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Abstract The Atlantic Jet (AJ) is the inflow of Atlantic sur-
face waters into the Mediterranean Sea. This geostrophically
adjusted jet fluctuates in a wide range of temporal scales from
tidal to subinertial, seasonal, and interannual modifying its
velocity and direction within the Alboran Sea. At seasonal
scale, a clearly defined cycle has been previously described,
with the jet being stronger and flowing towards the northeast
during the first half of the year and weakening and flowing
more southwardly towards the end of the year. Different hy-
pothesis have been proposed to explain this fluctuation pattern
but, up to now, no quantitative assessment of the importance
of the different forcings for this seasonality has been provided.
Here, we use a 3D hydrodynamic model of the entire Medi-
terranean Sea forced at the surface with realistic atmospheric
conditions to study and quantify the importance of the differ-
ent meteorological forcings on the velocity and direction of
the AJ at seasonal time scale. We find that the direct effects of
local zonal wind variations are much more important to ex-
plain extreme collapse events when the jet dramatically veers
southward than to the seasonal cycle itself while sea level
pressure variations over the Mediterranean seem to have very
little direct effect on the AJ behavior at monthly and longer
time scales. Further model results indicate that the annual
cycle of the thermohaline circulation is the main driver of
the seasonality of the AJ dynamics in the model simulations.

The annual cycles in local wind forcing and SLP variations
over the Mediterranean have no causal relationship with the
AJ seasonality.
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1 Introduction

The Alboran Sea is the unique connection between the Med-
iterranean basin and the open Atlantic Ocean. Water and sub-
stance interchanges take place through the narrow Strait of
Gibraltar where a typical anti-estuarine circulation is present;
a surface inflow of relatively fresh and nutrient poor Atlantic
waters and a deep outflow of salty and nutrient-rich Mediter-
ranean waters (Armi and Farmer 1988). Such interchanges are
fundamental for the matter budget of the semi-enclosed Med-
iterranean Sea (Macías et al. 2007a; Huertas et al. 2012) and
also for the hydrodynamics (García-Lafuente et al. 2002) and
biogeochemistry of the Alboran Sea itself (e.g., Ruiz et al.
2001; Sarhan et al. 2000; Macías et al. 2008).

The entrance of the Atlantic Jet (AJ) through the strait
drives the main circulation of the Alboran Sea, with two anti-
cyclonic gyres: the more permanent Western Anticyclonic
Gyre (WAG) and the more elusive Eastern Anticyclonic Gyre
(EAG) in the open-sea regions (e.g., Lacombe 1971; Lanoix
1974; Arnone et al. 1990; La Violette 1984) and smaller cy-
clones along the northern and southern shores (e.g., Peliz et al.
2013). The presence of the AJ close to the northern shore of
the Alboran Sea favors the onset of upwelling conditions
(Macías et al. 2008) that increase primary production in the
region (García-Gorriz and Carr 1999;Macías et al. 2007b) and
favors the spawning and recruitment of small pelagic fish
(Catalán et al. 2013) that sustains an economically important
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fishing activity in the region (Macías et al. 2014a). The inter-
annual variability of this fishery is also strongly linked to the
circulation conditions created by the AJ dynamics, as recently
described by Ruiz et al. (2013).

The scales of variability affecting the interchange at the
Strait of Gibraltar (and, hence, the AJ dynamics) are wide
and go from tidal (e.g., Bruno et al. 2002; García-Lafuente
et al. 1998; Macías et al. 2006; Sánchez-Garrido et al. 2013;
Sannino et al. 2002, 2004) to subinertial (Macías et al. 2007b;
Vázquez et al. 2008; Ramírez-Romero et al. 2013), seasonal
(Garret et al. 1990), and interannual (Peliz et al. 2013) time
scales.

At seasonal scale, the AJ and associated circulation within
the Alboran Sea has been described to oscillate between two
main circulation modes (e.g., Vargas-Yáñez et al. 2002). Dur-
ing the end of fall beginning of winter, the AJ flowswith lower
speed (Viúdez et al. 1996, 1998) and with a more southerly
direction (Macías et al. 2008) presenting the Alboran Sea a
typical Bone-gyre^ configuration (Renault et al. 2012). In
spring/summer period, on the other hand, the AJ typically
increases its flowing speed (Vargas-Yáñez et al. 2002; Peliz
et al. 2013) with a more northerly direction (e.g., Macías et al.
2008) and feeding the typical Btwo-gyres^ circulation in the
open Alboran Sea (Renault et al. 2012; Peliz et al. 2013).

Atmospheric conditions have been usually invoked as the
main factors controlling the intensity and direction of the AJ at
subinertial scale (Crepon 1965). Sea level pressure (SLP) var-
iations over the western Mediterranean basin (Candela et al.
1989; García-Lafuente et al. 2002) and zonal wind in the
Alboran Sea (Cheney and Doblar 1982; Sarhan et al. 2000;
Macías et al. 2007a, b) are considered as the main forcings of
the AJ. Both atmospheric conditions present a typical seasonal
cycle (Candela et al. 1989; Dorman et al. 1995; Macías et al.
2007a, b), but it is yet to be determined if they are responsible
and to what extent for the AJ seasonality described above.

Both wind and SLP are strongly correlated with each other
(e.g., Crepon 1965); high SLP over the westernMediterranean
basin typically corresponds with easterly winds over the
Alboran Sea, while low SLP favors the presence of westerlies
in Alboran. It is, thus, quite difficult to discriminate between
these two forcing agents specially when using field data (e.g.,
Sarhan et al. 2000; Macías et al. 2008, 2009) as data collection
is quite challenging in an environment such as the Strait of
Gibraltar with intensive large-ships traffic and tidal currents
with peaks over 4 m s−1. Remote sensing is not either partic-
ularly useful in this region due to the restricted extension of
the strait itself and the coverage of actual satellite imagery
records (such as those for sea level anomalies) that do not
adequately cover this particular region (e.g., Navarro et al.
2011).

Numerical modeling could provide an adequate alternative
to study this system and has been quite frequently used in
recent years. Models have been used to study the

hydrodynamic characteristics of the water interchange
through the strait (e.g., Izquierdo et al. 2001; Sannino et al.
2002, 2004, 2007) and to assess the tidal influence on the
biogeochemical conditions of the Atlantic inflow (Macías
et al. 2007a) and on the position and behavior of the AJ in
the NWAlboran Sea (Sánchez-Garrido et al. 2013). Interan-
nual analysis of the baroclinic flows at the strait and of their
relationship with observed atmospheric conditions have also
been recently performed using numerical models by Peliz
et al. (2013) and by Boutov et al. (2014).

However, a process-based study to clearly discriminate the
effects of local (i.e., wind) versus remote (i.e., SLP) forcings
over the seasonal AJ dynamics is still missing. In the present
work, we use a 3D hydrodynamic model of the entire Medi-
terranean basin to analyze the reactions of the simulated AJ
using real (from reanalysis data) atmospheric forcings and
synthetic atmospheric conditions. We first compare the model
results using realistic atmospheric forcings with satellite-
based estimations of the AJ position and of the strength of
the horizontal currents in the NW Alboran Sea to validate
our modeling approach. Afterwards, we repeat the simulations
(i) by removing the winds over the Alboran region, (ii) by
imposing a constant (equal to its average value throughout
the study period) SLP over the entire Mediterranean Sea,
and (iii) by combining a constant SLP over the Mediterranean
and no wind over the Alboran Sea. A final simulation was
designed to largely increase vertical stratification (shutting
down the thermohaline circulation) within the Mediterranean
Sea by imposing zero wind velocity in the entire basin, no
SLP variation, and no precipitation. AJ dynamics in each
one of these five separated simulations are compared to quan-
tify the importance of local and remote forcings on its seasonal
cycle.

Model description, satellite-based altimetry measurements,
and the different simulation set-ups are described in section 2.
Results are shown in section 3 and discussed in section 4.
Concluding remarks are presented in section 5.

2 Material and methods

2.1 Model description

The 3D General Estuarine Transport Model (GETM) was
used to simulate the hydrodynamics in the Mediterranean
Sea. GETM solves the 3D hydrostatic equations of motion
applying the Boussinesq approximation and the eddy viscos-
ity assumption (Burchard and Bolding 2002). A detailed de-
scription of the GETM equations could be found in Stips et al.
(2004) and at http://www.getm.eu.

The configuration of the Mediterranean Sea (Fig. 1) has a
horizontal resolution of 5’×5’ and includes 25 vertical layers.
ETOPO1 (http://www.ngdc.noaa.gov/mgg/global/) was used

138 Ocean Dynamics (2016) 66:137–151

http://www.getm.eu/
http://www.ngdc.noaa.gov/mgg/global/


to build the bathymetric grid by averaging depth levels to the
corresponding horizontal resolution of the model grid. The
initial conditions are the salinity and temperature
climatologies from the Mediterranean Data Archaeology and
Rescue-MEDAR/MEDATLAS database (http://www.ifremer.
fr/medar/).

Boundary conditions at the western edge of the domain
were also computed from the MEDAR/MEDATLAS dataset
imposing monthly climatological vertically explicit values of
temperature and salinity. No horizontal currents were imposed
at the open boundary. It has been demonstrated that for basin-
wide studies the location of this western boundary is not cru-
cial (e.g., Macías et al. 2013, 2014c), but it does affects the
performance of the model in the Alboran Sea in terms of
absolute values of hydrological and biogeochemical proper-
ties (e.g., Macías et al. 2014b). In those previous works, the
open boundary of the model was located right on the strait
itself as their focus was on the basin-wide properties and not
on regional scales. For the present work, being centered in the
AJ dynamics, we decided to move this boundary towards the
Gulf of Cadiz, at some 95 km westward of the strait (Fig. 1b)

to try minimizing any interference with the internal dynamics
of the model.

The present configuration of the model includes 37 rivers
discharging along the Mediterranean coast. The correspond-
ing river discharges were derived from the Global River Data
Center (GRDC, Germany) database. Data gaps in fluxes from
rivers where filled with climatological values.

The GETM configuration for the Mediterranean Sea is
forced at surface every 6 h using European Center forMedium
Range Weather Forecast (ECMWF) datasets available from
http://www.ecmwf.int. ERAin data (Dee et al. 2011) is used
to force the model for the period 1989 to 2012. From ERAin
dataset, wind velocity at 10 m (u10 and v10), air temperature
at 2 m (t2), dew point temperature (d2), cloud cover (tcc), and
sea level pressure (SLP) are used to force the oceanmodel. For
the simulations described below using synthetic atmospheric
conditions, the two most important variables are wind veloc-
ities and SLP. Wind velocities are used to compute the wind-
drag induced at the surface layer of the ocean while the gra-
dient of SLP is added to the sea surface slope to calculate the
total barotropic pressure gradient (Kantha and Clayson 2000).

Fig. 1 Mean climatologic
simulated currents for the entire
Mediterranean Sea (upper panel)
and for the Alboran Sea (lower
panel). Background color
represents the velocity modulus
(m s−1) and the arrows the current
direction. The solid magenta
arrows are a schematic
representation of the mean
currents redrawn from Siokou-
Frangou et al. (2010). Black box
in the lower panel shows the exact
region where the AJ angle and
velocity are computed. Magenta
box in the lower panel shows the
region where the kinetic energy
from altimetry data are computed
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Model internal (barotropic) integration time step was 27 s
while external (baroclinic) time step was 540 s.Monthly mean
values of all hydrodynamics variables were stored throughout
the entire simulation time span.

This same model configuration has been used to success-
fully represent the sea surface temperature patterns in the
Mediterranean Sea during the last 50 years (Macías et
al. 2013) and also the present day conditions of the pelagic
ecosystem when coupled to a biogeochemical model (Macías
et al. 2014b). To avoid the effects of initial conditions, only the
final 16 years (1996–2012) of the simulation period are used
to compare with satellite data (see below).

AJ angle and velocity were computed by averaging the Bu^
and Bv^ velocities in the upper 10m of the water column at the
eastern sector of the Strait of Gibraltar (black box in lower
panel of Fig. 1). This area was selected to include the entire
region where the AJ could be located at the eastern side of the
strait. Six nodes of the model grid are included within the
analyzed region. The AJ mean velocity vector was computed
as the average value within the box and the standard devia-
tions of the mean Bu^ and Bv^ value where considered as
computational errors and used to construct the error bars in
Fig. 2.

2.2 Satellite data

In the present work, we have used the 4-km monthly sea
surface temperature satellite images (SST) from the Advanced
Very High-Resolution Radiometer (AVHRR) Pathfinder Ver-
sion 5 (available until 2009) and from theMODIS Aqua Level
3 (from 2009 onward). Both satellite SST datasets were ob-
tained from the Physical Oceanography Distributed Active
Archive Center (PO.DAAC) at the NASA Jet Propulsion Lab-
oratory, Pasadena, CA (http://podaac.jpl.nasa.gov). Those
datasets represent a reanalysis of historical SST data that
have been improved through extensive calibration and
validation and using any other available information to yield
a consistent research-quality time series for global climate
studies.

To calculate the AJ angles from satellite SST distributions,
we benefit from the distinctive thermal signature of the Atlan-
tic water entering the Alboran Sea. In general, the SSTs of the
AJ are in contrast with the local Alboran Sea SSTs and in most
monthly SST images the AJ progression in the basin can be
detected throughout the year. Specifically, we use the gradient
function in Matlab® to obtain the gradient field of SST in the
region defined by the black box in the lower panel of Fig. 1.
Secondly, we calculate the direction which is perpendicular to
the main SSTs gradient which would correspond to an estima-
tion of the angle of entrance of the AJ into the Alboran Sea.
Though useful, these satellite-derived angles should not be
considered as an absolute quantification of the AJ angle but

as an illustrative approximation of the AJ progression when
entering the Alboran Sea.

Additionally, altimetry data (absolute dynamic topography,
ADT) from AVISO (http://www.aviso.oceanobs.com) at 1/8°
spatial resolution were used to compute the kinetic energy
(KE) of the NW region of the Alboran Sea (magenta box in
Fig. 1, lower panel). KE from calculated geostrophic veloci-
ties in the region from 1990 to 2012 have been analyzed by
Ruiz et al. (2013) extracting the main temporal variance
modes of the circulation in the area by a singular value de-
composition technique (Bretherton et al. 1992). We have used
the same KE data shown in Fig. 2c of their paper to create a
climatologic cycle to compare with the seasonal cycle of the
AJ direction simulated by our model (see black line in Fig.
2b).

2.3 Simulations with modified atmospheric conditions

Four simulations with synthetic atmospheric forcings were
designed to discriminate between the local effects of wind
forcing at the Alboran Sea and the remote forcing by SLP
variations over the western Mediterranean Sea. In the first
experiment (R1, Table 1), wind velocity was set to zero in a
5°×5° box centered at 36° N, 5° W (the eastern end of the
Strait of Gibraltar) while the other atmospheric variables and
model set-up remained untouched. In the second experience
(R2, Table 1), the SLP over the entire model domain was set
constant to its average value throughout the study period
(∼1016 hPa). As in the previous experiment, the rest of atmo-
spheric conditions and model set-up were not changed. The
third experiment (R3, Table 1) was done combining the two
above, i.e., without winds over the Alboran Sea-Gulf of Cadiz
region and no SLP variations in the entire model domain. In
the last simulation (R4, Table 1), winds were set to zero
throughout the entire model domain, SLP was kept constant
and precipitation was eliminated. The main objective of this
last simulation was to increase vertical stratification in the
basin and stop the deep-water formation during winter time.

3 Results

Climatologic mean surface currents during the simulation pe-
riod for the reference run (RR, Table 1) are show in Fig. 1 for
the entire model domain (upper panel) and for the Alboran Sea
(lower panel). The main currents of the basin are reproduced
by the model such as the Algerian current flowing eastward
along the African coast in the western basin, the northern
current moving westward along the coasts of southern France,
the general anticyclonic circulation of the eastern basin, and
the quasi-permanent anticyclonic gyre at the southern Adriatic
Sea (see the schematic mean circulation shown in Fig. 1
redrawn from Siokou-Frangou et al. 2010).
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Within the Alboran Sea, the WAG could be easily seen
(white arrow in Fig. 1, lower panel) with a center at around
35.9°N, 4.2°W. The climatologic currents do not show the
more elusive EAG as the AJ did not totally detach from the
Spanish shore but continues to flow along the coast.

The time evolutions of satellite-derived and model-
simulated angles of the AJ are shown in Fig. 2a. Satellite
estimations present higher variability than model simulations
but the mean values of the angles are quite similar in the
satellites (75.2° ± 11.3°) and in the model (84.48 ° ± 8.1°).
There is also a clear seasonal cycle in both time series, with
smaller angles (more northerly direction) during the spring-
summer and larger angles (more southerly) during fall-winter
as clearly seen in Fig. 2b. In spite of the general good

agreement between satellite-estimated angles and model sim-
ulations, there are some clear mismatches between the two
series. For example, there are two southward migrations of
the AJ simulated in the model in fall of years 1997 and 2008
that are not apparent in the satellite estimates (Fig. 2a), and
also it seems that the seasonal cycles are shifted by approxi-
mately 1 month (Fig. 2b).

A singular spectrum analysis (Fig. 3a) of the two angle time
series in Fig. 2a indeed reveals the presence of predominant
annual cycles representing ∼27 and ∼36 % of the total vari-
ability in the satellite and model estimation, respectively.
These annual signals are determined in both cases by eigen-
vectors #1 and #2 being also significantly correlated (R=0.45,
p<0.01), although (as indicated above) there is slight shift

Fig. 2 a Time evolutions of satellite-estimated angles of the AJ (red line)
and of simulated angles (blue line) from the model simulation. Angles are
defined with respect to the north (considered as 0°). The horizontal
discontinuous black line indicates the position of the main axis of the
strait as defined by the bathymetry. b Climatologic seasonal cycle of
observed (red line) and simulated (blue line) AJ angles. c. Time series

of monthly KE anomalies in the NWAlboran Sea from altimetry data (red
line) and of simulated AJ velocities (blue line) from the model
simulations. d Climatologic seasonal cycle of KE anomaly (red line)
and model-derived AJ velocity (blue line). Error bars in the different
panels are based on the standard deviations of the mean Bu^ and Bv^
values computed within the black box in Fig. 1 as indicated in the text

Table 1 Main characteristics
Simulation Atmospheric conditions

RR ERAin unaltered forcing

R1 No wind (u10 = v10 = 0) over the Alboran Sea

R2 No SLP variations over the Mediterranean Sea

R3 No wind over the Alboran Sea and no SLP variations over the Mediterranean Sea

R4 No wind, no SLP variations, and no precipitation over the Mediterranean Sea
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with the modeled angle leading the satellite estimates by
1 month (Fig. 3b). The spectral decomposition of both angles’
time series shown in Fig. 3a also indicates that there is a
considerable fraction of the energy associated to eigenvectors
#3 to #20 as all of them represent variability levels above 1 %.
If the signal associated to these 18 eigenvectors is computed,
very irregular time series are obtained (Fig. 3c) for both satel-
lite and model estimations. In both cases, however, the mean
value of this residual signal is practically identical (∼75° for
satellite data and ∼72° for model) containing, also, some of the
most prominent southward excursion of the jet as at the end of
2001 and 2007.

On the other hand, also the time series of KE anomalies in
the NW Alboran Sea (red line in Fig. 2c) shows a similar
pattern to the simulated AJ velocities (blue lines in Fig. 2b)
with a statistically significant correlation (R=0.6, p<0.01).
Climatologic cycles of KE in the NWAlboran Sea and simu-
lated AJ velocity (Fig. 2d) show a similar seasonality with
larger values during winter/spring and a marked minimum at
the end of autumn. Clearly, when the AJ is directed southward
(large angle values), the water movement and associated KE
in the NWAlboran Sea reduce.

There is, thus, a characteristic relationship between simu-
lated angles andmodules of the AJ (Fig. 4).With high velocity
(above ∼0.3 m s−1), the AJ seems to be locked at an angle
∼60°. This situation of the AJ is associated with westerly
winds (positive value of the zonal component, Fig. 4) and with
low SLP anomalies (computed with respect to the temporal
mean SLP value during the simulation period) over the west-
ern Mediterranean basin. With relatively lower AJ module
(0.2–0.3 m s−1), the angle increases to ∼67° (Fig. 4) while
the zonal wind in the Alboran Sea are still from the west by
of lower intensity and the SLP anomaly over the western
Mediterranean is positive. Finally, when the module of the
AJ is below 0.1 m s−1, its mean angle increases up to 118°
but presenting a much higher dispersion than with higher ve-
locities (Fig. 4). The winds over the Alboran Sea are clearly
directed eastwards (negative zonal value) and the SLP anom-
aly over the western Mediterranean is markedly positive
(Fig. 4).

From the analysis in Fig. 4, it is not straightforward to infer
which meteorological variable (local zonal wind or SLP
anomalies over the western Mediterranean) is controlling the
dynamics of the AJ at monthly time scale. Both are, indeed,
clearly linked, with negative SLP monthly anomaly corre-
sponding with westerly winds and positive SLP monthly
anomaly with easterlies (Fig. 5a). Henceforth, there is a pos-
itive correlation between the mean monthly AJ velocity and
the monthly mean zonal wind (Fig. 5b) and a negative corre-
lation between AJ monthly velocity and mean monthly SLP
anomaly (Fig. 5). The scatter plots of the monthly mean angle
of AJ versus the different meteorological variables (Fig. 5d, e)
did not show such clear relationships. It seems, however, that

significant southward migration of the AJ only happen with
easterlies winds while no clear correlation is found with
monthly SLP anomalies.

Results from the three first simulations with modified at-
mospheric forcings (Table 1) are shown in Fig. 6 along with
the results of the RR simulation (gray symbols and lines in
Fig. 6). In the left column, results from the R1 experiment (no
surface wind from the Alboran Sea region) are shown. The
time evolution of the AJ angle (black line in Fig. 6a) is quite
similar to the RR (gray line in same figure). The most impor-
tant differences could be found in the two extreme collapse
events simulated at the end of 2001 and 2007 in RR. When
wind over Alboran Sea is set to zero, the AJ did not suffer such
strong southward migrations, especially for year 2001. Re-
garding seasonality, the cycles are almost identical in RR
and R1. The characteristic relationship between module and
angle of the AJ (see Fig. 4) is maintained when no wind on
Alboran Sea is considered (Fig. 6b), and now the larger jet
velocities are associatedwith negative SLP anomalies over the
western Mediterranean while a weaker AJ typically happens
when SLP anomaly is positive.

The results from the simulation with a constant SLP over
the entire model domain (Fig. 6, central column) are quite
similar to those of the complete run. In the time evolution of
the AJ angle (Fig. 6c), both time series are almost identical,
with the same seasonal oscillations and the same Bcollapse^
events in 2001 and 2007. Also, the relationship between AJ
module and angle is similar to the one observed in the com-
plete simulation (Fig. 6d) and a clear separation between west-
erly and easterly conditions is found (blue and red symbols,
respectively, in Fig. 6d); a strong AJ is usually associated with
westerlies while a weaker AJ is typically associated with more
easterly winds.

Finally, when both atmospheric modifications are com-
bined (no winds on Alboran Sea and no SLP variations) the
temporal evolution of the simulated AJ angle (black line in
Fig. 6e) is very similar to the results obtained only removing
local wind forcing (Fig. 6a). The seasonal cycle is still present
but the collapse events are largely reduced. The module-angle
relationship for this simulation (Fig. 6f) shows the well-
known pattern explained before, but in this case, the disper-
sion of the scatter cloud is reduced indicating a much smooth-
er behavior of the AJ.

In none of the experiments above, the seasonal cycle of the
AJ has been dramatically altered so a final simulation (R4)
was performed increasing the vertical stratification of the
Mediterranean basin and, hence, reducing the thermohaline
circulation (MTHC). The objective of this experiment was to
test if the AJ dynamics was substantially altered by changes in
theMTHC strength. Themean climatologicmixed layer depth
(MLD) during the winter (January, February, and March
months (JFM)) is shown for the simulation using the complete
atmospheric forcing in Fig. 7a and for the simulation with no
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Fig. 3 Spectral analysis of
satellite-derived and model-
simulated AJ angles time series. a
Spectral energy distribution in the
first 40 eigenvectors obtained
from the SSA decomposition. b
Annual signals defined by the first
two (more energetic
eigenvectors). c Residual signals
defined by eigenvectors 3 to 20
(those with energy levels >1 % in
(a)
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wind, no SLP variations and no precipitation in the entire
model domain in Fig. 7b. For the run using the complete
atmospheric forcing, it is easy to identify the typical zones
for deep water formation in the Gulf of Lion (GoL), in the
southern Adriatic Sea and around the Crete island (magenta
stars in Fig. 7a). On the contrary, with the manipulated atmo-
spheric conditions, the winter MLD is severely reduced in the
entire basin with absolute maximum climatologic values of
87 m. This is also clear examining the annual time series of
winter MLD extracted for the three locations marked in
Fig. 6a, b (Fig. 7c). In the case of the full atmospheric forcing,
the winter MLD in the GoL could reach values close to
1600 m with a mean value of 797 m. Also, in the Adriatic
and Crete sites, the winter MLD could reach values over
500 m with mean values of 412 and 392 m, respectively. For
the modified atmospheric forcing, the maximum winter MLD
is not larger than 82 m in any of the three sites with mean
values of 66, 74, and 44 m for the GoL, Adriatic, and Crete,
respectively. It can, thus, be reasonably assumed that deep
water formation has been effectively stopped with the modi-
fied atmospheric forcings in this last experiment.

The AJ dynamics for this latter simulation (Fig. 8) is clearly
different to what has been observed so far. The time series of
the AJ angle (black line in Fig. 8a) shows a quasi-constant
flow in the direction of 270°, i.e., the surface water is flowing
westward (outflow) through the Strait of Gibraltar. Indeed, for
this simulation a complete reversion of the circulation in the
strait is simulated with a water inflow occurring at depth (not

shown). A spectral analysis of the R4 simulated AJ angle (not
shown) reveals that still an annual signal is the main contrib-
utor to the variability of the series (∼25 %) but with a much
smaller oscillation range (∼10°) than in the RR (see for exam-
ple Fig. 2b). Logically, the normal module-angle relationship
for this simulation is not present anymore (Fig. 8b) with the
entire scatter concentrated around 270° direction and
0.219 m s−1 velocity.

4 Discussion

On a regional scale, within the Alboran Sea, the model is able
to simulate the main feature, the WAG, but not the more elu-
sive EAG (e.g., Lacombe 1971; Lanoix 1974; La Violette
1984). In our model, the AJ did not detach from the Spanish
coast westward of Malaga bay as usually described (e.g.,
Arnone et al. 1990) but continues alongshore without forming
the EAG. The relative coarse horizontal resolution of the mod-
el or the smoothed topography used could be partially respon-
sible for this misbehavior of the simulated currents in that
region. The geometry and topography of the Alboran basin
have been reported as crucial for determining the formation,
size, and location of the gyres (e.g., Preller 1986; Werner et al.
1988; Herburn and La Violette 1990); however, for practical
reasons (computational time and storage capacity), it is not
possible for us to run the model with a finer resolution at least
for long-term simulations. Nevertheless, future model

Fig. 4 Scatter plot of simulated AJ velocity (m s−1) and angle (°). Blue
dots correspond to a situation of westerlies (positive zonal wind) and
negative SLP anomalies over western Mediterranean. Blue squares to a
situation of westerlies but with positive SLP. Red dots correspond to
easterlies (negative zonal wind) and positive SLP anomaly. Red squares

correspond to easterlies and negative SLP anomalies. Inserted in the
figure are the values of the mean SLP anomaly, mean zonal wind, and
mean AJ angle for different ranges of AJ velocities. SLP anomalies are
computed with respect to its mean value throughout the entire simulation
period
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development should include some Bnesting^ to increase hori-
zontal details in some specific areas of the basin and the
Alboran Sea and, specially, the Strait of Gibraltar are suitable
candidates.

The presence of the western boundary of the model domain
in relative vicinity to the strait could also represent a source of
problems from the model simulations even if it was located
∼90 km into the Gulf of Cadiz (see section 2.1). In order to test
the importance of the location of the boundary, results from
another simulation with the western boundary at the very west
entrance of the strait (as described for example inMacías et al.
2013) were analyzed. The AJ angle-velocity relationship in
this additional simulation was very similar to the one shown
here in Fig. 4, although the absolute values (of both angle and
velocity) were slightly different. This experience indicates that
the vicinity of the boundary to the analyzed area does not
introduce critical interferences on the AJ dynamics; however,
locating it further away from the Strait (as done in all the
simulations analyzed here) provides more confidence in the
simulations results.

Independent of the above-mentioned problems, the AJ
temporal dynamics seems to be fairly simulated by the
model in the RR (Fig. 2). Both the seasonality and the
interannual variability are quite similar in model results
and in satellite estimations, although total variability is
higher in the latter. Here, we must consider that the esti-
mations of the AJ direction based on SST images are just
an approximation, because the temperature front is only a
crude proxy for indicating the AJ. In order to double
check the validity of this method to infer the AJ direction,
we applied the same protocol to the model simulated SST
fields. This analysis (not shown) revealed that the angles
computed from the velocity fields (i.e., the real angle of
the simulated AJ) and those estimated by the gradient
method were very similar throughout the simulation peri-
od, with a mean difference of just 6.9°, representing an
average error of 3 % (if 180° difference is considered as
100 % error). This secondary analysis indicates that the
SST gradient method is a good approximation to estimate
the AJ angle in the studied region.

Fig. 5 a Scatter plot of zonal
wind (m s−1) in Alboran and SLP
anomalies (hPa) over the western
Mediterranean from the ERAin
database. b Scatter plot of
simulated AJ velocity (m s−1) and
zonal wind in Alboran (m s−1). c
Scatter plot of simulated AJ
velocity (m s−1) and SLP
anomalies (hPa) over the western
Mediterranean. d Scatter plot of
simulated AJ direction (°) and
zonal wind in Alboran (m s−1). e
Scatter plot of simulated AJ
direction (°) and SLP anomalies
(hPa) over the western
Mediterranean
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Fig. 6 aAJ angle time series from the original simulation (gray line) and
from the no-wind over Alboran simulation (black line). b Module-angle
relationship in the original simulation (gray symbols) and in the no-wind
over Alboran simulation (color symbols). c AJ angle time series from the
original simulation (gray line) and from the no-SLP variations over the
Mediterranean Sea simulation (black line). d Module-angle relationship

in the original simulation (gray symbols) and in the no-SLP variations
over the Mediterranean Sea simulation (color symbols). e AJ angle time
series from the original simulation (gray line) and from the no-wind, no-
SLP variations simulation (black line). fModule-angle relationship in the
original simulation (gray symbols) and in the no-wind, no-SLP variations
simulation (color symbols)

Fig. 7 a Climatologic winter (January, February, March) mixed water
depth for the complete atmospheric forcing simulation. b Climatologic
winter (January, February, March) mixed water depth for the simulation
without wind, SLP variations, and precipitations over the whole model

domain. cWinter mixed layer depth from the locations marked in (a) and
(b). Solid lines indicate results from the complete atmospheric forcing
simulation. Broken line indicates results from the modified atmospheric
forcing simulation
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Both time series of AJ angle (from model and satellite)
present the typical seasonality previously described for the
system, with the AJ moving northward during the late
winter/spring months and southward during late fall (Viúdez
et al. 1996; Vargas-Yáñez et al. 2002; Macías et al. 2008). The
seasonal change in the direction of the AJ modifies the circu-
lation pattern of the basin (Renault et al. 2012; Peliz et al.
2013) and the primary production rates induced at the coastal
upwelling systems (e.g., Sarhan et al. 2000; Macías et al.
2007a, b). This seasonal pattern of the AJ angle is further
confirmed by the altimetry data from the NW Alboran Sea.
As discussed in Ruiz et al. (2013), the KE in this region is high
(positive KE anomaly) when the AJ is flowing along the
Spanish coast (low entrance angle), and correspondingly the
energy is low (negative KE anomaly) when the AJ is diverted
southward (larger entrance angle) away from the NWAlboran
Sea. The good correlation between KE anomalies and simu-
lated AJ velocity (Fig. 2c and d) further supports the validity
of used modeling approach.

As the model seems to correctly reproduce the observed
and reported seasonal pattern of the AJ, we can reasonably use
it to try to elucidate the relative importance of local and remote
atmospheric forcings on this dynamics. In Fig. 4, a distinct
relationship between AJ velocity and angle could be easily
seen. With high flow velocities, the angle seems to be
Blocked^ at around 60° with relative little variations. When
the jet weakens, the direction is more variable from 40° to
200°, although the mean angle increases up to 118°. This plot
is indicating that with a strong enough jet, its angle is not very
dependent of other variables. It continuously sticks to a certain
position regardless of the zonal wind conditions and of the
SLP over the western Mediterranean (as exemplified by the
various symbols in Fig. 4). In this situation, the WAG is usu-
ally well developed being, thereby, a typical condition of the
spring/summer months (Renault et al. 2012; Peliz et al. 2013).

When the AJ weakens, its angle starts to vary and moves
northwards (less frequently) or southward (more frequently)
as shown by the large dispersion of symbols in the left part of
the graph at Fig. 4. The southward migration of the jet asso-
ciated with small flow speeds has been previously reported
from synoptic sampling combined with remote sensing im-
ages (Macías et al. 2008). Northward migrations during pe-
riods of low flow and predominant easterlies have also been
documented (Perkins et al. 1990; García-Lafuente et al. 1998).
Very likely, the variation of the AJ direction with low flowing
velocity at synoptic scales is dependent on the general hydro-
logical pattern of the western part of the Alboran basin as, for
example, the extension and position of the WAG.

Also, from Fig. 4, a clear association between atmospheric
conditions and AJ velocity could be observed. With westerly
winds and low SLP anomaly over the western Mediterranean,
the AJ velocity is usually high while with easterly winds and
high SLP anomalies, the jet slows down. This is a known
pattern already described from field data (García-Lafuente
et al. 2002;Macías et al. 2008) and frommodeling simulations
(Candela 1991; Peliz et al. 2013) that is created by the strong
correlation between SLP anomalies over the western Mediter-
ranean and the local zonal wind in the Alboran Sea (e.g.,
Crepon 1965; Cheney and Doblar 1982; Sarhan et al. 2000;
Vargas-Yáñez et al. 2002; Macías et al. 2007b) as shown in
Fig. 5a. Consequently, both zonal wind and SLP anomalies
have positive (negative) correlations with the AJ velocity
(Fig. 5b, c). The angle, however, seems to be more controlled
by the local wind conditions (Fig. 5d) than by the remote SLP
conditions (Fig. 5e). A substantial increase of the angle is only
associated with negative zonal wind values while SLP anom-
alies during the largest excursions of the AJ direction were
around 0.

Also, it is necessary to stress that all the analysis above
were made using surface velocity values where the AJ inten-
sity is typically maximum. Thus, we tested also if considering
the whole integrated velocity of the AJ (and not only its

Fig. 8 aAJ angle time series from the original simulation (gray line) and
from the no-wind, no-SLP variations, and no precipitation over the whole
domain simulation (black line). b Module-angle relationship in the
original simulation (gray symbols) and in the no-wind, no-SLP
variations, and no precipitation over the whole domain simulation
(black symbols)
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surface values) could change our simulations results. We
found (not shown) that the pattern is quite similar to the ones
described above for the surface values. The AJ angle-module
relationship is the same as the one shown in Fig. 3, only the
module values being slightly lower as expected for integrated
values.We also computed the total water going in (inflow) and
out (outflow) the Mediterranean basin for each time step and
found a high negative correlation between those flow values
(R=−0.84, p<0.01). Henceforth, a negative correlation be-
tween total water outflow and local zonal wind was found
(R = −0.72, p < 0.01) as also reported by Boutov et al.
(2014). So, the effects of atmospheric forcing are influencing
the entire water column dynamics and not only its first few
meters.

Given the difficulty to separate efficiently the contribution
of each atmospheric forcing to the AJ dynamics (see Fig. 4), it
is necessary to perform a process-based study by artificially
manipulating the atmospheric forcing to the model (see sec-
tion 2.3). When local wind is excluded (simulation R1), the
temporal evolution of the angle of the AJ (Fig. 6a) shows
remarkable similitudes with the RR simulation. The main dif-
ferences could only be observed on the extreme migration
events simulated for fall of 2001 and 2007 in RR as they are
largely reduced for R1. This is in agreement with the angle-
wind relationships mentioned above (Fig. 5d) and further con-
firms the need of negative zonal winds to force the AJ south-
wards as previously hypothesized byMacías et al. (2007b). In
simulation R1, the correlation between SLP and AJ module is
very similar to the original pattern (Fig. 6b) with faster AJ
associated with negative SLP anomalies and slower AJ with
positive SLP anomalies values.

When the SLP is set to its mean value throughout the entire
simulation period (simulation R2), the AJ dynamics is almost
identical to the one simulated in RR (Fig. 6c, d). The most obvi-
ous difference with R1 exposed above is that the large southward
excursions of the AJ in 2001 and 2007 are again simulated by the
model in R2. This is in consistence with the lack of obvious
relationship between AJ angle and SLP shown in Fig. 5e.

The apparent lack of reaction of the AJ seasonal dynamics
to such dramatic changes of the local wind conditions and the
SLP over the Mediterranean is, indeed, a quite unexpected
result as a substantial fraction of the AJ variability has been
typically attributed to atmospheric pressure variations
influencing barotropic water interchanges through Gibraltar
(e.g., Candela et al. 1989; García-Lafuente et al. 2002). How-
ever, here, we must stress that we are considering relatively
larger time scales as only integrated monthly results are being
considered. The direct effects of local and remote atmospheric
forcings are expected to be larger at subinertial scales (from
several days to few weeks) (e.g., Macías et al. 2009, 2011;
Vázquez et al. 2008).

We could also focus on the most outstanding events clearly
visible in the time series, the southward migration of the AJ in

fall 2001 and fall 2007 (Fig. 2a). The 2001 anomaly was
described almost 10 years ago by Béranger et al. (2005)
who, by using a numerical hydrodynamic model of the region,
reported a substantial drop of the AJ velocity during the final
months of year 2001. A more recent modeling work (Peliz
et al. 2013) also found a strong diminution of the maximum
velocity of the AJ during fall 2001. The separation of the AJ
from the Spanish shore during this period provoked a relaxa-
tion of the general circulation patterns, especially in the coast-
al region eastward of the strait. The lack of strong surface
circulation during this time period in the NW Alboran Sea
has been also observed from satellite altimetry data (e.g.,
Renault et al. 2012; Ruiz et al. 2013).

The causes of this anomaly in the model simulation were
further explored in Boutov et al. (2014) using the samemodel-
ing approach as Peliz et al. (2013). As their model is only
forced by the local atmospheric conditions (their model setup
did not incorporate the entire Mediterranean Sea), they con-
clude that such a significant drop of the AJ velocity should be
caused by the local action of the atmosphere on the surface
layer. From our modeling exercise, this hypothesis seems
quite likely as a strong negative anomaly in local zonal wind
(−2.15 m s−1) was registered over the Alboran Sea during
October-November-December 2001. Also, in our simulations
without winds (R1 and R3), this increase in the AJ angle is not
observed (Fig. 6a, e), further supporting the locally forced
origin of this perturbation.

The second occasion when the AJ strongly veers south-
wards happened during fall 2007 (Fig. 2a). Again during this
time, mean zonal windwas clearly negative (−1.85m s−1), and
again, this event is not rightly reproduced in the simulations
with no wind over the Alboran Sea (Fig. 6a, e). Henceforth,
the locally forced origin for this event is also likely. In previ-
ous modeling exercises covering this time period, a similar
drop in the AJ velocity and a shift southward at the end of
2007 has been described (Peliz et al. 2013; Boutov et al.
2014). Also, in current data from an ADCP measuring the
intensity of the Mediterranean outflow within the main chan-
nel of the strait, a substantial increase in water velocity was
registered for winter 2007–2008 (Sánchez-Román et al.
2009). Henceforth, this event of inflow reduction (and in-
creased outflow) reproduced by our model seems to have re-
ally happened.

However, these previous experiences did not answer to the
question of what is causing the very clear seasonal cycle typi-
cally described for the AJ. Even if the AJ monthly characteris-
tics (flowing speed and direction) seems to be correlated with
the monthly values of local wind and SLP (see Fig. 5), it does
not necessarily mean that there is a causality link between the
different variables (Liang 2014). SLP and wind did have a
seasonal cycle (Candela et al. 1989; Dorman et al. 1995), but
from the experiments above, it seems quite clear that those
cycles are not responsible for the seasonality in the AJ.
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It has been described that a large fraction (∼93 %) of the
water flow through the Strait of Gibraltar is, indeed, maintained
by the continuous transformation of surface Atlantic water into
deep Mediterranean water within the Mediterranean basin
(Basheck et al. 2001), i.e., by the Mediterranean thermohaline
circulation (MTHC). This MTHC is typically forced by deep
water formation events during winter months (nominally from
January to March) in some specific places within the western
(i.e., Gulf of Lion), central (i.e., Southern Adriatic), and eastern
(i.e., around Crete) Mediterranean basins (e.g., D’Ortenzio
et al. 2003). This is clearly shown by the mean value of the
winter mixed layer depth (MLD) simulated by the model using
the complete atmospheric forcings (Fig. 7a) as regions with
large winter MLD coincide with deep water formation areas
(stars in Fig. 7) described elsewhere (e.g., Siokou-Frangou et
al. 2010). As clearly seen in the time series of MLD in those
places and for simulation RR (solid lines in Fig. 7c) almost
every winter, the upper layer of the water column is well mixed
through a considerable depth indicating favorable conditions
for deep water formation. On the contrary, when wind is set
to zero and no precipitation is considered in the model (simu-
lation R4), no winter mixing event is simulated (dashed lines in
Fig. 7c) with the entire basin presenting an abnormally shallow
winter MLD (Fig. 7b).

The behavior of the AJ in this last simulation changed
dramatically as the entire circulation thorough the strait re-
verses, with a deep inflow of Atlantic waters (not shown)
and a surface outflow of Mediterranean waters (Fig. 8). As
commented above, even if the total variability of AJ angle in
simulation R4 is very small, there is still an annual cycle as the
main contributing signal. The presence of this annual cycle in
this simulation with no atmospheric forcing variability could
be related with the monthly climatologic conditions imposed
at the western boundary of the model (see model description
in section 2.1). Results from R4 support the importance of the
deep water formation to explain the water circulation through
the strait (e.g., Basheck et al. 2001), and it is indirect evidence
that one of the main causes of the seasonality of the AJ is the
MTHC cycle. During winter months, deep mixing and deep
water formation are more acute, which provoke a large volume
of surface water to be transported into the deep layers.
This creates a Bdeficit^ of surface waters that should be com-
pensated by a large entrance of Atlantic waters into the basin.
This, in turn, explains the stronger AJ during the first months
of the year flowing quicker and with a northwesterly direction
as shown in Fig. 2.

However, if the deep water formation rate (and associated
MTHC) was the only factor influencing the AJ dynamics, it
should be expected to see a different shape of the AJ annual
cycle than the one shown in Fig. 4b. If MTHC was solely
responsible for the AJ seasonality, a sharper decline of its
intensity should be simulated after the winter months, so some
additional process should be contributing to the progressive

weakening of the AJ along the summer until its minimum in
fall. This secondary factor could be the evapotranspiration
annual cycle that presents maximum values during summer
when evaporation is high and precipitation is lowest, a sec-
ondary maximum during winter due to the strong evaporation
associated with cold dry winds, and relative minima in spring
and fall (e.g., Mariotti et al. 2002). The excess evaporation
during summer demands a relative large amount of Atlantic
waters to be imported in order to maintain the sea level, which
could explain why the AJ velocity (i.e., inflow through the
strait) is still relevant during summer months even if no
MTHC is taking place. Towards the fall, evapotranspiration
is reduced because of the progressive cooling of air tempera-
ture, but still no significant MTHC is taking place. No signif-
icant MTHC and a much reduced evapotranspiration translate
in a very low demand for surface waters into the Mediterra-
nean basin and could help explain why the AJ shows a recur-
rent minimum during fall in every simulated year.

5 Conclusions

The proposed model seems to indicate quite clearly that local
and remote atmospheric forcings are not relevant sources to
explain the seasonal dynamics of the AJ within the Alboran
Sea. This is so even if at monthly time scales significant cor-
relations between local zonal winds, sea level pressure, and AJ
velocity could be found. Local wind forcing at this scale
seems to be of relevance, though, to explain some extreme
collapse events recorded during particular years (e.g., 2001
and 2007) while sea level pressure variation did not show
any significant effect on the simulated AJ behavior. From an
additional simulation, it seems that the combination of the
seasonal cycles of deep water formation and evapotranspira-
tion are much more relevant for the seasonal cycle of the AJ.
The circulationmodel used here, even being an approximation
to the real system, seems to capture the main characteristics of
the AJ dynamics and could be a useful tool to explore future
changes of hydrological conditions of the Alboran Sea under
predicted climate change scenarios.
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