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ABSTRACT
Recent studies have shown that the formation of the well-defined, zonally oriented Azores Current may be
the result of water mass transformation associated with the Mediterranean outflow in the Gulf of Cadiz. As
the denser Mediterranean water descends down the continental slope, it entrains overlying North Atlantic
Central Water. It is believed that the Azores Current then forms as part of the horizontal recirculating gyre
generated through the b-plume mechanism. In this study, the authors further explore this hypothesis by
performing a series of numerical experiments. These experiments are based on a high-resolution general
circulation model that includes the Mediterranean Sea and that realistically simulates the water mass exchange through the Strait of Gibraltar and the transport and variability of the Azores Current. The authors
show that the divergence of the relative vorticity flux and the planetary vorticity flux, associated with planetary waves, are the main factors determining the variability of the Azores Current. It is shown experimentally
that the closure of the Strait of Gibraltar leads to a complete disappearance of the Azores Current. On the
other hand, with the open Strait of Gibraltar, the Azores Current persists even when the wind forcing over the
region is turned off. The atmospheric forcing is thus not responsible for the formation of the Azores Current,
but it affects the variability of the current with a minor effect on its magnitude. Numerical experiments suggest
that the strength and the variability of the Azores Current depend on the magnitude of the water mass
exchange through the Strait of Gibraltar but not on its seasonal variability.

1. Introduction
a. Observational background
The Azores Current (AzC) is part of the North Atlantic
subtropical gyre. It originates southeast of the Grand
Banks as a branch of the Gulf Stream and heads southeastward until it crosses the Mid-Atlantic Ridge at about
348N, 378W, southwest of the Azores Islands (Käse and
Siedler 1982; Gould 1985). Then it flows as a zonal jet
eastward between about 328 and 368N toward the Gulf
of Cadiz. The AzC represents a front with significant
temperature and salinity gradients (Käse et al. 1985).
East of the Mid-Atlantic Ridge, the AzC is reported
to produce three main southward-flowing branches, the
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exact location of which varies seasonally and interannualy (Stramma and Siedler 1988; Klein and Siedler
1989). Two branches recirculate into the North Equatorial Current flowing west (Maillard and Käse 1989),
whereas the easternmost branch joins the Canary Current (New et al. 2001). Observations have shown that the
AzC recirculates in westward counterflows located both
north and south of the main current (Cromwell et al.
1996; Pingree 1997). The westward counterflow to the
north of the AzC is usually referred to as the Azores
Countercurrent (AzCC; Onken 1993). The eastward transport of the AzC is observed to be about 10–12 Sv (1 Sv [
106 m3 s21), with most of the transport concentrated in
the upper 1000 m of the ocean and with velocities exceeding 10 cm s21 (Gould 1985; Sy 1988; Stramma and
Muller 1989; Pingree et al. 1999).
The AzC is characterized by complex mesoscale variability. The current meanders and generates eddies
that both propagate westward as planetary waves. It is
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believed that meandering and eddy formation are largely
due to baroclinic instability of the AzC (Kielmann and
Käse 1987; Alves and de Verdière 1999). The mesoscale
variability of the current is reflected by elevated eddy
kinetic energy (EKE), which has been estimated from
drifter (Richardson 1983; Krauss and Käse 1994; Brügge
1995; Fratantoni 2001; Reverdin et al. 2003) and satellite
altimeter data (Le Traon et al. 1990; Tokmakian and
Challenor 1993; Wunsch and Stammer 1995; Stammer
1997; Volkov 2005). Analyzing Geosat altimetry data,
Le Traon and De Mey (1994) found that the mesoscale
variability of the Azores front is characterized by long
periods and large wavelengths with a strong maximum in
the spectrum at 250 days and about 600 km, which they
associated with Rossby waves.

b. Formation of the Azores Current: Earlier studies
The well-defined structure of the eastward jet and its
distinguished separation from the North Atlantic Current (the northern limb of the subtropical gyre) make
the AzC special. Indeed, there is no similar current in
the North Pacific. Several studies during the last decade
were dedicated to understanding the mechanisms responsible for the formation of the AzC. The zonal orientation of the AzC cannot be fully explained by Sverdrup
dynamics, because the current is situated well to the south
of the mean zero wind stress curl and the Ekman pumping
here requires a southward transport (Townsend et al.
2000). In addition, considerable variations in the wind
stress curl over the subtropical North Atlantic fail to
explain relatively small changes in the position of the
AzC axis, observed with satellite altimetry (Le Traon
and De Mey 1994).
At the eastern boundary, the subtropical North Atlantic connects to the Mediterranean Sea. Here, the
dense Mediterranean Outflow Water (MOW) descends
down the continental slope and produces a warm and
saline intermediate layer. This layer is centered at about
1100 m and can be traced throughout the entire subtropical gyre. The fact that the AzC extends eastward up
to the Gulf of Cadiz has led to a hypothesis that the
water mass exchange through the Strait of Gibraltar may
be responsible for the formation of the current. It has
been suggested that the entrainment of the upper North
Atlantic Central Water (NACW) by the underlying denser
MOW is able to induce the AzC and the AzCC (Jia 2000;
Özgökmen et al. 2001; Kida 2006). The hypothesis relies on the dynamical concept of b plumes introduced
by Stommel (1982). A b plume is a large-scale recirculating flow driven by a small-scale forcing associated
with localized sources and sinks of mass. According to
the hypothesis, the entrainment of the NACW by the
MOW in the Gulf of Cadiz represents such a sink and
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generates the upper-ocean cyclonic gyre that elongates
westward under the influence of the b effect (Jia 2000;
Özgökmen et al. 2001).
Previous studies considering the AzC as a b plume
(Jia 2000; Özgökmen et al. 2001; Kida 2006) used simplified or idealized models. Jia (2000) used a 1/ 38 model of
the North Atlantic, but the model boundary at the Strait
of Gibraltar was closed so that the entrainment in the
Gulf of Cadiz was simulated by restoring the water density fields toward climatological conditions of Levitus
(1982). Özgökmen et al. (2001) used a simple equivalent
barotropic (1.5 layer) model driven purely by a sink
located near the eastern boundary, which served as
a source of potential vorticity. Their numerical simulations showed the occurrence of a b plume, which they
associated with the AzC and the AzCC. Using idealized
models, Kida (2006) and Kida et al. (2008) explained
the dynamical mechanism, by which the upper-ocean b
plume, generated by the Mediterranean overflow, extends over a basin scale. A realistic simulation of the
AzC by a high-resolution model, also confirming its b
plume nature, was presented by Peliz et al. (2007). Using
a high-resolution (1/ 48) global ocean model, Jia et al.
(2007) demonstrated a weakening of the flow associated
with the AzC at 102-m depth after the Strait of Gibraltar
was closed in a numerical experiment. All these studies
have made important advances toward our understanding of the AzC formation mechanism.

c. This study
The use of simple/idealized models is a good tool to
illustrate the basic physical mechanisms. Nevertheless, it
is important to validate these mechanisms with more
sophisticated models constrained by observations. In this
study, we investigate the mechanisms of the formation
and variability of the AzC using numerical simulations
from a high-resolution global-ocean data synthesis project called Estimating the Circulation and Climate of the
Ocean, Phase II (ECCO2; available online at http://www.
ecco2.org). The ECCO2 model is global and eddy permitting, includes the Mediterranean Sea, and adequately
simulates the AzC. In contrast to idealized models, the
use of ECCO2 state estimate and ECCO2-based sensitivity experiments allows to look at time-evolving processes. Therefore, the primary focus of this study that
would complement previous research is the variability of
the AzC. The following are the two major issues we want
to address in this paper:
1) We want to validate the previously suggested b
plume hypothesis for the formation of the AzC by
closing the Strait of Gibraltar in a numerical experiment and thus repeating a similar experiment in Jia
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et al. (2007) but using a higher-resolution model. Will
the AzC still exist in the absence of the Mediterranean overflow? Answering this question will either
confirm and strengthen or refute earlier findings.
2) Although previous studies considered only the time
mean, the primary objective of this study is aimed to
focus on the time-variable part of the AzC and to investigate the role of wind and water mass exchange
through the Strait of Gibraltar. In particular, it is interesting to investigate the following: (i) How does the
variability of wind forcing over the subtropical North
Atlantic influence the variability and the strength of
the AzC? (ii) Would the AzC still exist if the wind
forcing was absent? (iii) What is the impact of the local
wind on the entrainment of the NACW by the MOW
in the Gulf of Cadiz? (iv) Finally, how are the strength
and the variability of the water mass exchange through
the Strait of Gibraltar related to the strength and
variability of the AzC?
The paper is organized as follows: In section 2, we
briefly review the theoretical background for the b-plume
mechanism, which we believe is helpful to make the story
coherent and comprehensive. Then, in section 3, we present the details of the ECCO2 model and describe the
numerical experiments designed to answer the above
questions. Section 4 is dedicated to the validation of the
ECCO2 model in the region surrounding the AzC. In
section 5, we analyze the vorticity budget of an area situated in the vicinity of the Gulf of Cadiz. Results from
numerical experiments are presented in section 6. Finally,
in section 7 we summarize the findings of this study.

2. Overview of the theory
It has been established that weak vertical motions in
the absence of viscous effects are balanced by strong
horizontal recirculations required by the variation of
Coriolis parameter with latitude. As was already mentioned in the introduction, these phenomena are called b
plumes (Stommel 1982; Spall 2000), and the b-plume
mechanism is believed to be responsible for the formation of the AzC (Jia 2000; Özgökmen et al. 2001; Kida
2006; Jia et al. 2007). For a steady, frictionless, geostrophic flow on a b plane, the linear vorticity balance is
given by the Sverdrup relation,
y5

f wd
,
bH

(1)

where y is the meridional velocity, f 5 f0 1 by is the
Coriolis parameter, b 5 ›f/›y is its meridional gradient,
wd . 0 is the diapycnal velocity representing the loss of

fluid from the active layer, and H is the thickness of the
layer. Thus, within a region where the entrainment of
the NACW by the underlying MOW occurs (sink),
Eq. (1) requires a northward flow in the upper layer. The
meridional flow just to the north and to the south of the
entrainment region must be zero so that the northward
flow in the entrainment region is balanced by a zonally
elongated cyclonic gyre (Spall 2000). Solving the geostrophic relation fy 5 r21›P/›x for the dynamic pressure
P, using the boundary condition P(xe) 5 0 at the eastern
boundary, we obtain
Px 5 r

ðx

e

f y dx,

(2)

x

where r is the potential density; xe is the longitude of the
eastern boundary; and x is the longitude west of the
eastern boundary, where the dynamic pressure is being
determined. Making use of geostrophy and (1), the zonal
velocity at x then becomes
ux 5 

1 ›Px
1
5
r f ›y
H


ðx
e
f ›wd
dx.
2wd 1
b ›y
x

(3)

Equation (3) shows that a localized sink of mass (wd . 0)
near the eastern boundary generates a rather weak
uniform eastward flow with transport 2wd and a horizontal recirculating flow (eastward–westward, south–
north of the extremum of the sink).
The strength of the recirculating flow can be computed as the average of the absolute transports carried
by the eastward and westward jets. Then the ratio between the zonal and diapycnal transports is U/W 5
O( f0/bLy), where f0 is the average Coriolis parameter
and Ly is the meridional length scale of the mass sink.
For the typical values of the entrainment in the Gulf
of Cadiz, W ’ 1 Sv, f0 ’ 1 3 1024 s21, b ’ 2 3
10211 s21 m21, and Ly 5 50 km, the strength of the zonal
recirculation based on inviscid theory equals 100 Sv
(Kida 2006), which is unrealistic compared to the transport of the AzC (10–12 Sv). If the b plume hypothesis
is valid, the linear approximation in (1) is not complete.
The proximity of land suggests that boundary effects are
likely to be important (Spall 2000). Özgökmen et al.
(2001) found that the zonal transports of the AzC and
AzCC increase with the sink’s distance from the coastline. Because the entrainment occurs in a region where
the topographic slope influences the dynamics, in Eq. (1)
Kida (2006) uses the background topographic vorticity
b* 5 ( f/H)›H/›x instead of planetary vorticity, where x
is the cross-slope distance. In this case, the scaling predicts the horizontal transport of 2 Sv for 1 Sv of entrainment. Because of the large potential vorticity difference
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between the continental slope and the open ocean, the
topographic b plume is trapped on the continental slope
and cannot connect to the open ocean. However, Kida
et al. (2008) demonstrated that dissipation significantly
enhanced by mesoscale eddies can allow the flow to cross
isobaths (PV contours), thus connecting the topographic b
plume to the open ocean. In their numerical experiments,
they demonstrated that entrainment and eddy fluxes can
develop an eastward surface transport of about 4 Sv.

3. Description of the model and experiments
As a baseline experiment (Exp0), we use a global
optimized solution from the ECCO2 ocean state estimate. The ECCO2 project aims to produce accurate,
physically consistent, time-evolving syntheses of most
available global-scale ocean and sea ice data at eddypermitting resolution. An ECCO2 data synthesis is
obtained by a least squares fit of a global full-depthocean and sea ice configuration of the Massachusetts
Institute of Technology ocean general circulation model
(Marshall et al. 1997) to the available satellite and in situ
data. This least squares fit is carried out for a small
number of control parameters using a Green’s function
approach (Menemenlis et al. 2005a). The control parameters include initial temperature and salinity conditions;
atmospheric surface boundary conditions; background
vertical diffusivity; critical Richardson numbers for the
Large et al. (1994) K-profile parameterization (KPP)
scheme; air–ocean, ice–ocean, and air–ice drag coefficients; ice–ocean–snow albedo coefficients; bottom drag;
and vertical viscosity. Data constraints include sea level
anomalies (SLA); time-mean sea level; sea surface temperature; vertical temperature and salinity profiles; and
sea ice concentration, motion, and thickness. The optimized solution (Exp0) is then obtained by a free forward
model integration using the adjusted control parameters.
The ECCO2 model configuration is described in
Menemenlis et al. (2005b). For this model, a cubedsphere grid projection is employed. The globe is represented as a cube (Fig. 1), each face of which comprises
510 by 510 grid cells with a mean horizontal spacing of
18 km. The model is integrated in a volume-conserving
configuration using a finite volume discretization with
C-grid staggering of the prognostic variables. The model
has 50 vertical layers ranging in thickness from 10 m at
the surface to 456 m at the maximum model depth of
6150 m. Bathymetry is based on a global one arc-minute
grid from the General Bathymetric Charts of the Oceans
(GEBCO). The representation of the bottom topography
in the model is based on shaved cells. Initial conditions
are from the World Ocean Atlas 2005 (WOA05; Antonov
et al. 2006) starting in January 1992. Surface forcing

FIG. 1. A snapshot of the absolute surface velocity (m s21) from
a global cubed-sphere ECCO2 simulation. The cross-shaped intersection of two rectangles represents the unfolded cube, each
face of which comprises 510 by 510 grid cells. The blue rectangle
outlines the nested domain (224 by 100 grid cells) enveloping the
AzC, over which the numerical experiments were performed.

conditions (wind, surface heat and freshwater fluxes) are
from the 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40).
The performance of the ECCO2 model on the regional
and global scales has been discussed by the authors in
several earlier studies (Volkov and Fu 2008; Volkov
et al. 2008, 2010; Fu 2009).
To address the questions raised in the introduction at
minimal computational cost, we have designed several
numerical experiments using a domain nested in the
cubed-sphere configuration (Fig. 1). The domain contains 224 by 100 grid cells and its boundaries lie between
208–458N and 458–58W (Fig. 2). The curvature of the
domain boundaries in Fig. 2 is caused by the projection
of the cubed-sphere grid onto the latitude–longitude
coordinates. The eastern boundary of the domain lies
across the Strait of Gibraltar. The initial and boundary conditions are taken from the optimized solution
(Exp0). The sensitivity experiments themselves are unconstrained forward model runs. The list of experiments
is presented in Table 1. The period of the model runs is
10 yr from January 1992 to December 2001. To make
sure that the solutions are fully adjusted to the forcing
field, each experiment (Exp1–Exp10) was run for another 10 yr with the same boundary conditions as for the
first run, but for the initial conditions we used the output
from the last time step of the first run. Because of data
storage constraints, full-depth velocities are archived
with a daily temporal resolution only for the first 2 yr
(1992–93) of Exp0 and Exp3 repeat runs. The daily
output was used for the vorticity budget analysis. For the
rest, we use monthly averaged velocities, salinity and
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FIG. 2. The 10-yr mean velocity (arrows) at 150-m depth from the ECCO2 optimized solution
and the bottom topography (m, color). S1 and S2 indicate sections, across which the zonal
transport was computed. Area A, used for the calculation of vorticity budget, is shown as
a rectangle. The curvature of the domain boundaries is caused by the transformation from the
cubed-sphere to the latitude–longitude coordinates.

potential temperature data, and 6-hourly sea surface
height and wind stress data.
For the first experiment (Exp1) we close the Strait of
Gibraltar, thus cutting the supply of the MOW into the
Gulf of Cadiz and the inflow of the NACW into the
Mediterranean Sea. Although the MOW is present in
the initial conditions and the AzC is injected into the
domain because of the boundary conditions, we expect
that, in the absence of adequate forcing at the eastern

boundary (no entrainment), the AzC would degrade
with time if the b-plume mechanism is involved. Exp2
and Exp3 are designed to understand how the variability
of wind forcing affects the position and the variability of
the AzC. For Exp2, we force the model with a constant
wind over the domain and keep the Mediterranean inflow and outflow realistic. As a constant wind forcing, we
use wind speed at 10 m averaged over the whole year of
1992. In Exp3, we switch off the wind over the domain

TABLE 1. List of numerical experiments.
Expt

Strait of Gibraltar

Wind forcing

Exp0 (optimized global)
Exp1
Exp2

Exchange realistic ;1 Sv in and out the Mediterranean
Closed
Exchange realistic

Exp3
Exp4

Exchange realistic
Exchange constant
5 0.5 Sv in and out the Mediterranean
Exchange constant
5 1.0 Sv in and out the Mediterranean
Exchange constant
5 1.5 Sv in and out the Mediterranean
Exchange constant
5 2.0 Sv in and out the Mediterranean
Exchange variable
Mean 5 1 Sv, amplitude 5 0.1 Sv
Exchange variable
Mean 5 1 Sv, amplitude 5 0.3 Sv
Exchange variable
Mean 5 1 Sv, amplitude 5 0.5 Sv

Realistic
Realistic
Wind constant
5 time mean for 1992
No wind
No wind

Exp5
Exp6
Exp7
Exp8
Exp9
Exp10

No wind
No wind
No wind
No wind
No wind
No wind
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FIG. 3. (left) The zonal velocity profile (cm s21) across section S1 in Fig. 2 and (right) the
profiles of the potential density anomaly (contour; kg m23) and the meridional gradient of
potential vorticity (color; m22 s21).

and keep the realistic Atlantic–Mediterranean water
mass exchange. If in the conditions of Exp3 the AzC
persists, this will be solely due to the vorticity anomaly
generated near the eastern boundary by the intruding
Mediterranean outflow. Exp4–Exp7 are designed to investigate the dependence of the AzC transport and its
variability on the magnitude of the water mass exchange through the Strait of Gibraltar in the absence of
wind forcing. In these experiments the transport of the
NACW and the MOW through the strait does not vary
and is set to 0.5, 1, 1.5, and 2 Sv, respectively. The influence of the magnitude of the variability of the
Atlantic–Mediterranean exchange transport is studied
in experiments Exp8–Exp10. For these experiments,
we set the mean exchange transport to 1 Sv and let it
vary seasonally with amplitudes 0.1, 0.3, and 0.5 Sv.
The wind velocity in Exp3–Exp10 over the domain is
set to 0.

4. Model validation
a. The Azores Current and its variability
The time-mean circulation at 150-m depth in the study
region, simulated by the ECCO2 model (Exp0), and the
bottom topography are displayed in Fig. 2. The AzC
crosses the Mid-Atlantic Ridge at around 348N and flows
eastward toward the Strait of Gibraltar with velocities on

the order of 10 cm s21. In the Gulf of Cadiz, the AzC
contributes to a cyclonic gyre, which is the source of the
northward flow along the Iberian Peninsula. East of the
Mid-Atlantic Ridge part of the AzC recirculates southsouthwestward, contributing to the Canary Current in the
southeast of the domain. South of the AzC, the flow
pattern is in general agreement with Sverdrup dynamics
that implies southward flow in the region.
The vertical profile of the model (Exp0) mean eastward velocity through a cross-current section S1 (drawn
in Fig. 2) is presented in Fig. 3a. The maximum eastward
flow is associated with the maximum gradient of potential density anomaly (Fig. 3b). It is centered at about
348N and extends to nearly 1500 m depth. At the surface
the eastward velocity of the flow exceeds 12 cm s21. The
time-mean estimates of the upper 1500 m eastward
transport across the grid cells of sections S1 and S2 are
shown in Fig. 4. The total eastward mass transport of the
AzC is 10.8 Sv at section S1 and 8.6 Sv at section S2.
These values are comparable to several synoptic observations. For example, Käse and Siedler (1982) in the
spring of 1982 observed a 10 Sv eastward transport in the
upper 1500 m in the area within 328–368N, 188–248W. Sy
(1988) obtained a 12-Sv transport at 298W. As seen in
Figs. 2–4, there are westward flows to the south and to
the north of the AzC. The simulated westward mass
transport between the AzC and the northern boundary
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FIG. 4. The time-mean upper 1500-m eastward transport across the grid cells of sections (a)
S1 and (b) S2 (bars) and its standard deviation (curves) from Exp0. Positive (negative) values
mean eastward (westward) transport.

of the domain, associated with the AzCC, is 6.8 Sv at
section S1 and 5.5 Sv at section S2. The study of Alves
et al. (2002), based on observations and altimetry data
assimilation into a quasigeostrophic model, revealed
a comparable transport of the AzCC of about 5 Sv. As
suggested by standard deviations (Fig. 4), the variability
of the eastward and westward transports is of the same
order of magnitude as the time-mean transport.
Steeply sloping isopycnals (Fig. 3b) mark the Azores
front and indicate the presence of available potential
energy that is converted to kinetic energy of the AzC.
The meridional gradient of potential vorticity ›q/›y 5
›f[( f 1 z)/r](›r/›z)g/›y where z is the relative vorticity,
is displayed in Fig. 3b as a background color. This gradient changes sign from positive to negative between 338
and 358N. Such pattern is a necessary condition for baroclinic instability (Gill 1982). Baroclinic instability may be
one of the mechanisms responsible for relatively high
mesoscale variability associated with the AzC. A similar
pattern has been reported in earlier studies (e.g. Kielmann
and Käse 1987; Jia 2000).
The mesoscale variability can be described in terms of
v2 i)/2, where u~ and
eddy kinetic energy EKE 5 (h~
u2 i 1 h~
v~ are the eddy velocity components (deviations from the
time mean) and hi indicates the time averaging. We
compared EKE derived from the model and from

satellite altimetry data (Fig. 5).1 The model and altimeter eddy geostrophic velocities were computed from
SLA. Overall, compared to satellite altimetry the model
overestimates EKE along the AzC. The model-derived
EKE exceeds the altimeter-derived EKE by about 25%
between 208 and 408W. In the vicinity of the Gulf of
Cadiz, the model exhibits up to 3 times greater EKE
than measured by altimetry. However, the meridional
width as well as the latitudinal position of the high EKE
band derived from the model output is comparable to
altimetry. This means that the meandering of the AzC
and/or its meridional displacements are reasonably
represented by the model. In general, despite some
differences, the agreement between the altimeter- and
the model-derived EKE is satisfactory. In both datasets
the AzC is characterized by a well-defined band of elevated EKE.
Meanders and eddies generated in the AzC are associated with the westward propagation of Rossby waves
(Le Traon and De Mey 1994; Cipollini et al. 1997). The
westward propagation is illustrated by the time–longitude
1
The altimeter products have been produced by Ssalto/Duacs
and distributed by Archiving, Validation, and Interpretation of
Satellite Oceanographic data (AVISO), with support from Centre
National d’Études Spatiales (CNES).
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FIG. 5. The 10-yr mean EKE (cm2 s22) derived (a) from satellite altimetry and (b) from the
ECCO2 optimized solution.

diagrams of SLA at 358N and their wavenumber–frequency
spectra for the altimeter measurements (Fig. 6) and the
model output (Fig. 7). The seasonal cycle of sea level was
filtered out. Elevated EKE values are associated with
fronts and currents; therefore, EKE can be used as
a proxy to determine the position and displacements of
the absolute currents (e.g., Volkov 2005). Snapshots of
the model surface geostrophic velocities and EKE in the
AzC region (not shown) confirm this: the bands of maximum EKE coincide with the bands of strongest velocities. The time–longitude diagrams (Figs. 6a, 7a) show that
the largest EKE is associated with the largest gradients
of SLA (slopes of planetary waves). It means that the
variability of the AzC geostrophic velocity is dominated by
the westward propagation. This is seen as the meandering
of the current.
As the wavenumber–frequency spectra show (Figs. 6b,
7b), the phase speed of waves in both the altimeter and
model data lie within the bounds of 2 and 3 km day21,
which corresponds to the first-mode baroclinic Rossby
wave (Cipollini et al. 1997). The largest signal related to
Rossby waves has a spectral peak corresponding to a time
period of ;280 days and a wavelength of ;650 km for
altimeter measurements and a time period of ;260 days
and a wavelength of ;750 km for the model output. The
former spectral characteristics correspond to the phase

speed of 2.3 km day21, and the latter correspond to the
phase speed of 2.9 km day21. The altimeter data contain
another spectral peak corresponding to a propagating
wave having a time period of ;450 days and a wavelength
of ;1000 km. This wave propagates westward with a
phase speed of ;2.3 km day21. The model also exhibits
a spectral peak at the same frequency and wavenumber
(0.0022 cycles per day and 20.001 cycles per kilometer),
but it is less pronounced than in altimetry. These results
are consistent with the study of Cipollini et al. (1997)
based on altimeter and infrared observations. The propagation speed is in agreement with eddy propagation velocities of about 2.6 km day21 observed by Alves et al.
(2002). Despite some differences with observations,
ECCO2 adequately reproduces the westward propagation.

b. Atlantic–Mediterranean water mass exchange
The advantage of ECCO2 model over some previous
numerical experiments is that it contains the Mediterranean Sea, realistically simulates the exchange of water
masses through the Strait of Gibraltar, and allows us to
analyze time-dependent processes. In the Mediterranean
Sea, strong evaporation exceeds the sum of precipitation
and river runoff and produces a very dense (potential
density su . 28.95 kg m23) and saline (S . 38.4 psu)
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FIG. 6. (a) Time–longitude diagram of altimeter SLA (cm) and EKE at 358N. EKE .
150 cm2 s22 is contoured and overlaid on SLA. (b) Amplitude of a 2D fast Fourier transform
(wavenumber–frequency spectrum) of the time–longitude diagram. Contours start from
104 cm2 3 km 3 7 days and the separation between them is 104 cm2 3 km 3 7 days. The red
straight line corresponds to the phase speed of 2.3 km day21.

water. This dense and warm water overflows at the Strait
of Gibraltar into the Gulf of Cadiz, where it follows
bottom topography descending to around 800–1200 m.
In the upper layer, the North Atlantic water flows into
the Mediterranean Sea. Observations have shown a typical inflow–outflow mass transport of about 1 Sv through
the Strait of Gibraltar (Bryden et al. 1994; Baringer and
Price 1997; Candela 2001). The inflow transport (into the
Mediterranean) is slightly greater than the outflow
transport to compensate for the excess evaporation in
the Mediterranean Sea.
A steady two-layer flow structure at the Strait of
Gibraltar is realistically simulated (Fig. 8). The upper
layer, occupied by the NACW, has salinity of 36.2 6
0.2 psu and the maximum salinity of the lower layer,
occupied by the Mediterranean outflow, reaches about
38.3 psu (Fig. 8a). The time-mean inflow–outflow velocities are about 0.5 m s21, whereas the maximum velocities
reach nearly 0.7 m s21 (Fig. 8b). These values are in a
good agreement with observations. For the deep outflow,
Bryden et al. (1994) observed velocities of 0.6 m s21;
Candela (2001) reported velocities of about 0.8 m s21. A
synthesis of available observations and their comparison
with another model can be found in Xu et al. (2007).

The mean depth of shear interface h (i.e., the depth at
which velocities switch from eastward to westward) at
the Strait of Gibraltar is about 140 m (Fig. 8b). This
depth agrees well with 147 m obtained from ADCP
measurements (Tsimplis and Bryden 2000). The instantaneous transports of the outflow (westward) Qout(t) and
inflow (eastward) Qin(t) through the Strait of Gibraltar are
estimated from the bottom to the instantaneous depth of
the interface h(t) and from h(t) to the surface, respectively:
ð h(t) ð y
2
u(y, z, t) dy dz,
Qout (t) 5
bottom

ð0 ðy
Qin (t) 5

y1

2

u(y, z, t) dy dz.
h (t )

(4)

y1

The time series of the westward and eastward transports, computed from Exp0, are displayed in Fig. 9. One
can see that the exchange through the Strait of Gibraltar
is subject to a significant variability and ranges from
about 0.9 to 1.2 Sv. The average simulated inflow
and outflow volume transports through the Strait of
Gibraltar are equal to 1.03 and 1 Sv, respectively. Our
estimates are close to 1 Sv of the inflow and 0.97 Sv of
the outflow documented by Candela (2001). Bryden
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FIG. 7. As in Fig. 6, but for SLA and EKE derived from the ECCO2 optimized
solution (Exp0).

et al. (1994) reported the time-averaged volume transport of about 0.72 Sv in and 0.68 Sv out of the Mediterranean Sea. Based on ADCP moorings, Tsimplis and
Bryden (2000) reported 0.78 6 0.47 Sv for the average
Atlantic inflow and 20.67 6 0.26 Sv for the average
Mediterranean outflow. Earlier, Lacombe and Richez
(1982) gave a value of 1.2 Sv for the Mediterranean
outflow. Based on most recent observations, SánchezRomán et al. (2009) reported 0.82 Sv of the outflow
transport. These values do not differ much from our estimate derived from Exp0. It should be noted that synoptic
observational data are biased by unresolved seasonality,
whereas our estimates are 10-yr mean values.
While the MOW spreads into the ocean interior, it
mixes with and entrains the overlying relatively fresher
(35.6–35.7 psu) and colder (11.48–12.58C) NACW. This
mixing reduces the salinity and density of the MOW and
thus produces an intermediate water mass at a depth of
about 1100 m that can be traced throughout the entire
subtropics in the North Atlantic Ocean. The mixed
MOW that reaches the open North Atlantic at Cape
St. Vincent has a salinity of about 36.35–36.65 psu and
a density of about 27.3–27.7 kg m23 (Baringer and Price
1997). The vertical profiles of the simulated meridionally
integrated (from the African to European coast) zonal
velocity (Fig. 10a) and the simulated salinity (Fig. 10b) at

the oceanside boundary of the Gulf of Cadiz at about
88W show that the inflowing NACW occupies the upper
400 m, whereas the maximum Mediterranean outflow is
found at about 700–800 m. Figure 10c displays the vertical
profile of salinity at 88W from WOA05 (Antonov et al.
2006) climatology. In the Gulf of Cadiz, the MOW follows the southwest continental slope of the Iberian
Peninsula and mixes with surrounding water. In a good
agreement with observations (e.g. Baringer and Price
1997; Bower et al. 2002) and other modeling studies
(Papadakis et al. 2003; Xu et al. 2007), the ECCO2
model simulates the path and the decrease of salinity of
the MOW. The MOW has salinity of 36.0–36.2 psu and
is situated between 500- and 1000-m depth. Although
there is a good agreement in terms of salinity values,
the depth at which the mixed MOW settles is shallower
than the climatology-based depth of 1100 m (Fig. 10c).
The vertical profiles of salinity along the AzC at 368N
(Fig. 11) also demonstrate this discrepancy.

c. Entrainment of the North Atlantic Central Water
The fact that in Exp0 the MOW settles at a shallower
depth compared to observations indicates that the entrainment in the Gulf of Cadiz is not well represented.
This is because dense overflows are difficult to simulate,
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FIG. 8. Vertical profiles of (a) the simulated salinity and (b) the zonal velocity in the Strait of
Gibraltar at 58W. Solid curves mark the time-mean profiles, whereas dashed curves indicate the
extreme (maximum and minimum) values.

especially in level models (e.g. Jia et al. 2007; Willebrand
et al. 2001). Small horizontal and vertical scales of straits
require very high resolution to adequately resolve their
shape. In addition, the entrainment mixing is difficult to
parameterize in ocean models because of the insufficient
number of control parameters. On the other hand, isopycnal and sigma-coordinate models appear to be more
suitable for overflows. The entrainment in the Gulf of
Cadiz was successfully represented by Xu et al. (2007)
and Peliz et al. (2007), who used regional isopycnal
and sigma-coordinate models, respectively. Nevertheless, because the AzC is successfully simulated by the
ECCO2 model, the discrepancy in the depth of the MOW
and the details of the entrainment processes are unlikely
to play a dominant role in the formation of the AzC. What
matters is the vortex stretching induced by the intruding
Mediterranean overflow. Therefore, we believe that the
failure of the model to bring the MOW to realistic depth
will not greatly affect the conclusions of this study.
The vertical mixing in the ECCO2 optimized solution
and in the sensitivity experiments is parameterized using
the KPP scheme described in detail in Large et al. (1994).
The entrainment of the NACW in the Gulf of Cadiz
primarily occurs when the vertical velocity shear overcomes the stabilizing effect of the buoyancy gradient. The

vertical profile of the entrainment transport in the Gulf
of Cadiz for Exp0, computed from the area-weighted
vertical velocity, shows the depth range affected by the
Mediterranean outflow (Fig. 12). It is seen that the upper
layer (depths , 150 m) is characterized by a relatively
weak upward transport with a maximum of about 0.3 Sv.
Then between 150 and 1100 m there is a downward
transport with maximum values of 1.6–1.8 Sv located
between 300- and 600-m depth. In this depth range, the
inflowing MOW descends down the continental slope
while entraining the NACW. Below 1100-m depth, the
vertical exchange is weak.
The vertical entrainment rate E of the NACW by the
MOW in the Gulf of Cadiz between 58 and 88W can be
computed from the downstream evolution of the upperlayer eastward volume transport,
ð0
E(t) 5
h (t )

U 8 W (z, t) dz 

ð0
h (t )

U 5 W (z, t) dz,

(5)

where
ðy

2

u(y, z, t) dy

U(z, t) 5

(6)

y1
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FIG. 9. Time series of the lower-layer westward (gray) and the
upper-layer eastward (black) transport through the Strait of Gibraltar as simulated in Exp0.

is the meridionally integrated velocity and h is the interface depth in the Strait of Gibraltar (120–150 m) and
the upper interface depth at 88W (350–500 m), separating the NACW from the MOW below. The vertical
entrainment rate between 58 and 88W (Fig. 13) varies
from about 0.4 to 1.2 Sv with an average entrainment of
0.8 Sv. These estimates are comparable with 1.2 Sv
obtained by Baringer and Price (1997) from synoptic
observations. Their observational evidence also suggests that most of the entrainment occurs in the eastern
part of the Gulf of Cadiz within about 100-km distance

VOLUME 40

off the Strait of Gibraltar. Consistent with this suggestion is the average entrainment of the NACW between 58 and 78W of about 20.7 Sv in the Exp0
simulation.
Displayed in Fig. 13 are the NACW transport into the
Gulf of Cadiz (black dashed curve), the entrainment
(black curve), and the Mediterranean inflow (black thin
curve) and outflow (gray thin curve) transports. The
variability of the entrainment is much stronger related
to the variability of the NACW transport than to the
variability of the Mediterranean inflow–outflow. The
question is, what determines the variability of the entrainment and the NACW transport into the Gulf of
Cadiz? The variability of the Mediterranean inflow–
outflow is rather small, and it is unlikely to induce much
greater fluctuations of the entrainment rate. But what
about the local wind forcing? Are the local variations of
wind stress able to induce the fluctuations of the entrainment in the Gulf of Cadiz through the local Ekman
pumping? In the Gulf of Cadiz, positive (cyclonic) wind
stress curl prevails driving upward geostrophic transport
just below the Ekman layer, associated with positive
values in the upper 150 m in Fig. 12. As the time series of
the vertical geostrophic transport integrated over the
Gulf of Cadiz shows (Fig. 13, gray dashed curve), the
amplitude of its variability is comparable to the amplitude of the entrainment. However, the time series of the
vertical geostrophic transport and the entrainment are
not correlated. The time-mean vertical geostrophic
transport is close to zero and cannot explain the timemean entrainment. This means that the Ekman pumping

FIG. 10. Vertical profiles in the Gulf of Cadiz at 88W: (a) meridionally integrated zonal velocity from Exp0 simulation,
(b) salinity from Exp0 simulation, and (c) salinity from WOA05 (Antonov et al. 2006).
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FIG. 11. Salinity profiles at 368N (a) from Exp0 and (b) from
WOA05 (Antonov et al. 2006).

does not have much influence on the entrainment. Because the local forcing (wind and the Mediterranean
inflow–outflow) seems to be not capable of inducing the
observed variability of the entrainment, it is possible to
hypothesize that the variability of the NACW inflow
drives the bulk of the variability of the entrainment. The
variability of the NACW inflow is, in turn, linked to the
variability of the AzC, discussed in this study.

FIG. 12. The vertical profile of the entrainment transport (Sv)
integrated over the Gulf of Cadiz for Exp0 (black solid curve),
Exp1 (gray curve), and Exp3 (dashed curve).

5. Vorticity budget
In this section, we investigate the vorticity budget of
a rectangular area A bounded approximately by 348 and
398N and 108 and 148W (Fig. 2). This area encompasses
the AzC in the south and a weak westward flow in the
north, to which we refer as part of the AzCC. The size of
the area is chosen so that it would be smaller than the
typical wavelength of a Rossby wave in the region. To
study the variability of circulation in the area we use the
relative vorticity, averaged over the upper layer with
thickness H and integrated over A, hziH 5 ›hyiH/›x 2
›huiH/›y, where brackets indicate averaging over depth
H (the sign of integral is omitted for simplicity). The
vorticity budget of A will reveal the relative importance
of physical mechanisms responsible for the variability of
the circulation strength. The full two-dimensional vorticity equation for an incompressible fluid and for the
upper layer with thickness H is
›hziH
5 $  hVziH  bhviH  f $  hViH
›t
1
$ 3 t 1 D,
1
rH

(7)

where $ 5 (›/›x) 1 (›/›y) is the Laplacian operator, t is
the wind stress, and D is dissipation. This equation states
that any change of the relative vorticity is balanced by
the divergence of the relative vorticity flux, the planetary vorticity flux, the vortex stretching (divergence)
term, the wind stress curl, and dissipation. Velocities in
Eq. (7) were averaged over the upper 860 m, occupied
by the AzC. For computation, we used daily output from
the first 2 yr of the Exp0 run.
The integral of the relative vorticity hziH over A (Fig. 14a)
shows that, during the investigated period, the circulation
was changing sign from anticyclonic to cyclonic. An increase (decrease) in the area integral of the relative
vorticity could indicate an acceleration (deceleration) of
the gyre composed of the AzC in the south and the AzCC
in the north, the changing ratio of cyclonic and anticyclonic eddies inside A, and the meandering of currents.
During the 2 yr of Exp0, the time change of the relative
vorticity exhibited approximately three oscillations with
periods of about 250 days. Shorter period events also
occurred. Flow maps in Figs. 14b–d show how circulation
in the area evolved from the negative relative vorticity
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FIG. 13. Meridionally integrated upper-ocean transport of the
NACW into the Gulf of Cadiz (black dashed curve), transport into
the Mediterranean Sea (black thin curve), transport of the MOW
(gray thin curve), the entrainment rate of the NACW by the
Mediterranean outflow in the Gulf of Cadiz (black solid curve), and
the vertical geostrophic transport due to the Ekman pumping in the
Gulf of Cadiz (gray dashed curve).

value on day 330 to the positive relative vorticity value on
day 410. One can see that it is mainly the meandering of
the AzC that determines the sign of the area-integrated
relative vorticity. An anticyclonic meander on day 330
moved westward and on day 410 was almost fully replaced by a cyclonic meander. The northern part of the
area occupied by the westward-flowing AzCC experienced the advection of smaller-scale eddies.
The vorticity balance between the left and the right
sides of Eq. (7) is illustrated in Fig. 15a. The correlation
coefficient between ›hziH/›t and the first four terms
(forcing terms) on the right side of (7) is 0.85 (Table 2).
The difference is related to dissipative processes that are
relatively small. Compared to the time change of the
relative vorticity, the sum of the forcing terms has higherfrequency signals, which are damped by dissipation. The
time change of the relative vorticity of circulation in A
appears to be largely balanced by the advection of the
absolute (relative 1 planetary) vorticity (Fig. 15b). The
correlation coefficient between ›hziH/›t and 2$  hVziH 2
bhyiH is 0.8 (Table 2). The same balance occurs in
nonlinear, nondivergent Rossby waves. Both the divergence of the relative vorticity flux and the planetary
vorticity flux are significantly correlated with ›hziH/›t
with correlation coefficients of 20.48 and 20.51, respectively. The divergence of the relative vorticity flux appears to determine the variability with the periods of
several tens of days. If a typical size of an eddy is 50–
100 km, then with a typical speed of eddy propagation of
about 2.5 km day21 it will take 20–40 days for an eddy to
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cross the boundary of the area A. This indicates that the
ratio between cyclonic and anticyclonic eddies advected
inside or outside of A is an important factor for the circulation strength. The planetary vorticity flux (Fig. 15b)
influences the variability of circulation on longer time
scales. If we filter out the higher-frequency variability of z,
using a 1-month running mean, then the correlation between ›hziH/›t and 2bhyiH increases to 0.84. The planetary vorticity flux is associated with meandering in the
form of Rossby waves with approximate period of about
250 days (Fig. 16). The maximum and minimum values of
the planetary vorticity flux are caused by alternating meridional velocities and reach their extreme values over the
slopes of Rossby waves. Thus, the variability of the AzC
on the subannual time scale is dominated by the propagation of Rossby waves with periods of about 250 days and
by the propagation of individual eddies with the periods of
several tens of days.
But what is the role of wind forcing? The horizontal
variability of the wind blowing over the ocean leads to
the horizontal variability of the Ekman transports in the
upper ocean. The divergence or convergence of the Ekman
transports causes Ekman pumping, which is represented by
the vortex stretching term in Eq. (7). The vortex stretching
and the wind stress terms to a great extent cancel each
other (Fig. 15c), which is consistent with Ekman theory.
The correlation coefficient between f $  hViH and
r21H21$ 3 t is 0.87. The residual 2f $  hViH 1
r21H21$ 3 t is well correlated with the planetary vorticity advection (r 5 0.81) and with ›hziH/›t (r 5 20.45). In
a divergent (convergent) flow, f $  hViH . 0 (f $  hViH ,
0), a thinning (stretching) of vortex tubes occurs. Because the potential vorticity is conserved, this thinning
(stretching) must be balanced by a decrease (increase)
of the absolute vorticity. These changes of the absolute
vorticity are provided by the corresponding changes
of the planetary vorticity that are achieved by moving
the vortex meridionally. As seen in Figs. 15c,d, in a divergent (convergent) situation, the meridional flow is
directed southward (northward) so that f decreases (increases). On the other hand, local changes of the relative
vorticity ›hziH/›t are positively correlated with changes
in the vortex stretching term f =  hViH (r 5 0.49). This is
because the wind-induced thinning or stretching of the
vortex tube causes pressure gradients at the surface and
consequently wind-driven geostrophic currents. Divergence and convergence lead to cyclonic (›hziH/›t . 0)
and anticyclonic (›hziH/›t , 0) anomalies, respectively.
The above mentioned demonstrates how the variable
wind over A influences the variability of z by inducing
divergence/convergence of the flow. The wind stress curl
term also correlates with ›hziH/›t (Fig. 15e and Table 2).
The correlation coefficient between these two terms is
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FIG. 14. (a) The upper 860-m relative vorticity integrated over the area A and the snapshots of relative vorticity (color) and the
associated circulation (arrows) for days (b) 330, (c) 365, and (d) 410. Color scale changes from 21025 to 1025 s21. Area A is shown by
rectangles.

0.3. If we filter out higher-frequency signals in the wind
stress curl term with a 15-day running mean, the correlation becomes 0.39. It appears that some strong wind
events are able to amplify circulation inside A.

6. Experimental results
Results from the numerical experiments are presented
in Figs. 17 and 19–22 and in Table 3. The time-mean
velocities, averaged over 100–860-m depth interval, and
EKE, computed from velocity anomalies, are shown. The
EKE is an integral quantity depicting the variability of
the circulation and it illustrates the sensitivity of the
variability of the AzC transport to the experimental
model setups listed in Table 1. As mentioned in section 3,
using these setups, each model experiment was run on the
nested domain for the first 10 yr with the initial and
boundary conditions from the optimized solution (Exp0)

and then for the second 10 yr with the initial conditions
from the last time step of the first run and boundary
conditions from Exp0. Overall, the adjustment time to
the forcing field was around 4–5 yr. The time-mean fields
of EKE and velocity for the numerical experiments
Exp1–Exp10 (displayed in Figs. 17, 21, 22) were computed using the output of the second (repeat) runs.

a. Absence of the Mediterranean outflow
We performed Exp1 to test how the AzC is sensitive to
the Atlantic–Mediterranean water mass exchange. The
Strait of Gibraltar was closed (Table 1). The time-mean
EKE and velocities for Exp0 (Fig. 17a) clearly outline the
AzC flowing toward the Gulf of Cadiz along about 358N
exceeding 10 cm s21. In contrast, the time-mean EKE and
velocities for Exp1 (Fig. 17b) are very small compared to
Exp0 and do not show a coherent flow, associated with the
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FIG. 15. Vorticity budget terms (m2 s22) from Eq. (7) integrated over the area A for the first
2 yr of Exp0: (a) the time change of the relative vorticity ›hziH/›t (black curve) and the sum of
all terms on the right side of Eq. (7) besides dissipation (gray curve); (b) the time change of the
relative vorticity (black curve), the divergence of the relative vorticity flux (3 21) (gray curve),
and the planetary vorticity flux (3 21) (dashed curve); (c) the vortex stretching term (black
curve) and the wind stress curl term (gray curve); (d) the planetary vorticity flux (black curve)
vs the sum of the vortex stretching (3 21) and the wind stress curl terms (gray curve); and (e)
the time change of the relative vorticity (black curve), the wind stress curl term (gray curve),
and its 15-day running mean (dashed curve).

AzC. As documented in Table 3, the time-mean eastward
transport averaged between 348 and 378N and between 108
and 258W is considerably reduced from 8.3 Sv in Exp0
to 0.9 Sv in Exp1. The vertical entrainment transport
for Exp1 displayed in Fig. 12 (gray curve) is negligible
compared to Exp0. Thus, Exp1 confirms the existing hypothesis by showing that the existence of the Atlantic–
Mediterranean water mass exchange and the related
diapycnal mass transport in the Gulf of Cadiz provide
the primary forcing responsible for the formation of
the AzC.
Because the AzC exists in the initial conditions of
Exp1, it takes about 5 yr for the current to completely
degrade in the eastern part of the domain (east of 308W).
Because we use the boundary conditions from the global
Exp0 run for Exp1, the AzC is injected into the domain
from the west (see Fig. 2). In the absence of the Mediterranean outflow, the primary forcing for the AzC
vanishes; after the AzC has degraded east of 308W, the
injected water behaves chaotically in the west and does
not continue to flow toward the Gulf of Cadiz. A similar
experiment, but with another model, has been performed

by Jia et al. (2007). The closure of the Strait of Gibraltar
in their experiment did lead to a weakening of velocities
in the ocean upper layer (illustrated for 102-m depth in
Fig. 9 of Jia et al. 2007); however, the spatial pattern of
the circulation remained similar to the open-strait experiment. This might have been caused by the relaxation
of temperature and salinity to climatology in their experiments (Y. Jia 2009, personal communication). As an
advantage, the results of our study were obtained from
a general circulation model with finer horizontal and
vertical resolutions without a need of relaxation to climatology. The eastward flow and its spatial pattern in the
ocean upper layer (and at the same depth as in Jia et al.
2007) associated with the AzC almost vanished.

b. Impact of variable wind forcing
As we showed in section 5, the local variability of wind
forcing can influence the variability of the AzC indirectly
by inducing divergence or convergence of the flow and
thus affecting the planetary vorticity flux (Fig. 15d) and
generating wind-driven geostrophic currents. It may also

Unauthenticated | Downloaded 01/09/23 06:13 AM UTC

OCTOBER 2010

VOLKOV AND FU

2213

TABLE 2. Correlation coefficients between the terms of vorticity
equation.
›hziH/›t
Sum of the forcing terms
without dissipation
›hziH/›t
$  hVziH
bhyiH
2$  hVziH 2 bhyiH
f $  hViH
r21H21$ 3 t
2f $  hViH 1 r21H21$ 3 t

bhyiH

f $  hViH

0.85
1.00
20.48
20.51
0.80
0.49
0.30 (0.39*)
20.45

20.51

0.49

1.00

20.51

20.51
20.12
0.81

1.00
0.87

* Higher-frequency signals in the wind stress curl term are filtered
out with a 15-day running mean.

influence the AzC directly by amplifying the fluctuations
of circulation during strong wind events (Fig. 15e). But
what about the large-scale influence of wind on the
variability, strength, and position of the AzC? To answer this question, we performed experiments Exp2
and Exp3 (Table 1). In these experiments, the wind
forcing over the domain was set to constant and zero,
respectively. The constant wind, presented in Fig. 18,
was obtained as the average wind for the year 1992.
The average atmospheric circulation over the AzC
is anticyclonic and thus induces southward Sverdrup
transport.
Figures 17c–d illustrate how the atmospheric forcing
affects the strength and variability of the AzC. When
constant forcing is applied (Exp2), the meridional extent
of the variability of the AzC is reduced (Fig. 17c) as
compared to the realistic state (Fig. 17a). However, the
strength of the AzC does not change much. The timemean eastward transport averaged over the area bounded by 348–378N and 108–258W is 7.6 Sv, which is close to
8.3 Sv in Exp0. The time-mean entrainment of the
NACW by the MOW in the Gulf of Cadiz remains the
same (0.8 Sv) as in Exp0 (Table 3). When the wind
forcing over the domain is turned off (Exp3), the meridional extent of the variability of the AzC is further
reduced (Fig. 17d). The eastward transport of the AzC
reduces to 6.2 Sv, which is about 25% smaller than the
eastward transport in Exp0. Nevertheless, this transport
is still relatively strong, meaning that the AzC persists
even in the absence of wind over the domain. The
smaller meridional extent of EKE in Exp2 and Exp3
may indicate a reduction in the amplitude of the AzC
meanders and/or generation of eddies.
The terms of the vorticity budget [Eq. (7)] of the area
A (Fig. 2) for the first 2 yr (1992–1993) of Exp3 repeat
run are displayed in Fig. 19. One can see that, in the
absence of the wind stress, the planetary vorticity flux
and the vortex stretching terms balance each other, and

FIG. 16. (left) The planetary vorticity flux by and (right) the
time–longitude diagram of SLA (cm) at 368N. Solid lines indicate
the western and the eastern boundaries of the area A, and the
dashed lines highlight the times when the sign of by reverses
meaning the reversal of meridional velocities (arrows).

the variability of the circulation inside A is mainly determined by the divergence of the relative vorticity flux.
This balance is similar to the vorticity balance in Exp0,
except that the wind forcing does not affect the vortex
stretching. Rossby waves are present in both Exp2 and
Exp3. The standard deviation of ›hziH/›t in Exp3 is
0.013 m2 s22, which is about a third smaller than in
Exp0 (0.019 m2 s22). This is consistent with the reduction of the mesoscale variability observed in Fig. 17.
The above experiments thus confirm the previously
made statement that atmospheric forcing is not responsible for the formation of the AzC but rather affects the variability of the current with a minor effect
on its magnitude.
Another influence the wind apparently has is modifying the latitude of the AzC jet. This latitude can be
defined as the latitude where the eastward velocity is at
maximum. Displayed in Fig. 20 are the eastward velocities averaged over the upper 860 m for Exp0 (color) and
Exp3 (contours). As one can see, in the absence of wind
(Exp3) west of about 208W, the latitude of the AzC is
shifted northward by about 18. This is probably because,
by turning off the anticyclonic atmospheric circulation
over the domain, we turn off the southward Sverdrup
transport, which might be pushing the AzC jet southward. This is probably the reason why the AzC, detected
from altimetry (Fig. 5a), has a slight east–west inclination. East of 208W, the latitude of the AzC does not
change probably because of the vicinity of the forcing
region (Gulf of Cadiz).
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FIG. 17. The EKE (cm2 s22) and velocity (cm s21) averaged from 100- to 860-m depth for (a) the optimized solution (Exp0) and (b)–(d)
Exp1–Exp3.

c. Impact of the magnitude of the
Atlantic–Mediterranean water mass exchange
As suggested in previous studies and experimentally
confirmed in this study, the Mediterranean outflow
provides a key mechanism for the formation of the AzC.
But does the magnitude of the Atlantic–Mediterranean
water mass exchange affect the magnitude of the AzC
transport? Intuitively, we expect that the answer is yes.
The stronger the Mediterranean outflow is, the stronger
diapycnal mass transport in the Gulf of Cadiz it would
induce. This process, however, is very complex because

the relationship between the outflow and the AzC
transport is not linear. The outflow creates conditions
for the entrainment in the Gulf of Cadiz, which through
the b-plume mechanism triggers the AzC. In turn, the
entrainment is a very complicated process and depends
on a number of different factors. Among these are the
density gradient and velocity shear between two interacting layers (Baringer and Price 1997). So, on one hand
the entrainment induces the AzC, and on the other hand
the AzC entering the Gulf of Cadiz may affect the rate
and the variability of the entrainment. As we have seen
earlier, the variability of the eastward transport of the

TABLE 3. Time-mean (for the last 5 yr of experimental model
runs) upper 1056-m eastward transport averaged over 348–378N,
108–258W and the time-mean entrainment in the Gulf of Cadiz.
Expt

AzC transport (Sv)

Entrainment (Sv)

Exp0
Exp1
Exp2
Exp3
Exp4
Exp5
Exp6
Exp7
Exp8
Exp9
Exp10

8.3
0.9
7.6
6.2
3.0
7.0
10.4
12.5
6.1
5.2
5.7

0.80
—
0.80
0.64
0.47
0.66
0.82
0.89
0.68
0.70
0.68

FIG. 18. The 1992 average wind speed at 10-m height.
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FIG. 19. Vorticity budget terms (m2 s22) integrated over the area A for the 2 yr of Exp3 repeat
(no wind forcing): (a) the time change of the relative vorticity (black curve) vs all terms on the
right side of Eq. (7) besides dissipation (gray curve) and (b) the time change of the relative
vorticity (black curve), the divergence of the relative vorticity flux (3 21) (gray curve), the
planetary vorticity flux (3 21) (gray dashed curve), and the vortex stretching term (3 21) (black
dashed curve).

AzC is dominated by Rossby waves that start their
propagation near the entrance of the Gulf of Cadiz. All
these factors make the relationship between the Mediterranean outflow and the strength of the AzC difficult
to establish from a time series analysis.
We experimented with different strengths of the
Atlantic–Mediterranean water mass exchange in the absence of wind forcing over the domain of our study. In
Exp4–Exp7, the transport in and out of the Mediterranean Sea was set constant and equaled 0.5, 1, 1.5, and
2 Sv, respectively (Table 1). As documented in Table 3,
the time-mean transport of the AzC in the area bounded
by 348–378N and 108–258W varied accordingly. When the
inflow–outflow is set to 0.5 Sv (Exp4), the AzC transport
becomes 3 Sv. The EKE (Fig. 21a) shows that the variability of the AzC in this case is the lowest in this set of
experiments. When we increased the magnitude of the
inflow–outflow to 1 Sv in Exp5, 1.5 Sv in Exp6, and 2 Sv
in Exp7, the strength of the AzC increased to 7, 10.4, and
12.5 Sv, respectively (Table 3). Because a stronger current becomes more unstable, the meridional extent of
EKE along the AzC also increases (Figs. 21b–d). This
result is complementary to Özgökmen et al. (2001), who
experimented with different intensity of the mass sink in
the Gulf of Cadiz using a simple model that did not have

the Strait of Gibraltar. In their experiments, the transport
of the AzC almost doubled (from 6.8 to 12.1 Sv) when
the sink intensity was increased from 1 to 2 Sv. In our
experiments, the sink intensity associated with different
magnitudes of the throughflow was less than in Özgökmen
et al. (2001). Increasing the Mediterranean inflow and
outflow strength from 0.5 to 2 Sv led to an increase of the
entrainment from 0.47 to 0.89 Sv (Table 3).

FIG. 20. The eastward velocities (cm s21), averaged from 100 to
860 m in Exp0 (color) and Exp3 (contours). Contours are drawn
from 1 to 10 cm s21 with the separation of 1 cm s21.
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FIG. 21. The EKE (cm2 s22) and velocity (cm s21), averaged from 100- to 860-m depth for (a)–(d) Exp4–Exp7.

d. Impact of the variability of the
Atlantic–Mediterranean water mass exchange
In this section, we want to address the question of
whether the temporal variability of the Atlantic–
Mediterranean water mass exchange affects the variability
of the AzC in the absence of wind forcing. In experiments
Exp8–Exp10, we set the transports in and out of the
Mediterranean Sea equal each other with a time mean
of 1 Sv, but we let these transports vary with a seasonal
periodicity and amplitudes equal to 0.1, 0.3, and 0.5 Sv,
respectively. The result is displayed in Fig. 22 and documented in Table 3. As one can see, eddy kinetic energy
patterns for Exp8–Exp10 are similar, except for some
minor differences. The time-mean eastward transport of
the AzC in the area bounded by 348–378N and 108–258W is
about 6 Sv and the time-mean entrainment in the Gulf of
Cadiz is near 0.7 Sv. These values are close to 6.2 Sv of
the eastward transport and 0.64 Sv of the entrainment in
Exp3, which was also performed without the wind forcing
over the domain, and the Atlantic–Mediterranean water
mass exchange was set to be realistic. This indicates that
the seasonal variability of the exchange does not have a
significant impact on the variability and the strength of
the AzC. However, when compared to Exp5, which had
the same time-mean inflow and outflow of 1 Sv without
wind forcing, the imposed seasonal variability of the
exchange seems to have reduced the AzC transport in

Exp8–Exp10. Additional experiments are required to
investigate whether this reduction is significant or not.

7. Summary
Based on the eddy-permitting ECCO2 model, this
study is conducted as a follow on to the previous studies that suggested that the b-plume mechanism is responsible for the formation of the AzC (Jia 2000;
Özgökmen et al. 2001; Kida 2006). According to this
hypothesis, the existence of the Mediterranean outflow
and the associated diapycnal mass transport in the Gulf
of Cadiz are able to induce a strong upper-ocean zonally
elongated gyre associated with the AzC in the south and
the AzCC in the north. We have conducted a numerical
experiment to establish whether the AzC would exist if
the Strait of Gibraltar was closed. This experiment is
complimentary to a similar experiment reported in Jia
et al. (2007), but with a higher horizontal and vertical
resolution and without relaxation to climatology. The
primary objective of this study is the time-variable part
of the AzC. Several numerical experiments have been
performed to determine whether the AzC would exist if
there was no wind forcing over the current, to understand what factors influence the variability of the AzC
and how the strength and the variability of the water
mass exchange through the Strait of Gibraltar affect the
variability of the AzC.
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FIG. 22. The EKE (cm2 s22) and velocity (cm s21), averaged from 100- to 860-m depth for
(a)–(c) Exp8–Exp10.
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By comparing the model output to observations, we
have demonstrated that the ECCO2 simulation constrained by observations realistically reproduced the
strength and the variability of the AzC and the water
mass exchange through the Strait of Gibraltar. The
model-simulated time-mean transport of the AzC varies
from 8 to 12 Sv, depending on the location, which is in
a good agreement with field measurements. The spectral
characteristics of planetary waves derived from altimeter data and model output are also comparable. The
Atlantic–Mediterranean water mass exchange at the
Strait of Gibraltar simulated by the model is about 1 Sv,
which also agrees with observations. A major drawback
of the ECCO2 model, as with most other level models, is
that the Mediterranean Outflow Water in the subtropical North Atlantic resides at a shallower depth than
observed (;800 m compared to ;1100 m). Nevertheless, we believe that this problem does not greatly affect
the results and conclusions of the study. In future studies, the use of higher-resolution general circulation
models with better representation of the Gibraltar Strait
geometry and bottom topography may improve the
penetration depth of the overflow.
Addressing the questions posed in the introduction,
we have the following conclusions:
(i) The AzC completely disappears when the Strait of
Gibraltar is closed in a numerical experiment
(Exp1). The eastward transport and EKE along the
AzC are reduced almost by an order of magnitude.
This occurred despite the AzC being present in the
initial and boundary conditions for the nested
model domain. Through the boundary conditions,
the AzC is injected into the western part of the domain. However, because the water mass exchange
with the Mediterranean Sea is absent, there is no
forcing at the eastern boundary that would support
the eastward flow, leading to the demise of the AzC.
After the start of the experiments, it takes about 5 yr
before the AzC completely disappears. This experiment, therefore, supports the existing hypothesis
(Jia 2000; Özgökmen et al. 2001; Kida 2006) that the
formation of the AzC is related to the b-plume
mechanism.
(ii) We have demonstrated that the variability of the
AzC strength is dominated by the westwardpropagating signals associated with Rossby waves.
The analysis of the vorticity budget of the modelsimulated circulation reveals that the variability is
mainly caused by the meandering of the AzC with
an approximate period of 250 days and to a lesser
extent by the propagation of individual eddies with
periods of several tens of days. We have shown that

VOLUME 40

the local variability of atmospheric circulation over
the Gulf of Cadiz does not have a notable influence
on the variability of the entrainment of the NACW
by the underlying MOW. However, wind forcing is
found to influence the variability of vorticity in the
area of the AzC and AzCC directly by the wind
stress and indirectly through the divergence and
convergence of the Ekman transports. Forcing the
model with a constant wind reduces the variability of
the AzC but does not significantly change its eastward transport. Switching wind off over the domain
of our study further decreases the variability of the
AzC and reduces its eastward transport by about
25%. Nevertheless, the AzC persists in these experiments with a transport of around 6 Sv when the
wind forcing is 0. The reduction of the variability is
likely due to reduced meandering and/or eddy
generation. These experiments prove that wind has
a notable impact on the variability of the current,
but it is not responsible for its formation. This
finding further validates the b plume mechanism for
the formation of the AzC. From the numerical experiments, we discover that wind forcing might be
responsible for modifying the latitude of the AzC
jet. When the wind was switched off, the axis of the
AzC west of 208W shifted northward by approximately 18. We explain this shift by the removal of the
southward wind-driven Sverdrup transport that
might push the current southward. This is probably
why the observed AzC (e.g., with satellite altimetry)
has a slight east–west inclination.
(iii) The strength and the variability of the AzC are
found to be sensitive to the intensity of the water
mass exchange through the Strait of Gibraltar. The
larger the exchange transport is, the larger the transport of the AzC that is obtained and the stronger the
variability that is observed. By changing the exchange
transport from 0.5 to 2 Sv, we increased the eastward transport, averaged over the area bounded by
348–378N and 108–258W, from 3 to 12.5 Sv. On the
other hand, it is shown that the amplitude of the
seasonal variability of the exchange transport through
the Strait of Gibraltar does not have a great impact on the strength and variability of the AzC.
Changing the amplitude from 0.1 to 0.5 Sv did not
lead to significant changes in the eastward transport
and eddy kinetic energy. This is indicative that the
mesoscale variability, generated mainly by the baroclinic instability of the AzC (Kielmann and Käse
1987; Alves and de Verdière 1999), depends on the
strength of the current, which is probably not very
sensitive to short-term fluctuations of the water mass
exchange through the Strait of Gibraltar.
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The sensitivity of the AzC transport and its variability
to the intensity of the Mediterranean outflow is an important finding with climate-related implications. It is
known that the intensity of the Mediterranean inflow
and outflow on long (interannual and longer) time scales
depends on the freshwater budget of the Mediterranean
Sea. Recent studies (e.g. Gibelin and Déqué 2003;
Giorgi 2006; Mariotti et al. 2008) demonstrate that the
Mediterranean basin might be heading to a warmer and
dryer state in the twenty-first century. Results from coupled models predict on average a 20% decrease in land
surface water availability and a 24% increase in the loss of
freshwater over the Mediterranean Sea because of reduced precipitation and warming-enhanced evaporation
(Mariotti et al. 2008). The projected decrease in river
runoff from the surrounding land will further increase the
Mediterranean Sea freshwater deficit. An increase of the
deep-water salinity in the Mediterranean Sea is expected
to result in a larger volume of the MOW (Xu et al. 2007).
Taking into account the results of our study, we suggest
that the AzC may strengthen in future climate scenarios.
This suggestion needs to be verified and quantified in
future modeling studies.
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