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Abstract

Hydrological and LADCP data from four experiments at sea (Semane 1999, 2000/1, 2000/3, 2001) are used
to describe the structure and circulation of Mediterranean Water in the Gulf of Cadiz. These data were gath-
ered on meridional sections along 8°20'W and 6°15'W and between these longitudes on a zonal section along
35°50'N. The mesoscale and the submesoscale structures (Mediterranean Water Undercurrents, meddies, cy-
clones) observed along these sections are characterized in terms of thermohaline properties and of velocity.
The transports of mass and salt in each class of density (North Atlantic Central Water, Mediterranean Water,
North Atlantic Deep Water) are computed with an inverse model. The model indicates a general eastward
flux in the Central Water layer, and a westward flux in the Mediterranean Water layer, but there is also a
horizontal recirculation and entrainment in these two layers, as well as strong transports associated with the

meddy and cyclone found during Semane 1999.

Keywords: Mediterranean Water, Gulf of Cadiz, Hydrology, Water Masses, Regional Scale Circulation,
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1. Introduction and Data Collection

In the Mediterranean Sea, the water budget is character-
ized by an excess of evaporation over precipitation, which
creates dense, salty waters (in particular in the Levantine
Basin). These waters are exported into the Gulf of Cadiz
via a dense bottom current through the Straits of Gibral-
tar, while an eastward flow near the surface advects
fresher water to the Mediterranean Basin. Once in the
Gulf of Cadiz, the dense and salty waters of Mediterra-
nean origin cascade down the slope and mix with sur-
rounding waters ([1,2]). Thus their density decreases and
they adjust hydrostatically. The Mediterrancan Water
(hereafter MW) outflow in the Gulf of Cadiz is mainly
composed of three cores: the shallow one, the upper one
and the lower one [3]. These three cores are strongly
steered by the regional bathymetry and flow firstly west-
ward along the Iberian southern continental slope and
then northward along the Iberian western continental
slope. Along their way, the MW cores undergo entrain-
ment and mixing with the upper North Atlantic Central
Water, as indicated by the progressive loss of depth of
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the MW cores along the west Iberian coast [4]. In the
Gulf of Cadiz, the steep bathymetry, the density gradi-
ents and the turbulent fluxes force currents to recirculate
horizontally, mostly cyclonically [5].

Here, we present CTD (Conductivity, Temperature
and Depth) and L ADCP (Lowered Acoustic Doppler
Current Profiler) data collected in the Gulf of Cadiz dur-
ing the SEMANE (Suivi des Eaux Méditerranéennes en
Atlantique Nord-Est) cruises in 1999, 2000 and 2001.
These measurements form three sections, two meridional
along 8°20'W and 6°15'W and one zonal along 35°50'N
(see Figure 1; note that not all cruises included the three
sections). The cruises of 1999, 2000/1 and 2001 were held
in July, and the 2000/3 cruise took place in November.
They were carried out aboard the RV D’Entrecasteaux and
Lapérouse, of the French Navy Hydrographic and Oc-
eanographic Service (Service Hydrographique et Oc-
eanographique de la Marine).

The CTD hydrological data used here were filtered
with a Butterworth filter, of order 8 and cut off wave-
number of 0.05 m'. The vertical resolution of the hy-
drological data after processing is 0.7 m (the fine-scale
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structure is eliminated at smaller vertical scales), which
is sufficient for the mesoscale features that we wish to
highlight here. The accuracy of the CTD data was
+/-0.002°C for temperature and +/—0.005 in salinity. The
L _ADCP was used in broadband with 12 cells of 16 m
for depths larger than 2000 m and with 22 cells of 8 m
for shallower measurements. The data were processed by
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eliminating measurements corresponding to too strong
tilts of the ADCP, or with strong deviations in vertical
velocities, and a median filter was applied. For the L-
ADCP, the accuracy on velocity was about 2.5 cm/s for a
2500 m depth profile.

On the 8°20'W section, the northern continental slope
is less steep than the southern one. The deepest level
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Figure 1. Map with the hydrological stations of the 2001 SEMANE campaign (meridional sections 8°20'W and 6°15'W and
zonal section 35°50'N). A few noticeable topographic features are indicated: Arrow 1 Cape Sio Vicente; Arrow 2 Portiméo

Canyon; Arrow 3 Lagos Canyon; Arrow 4 Sao Vicente Canyon.
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along this section (3200 m) is closer to the southern
shore. The 6°15'W meridional section, located just west
of the Straits of Gibraltar, has a maximum depth of 400
m at its center.

In this article, we describe first these CTD and LADCP
sections. Second, an inverse model is used to compute
the transports in several classes of density across the
8°20'W section and the inter-annual and seasonal vari-
ability of the hydrological properties and circulation
along this section.

2. Hydrology in the Gulf of Cadiz
2.1. Water Masses

In the Gulf of Cadiz, three water masses are present un-
der the mixed layer (see Figure 2): the North Atlantic
Central Water (NACW), the Mediterranean Water (MW)
and the North Atlantic Deep Water (NADW). The
NACW, corresponding to the main thermo-halocline, is
characterized by an almost linear decrease of potential
temperature and salinity from 16.0°C to 12.5°C and from
36.25 to 35.50, respectively. Just below it, the MW is
characterized by a large increase of salinity and a slight
increase of potential temperature. The upper core of MW
is characterized by a potential temperature maximum and
the lower core by a salinity maximum. Finally at the
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deepest levels, the NADW layer is characterized by a
linear decrease of salinity and potential temperature
down to the bottom, where values as low as 2.5°C and
34.8 are observed.

A strong dispersion of potential temperature and salin-
ity values occurs between NACW and the upper MW
layer, and between the lower MW layer and NADW.
This corresponds to intense entrainment, mixing and
vertical diffusion between the water masses. In particular,
the influence of the MW extends down to temperatures
as low as 5.0°C, due to vertical diffusion [4].

2.2. Salinity, Potential Temperature and Density
Sections

Here, the 6°15'W and 35°50'N sections that we present,
were achieved during Semane 2001 (July).

2.2.1. 6°15'W Meridional Section (from 35°30'N to
36°N)

On this section, the Mediterranean Water flows against
the northern continental slope, with an upward lift of
isohalines, isothermals and isopycnals to the North (see
Figure 3). Here, only the surface waters, the NACW and
the MW are present. The salinity minimum tilts down
from 100 m depth north to 250 m depth south, due to the
presence of the Mediterranean outflow below.
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Figure 2. Potential temperature versus salinity diagram of the water masses present on the 8°20’W meridional section of Se-
mane 2001. Arrow 1 Upper Core; Arrow 2 Lower Core; Arrow 3 North Atlantic Deep Water.
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Figure 3. Meridional section along 6°15'W during Semane 2001. (a) Salinity; (b) Potential Temperature (°C); (c) Potential

density anomaly Gamma-6 (kg-m™).

The highest salinities are located close to the bottom,
with values as high as 38.2, but with maximum tempera-
ture of only 13°C. Close to the bottom, the maximum
salinity core is deflected southward because of the bot-
tom friction acting on the westward flow. The highest
potential temperatures lie near the surface and the tem-
perature distribution is much more horizontal than the
salinity one. Thus, the MW outflow is more identifiable
by salinity than by temperature.

2.2.2. 35°50'N Zonal Section (from 6°15'W to 8°20'W)
The 35°50'N zonal section exhibits temperature maxima
near the surface whereas salinity maxima are found
against the continental slope corresponding to the MW
outflow (see Figure 4). The upper 50 meters encompass
the seasonal thermocline. In the upper 200 meters, the
temperature still lies above 15°C and the salinity above
36. A layer with a salinity minimum extends offshore
between 400 m and 700 m. From 400 m to 1500 m, four
salty and warm water patches are visible close to the
Gulf of Cadiz eastern continental slope, corresponding to
the shallow, upper and lower cores of MW and to a de-
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tached blob. The maximum temperature has decreased to
12.6°C and the maximum salinity is 37.2 in the cores on
the continental slope. A blob of warm and salty water at
1200 - 1300 m depth, detached from the coast, may be a
second branch of the lower MW core or a MW eddy. The
8°20'W section (see below) will allow the identification
of this feature. The signature of Mediterranean Water in
temperature is less marked than in salinity, and it is
mostly visible for the upper MW core.

2.2.3. 8°20'W Meridional Sections

As expected, the highest salinities and potential tem-
peratures are observed near the surface, more precisely
near the northern shore and the lowest salinities and po-
tential temperatures are observed in the deepest region,
below 3000 m.

Above the northern continental slope, near the surface,
there is an upward lift of the isohalines, of the isother-
mals and of the isopycnals (see Figures 5, 6 and 7). This
seems to be a signature of the Gulf of Cadiz upper slope
current [6] or of the upwelling off the southwestern Por-
tuguese coast.
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Figure 4. Zonal section along 35°50'N during Semane 2001: (a) Salinity; (b) Potential temperature ("C).

The NACW layer below the surface layer is charac-
terized by a decrease of salinity and potential tempera-
ture (see Figures 5 and 6). The level of minimum salin-
ity lies near 500 - 600 m depth.
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Deeper down, the layer corresponding to MW is
clearly composed of three different elements: the under-
currents on the northern continental slope, detached ed-
dies (in some of the realizations of this section) and a
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Figure 5. Salinity distribution along the 8°20'W section. (a) July 1999; (b) July 2000; (¢) November 2000; (d) July 2001.

more diffuse tongue. All three elements are clearly iden- tifiable in salinity, while only the former two correspond
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Figure 6. Potential temperature (°C) distribution along the 8°20'W section. (a) July 1999; (b) July 2000; (c) November 2000;
(d) July 2001.
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Figure 7. Density anomaly distribution (kg-m™) along the 8°20"W section (a) July 1999; red squares indicate the region where
the highest geostrophic velocities were computed; (b) July 2000; (c) July 2001.

to a marked temperature anomaly. The MW undercur-
rents have salinity maxima varying between 36.5 and 37,
and maximum temperature of the order of 12.5°C. The
eddies have maximum salinity between 36.2 and 36.4
(they correspond to MW which has recirculated in the
Gulf of Cadiz, and therefore has mixed somewhat) and
maximal temperature of the order of 12.4°C. Finally, the
tongue is more diffuse with 36 in salinity and 12°C in
temperature.

The MW layer is present from 500 until 1600 m, near
the northern continental slope, and from 700 until 1300
m south of this slope. It is also noted that the high salini-
ties and temperatures of MW observed in the 6°15'W
section are no longer present in the 8°20'W section, as
the MW outflow undergoes entrainment and mixing with
the NACW while progressing downstream. Finally, the
thermohaline properties of NADW are observed in the
deeper part of these sections (below 2700 m).

In the MW layer, detached fragments are clearly visi-
ble in the July 1999, 2000 and 2001 sections; in 1999,
they correspond (from North to South) to a small eddy,
to a cyclone and to a meddy, which were studied in detail

Copyright © 2011 SciRes.

in [7]. A filament lies between the cyclone and the south-
ern meddy that is clearly seen in horizontal maps of sa-
linity at 1200 m depth only. In July 2000, the patch lies
in the southern half of the section, with about 36.2 in
salinity and 120 km in meridional extent. A perpendicu-
lar cross-section along 35°05'N, from 8°05'W to 9°08'W,
and a deep-drogued surface buoy trajectory (see Appen-
dix) confirm that this fragment is a meddy. In 2001, the
elongated lens between stations 20 and 34 corresponds to
a meddy. This meddy is about 60 km in zonal extent and
80 km in meridional extent. Again two small fragments
are observed near stations 36 - 37 and 43 - 44.

A detached patch is also observed in the section of
November 2000, close to the undercurrents, smaller
(about 65 km in size) than in July 2000, and with about
the same salinity peak. This fragment is also observed in
the temperature sections, though less conspicuous. For
November 2000, no other data are available to confirm if
the detached fragment is a meddy.

Now we compare the July with the November sections
(see again Figures 5 and 6). The lower MW core is at
slightly deeper levels near the northern continental slope
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in November and consequently has a larger vertical ex-
tent than in July; thus the outflow water is denser as con-
firmed by the higher salinities then observed. This sea-
sonal variability is more evident in the 2000 and 2001
July sections, since the 1999 July sections have excep-
tional salty and warm waters within the lower core. Sea-
sonal changes in the temperature and width of the lower
core of MW in the Gulf of Cadiz have already been men-
tioned by [8], based on one year data (July 1993-1994)
from the AMUSE experiment, and by [9].

South of the slope current, the thermohaline properties
have lower values in November than in July, which may
result from a less intense mesoscale activity or from a
longer recirculation of MW. Nevertheless, it can be
noted that only one cruise took place in November;
therefore, more cruises in winter would be necessary to
confirm these thermohaline variations.

The three density anomaly sections (Figure 7) show a
range from y, =26.50 kg'm near the surface to Y, =
41.47 kg'm™ near the bottom, which corresponds to the
surface water and the NADW. The most stable region in
all sections, characterized by the squeezing of isopycnals,
corresponds to the transition between the NACW and the
MW. Along the 8°20'W section, the isopycnals are
mainly horizontal, except close to the Portuguese conti-
nental slope, where the upper slope current is well char-
acterised by the upward deviation of the isopycnals. The
eddies of MW also correspond to substantial vertical
deviations of isopycnals.

3. Circulation and Transports in the Gulf of
Cadiz

3.1. L_ADCEP Velocities

In July 1999 and 2000, the currents along the 8°20'W
section were measured with an ADCP in lowered mode
(L_ADCP). Here we show only the zonal velocities.

In both sections, the fastest currents lie on the Portu-
guese continental slope between 500 and 1400 m depths;
they correspond to the MW cores that can reach 0.5 m-s ™'
westward (see Figure 8). On this slope, three cores ap-
pear, at 550 m, 850 m and 1200 m. The lower core is
faster and wider (0.5 m's™ westward compared to 0.35
m-s ', and a width of about 45 km compared to 30 km in
the upper core). The velocity differences between the
cores are stronger in 1999.

Clearly, in 1999, a meddy can be observed at the
southernmost end of the section, with velocities of about
0.2 m's', which also had a thermohaline signature (see
Figures 5(a) and 6(a)). A cyclone, with similar velocity
(about 0.2 m's™"), and more surface intensified, lies north
of the meddy on this section. On the Moroccan conti-
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nental slope, one can note a deep eastward current (near
2500 m depth). In 2000, an anticyclonic velocity signal
(on the order of 0.1 m's™") is seen near 35°N.

3.2. Salt and Mass Budgets via an Inverse Model

The 6°15'W and 8°20'W sections in conjunction with the
lateral continental borders enclose a volume control
where the water mass, volume and salt content are con-
served (neglecting evaporation and precipitation and
variations of the Gulf averaged salinity over the 10 day
measurement periods). The inverse model is based on
mass, volume and salt conservation for the whole domain,
and on transport conservation for each density layer.
Three layers are chosen based on the analysis of the sa-
linity, potential temperature and density sections, the first
layer representing NACW, the second one MW and the
third one NADW in the Gulf of Cadiz. Near Gibraltar,
the third layer contains MW and the second layer is a
very thin region of strong density gradients (see Figure
3). The three layers are thus defined from the surface to
Vo = 27.2 kg'm™; from Vo = 27.2 kgm™ to Y, =
36.2 kg'm™, and from ¥, =362 kg'm™ to the ocean
bottom. These three densities have been recognized to
bound the three water masses (NACW, MW, NADW) in
this region.

This model calculates the total currents (baroclinic
component + barotropic component) along the 8°20'W
section as follows:

1) the baroclinic component is computed from dy-
namic heights, which depend on a reference level.

2) the barotropic component is computed to enforce
the imposed constraints (this also provides the velocity at
the reference level).

The model iterates these calculations until all con-
straints are satisfied within a given standard deviation
which is specified initially.

To calculate the values of transports along 8°20'W,
one also needs to specify them at 6°15'W. At the Straits
of Gibraltar, the total volume transport was estimated as
0.04 Sv (1 Sv = 10° m*s™) by [10]; this corresponds to
an eastward transport of 0.72 Sv for layer 1, to an a pri-
ori zero transport for the second layer, and to a westward
transport of 0.68 Sv for the third layer. This unbalance
accounts for the excess of evaporation over precipitation
within the Mediterranean Sea. These values are still de-
bated among physical oceanographers, but they are used
as a first guess for the model.

The a priori imposed volume transports in section
820'W were 3.0 Sv eastward in the first layer, 3.0 Sv
westward in the second and 0.00 Sv in the third; these
transports were chosen with a large standard deviation
(2.0) to allow the model to run without problems. This
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Figure 8. Zonal velocities (m's™") obtained from the L_ADCP data along the 8°20'W section (a) July 1999; (b) July 2000. In
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initial imbalance between the inflow at the Straits of Gi-
braltar and the null flux at 8°20'W is immediately com-
pensated by the model while converging to the solution;
furthermore it is within the limits of the standard devia-
tion.

A salt balance at the Straits of Gibraltar (that is, cov-
ering the Mediterranean Sea) was also taken into account

Qi'si = Qo'so (l)
with Q; = 0.72 Sv (volume inflow), S; = 36.10 (salinity
inflow) and Q, = 0.68 Sv (volume outflow), considering
that the salinity in the Gulf of Cadiz is constant. With the
values of Q;, Si and Q, a salinity outflow value (S, =
38.22) was obtained from the salt balance equation.

In addition to the imposed transports, geostrophic ve-
locities were used as first guess for the inverse model.
With each a priori imposed geostrophic velocity a stan-
dard deviation of 0.10 was imposed for the 8 northern-
most stations pairs to account for the variability in the
slope current region and a deviation of 0.05 for the other
stations pairs; after the inversion, the results are valid if
they lie in this imposed range.

With this information and these constraints, the in-
verse model calculates the total velocities and the trans-
ports in each range of densities.

3.2.1. Graphs of the Cumulative Transports

In addition to the geostrophic transports, the Ekman
transports were also computed from climatological wind
data and they were included in the first layer. The Ekman
transports were always directed westward in the three
July experiments and eastward in the November experi-
ment. This is expected, since the winds are mainly north-
erlies in July and southerlies in November over the Gulf
of Cadiz. The order of magnitude of the Ekman trans-
ports was always two times smaller than the geostrophic
transports, so that their influence in the total transport is
negligible.

Near the bottom of the Gulf, the transports at the deep-
est level were weak, having only some importance near
the continental slopes; these transports were computed
considering that the velocity in the bottom triangle was
equal to the velocity of the last pair of stations. The dif-
fusive vertical transports were also taken into account
here, although the sensitivity studies showed that they
have a negligible influence on the final total transports.

The cumulative transports (i.€. the meridional integral
of transports from the northern shore to the local position)
were computed for each realisation of the 8°20'W section.
In the graphs of cumulative transports presented in Fig-
ure 9, an ascending line represents an eastward flow
zone and a descending line represents a westward flow
zone.

Copyright © 2011 SciRes.

The total cumulative transports are obtained at the
southern end of the 8°20'W section on the Moroccan
shelf, about 330 km from the Portuguese shore. They are,
averaged over the four 8°20'W sections, 2 Sv eastward in
the first layer, 2 Sv westward in the second layer and
almost zero in the third layer. The opposite values of the
total cumulative transports in the first and second layers
are mainly caused by an eastward current located be-
tween 30 and 80 km from the Portuguese shore, which is
always present in the first layer and is weaker or absent
(respectively in November 2000, and in the other case) in
the second layer. Therefore, in the first layer, cumulative
eastward transports of about 2 or 3 Sv are observed
within 80 to 100 km of the Portuguese shore. Apart from
this feature, the graphs of cumulative transport show
similar variations in the first and second layers. Now, we
describe these variations from North to South, and for
each section.

In July 1999 and 2001, a strong westward current ex-
ists in the first and second layers from kilometer 80 unto
kilometer 150. From then on to kilometer 300, the cur-
rents are eastward, and finally they are westward near the
Moroccan shore.

In November 2000, the westward and then eastward
flows are nearly absent between kilometers 80 and 200.
Then, as in the previously described sections, the current
is eastward up to kilometer 300 and finally westward.

In July 2000, there are again some similarities between
layers 1 and 2, but the transport pattern is different from
that of the three other sections. The eastward transport
globally increases up to kilometer 200 and then de-
creases towards the Moroccan shore. Substantial local
variations of this transport (i.e. strong local currents) are
observed.

Therefore, the circulation is rather cyclonic in the
center of the Gulf of Cadiz in July 1999, November 2000
and July 2001; it is weakly anticyclonic in July 2000. We
attribute this difference to the presence of a large meddy,
with a fairly barotropic velocity signature, in the center
of the Gulf, in July 2000.

The cyclonic circulation in the Gulf of Cadiz has been
observed by several other cruises, float trajectories or
model outputs at the regional scale (see for instance [6,7,
9,11,12]) and thus, seems to be the most frequent situa-
tion.

The transports in July 1999 experiments are larger
than those computed for the other cruises, principally in
the second layer and at the middle of the section, due to
the presence of a coupled eddy pair (cyclone + meddy).
Thus, between the cyclone and the meddy, the eastward
transports of the southern side of the cyclone added to
the northern side of the meddy yield the 14 Sv cumula-
tive transport observed at the middle of the section. Also,
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Figure 9. Cumulative transports across the 8°20'W section for the three layers (first, second and third layers between the
surface, y= 27.2 kg-m’3, 72 = 36.2 kg-m’3, and the ocean bottom); (a) July 1999; (b) July 2000; (c) November 2000; (d) July
2001. Horizontal axis is the distance (in km) from the northern shore.
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the transports associated with the cyclone are 50%
stronger than those associated with the meddy (due to the
faster velocities and to the larger extent of the cyclone).
This is in agreement with the L ADCP velocities.

In July 2000, the northern continental slope current is
enclosed in a very narrow region. Comparing it with the
thermohaline sections (Figures 4 and 5) shows that the
thermohaline anomaly associated with the lower MW
core is larger than the width of the westward currents.
This could indicate a horizontal recirculation of part of
the MW south of the slope current.

In the deepest layer (between isopycnal y, = 36.90
kg'm and the seafloor) in July 2000, November 2000
and July 2001, an eastward transport is seen in the north-
ern part and a westward transport in the southern part,
corresponding to a deep anticyclonic circulation. Instead,
in July 1999, the deep circulation was reversed with a
westward current in the northern part and an eastward
flow in the southern part, corresponding to a cyclonic
circulation. This anomaly may be related to the presence
of the intense cyclone in the Gulf or to the general circu-
lation in the Northeastern Atlantic Ocean.

We compare the cumulative transports of the four ex-
periments in Figure 10. In the first layer the eastward
transports range between 1.93 Sv in July 1999 and 2.39
Sv in July 2000; in the second layer the westward trans-
ports range between 1.69 Sv in July 1999 and 2.07 Sv in
July 2000 and in the third layer the westward transports
vary between 0.07 Sv in July 1999 and 2001 and 0.20 Sv
in November 2000. The difference between the first and
second layer transports at 8°20'W (which is much larger
than the 0.04 Sv difference between the first and third
layers at 6°15'W closer to the Straits of Gibraltar), and
the conversion of transports from the third layer near the
Straits of Gibraltar to the second layer at 8°20'W show
that strong vertical fluxes take place. These fluxes are
diapycnic, related to the entrainment and mixing of water
masses into the MW outflow. The diapycnal fluxes from
the first to the second layer vary between 1.21 Sv in July
1999 and 1.67 Sv in July 2000, much stronger than those
between the second and third layers that have a maxi-
mum of only 0.61 Sv (in July 2001). This corresponds to
the strong entrainment of NACW into MW as this latter
cascades and progresses in the eastern part of the Gulf of
Cadiz.

Sensitivity studies were performed by varying the ini-
tial guesses for transports at 8°20'W, or the standard de-
viations, in the inverse model. These studies showed that
the values of the transports can change somewhat with
the change of the imposed constraints, but never the di-
rections of the transports. So the direction of the trans-
ports denotes a fairly invariant general circulation pattern
in the Gulf of Cadiz (except in the presence of very large
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and intense mesoscale eddies in the middle of the Gulf).
4. Conclusions

The MW outflow is a deep current with 13°C tempera-
ture and 38.2 salinity along the northern part of the
Straits of Gibraltar, which evolves into three undercur-
rents on the Iberian continental slope, as seen in the
35°50'N and 8°20'W sections, with a strong decrease in
salinity just after the Straits of Gibraltar. On the 8°20'W
section, a cyclone and a meddy were observed as well as
smaller fragments, in July 1999; an intense meddy was
observed in July 2001; in 2000, lens-like anomalies were
also present, but with weaker thermohaline anomalies. In
July 2000, a meddy was observed west of this section
near 35°05'N. In the Gulf of Cadiz, the warm and salty
MW is also present as a tongue between 1000 and 1500
m depths with weaker temperature and salinity than in
the undercurrents or eddies.

Comparing the salinity and potential temperature dis-
tributions with the L _ADCP sections, westward strong
velocities are associated with the undercurrents on the
Iberian continental slope, as expected. At the lower MW
core level, the thermohaline anomalies are slightly wider
than the horizontal extent of the westward velocities as-
sociated with the slope current. The southern edge of this
region corresponds to an eastward current; MW escapes
from the slope current and returns eastward; this recircu-
lation could be caused by the Portimdo canyon located
20 km downstream of the 8"20'W section. Potential vor-
ticity gradients have reversals in sign (not shown), which
allow barotropic or baroclinic instability of the under-
currents. The Portimdo canyon is a well-known site of
meddy and MW cyclone generation ([13-15]). These
eddies often recirculate cyclonically in the Gulf, due to
cyclone-meddy pairing, and thus contribute both to the
regional-scale circulation in this layer, and to the pres-
ence of the MW tongue, via diffusion. South of the Ibe-
rian continental slope, the currents associated with the
MW tongue are much weaker, less than 0.05 m-s’l, most
often in the same direction as in the NACW layer. Faster
velocities (on the order of 0.15 to 0.25 ms ') are found
where MW eddies are observed.

For the NACW layer, the cyclonic recirculation is due
to the fact that the area of the Strait of Gibraltar section
is only 3% of the area of the 8°20"W section; this implies
that only a small percentage of the NACW will enter the
Straits of Gibraltar.

In the same way, only a fraction of the water in the
MW layer comes directly from the Straits of Gibraltar.
Therefore, we must observe westward currents in the
NACW layer and eastward currents in the MW one; this
was verified with the L_ADCP sections, and in the
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Figure 10. Sketch with the computed transports using the inverse model, for (a) July 1999; (b) July 2000; (c) November 2000
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transports obtained from the inverse model.

In the L ADCP sections, principally in 1999, and in
the transports, we also observed horizontal recirculation
in the deepest layer (below 2500 m), anticyclonic in July
2000, November 2000 and July 2001 and cyclonic in
July 1999. Indeed, the bottom topography forces NADW
to recirculate since it cannot enter the Straits of Gibraltar.
The local transport in this deep circulation can reach
about 2.5 Sv, but the cumulative transports across the
Gulf of Cadiz are very small. The reverse direction of the
deep circulation in July 1999 could be related with the
presence of the intense cyclone, or with the general cir-
culation in the eastern Atlantic, which is beyond the
scope of this paper.

The horizontal transports along the 8°20'W section and
the diapycnal fluxes between layers obtained by the in-
verse model had always the same direction in all sensi-
tivity tests. In the large-scale circulation, an eastward
flow in the southern part and a westward flow in the
northern part of the Gulf of Cadiz are found in the first
and second layers (see also [6,11,16]). The cumulative
transports in the Gulf of Cadiz are eastward in the first
layer, westward in the second layer and close to zero in
the third layer. The diapycnal fluxes converge from the
first and third layers to the second one, the former being
larger. Therefore, this study confirms that MW leaving
the Gulf of Cadiz entrains a substantial amount of
NACW and some NADW, that there is also a noticeable
recirculation in the Gulf in all layers, and that part of this
recirculation is related to mesoscale eddies.

Seasonal and inter-annual variabilities will be better
evaluated when more winter measurements and more
years of data will be available.
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Appendix: The Meddy of July 2000

In view of the thermohaline anomaly near 35°N on the
8°20'W section, a complementary section, perpendicular
to the latter, was achieved along 35°05'N, from 8°05'W
to 9°08'W. The temperature and salinity maps shown in
Figure Al indicate that the meddy core had T = 13°C
and S = 36.6. But this core is narrow, which explains
why it was not sampled on the 8°20'W section. The zonal
extent of the meddy, based on isohaline 36, is clearly
larger than 100 km. This value is compatible with the
120 km meridional extent of its salinity signature on the
8720"W section.

A Surdrift (surface drifting) buoy was released in the
core of this meddy; this buoy was connected to a holey-
sock drogue at 900 m depth via a 3 mm thick kevlar ca-
ble. Figure A2 indicates that this buoy first performed
two anticyclonic loops with about 30 km diameter, then
three loops with about 60 km diameter, and approxi-
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mean Cyclonic Cell SW of Iberian Peninsula: The Medi-
terranean Outflow-Driven Beta-Plume,” Geophysical Re-
search Letters, Vol. 37, 2010. L12606.
doi:10.1029/2010GL043339

mately the same period (9 days). This corresponds to a
0.12 m's”' velocity in the first case and a doubled value
(0.24 m's™) in the second case. One must note that hy-
drodynamic drag is exerted on the kevlar cable so that
these values bear a 30% uncertainty (see [7]). Neverthe-
less, the 0.12 m's”' velocity is compatible with the
L_ADCP measurements. The second value (0.24 m's™)
is not compatible with these measurements; it could be
explained by a merger of this meddy with another one,
initially lying west of it. This would explain both the
increase in rotational kinetic energy and the sudden dou-
bling of the loop diameter. The westward meddy motion
is also seen to accelerate as the loop diameter increases.
The buoy was finally ejected from the meddy and drifted
southward for a month with an average velocity of 0.08
m's . The buoy mission was terminated as its strong
acceleration indicated a loss of the deep drogue. It was
close to the Moroccan continental slope then.
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Trajectory of surdrift buoy 14976, Gulf of Cadiz

36 0
35.5
-500
35
- - -1000
34.5
[}
el
=
= 34 L 41500
33.5
E 42000
33
-2500
32.5
32 . -3000
-12 -11.5 —-11 -10.5 -10 -9.5 -9 -8.5 -8
longtitude

Figure A2. Trajectory of the Surdrift buoy released in the core of the meddy of July 2000. This buoy was drogued at 900 m
depth.
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