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a b s t r a c t

We present a case study of the generation of a cold filament rooted
off the southwestern edge of the Strait of Gibraltar (Atlantic side)
during the summer of 2000. The event is successfully simulated
using high-resolution atmospheric and oceanic numerical models.
It is shown that a sharp filament may develop oceanwards with
little modification of the Atlantic inflow into the Mediterranean,
contrary to usual expectations. The filament is essentially driven by
the surface layer response to Gap winds occurring during Levanter
conditions. The easterly wind funnelling in the Strait generates a
strong wind jet and intense wind curl which impacts the oceanic
surface layer through Ekman pumping and mixing processes. The
generation and fate of the filament is very similar to the Gulf of
Tehuantepec case, where strong Gap wind events produce asym-
metric deformation and erosion of the thermocline that tends to
favour anticyclonic mesoscale circulations. Our observations and
model results from both realistic and idealized experiments suggest
that similar phenomena are present in the Gulf of Cadiz, but they
are altered by the persisting Atlantic inflow, so that the response to
Gap winds is not as dramatic.
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1. Introduction

The subinertial flow in the Strait of Gibraltar (Fig. 1) consists of several concurring processes includ-
ing the direct action of winds along or in the vicinity of the Strait (Garcia Lafuente et al., 2002a;
Menemenlis et al., 2007). A recurrent sea surface temperature (SST) pattern in satellite imagery of the
Gibraltar zone is a cold water band along the south side of the Strait, that eventually develops westward
(Atlantic side) generating a filament protruding into the Gulf of Cadiz (Folkard et al., 1997; Stanichny
et al., 2005). This feature has been associated with the occurrence of easterly winds, that accelerat-
ing through the strait, oppose the dominant inflow, and, concomitantly with atmospheric pressure
forcing, could stop and reverse it (Garcia Lafuente et al., 2002b). Stanichny et al. (2005) describe an
event using SST images from the summer 2003, and conclude that the easterlies event may temporar-
ily revert the inflow since the upwelled water is seemingly transported to the Atlantic Ocean, then
back again into the Strait when the winds relax. According to Stanichny et al. (2005), the filament
is generated during this process. In the present study, we show that the formation of the cold fila-
ment is not necessarily associated with inflow shutoff or reversal, and we propose a different process
essentially associated with the stratified upper layer response to intense Gap winds. The proposed
mechanism is very similar to what occurs in the Gulf of Tehuantepec (Eastern tropical Pacific), where
Ekman pumping and mixing driven by strong wind jets can generate offhsore upwelling filaments and
associated eddy features (see Willett et al. (2006) for a review). However, in our case, the generation
of warm core anticyclonic eddies is altered by the persisting Atlantic inflow. Our study is based on an
oceanic and atmospheric modeling simulation of August 2000 during an easterlies event in the Strait of
Gibraltar.

Fig. 1. Top: Map of the Strait of Gibraltar and model Domain. Orography over land is represented in color, and ocean topography
is shown by the 200, 400 and 1000 m isobaths. The thick lines show the locations of the ocean model sections referred to in
the text and other figures. Point A and B indicate the sites where the time series of the Meteorological model were extracted.
Bottom: Time series of along Strait winds (zonal component, blue line) and atmospheric sea surface pressure difference along
the Strait between points A and B (green line). Time series of model inflow transport in Sv calculated for Section C (red line).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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2. Atmosphere and Ocean simulations

The simulations were performed with the Regional Ocean Modeling System (ROMS; Shchepetkin
and McWilliams, 2005) with nesting capabilities (Penven et al., 2006). ROMS is a 3D free-surface,
sigma-coordinate, split-explicit primitive equation model with Boussinesq and hydrostatic approxi-
mations. A 3rd order accurate predictor-corrector – leapfrog/Adams-Moulton – time step algorithm
is used which allows a substantial increase of time step as well as good dispersive properties for
the advection equation. The open boundary conditions are a combination of outward radiation and
flow-adaptive nudging toward prescribed external conditions either from climatology or from previ-
ous experiments (Marchesiello et al., 2001). Explicit lateral viscosity is null everywhere, except along
sponge layers near open boundaries. Vertical mixing processes are parameterized with the non-local
K-profile (KPP) boundary layer scheme (Large et al., 1994) implemented for both surface and bot-
tom boundary layers. The vertical diffusion terms are treated with a semi-implicit, Crank-Nicholson
scheme to avoid time step restrictions due to large vertical mixing rates in the boundary layers and
also in the interior when static stability needs to be restored. A Smagorinsky scheme for lateral mix-
ing and tracer diffusion is added allowing for a more realistic and selective temperature and salinity
diffusion which produces a better model Mediterranean Outflow water masses. The numerical exper-
iments are based on previous studies by Peliz et al. (2007, submitted for publication); Teles-Machado
et al. (2007). The reader is referred to those studies for more detailed explanation of the model and
configurations.

The simulations consist of two phases. In a first phase we aim at bringing the initial ocean condi-
tions to a mean equilibrium solution representative of summer period (more specifically mean July
conditions). The objective is to produce an initial state in which all the main circulation features
are represented with the observed time and space scales of variability. To achieve this we conduct a
series of climatological experiments using climatological temperature and salinity data, and forced
by a climatologycal atmosphere (Marchesiello et al., 2003; Peliz et al., 2007, e.g.). In the specific case
of the Strait of Gibraltar the high resolution required for explicit representation of the exchanged
processes is incompatible (due to the available computational facilities) with the long spin-up time
and large model domain required for an efficient spin-up. Since climatological inflow/outflow values
are approximately known we conduct the spin-up phase in separate for the two basins (Atlantic and
Mediterranean). The exactly same boundary condition is applied to both sides (in both configurations)
to represent the inflow/outflow mean exchange. For the Atlantic side we use the initial fields of Peliz
et al. (2007) which are extensively analyzed in Peliz et al. (submitted for publication). These initial
fields were obtained using a set of grids on online and offline nesting (see Fig. 2 spin-up 1 and spin-up
2). The several scales involved in the representation of a realistic Mediterranean Outflow and circu-
lation patterns in the Gulf of Cadiz required such a complex configuration setting. These initial states
and circulations are thoroughly described in those papers and will not be repeated here. In what con-
cerns the Mediterranean spin-up experiment, we have tested two different options: a larger/lower
resolution (8 km) grid limited on the west by the longitudes of Sardinia Island, and a a smaller/higher
resolution (4.5 km) domain (Spin-up 3 grid in Fig. 2). The results, though not significantely different,
show a more realistic Aboran Sea Gyre in the smaller domain which was adopted for the initial and
boundary conditions. The methodology used for the Mediterranean side spin-up, is the same as for
the Atlantic. In both cases, the Gibraltar Strait is represented as a boundary condition with exactly the
same prescribed values (see Peliz et al., 2007).

The obtained spin-up solutions provide monthly mean fields (because they are forced with monthly
mean climatological atmosphere) which we adopt as initial (a climatological 1st July) and lateral
boundaries for the period July–August. This lateral forcing is composed of temperature, salinity
and momentum boundary data from the climatological runs, together with radiative conditions and
passive–active relaxation (Marchesiello et al., 2001). This guarantees that over a mean beckground
equilibrium solution, event scale fluctuations are allowed. Moreover, since the solution was forced
by the same Gibraltar exchange condition, the inflow/outflow is also a part of that mean flow. The
obtained initial and boundary data is then interpolated into a higher resolution grid encompassing
both the Alboran and Gulf of Cadiz (Fig. 2 red box; ∼2 km resolution). This latter configuration set-up
is the one that we use for the realistic simulation.
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Fig. 2. Model grids used in the present configuration. The blue boxes indicate the domains used to calculate initial and boundary
conditions during the spin-up experiments: spin-up 1 and spin-up 2 are the same as in Peliz et al. (2007), and have 7.5 and
2.6 km resolution, respectively. The Mediterranean side initial and boundary conditions were obtained with the spin-up 3 grid
(4.5 km resolution). The resulting equilibrium solutions for summer (July–August) were interpolated into the 2 km resolution
red grid used for the Gap wind event study. All ocean model grids have 60 sigma levels in the vertical. The green box indicates
the 10 km resolution WRF simulation domain. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

The 2 month simulation covering the Gap wind event under study (July–August 2000) is forced
with realistic atmospheric fields. The forcing conditions are produced with the Weather Research
and Forecasting (WRF V2.0) model (Skamarock et al., 2005). The WRF simulations are initialized and
forced along the boundaries with NCEP2 reanalysis. The atmospheric model is configured with a 10-km
resolution grid (Fig. 2, green box). 46 vertical levels are used between the surface and 70 hPa pres-
sure level. For physics parameterizations the options are standard (either default or recommended),
including the Mellor–Yamada–Janjic TKE scheme for the planetary boundary layer. For the dynam-
ics, the momentum equations are solved in non-hydrostatic mode, using third order Runge-Kutta
time integration; fifth/third order spatial discretization for horizontal/vertical advection terms; and a
Smagorinsky scheme for diffusion. The model is initialized by interpolating NCEP fields to the model
grid. Along the integrations the boundaries are updated with six-hourly NCEP fields and the SST with
weekly Reynolds SST values. See Teles-Machado et al. (2007) and Peliz et al. (submitted for publication)
for two similar configurations details and comparison with observations.

In the present simulations we did not include tidal motions. Interactions exist between mesoscale
and wind-driven processes on one hand and higher frequency tidal fluctuations (mostly semidiurnal)
on the other hand. Vázquez et al. (2008) has recently shown that the periodic excitation of higher
frequency internal waves by the bore generated between the mean inflow and outflow may break and
increase the turbulent mixing between mean flows. Other small-scale mechanisms affecting verti-
cal stratification in the Strait are mixing within the hydraulic transition downstream of the internal
hydraulic jump formed in Camarinal sill (this is addressed by Send and Baschek (2001), among many
others), and turbulent mixing induced by entrainment of the passive layer (Mediterranean in the east-
ern part, Atlantic in the western part) by the active, swift layer (Atlantic in the east, Mediterranean in
the west). However, all these processes are not expected to significantly modify the bulk of the inflow
response and we may consider them marginal for the case under study. This would be justified by the
rapid damping of tidal fluctuations in the inflow at the eastern part of the Strait (Garcia Lafuente et al.,
2000) and in the outflow at the westernmost section (Sánchez-Román et al., submitted for publication).
It is a consequence of internal hydraulics of the strait, which maintain maximal exchange if the sub-
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critical region of strong tidal activity (in the vicinity of the main sill of Camarinal) is bounded by critical
sections at both ends of the Strait (Farmer and Armi, 1988). In this case, the subinertial variability of
the flow is rather independent of the small scale processes taking place in the subcritical region (Armi
and Farmer, 1987).

3. Results

3.1. The 2000 event from SST imagery and simulated winds

The evolution of SST fields (from satellite infrared observations) in the first week of August is
represented in Fig. 3 (left column; days are 4th, 6th and 8th August). The images show the development
of a sharp cold filament rooted at the southwest side of the Strait of Gibraltar. The filament starts to
build up by 4th August and presents its full development by 8th August. The cold waters seem to
originate inside the Strait by upwelling along its south coast—an evolution similar to the 2003 case
reported in Stanichny et al. (2005). The filament extends westwards with a length in the order of
100 km and slightly curling anticyclonically. A small expansion to the south is also observed.

The surface wind fields (from WRF outputs) for the same days are represented in Fig. 3 and a time
series of the along Strait winds is shown in Fig. 1. The series show three main events of strong easterlies
with similar magnitude and duration. The events last about 5 days each and reach maximum values
in the order of 15 m/s. It is worth noting that the correlation between the zonal component and the
sea level presure (SLP) difference across the Strait is very high, especially during the easterlies events,
showing the remarkable ageostrophic nature of winds in the vicinity of the Strait.

From the time series of Fig. 1, and from the surface winds in Fig. 3 (right column), we can see that
an event starts developing by 5th August. The surface winds by 6th August show a jet that intensifies
downstream of the Strait. The jet is almost zonally aligned and extends far westward to about 200 km.
The core of the wind jet is slightly to the north of the Strait axis. Near the Strait, the jet exhibits a
considerable meridional curl. By 8th August the jet axis looses its zonal alignment turning northward.
In summary, the jet may be classified as a Gap wind event that occur in this region in association with
Levanter conditions (easterlies): The air is forced by strong SLP gradients through the gap existing along

Fig. 3. Satellite and model (left and middle columns) Sea surface temperature (SST) fields showing the development of the
filament from 4th to 8th August in the summer of 2000. Model (WRF) surface wind speed and vectors for the same dates (right
column).
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the Strait which is bordered by prominent topography (see Fig. 1). An example of synoptic situations
prone to Gap wind development is presented by Palomares Losada (1999).

3.2. The model filaments and inflow variability

Model sea surface temperature fields for the same days as the satellite data are presented in Fig. 3
(middle column). The model simulates the main circulation patterns of both sides of the Strait as seen
in satellite imagery. In the Mediterranean side, the Western Alboran Gyre, which results from Atlantic
inflow interaction with topography, appears with its typically cold signature on the northern edge.
In the Atlantic side, the cold filament which is the subject of the present study is also present. The
Gibraltar Strait filament emerges in the model simulations at the same place and with similar scales
as the observations. It is noticeable however, that the response in the model SST is weaker. By the time
of full filament development (8th August) the oceanward extent and the anticyclonic curling of the
model filament is very similar to the observations (Fig. 3).

To understand if the filament development is associated with any change in the inflow structure
as suggested by Stanichny et al. (2005), the cross-strait flow dynamical structure is analyzed for the
period before and at the peak of the event (Fig. 4). The adjusted inflow/outflow double circulation
system that is typical of the Gibraltar Strait is clear in both situations. In the unperturbed case with
no easterlies (by 27th July, Fig. 4a and c), the isopycnal slopes change at about 50 m depth, just on top
of the main inflow core. Below 50 m depth, the isopycnals curve down towards the southern border.
Above this depth, they are flat or have a slight outcrop. During the event of Gap winds (Fig. 4d and
b), the isopycnals near the southern border bend upward, but no significant change in the bulk of
the Atlantic inflow structure is observed. The response to the Gap wind is concentrated in the top

Fig. 4. Cross-strait sections (see Fig. 1 for location) of density anomaly (�t , dark orange); zonal velocity (black); temperature
(blue) and salinity (red). For the zonal velocity thick black curves stand for outflow and the thinner for inflow. The sections are
plotted for two moments of the wind event, 27th July (a and c) and 6th August (b and d), respectively before and at the peak of
the easterlies event (see Fig. 4). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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50 m, where a surface cooling is produced in connection with the outcrop of the 17 degree isotherm
(see Fig. 4d). However, the inflow shutdown or reversal is noticeable only at the very shallow near-
surface levels (see Fig. 4b), and thus any westward transport of cold waters is minimal. The cold band
of upwelled water is mostly entrained by the inflow and advected into the Mediterranean; it is not
advected offshore to feed the Atlantic side filament.

A daily series of inflow transport (for cross-strait section of Fig. 1a) is represented in Fig. 1b (red
line). It shows that the Atlantic inflow responds to the easterlies with a delay of 1–2 days. It is especially
clear after the prolonged event ending by 16th July when the inflow reduces to a minimum of 0.47 Sv,
a 33% decrease from the mean simulation value (0.7 Sv). However, the inflow reduction after the other
events in August is much smaller. We conclude that the upper circulation of the Strait of Gibraltar,
which remains eastward, can only transport cold water into the Mediterranean; it has no direct role
in the generation of the Atlantic filament.

3.3. Idealized experiments

Although the realistic experiments do not present an inflow reversal or shut-off during the Gap
wind event, we still need to assess if the filament generation is independent of the Strait flow. More
precisely, since we hypothesized that the filament is a product of the upper stratified layer response to a
strong and meridionally sheared zonal jet, it should be independent of any coastal upwelling occurring
on the southern side of the Strait. To confirm this, we designed additional experiments where the effect
of the inflow and the effect of local coastal upwelling inside and near the Strait can be isolated. Two
idealised experiments are conducted: The flat-stratification case (no horizontal density gradients), and
the no-strait case. In the flat-stratification case, we initialize the ocean with laterally homogeneous
temperature and salinity fields typical of summer stratification off the Strait. In the second case, we
use the same initialization, but with a flat topography and with closed Strait—a masked Alboran Sea
(i.e., no inflow/outflow). Additionally, in this configuration, we prevent a possible influence of coastal
divergence associated with meridional winds along the African coast by allowing zonal winds only
(� = 0). The remaining forcing conditions are the same as for the real case. Fig. 5 compares the base
case with the idealized ones (SST fields) taking the simulation day that corresponds to the peak of
easterlies (6th August).

The filament is reproduced in both simulations. In the flat-stratification case, there is still a significant
contribution of upwelling along the southern side of the Strait (absent in no-strait case). There is no
advection of colder waters into the Mediterranean basin, since the inflow is no longer active (compare
realistic and flat-stratification experiments in Fig. 5). In the no-strait case, the filament is generated
with the same oceanward extention as in the other cases. In this simulation, there is no upwelling
neither along the southern coast of the Strait (the Strait is closed), nor along the meridional coast, since
the meridional wind component is null everywhere. Finally, in this experiment the filament rotates
anticyclonically even more so than in the other cases, since neither the inflow/outflow currents, nor
the shelf topography is constraining its development.

The physics behind the filament generation appear very consistent with mechanisms reviewed by
Willett et al. (2006; see their sketch on their Fig. 4) to explain the Tehuantepec upwelling system.
The mechanisms at work here are illustrated in Fig. 6 presenting the thermal structure along a merid-
ional cross-section, and corresponding zonal surface wind vectors (an isopycnal is also shown). An
asymmetric response of the thermocline is produced by Ekman pumping due to wind curl, which
creates convergence and divergence zones respectively to the right and left of the wind jet (looking
downwind). On the convergence (divergence) side, the thermocline is depressed (lifted), while the sea
surface rises (falls). The distortion of the density field then tends to set up geostrophic currents which
flow in the direction of the wind near the center of the wind jet, and in the opposite direction on the
edges (with cyclonic and anticyclonic tendencies on the left and right sides of the jet, respectively).
However, vertical mixing modulate the Ekman pumping effect. In the convergence area, convection
mixing associated with advection of lighter over denser water favours the depression of isotherms; on
the contrary, the same mixing process weakens the uplifted thermocline in the divergence zone (and
enhances surface cooling). As a result, the generation of an anticyclonic eddy is predominant over a
weakened (or lacking) cold core cyclonic eddy.
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Fig. 5. SST model fields for 6th August from the real case (upper plot); the flat-stratification case (middle plot); and the no-strait
case (bottom).

4. Discussion and conclusion

Two independent features occur in response to Levanter winds: upwelling inside the Strait and the
development of a cold filament rooted at the southwest corner of the Strait. Model simulations have
shown that the upwelling inside the Strait may occur without a significant inversion of the surface
dominant inflow and without changing the inflow structure for depths below 50 m. Garcia Lafuente et
al. (2002a) come to the same conclusion that full inflow shutdow or inversions are very unusual in the
Strait. They mainly occur after large and sudden increases of atmospheric pressure over the western
Mediterranean basin, which are more typical in wintertime. The filament formation generates locally
and independently of the upwelling inside the Strait. It constitutes a response of the strongly stratified
upper layer to Gap wind events associated with Levanter circulation.

The generation and fate of the filament is very similar to the case of Tehuantepec Gulf (Trasvina et
al., 1995; Willett et al., 2006), where strong Gap wind events produce an erosion and a deformation of
the thermocline that generate anticyclones with space scales in the order of 200 km. The generation
of anticyclonic eddies and the lack of cyclonic eddies are well-documented in the case of Gap wind
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Fig. 6. Zonal wind and upper ocean thermal structure from the no-strait experiment along 6.25 W (“looking” downwind from
the Mediterranean). The arrows and labels schematically represent the cross-wind jet circulation that develops in the upper
ocean and that is responsible for the filament generation. Thick, black lines represent the 26.8 isopycnal (the flat case stands for
the meridional mean) (compare with the cross-wind circulation scheme given in Fig. 4 of Willett et al. (2006)).

events over central America. Our observations and model results suggest that similar phenomena are
present in the Gulf of Cadiz, but they are altered by the persisting Atlantic inflow, so that the response
to Gap winds is not as dramatic as that reported by (Trasvina et al., 1995).

A description of simulated Levanter events is presented by Capon (2006). The author reports a
significant sensitivity of wind intensity to the model spacial resolution. Increasing the resolution from
12 km to 4 km changes the maximum intensity of the jet from around 16 m/s to 18–20 m/s. This may
explain the weaker thermal response of our model, since our maximum jet intensity is in the order of
15 m/s. Additionally, in the higher resolution model of Capon (2006), the wind jet is more concentrated
near the Strait and a spatial structure is detected which consists of several bands irradiating off the
Strait alongwith the main jet. The complex detail in the filaments seen in some satellite imagery (e.g.
see the double structure of the filament by day 8th August in Fig. 3, lower plot), may be associated
with this spatial organization of the Gap wind jet not accounted for in the present simulation.

In conclusion, we suggest that the filament is a response of the stratified upper layer to the Gap
wind jet. Although its SST signature is significant, it has no clear association with an inflow reversal
as suggested by Stanichny et al. (2005) for the 2003 period. Short reversals of the inflow have been
registered during periods of Levanter (Garcia Lafuente et al., 2002b). Nonetheless and as mentioned
above, the bulk of inflow reversal is associated with changes in the spatially averaged surface pressure
anomaly over the Western Mediterranean (actual pressure minus the long-term mean) and not with
the direct drag of wind acting on the sea surface in the Strait. The anomaly tends to covary negatively
with zonal winds in the Strait (positive values would set up negative pressure gradient along the strait
and, hence, easterlies) and both effects, pressure anomaly and wind drag, act concomitantly to reduce
the inflow. However, these dynamics are still under debate (Garcia Lafuente et al., 2002a).
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