill, and Δρ0 and d0
respectively are the MOW initial excess density and initial
water depth that lead to vm0. Figure 13 shows two possible
linear paths for the MOW in the (Δρ/Δρ0, d/d0) space, one
for each of its two main cores. The path goes from the initial
(1, 1) point to a final (0, df/d0) position, where df/d0=600 m/
360 m=5/3 for the upper core (UC), and df/d0=1,080 m/
360 m=3 for the lower core (LC). This simply presupposes
that the density difference will decrease linearly with depth,
until it becomes zero at the final point. Hence, the depth and
density excess are related: d=d0 ¼ 5=3� 2=3ð Þ $r=$r0ð Þ
for the UC, and d=d0 ¼ 3� 2 $r=$r0ð Þ for the LC.

Consider now a linear decrease in the density excess
with distance, i.e., x=L ¼ 1� $r=$r0ð Þ, where L=200 km
is the distance between the Espartel Sill and a final point
near Cape San Vicente. These considerations lead to the

Fig. 13 a Normalized maximum velocity vm/vm0 (thin solid lines) in
the $r=$r0; d=d0ð Þ space: thick solid lines possible path for the
MOW’s upper core (UC) and lower core (LC) from a position (1, 1)
near the Espartel Sill to a final depth-stabilized position (0, df/d0). b
Normalized maximum velocity vm/vm0, for both UC and LC, as a
function of the normalized distance x′ ≡ x/L between the Espartel Sill
and the final depth-stabilized position. Circle, diamond, square Values
calculated using cruise data along the MOW path for depths of 375,
450, and 500 m, respectively
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following final expressions for the normalized velocity as a
function of the distance along its path: v=vm0 ¼
$r=$r0ð Þ 5=3� 2=3ð Þ $r=$r0ð Þ½ �f g1=2 for the UC, and

v=vm0 ¼ $r=$r0ð Þ 3� 2 $r=$r0ð Þ½ �f g1=2 for the LC, where
$r=$r0 ¼ 1� x=L.

It may be argued that the MW density excess should
decrease very rapidly during the early plunging stage as a
result of more intense mixing, i.e., a more realistic
nonlinear relation between x and Δρ could be chosen.
Furthermore, the instantaneous MOW speed may differ
from the above calculated maximum values because of two
factors: the bottom slope, and tides. Typical mean bottom
slopes are small (tan α=0.01–0.1), so that they should lead
only to minor changes in the pressure difference at the head
of the gravity current. On the other hand, tidally induced
flow is not negligible, with amplitudes exceeding 0.2 ms−1

(Fig. 6). Nevertheless, the cruise data do show good
agreement with the lower-core predictions for water depth,
density difference, and normalized velocity (cf. Fig. 13). In
particular, the LC data predict an initial increase in velocity
with distance from the Espartel Sill, consistent with the
velocity data. This initial velocity increase also agrees with
observations by Price et al. (1993) and Baringer and Price
(1997a). Figure 13 indeed suggests that the two MOW
cores will experience relatively small velocity changes until
the density excess of the intruding current Δρ approaches
zero. At this late stage along the continental slope in the
northwestern Gulf of Cadiz, the MOW would find its
compensating depth and the flow dynamics would no
longer be that of a density-driven flow.

Vertical motions and energy considerations

The available potential energy of the dense MOW wedge
that exits the Strait of Gibraltar at depths of 200–350 m is
progressively converted into mean flow kinetic energy. This
enables the outflow to maintain high velocities despite the
large increase in water transport resulting from entrainment
of the overlying NACW (Ambar and Howe 1979; Ochoa
and Bray 1991; Baringer and Price 1997a, b; Xu et al.
2007). Not all the outflow energy is transformed into the
kinetic energy of the increased transport. Some energy is
dissipated through turbulence in the boundary and interfa-
cial layers (Johnson et al. 1994), and some is transformed
back into potential energy through the formation of an
intermediate layer with MW–NACW mixed characteristics.
Some energy may also be released without mixing through
the production of radiating internal waves from the
undulating interface.

In the study area the velocity difference between MW
and NACW is so large that Kelvin-Helmholtz-like interface
billows develop, as identified by the ship’s echo-sounder.
The condition for this to occur is that the flow near the

MW–NACW interface has to be subcritical, i.e., the excess
kinetic energy of a water parcel that moves up in the water
column is greater than the excess potential energy necessary
to make this displacement permanent. This necessary
condition is satisfied by gradient Richardson numbers
smaller than a critical value of 1 (see Figs. 9 and 12).
These instabilities overturn and mix large water parcels, in
a diffusive process with temporal memory (Pelegrí and
Sangrà 1998). This process can lead to the creation of an
intermediate layer on top of the less-diluted MW layer, this
potentially being the initial breakdown of the MOW as two
cores that propagate into the Gulf of Cadiz at different
levels and with distinct densities. However, further data are
needed to verify if this mixed zone remains downstream or
if it disappears in the sheared flow. The cruise observations
show that this intermediate layer is yet fresher (salinities
about 36.5–37.0) and the deep layer saltier (salinities
>38.0) than the lower and upper MOW cores near Cape
San Vicente (salinities about 37.1 and 37.4, respectively),
implying that substantial vertical mixing still remains to be
performed along the MOW path.

The generation of undulations at the MW–NACW
interface, with a vertical scale of 50 m and horizontal scale
of 1 km, appears related to accidents in the bottom
morphology and vertical inversions in the potential density
field (Fig. 4). The temporal scale of these Kelvin-
Helmholtz-type instabilities should depend on the stratifi-
cation of the flow, specifically on the large density
difference between MW and NACW. This timescale is of
order N−1 (Holst et al. 1992; Pelegrí and Sangrà 1998), the
buoyancy frequency being defined as in Eq. 3. Using
dr=dz � $r=$z ¼ �1:75 kg m�3 per 100 m indicates that
those billows developing at the MW–NACW interface are
of rather short duration, no more than a few minutes.

Erosive potential

The joint effect of high near-bottom velocities (mean
kinetic energy), energetic interfacial undulations (internal
wave energy), and overturning billows (turbulent kinetic
energy) may increase the energy available from the flow,
and facilitate sediment erosion and transport. The energy
supply necessary for erosion may be expressed as bottom
stress (force per unit area) multiplied by velocity (distance
per unit time) in the same direction as the bottom stress, i.
e., work per unit area and time, or power per unit area.
Since bottom stress is proportional to the squared velocity,
it means that power per unit area is proportional to velocity
cubed. This leads to intermittent, highly erosive events
linked to the fastest MOW velocities. A major event would
occur when the MOW accelerates by the joint effect of a
subcritical mean flow (e.g., the MOW thins and accelerates
following a substantial increase in the bottom slope) and the
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westward tide component of the velocity. The frequency and
intensity of these events may be seasonally or inter-annually
modulated by other factors such as the evaporation–precipi-
tation balance in the Mediterranean basin, and meteorological
forcing over and at both sides of the Strait of Gibraltar
(Stanton 1983; García Lafuente et al. 2007; García-Lafuente
et al. 2009).

The actual MOW erosive capacity, however, would not
only be a function of its velocity but also depend on the grain
size and cohesion of the sediments. In this area the maximum
turbidity signal is located over the two margins of the channel,
in areas of high speed but away from the absolute velocity
maximum located immediately over the channel bed (Fig. 10).
This turbidity distribution suggests the presence of different
bottom grain sizes in these sectors: the high velocities may
have removed all fine-grained sediments from the center of
the channel, so that the channel progressively evolves out,
eroding the margins where grains of relatively small size
remain and causing upstream erosion.

Contour currents are traditionally considered to flow
along-slope, in near-geostrophic equilibrium and giving rise
to contourite drifts; in contrast, downslope processes have
been usually related to turbidity-driven flows resulting in
turbiditic architectures (e.g., Chapter 15 in Kennett 1982).
The nascent MOW does not share the properties of a
contour current, as it moves toward deep waters along the
Gibraltar Valley. It is along this central axis that a
downslope erosional scour has developed (Fig. 10), as
proposed by Habgood et al. (2003). The top of this indented
V-shaped scour is no more than 500 m wide and penetrates
about 50 m. This active scouring takes place along the
southern branch of this valley, but what may be a remnant
scour is visible in the apparently less active northern branch
(Figs. 1 and 2).

This southern main branch reaches the open ocean
before it turns north, along the Iberian Peninsula, initially
no deeper than about 600 m (Baringer and Price 1999).
However, it is possible that related downslope channels
may have reached deeper in past climates (Llave et al.
2006, 2007). This could have occurred as a result of
changes in the water balance within the Mediterranean
basin (changing MW salinity and density), and variations in
the total water depth at the Espartel Sill. As the speed of a
gravity current is proportional to the squared root of both
the total water depth and the density excess of the intruding
water (Eq. 1), a scenario of maximum depth penetration
would correspond to a thin (low total water depth) and yet
very dense MOW. The high-density anomaly guarantees the
possibility of reaching far and deep, but this has to occur
through a relatively slow (therefore thin) current that
undergoes little vertical mixing.

In conclusion, the findings show that the MOW interacts
with the underlying bottom topography in a complex

manner. Through its slope and shape characteristics, the
seabed is responsible for steering and mixing the MOW,
thereby defining its three-dimensional trajectory. In turn,
MOW characteristics—e.g., erosive potential—control the
slow evolution of the bathymetry. This two-way interaction
possibly results in a meta-stable system, the flow and
bottom variables remaining within a limited range of
values. Theoretical, observational, and numerical studies
are required to further characterize the key parameters
controlling the stability of this system.
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