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We describe the circulation patterns in the Azores–Gibraltar Strait region (North-Eastern Atlantic) during
the 2009 CAIBOX cruise on the basis of hydrographic and direct current velocity measurements. This
study offers new data for a region where importation of central waters (subpolar and subtropical modes
of Eastern North Atlantic Central Water) and exports of Mediterranean Water are strongly related to
large-scale dynamics in the North Atlantic Ocean (Azores Current-Mediterranean Water system). The
description is backed up quantitatively by the results of a box inverse model, which was used to obtain
absolute water mass transport values consistent with thermal wind equations and with conservation of
volume, salt and heat. The contributions of water masses were determined in an extended Optimum Mul-
tiparameter Analysis from a quasi-synoptic point of view, providing detail in addition to volume, salt and
heat transport.

The surface–subsurface large-scale current system in the region consists of the Azores Current
(13.1 ± 2.5 Sverdrup [Sv], 1 Sv = 106 m3 s�1), the Azores Counter-Current (5.2 ± 2.1 Sv), the Portugal Cur-
rent (4.5 ± 1.4 Sv) and the Canary Current (7.1 ± 1.1 Sv). Broadly speaking, central waters are imported
into the CAIBOX region at a rate of 1.6 ± 0.9 Sv, and Mediterranean Water is exported at a rate of
1.5 ± 0.4 Sv. The downwelling of central waters west of Gibraltar Strait was quantified at 1.1 Sv. Not all
this volume participates in MW formation, but 0.8 Sv of entrained central waters; of which 0.5 Sv are
from central waters of subpolar origin and 0.3 Sv from subtropical central waters. Of the 4.9 Sv of sub-
tropical central waters advected by the Azores Current, about 0.7 Sv would reach the Gulf of Cadiz region
either to take part in central water entrainment or to flow across the Gibraltar Strait as part of the Atlantic
inflow to the Mediterranean Sea.

� 2014 Elsevier Ltd. All rights reserved.
Introduction and Álvarez-Salgado, 2007) due in part to entrainment of central
The subtropical eastern North Atlantic is a region of eastern
boundary ventilation (Barton, 1998; Arístegui et al., 2004; Álvarez
waters into Mediterranean Outflow Water (MOW) (van Aken,
2000; Álvarez et al., 2005; Fusco et al., 2008) and also to meridional
spread and mixing of low-oxygen high-nutrient subtropical and
recently ventilated subpolar central water modes (Ríos et al.,
1992; Pérez et al., 2001). The former leads to an overturning circu-
lation, whereby central waters enter the region and saltier, inter-
mediate water flows out below, spreading to the Atlantic Ocean.

The easternmost surface current systems in the area (Fig. 1) are
the Portugal Current (PC) system off the Iberian Peninsula and the
Canary Current (CC) system off the African coast (Álvarez-Salgado
et al., 2003). The former is fed by the south-westward branches of
the North Atlantic Current (Paillet and Mercier, 1997; Pérez et al.,
2001), while the latter is a natural extension (easternmost branch)
of the Azores Current (AC) (Machín et al., 2006). The surface circu-
lation in this region is subject to a seasonal wind cycle, i.e. the
meridional shift of the trade winds system. Northerly winds pre-
dominate during summer (Fig. 1b), leading to seasonal upwelling

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pocean.2014.09.006&domain=pdf
http://dx.doi.org/10.1016/j.pocean.2014.09.006
mailto:lcarracedo@iim.csic.es
mailto:migil@iim.csic.es
mailto:migil@iim.csic.es
mailto:Herle.Mercier@ifremer.fr
mailto:fiz.perez@iim.csic.es
http://dx.doi.org/10.1016/j.pocean.2014.09.006
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


48 L.I. Carracedo Segade et al. / Progress in Oceanography 130 (2015) 47–64
off the western Iberian coast. Off the North African coast, however,
they are almost continual all year round (Arístegui et al., 2004). The
PC system consists of a weak branch offshore, known as PC, and a
seasonally changing onshore compensating slope poleward cur-
rent, known as the Iberian Poleward Current (IPC, Péliz et al.,
2003, 2005; Relvas et al., 2007). The highest IPC flux is usually
characterized in winter (Haynes and Barton, 1990; Mazé et al.,
1997; Barton, 1998, 2001; van Aken, 2000; Pérez et al., 2001;
Álvarez-Salgado et al., 2003; Péliz et al., 2003). During spring and
summer, the IPC weakens and its core deepens and moves offshore
(Péliz et al., 2003, 2005), while the southward transport of the PC is
strengthened at the surface and over the slope by the wind-driven
equatorward Portugal Coastal Current (Álvarez-Salgado et al.,
1993; Castro et al., 1994, 2000; Pérez et al., 2001; Arístegui et al.,
2004). The CC southward transport also appears to be enhanced
during this part of the year, with the presence of a southward
coastal jet, the Canary Upwelling Current (Pelegrí et al., 2005;
Machín et al., 2006).

Numerous previous studies have provided quantification of
North Atlantic circulation patterns with inverse (Mercier et al.,
1993; Wunsch, 1994; Mazé et al., 1997; Paillet and Mercier,
1997; Slater, 2003; Álvarez et al., 2005; Hernández-Guerra et al.,
2005; Machín et al., 2006; Álvarez and Álvarez-Salgado, 2009)
and numerical (Batteen et al., 2000; Jia, 2000; Johnson and
Stevens, 2000; New et al., 2001; Özgökmen et al., 2001; Jia et al.,
2007; Péliz et al., 2007; Volkov and Fu, 2010; Bozec et al., 2011;
Mason et al., 2011) models. Evaluation and quantification of the
advective transport of physical parameters in the ocean is impor-
tant not only to establish the corresponding volume, heat and salt
budgets and to better determine the variability of the main current
systems but also to further estimate chemical transports and
budgets.

Of particular interest for comparison with the present study are
studies in which box inverse models were used (based on thermal
wind equations combined with mass, salinity and heat conserva-
tion within density layers) in the eastern North Atlantic. Mazé
et al. (1997) described the circulation off west the Iberian Penin-
sula during a box-like cruise in May 1989. Hernández-Guerra
et al. (2005) and Machín et al. (2006) performed similar measure-
ments in the Canary Basin region, the former on a box-like cruise in
Fig. 1. CAIBOX cruise track (white dots) with north zonal section (stations 1–25), west m
figure shows topographical features: Azores–Biscay Rise, Azores–Portugal Rise, Iberian Ba
wind stress (N m�2) fields.
September 2003 and the latter during four seasonal cruises
between 1997 and 1998. Slater (2003) and Álvarez et al. (2005)
combined sections from different cruises to form non-synoptic
boxes in the region delimited by the Azores Islands and the Gibral-
tar Strait; Álvarez et al. (2005) also combined the absolute veloci-
ties obtained from the inverse model with the results of a
multiparameter mixing analysis of the water masses, as we did
in this study. The most recent equivalent study is that of Pérez-
Hernández et al. (2013), on a box-like cruise between the Azores
and the Gibraltar Strait in October–November 2009.

The aim of this study was to make new observations and trans-
port estimates to better characterize circulation in the north-east-
ern Atlantic region. As the central water transformation
mechanisms are strongly linked to the dynamics of the region, we
focused our analysis on the fate of central water masses. In order
to characterize circulation in this area and to analyze central water
transformation mechanisms, we used a two-dimensional inverse
ocean model. Water mass mixing was resolved by use of an
extended Optimum Multiparameter (eOMP) method.

Data and methods

Dataset

Field data were obtained during the CAIBOX cruise (25 July to
14 August 2009) on board the B/O Sarmiento de Gamboa. The sur-
vey comprised three large-scale conductivity, temperature and
depth (CTD rosette) sections defining a box in the Iberian Basin:
a north zonal one at 41�300N, a west meridional one at 20�W and
a south transverse that closed the box against the African coast
through the Canary Islands (Fig. 1). During the cruise, 71 hydro-
graphic stations were set up, at which multidisciplinary observa-
tions were carried out in the water column with a SBE911plus
CTD rosette equipped with 24 Niskin bottles (12 L). At each station,
profiles of temperature and salinity were obtained during the CTD
downcast, while 24 pressure levels were sampled with Niskin bot-
tles and CTD sensors on the upcast. The CTD data were processed
by standard procedures and software from SeaBird. The CTD-
derived salinity was calibrated with water samples collected with
the CTD rosette and analyzed on board with a Guildline 8410-A
eridional section (stations 26–48) and south transverse section (stations 48–71). The
sin, Madeira Basin, Canary Basin and Gulf of Cadiz. Enclosure: July and August 2009
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Portasal. At two stations (40 and 47), the CTD did not get close to
the bottom for technical reasons, and the downcast profiles were
depth-interpolated (2571–5005 dbar and 2605–4164 dbar, respec-
tively) from the results for nearby, deeper stations. Seawater sam-
ples were analyzed on board to determine dissolved oxygen
concentration (O2) and nutrients (nitrate plus nitrite [hereinafter
nitrate, NO3], phosphate [PO4] and silicate [SiO4]). The Winkler
(1988) method was used to derive O2 (Fajar et al., 2012), and nutri-
ents were determined by standard segmented flow analysis with
an Alpkem analyser (Álvarez-Salgado et al., 1992). These chemical
properties were used in solving the water mass multiparameter
mixing model. Potential temperature (h), practical salinity spatial
distributions and mean property profiles by section are shown in
Fig. 2a, while h/S diagrams by section are depicted in Fig. 2b.

Under-way velocity measurements between 10 and �650 dbar
were obtained with the Shipboard Acoustic Doppler Current Profil-
er (SADCP; RDI Ocean Surveyor at 75 kHz). Raw data were
Fig. 2. (a) Vertical distributions of potential temperature (h) and salinity (S) on the CAI
constrain the model, and the blue line represents the reference level. (b) h (surface refe
anomalies (rh, kg m�3). Black dots mark the positions of source water types, and the black
are displayed over the whole-cruise dots (in grey). The white line in the inset map marks
Mode Mater; ENACWT, Subtropical Eastern North Atlantic Central Water; MW, Mediterr
form of Antarctic Intermediate Water; LSW, Labrador Sea Water; NEADWL, North-East At
legend, the reader is referred to the web version of this article.)
averaged into 2-min files (short-term average) and then post-pro-
cessed with Cascade 6.1 software (Le Bot et al., 2011), including
ship velocity screening, tidal removal, quality flag assignment, data
filtering and an alignment correction (0.4�) that minimizes the cor-
relation between the ship’s velocity and the current component
along the trajectory. After processing, SADCP velocities were aver-
aged for all stations, thus obtaining profiles at the station pair posi-
tions and diminishing the effect of ageostrophic dynamics.

Satellite-derived products, such as sea-level anomaly and geo-
strophic velocities, were used to show mesoscale eddy variation.
The data come from the multi-mission altimetry products provided
by Aviso (gridded delayed time ‘‘upd’’ products, http://www.avi-
so.oceanobs.com/duacs/) on a 1/3� grid, with data every 7 days
since October 1992. High-resolution QuikScat winds (Fig. 1, inset
map, 0.5� � 0.5�, http://cersat.ifremer.fr/) for the year of the CAI-
BOX cruise (2009) were used to compute the Ekman transport
induced by the wind drag on the sea surface. Another source of
BOX cruise. White isopycnals (r3, kg m�3) correspond to deep-layer limits used to
rence level) vs. S of the CTD CAIBOX casts. Isolines correspond to potential density

circle the position of the Azores Front. Coloured dots corresponding to each section
the section for which h/S points are displayed. H, Harvey limit point; MMW, Madeira
anean Water; ENACWP, Subpolar Eastern North Atlantic Central Water; AA, diluted
lantic Deep Water Lower. (For interpretation of the references to colour in this figure

http://www.aviso.oceanobs.com/duacs/
http://www.aviso.oceanobs.com/duacs/
http://cersat.ifremer.fr/
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data was the European 40-year re-analysis of meteorological
observations (ERA40), from September 1957 to August 2002, pro-
duced by the European Centre for Medium-range Weather Fore-
casts (2.5� � 2.5�, http://www.ecmwf.int/), from which air–sea
volume fluxes were extracted (evaporation, precipitation and river
runoff).

The box inverse model: absolute velocity field and transports

An inverse model was used to compute absolute transport
across CAIBOX sections, integrating thermal wind and property
(volume and tracers, i.e. salinity and temperature) conservation
equations to obtain property budgets in the box (see Mercier,
1986; Lux et al., 2001; Mercier et al., 2003; Lherminier et al.,
2007, 2010 for further details). The resulting set of equations
includes two types of unknowns: barotropic velocity at the
reference level needed in thermal wind integration and vertical
eddy diffusion coefficients between the vertical layers into which
the box is divided.

The solution to this set of equations is sought with the total
inversion algorithm of Tarantola and Valette (1982) (Mercier,
1986). In this algorithm, the budget property equations are used
as constraints and are combined with a priori values for the
unknowns in a cost function; the cost function is weighted with a
priori errors of the constraints and unknowns. Minimization of the
cost function provides new (after inversion) values for the
unknowns and for their associated errors. The algorithm is flexible
enough to handle additional constraints, simply including them in
the cost function. Therefore, the unknowns of the inverse model
are: the reference level velocity (ur), normal to the hydrographic
lines, for all 69 station pairs; and the vertical diffusivity (Kv) at the
interface of the six layers into which we divided the box vertically.
The latter are necessary to compute the diffusive fluxes in the tracer
constraints that are written as a balance between advection and
vertical diffusion. The limits for the six layers (Fig. 2a) were selected,
according to Slater (2003), Álvarez et al. (2005) and Carracedo et al.
(2014), as: 41.430 (�2500 m) to 41.455 (�2800 m), 41.455–41.475
(�3000 m), 41.475–41.490 (�3200 m), 41.490–41.505 (�3550 m),
41.505–41.515 (�3900 m) and 41.515 to bottom.

All the computed transports are considered to be positive when
entering the box and include Ekman transport, calculated sepa-
rately from QuikScat winds (average for July–August 2009) and
distributed equally over the first 30 m.

Model constraints
The inverse model was designed to minimize a cost function

and estimate ur and Kv that better fulfil several constraints, while
taking into account their respective a priori errors as weights in
the cost function. Initially, we defined an inverse model configura-
tion with the conservation of properties (volume, salt and heat) as
general constraints and five additional volume constraints.

(a) Conservation of properties’ constraints

The model was set to conserve volume and salt from surface to
bottom along the three sections (Table 1a), which forces the flow
through the box sections to compensate for:

(i) the evaporation minus precipitation minus river runoff
(E � P � R) balance in CAIBOX (0.040 Sv), plus the E � P � R
balance in the Mediterranean Sea (0.051 Sv), both estimated
from ERA40 summer data. Thus, 0.091 ± 1 Sv enters the box
in the three sections. Note that the 1 Sv uncertainty approx-
imately accounts for the contributions to the volume bal-
ance of the errors (assumed uncorrelated) in the Ekman
transport (0.4 Sv, estimated as the root mean squared value
for the summer months), the volume transport over the con-
tinental shelf (0.5 Sv, estimated from Haynes and Barton,
1990; and Mazé et al., 1997), the bottom triangles and high
frequency variability in the density field (0.8 Sv, adapted
from Ganachaud, 2003, who suggested 1–2 Sv for a transat-
lantic section) and the estimate of the E � P � R (0.007 Sv,
taken as the root mean squared value for the summer
months). Previous E � P � R estimates for similar boxes are
those of Slater (2003), who gave values of 0.076 and
0.061 Sv for 1988 and 1998 (computed from global air–sea
heat and momentum from the Southampton Oceanography
Centre, Josey et al., 1998) and Álvarez et al. (2005), who esti-
mated the E � P � R flux as 0.086 Sv. After inversion, from
the residual of that constraint, the value we actually
obtained was 0.125 ± 0.67 Sv, slightly higher than our pre-
diction but in agreement in the range of uncertainty. We
included the E � P � R term in the Mediterranean Sea
because there is no eastern section closing the box at the
Gibraltar Strait.

(ii) a null net salt flux across the Gibraltar Strait, which implies
net transport across the limits of the box (0 ± 36.2 (�109) Sv
psu), as we assumed a steady salt content in the box.

As general constraints, in accordance with Slater (2003), Álvarez
et al. (2005) and Carracedo et al. (2014), volume, salt and heat were
conserved independently in the six previously defined density
deep layers. The uncertainties in these deep layers, not in contact
with the atmosphere, were taken to be equal to the a priori diffu-
sive transports of tracer across the top of each layer, computed
from the a priori values of Kv (see Section ‘Reference levels and a
priori ur and Kv values and uncertainties). Overall, the uncertainties
obtained were 0.2 Sv for volume, 0.01 (�109) kg s�1 for salt and
0.01 to 0.06 (�1013) W for heat.

(b) Additional constraints

Additional constraints were used in the northern section and in
close-to-coast areas (Table 1), following a model configuration
equivalent to that used with climatological data (Carracedo et al.,
2014). Most (i to iii) are fluxes at locations at which the variation
around the mean flow appears to be well estimated, allowing a
constraint to be written; the last (iv) includes the water mass con-
servation for the Labrador Sea Water (LSW). These additional con-
straints to the model weight the solution towards well-
documented circulation patterns. The constraints are:

(i) In accordance with Lherminier et al. (2010), �0.8 ± 0.8 Sv
was imposed in the north section (station pairs 1–24) from
r4 = 45.85 kg m�3 (rn, potential density of [1000 + value]
kg m�3 referred to n � 1000 db) to bottom, in agreement
with the estimate of McCartney et al. (1991) of 0.83 Sv for
waters with h < 2.05 �C at 36�N between 16 and 19�W. This
accounts for the northward flow of North-East Atlantic Deep
Water (NEADW) in the Iberian Basin (Fig. 1).

(ii) For the eastern boundary of the north section (station pairs
1–11), �1 ± 2 Sv from r2 = 36.94 kg m�3 to bottom was set,
according to Lherminier et al. (2010).

(iii) In the southern section (in the Lanzarote passage, station
pairs 64–69) we used two climatological ‘‘summer’’ trans-
ports derived from 9 years of direct estimates (Fraile-Nuez
et al., 2010): �0.57 ± 1.13 Sv between surface and
c = 27.3 kg m�3 (c, neutral density of [1000 + value] kg m�3;
Jackett and McDougall, 1997), accounting for Eastern North
Atlantic Central Water transports and 0.44 ± 0.37 Sv,
between c = 27.3 and 27.7 kg m�3, for influenced Antarctic
Intermediate Water (AA).

http://www.ecmwf.int/


Table 1
Volume, salt and heat constraints in the inverse model. Positive transport enters the box. The term TD refers to the a priori vertical diffusive transport.

Constraint Value Horizontal/vertical domain After
inversion

Surface-to-bottom volume conservation (Sv) 0.091 ± 1 Whole box/whole water column 0.125 ± 0.67
Surface-to-bottom salt conservation (�109 kg s�1) 0 ± 36.2 Whole box/whole water column 2.4 ± 25
Volume, salt and heat conservation by six deep layers (Fig. 2a) 0 ± TD Whole box/r3 > 41.430 kg m�3 (�2600 m to bottom) �0.07 to 0.12
Surface-to-bottom LSW conservation (Sv) 0 ± 0.3 Whole box/see water mass distribution, Fig. 7 �0.08 ± 0.26
(1) NEADWL–Iberian Basin transport (Lherminier et al., 2010) (Sv) �0.8 ± 0.8 North section (station pairs 1–24)/r4 > 45.85 kg m�3

(�3700 m to bottom)
�0.72 ± 0.8

(2) Eastern boundary current (Lherminier et al., 2010) (Sv) �1 ± 2 Eastern Boundary Current (station pairs 1–11)/
r2 > 36.94 kg m�3 (�2000 m to bottom)

�0.25 ± 2

(3) Central water Lanzarote Passage transport (Fraile-Nuez et al., 2010) (Sv) �0.57 ± 1.13 Lanzarote Passage (station pairs 64–69)/surface to
c = 27.3 kg m�3 (0–600 m)

�1 ± 1.13

(4) AA Lanzarote Passage transport (Fraile-Nuez et al., 2010) (Sv) 0.44 ± 0.37 Lanzarote Passage (station pairs 64–69)/c = 27.3 to
c = 27.7 kg m�3 (600–1100 m)

0.46 ± 0.37

AA, diluted form of Antarctic Intermediate Water; NEADWL, North-East Atlantic Deep Water Lower.
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(iv) The idea of deep water mass conservation was reinforced by
adding a new constraint involving an eOMP solution
(Álvarez et al., 2005; Pardo et al., 2012; Carracedo et al.,
2014). In this case, the inverse model was constrained to
conserve LSW in the whole box.

Optimum multiparametric analyzes (Tomczak, 1981a,b) are
mathematical approaches based on real data for studying diapyc-
nal or isopycnal mixing of water masses in a certain region. The
main principle is that physical or chemical properties measured
at each point are considered to be the result of the mixing of a cer-
tain number of source water masses, which must have well-known
physical and chemical characteristics. Carracedo et al. (2012)
described source water mass characterization in detail. The out-
come of the analyzes is the contribution (xi) of each source water
mass to the mixing process. The main model assumptions are:
(1) Mixing between source water masses is linear. (2) The observed
properties are assumed to be conservative (h and S, even SiO4), or a
biogeochemical term (DO2) is added to account for non-conserva-
tive tracers (NO3, PO4 and O2) through predefined stoichiometric
coefficients (rO/N = 9.3, Pérez et al., 2001; and rO/P = 163, Anderson
and Sarmiento, 1994). (3) The source water mass properties are
accurately known (within their standard deviation). (4) The mass
balance equation must be satisfied at any point. (5) The mixing
contribution of each source water mass is always positive.

The obtained xi values are in the range 0–1 and refer to the
amount of a certain source water mass, i, implicated in the mixing
processes. Their contributions (xi) can be used as a tracer to obtain
water mass transport simply by multiplying the contribution and
volume transport fields. Additional constraints can be included in
the inverse model to fit specific well-known water mass transport
better in the whole box or in determined areas. As water mass lim-
its are based not only on definitions of density layers but also on
thermohaline and chemical tracers, this water mass-specific con-
straint closely defines the LSW limits. In order to be consistent
with the volume errors by layers, an uncertainty of ±0.3 Sv was
established.
Reference levels and a priori ur and Kv values and uncertainties
The reference levels for geostrophic computations (Fig. 2) were

selected a priori after studying both the vertical shears of the geo-
strophic velocities and the water mass fields. As the reference level
defines where the a priori values and uncertainties for ur are taken,
we mainly searched for reference levels with zero or close to zero
velocities, although finally we used velocities that were not
negligible.

A reference level must ensure that a priori water mass transport
(geostrophic transport in this case) is compatible with water mass
spreading directions, according to the literature. Previous similar
studies in the Iberian Basin (Saunders, 1982; mccartney, 1992;
Arhan et al., 1994; Álvarez et al., 2002, 2005; Lherminier et al.,
2007, 2010; Álvarez and Álvarez-Salgado, 2009) used r3 -
= 41.49 kg m�3 (�3200 dbar), or bottom if shallower, as the refer-
ence level. Our choice joins this r3 level with a shallower one at
c = 27.922 kg m�3 as the interface between intermediate and deep
waters (Machín et al., 2006) for station pairs 55–65 (southern sec-
tion). Machín et al. (2006) based their choice on the work of
Dickson et al. (1985) and on direct velocity estimates close to the
Canary Basin area given by Müller and Siedler (1992), which were
0.01–0.02 m s�1 in deep-bottom waters, slightly higher than those
found in the Iberian Basin (up to �0.01 m s�1). Additionally to
incorporation of this shallower reference level, SADCP data were
used to give a closely defined level of known motion (at�400 dbar)
off the African coast (between station pairs 65–69 in the Lanzarote
Passage, Fig. 1)

The a priori associated uncertainty for velocities at the reference
level was established at 0.02 m s�1 for all station pairs except for
those shallower than 2000 dbar, for which we used 0.03 m s�1.
These values are compatible with those given by Machín et al.
(2006), on the basis of eddy kinetic energy (velocity variance),
for an enclosed box in a similar area (0.02 m s�1 for the reference
level at c = 27.38 kg m�3 and 0.012–0.016 m s�1 for a deeper one,
c = 27.38–28.07 kg m�3). They result in clear after-inversion-nor-
malized velocities at the reference level (ratio of after-inversion
ur minus prior-inversion uro uncertainty to prior ur uncertainty
�0.5). The velocities at the reference level (and its error), before
and after inversion, are shown in Fig. 3.

The last step in applying the inverse model is to choose the cor-
rect values for the vertical diffusivity term Kv. This was set a priori to
a general value of 10�4 ± 10�4 m2 s�1 for all the interfaces between
layers (Mazé et al., 1997; Polzin et al., 1997; Lux et al., 2001). The
values after inversion ranged between 0.9 and 1 (�10�4) m2 s�1.
Model solution
The unknown velocities at the reference level were obtained by

minimizing the weighted sum of the squared residual of the prop-
erty budget conservation constraints, the squared departures from
a priori values of the reference-level velocities and the squared
residuals of additional transport constraints. As the weight of each
constraint is inversely proportional to its uncertainty, constraints
with large uncertainties provide less information than those with
small uncertainties. A total of 75 unknowns (69 ur station pairs
and 6 Kv) and 28 constraints made up the system. Fig. 3 shows
the resulting absolute velocity field.

We then compared the velocities from our inverse model solu-
tion with SADCP velocities (Fig. 4). Departing from SADCP zonal



Fig. 3. (a) Absolute geostrophic velocities (�10�2 m s�1) by section. Grey shaded (white) areas are negative-outflowing (positive-inflowing) velocities. Dashed dark grey line
corresponds to the reference level. (b) Velocity at the reference level before (grey circles, with grey shaded area corresponding to the error before inversion, i.e., 2 10�2 m s�1)
and after inversion (black dots, with dashed lines corresponding to the error after inversion). PC, Portugal Current; AC, Azores Current; ACC, Azores Counter-Current; CC,
Canary Current.
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and meridional components, orthogonal velocities to the box sec-
tions were computed and then averaged among stations for the
�100–450-dbar layer (or, in shallower stations, to the maximum
possible depth). This vertical range avoids the Ekman layer and
the deepest SADCP, which have noisy records. When gaps appeared
in the SADCP register (station pairs 10–12, 35–37 and 40), due to
technical problems in recording, Aviso altimetry-derived geo-
strophic velocities were used instead (Gourcuff et al., 2011) (see
estimated mean Aviso velocity normal to the section by station
pairs in Fig. 4). In the northern and western sections, SADCP and
Aviso velocities were more concordant (with a correlation >60%,
not shown) than in the south section.

SADCP data can be included in the model as additional con-
straints (Lherminier et al, 2007, 2010), in an attempt to find a bet-
ter solution for the inverse problem (Mercier, 1986). Nevertheless,
this is true only when these new constraints provide useful infor-
mation for the solution, i.e. when their inclusion in the inverse
problem gives sounder after-inversion results, because the solution
has been forced to fulfil the new constraints. Conversely, if the
inverse model without SADCP constraints is able, within the range
of uncertainty, to provide results compatible with the SADCP trans-
ports, as in this case (Fig. 4), it is wiser not to include them in the
inversion but to use them for external validation of the inverse
model results. Fig. 4 shows that the after-inversion and SADCP
velocities are similar and show the same pattern for the 100–
450-dbar pressure range (rms (ur inverse model) = 0.53
10�2 m s�1, rms (ur SADCP) = 0.54 10�2 m s�1)).

As shown in Table 2, the residuals of conservation constraints
are lower than the a priori error. As we were looking for a better
volume-, heat- and salt-balanced solution at the expense of an
in situ absolute-velocity weighted solution, the discussion is based
on the inverse model solution.



Fig. 4. Mean velocity by station pair (normal to the sections, positive entering the box) for the layer 100–450 dbar (a, north; b, west; c, south). The thick black line
corresponds to SADCP velocity and the thin black line to Aviso data. As Aviso data are satellite-derived, they do not correspond to 100–450 dbar but to the surface. The red line
is the geostrophic velocity before inversion, while the green line is the velocity after inversion. Grey shading represents twice the standard deviation computed for each
SADCP station pair velocity or the generic uncertainty for Aviso velocities (0.03 m s�1; Gourcuff et al., 2011) when SADCP data are missing (station pairs 10–13, 35–37 and
40). The numbers above the lines correspond to station pairs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Results and discussion

The subtropical north-eastern Atlantic region is well character-
ized from a thermohaline point of view by a marked contrast
between the upper and intermediate layers (0–500 and 500–
2000 dbar, respectively) in the northern and southern domains
Table 2
Residuals of the model constraints after inversion. The constraints are categorized
into eight classes; if one class comprises more than one constraint, the mean residual
is given. The same was done for error, but in this case the root mean square is given.

Constraint A priori
uncertainty

Model
residual

Surface-to-bottom volume conservation (Sv) 1 0.034
Surface-to-bottom salt conservation (kg�1) 36.2 � 109 2.3 � 109

Volume conservation by six deep layers (Sv) 0.08 0.03
Salt conservation by six deep layers (kg�1) 0.003 0.001
Heat conservation by six deep layers (PW,

petawatt)
0.16 0.04

Surface-to-bottom Labrador Sea Water
conservation (Sv)

0.3 0.08

Additional constraints (1–4) (Sv) 1.2 0.08
(Fig. 2a). In the upper layer, colder (13.3 �C) and fresher
(35.77 psu) waters are located in the north (Northern Hemisphere
subpolar origin), while warmer (15.9 �C) and saltier (36.23 psu)
waters are located in the south (subtropical origin). At intermediate
levels, however, colder (7.44 �C) and fresher (35.41 psu) waters are
located in the south (Southern Hemisphere subpolar origin), while
warmer (8.2 �C) and saltier (35.61 psu) waters appear in the north
(Mediterranean origin). This pattern gives the region specific
dynamics and water mass transformation. To place the discussion
in a climatological framework, we compare the quasi-synoptic
results of the CAIBOX summer oceanographic cruise with transport
derived from the World Ocean Atlas 2009 (WOA09; Boyer et al.,
2009) in the region. The WOA09 analyzes were performed by
Carracedo et al. (2014) with a similar inverse model and constraints
suitable for climatological data. In the following subsections, the
water column is divided according to Álvarez et al. (2005) into upper
(0–500 dbar), intermediate (500–2000 dbar) and deep (>2000 dbar)
layers. We describe circulation in these three main layers and also
transport in the most important surface and subsurface currents
in the Eastern Subtropical Gyre: the AC, the Azores Counter-Current
(ACC), the PC and the CC.
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Horizontal circulation

Mesoscale activity
The inferred horizontal circulation in quasi-synoptic cruises is

always affected to a greater or lesser extent, depending on the sur-
vey area, by mesoscale activity. Two images of sea-level anomaly
(Aviso, 1/3� resolution) on the first and last days of the cruise (25
July 2009 and 14 August 2009, respectively) are shown in Fig. 5,
giving an idea of the eddy variation during the study. The most out-
standing superficial mesoscale feature that crossed the section
during the cruise was an eddy located north of the AC, above
36�N (Carracedo et al., 2012). The velocity of this rotating feature
was of the same order as the AC. Fig. 5c shows the temporal evolu-
tion of superficial velocities normal to the section a few days before
and after the period of the cruise. The eddy took more than 2 weeks
to cross the west section westwards (�45 km in about 18 days),
which is in the range of the mean propagation speed given by
Alves et al. (2002) for this kind of structure at similar locations
(1.5–2.6 km day�1 at 18–30�W, 27–37�N). The cruise coincided
with a period of ‘‘slower’’ coastal currents than preceding and sub-
sequent days, on the coasts of both Portugal and Africa.

Apart from these superficial mesoscale structures (registered by
Aviso images), at intermediate level one meddy crossed the south
section, centred at 1000 dbar (Fig. 3c, station pairs 50–52). A med-
dy (McDowell and Rossby, 1978) is an anticyclonic rotating lens of
warm, salty Mediterranean Water (MW) with typical azimuthal
velocities up to 3 m s�1 (Armi and Zenk, 1984; Richardson et al.,
2000) and an internal structure dividing the ‘‘core’’ from the ‘‘out-
side’’ at a radius of 10–40 km. This boundary is typically character-
ized by a steep change in hydrological properties (Paillet et al.,
2002). In our case, the core of the meddy (salinity and temperature
maximum) was sampled only at station 53 (Fig. 2b, southern sec-
tion); therefore, its diameter was <80 km. Asymmetry has been
found between the negative and positive lobes of this meddy,
which are probably related to interaction with larger advecting
velocities (Carton et al., 2010). This asymmetry leads to a net posi-
tive inflow of 0.6 Sv (21.9 Sv psu). In addition, we found a maxi-
mum meddy velocity of 1 m s�1, lower than the value reported in
the literature, raising the question of whether it was sampled at
its centre. Three weeks or less thus appears to be long enough
for some eddies and rotating features to displace or migrate
(Fig. 5). Caution is therefore required with regard to the synoptic
assumption. The inverse model must be set up correctly in order
to account for these sources of geostrophy bias, by establishing
reasonable prior uncertainties for the constraints.

Volume transport
Four main surface or subsurface currents were identified in the

easternmost part of the Atlantic Subtropical Gyre (Fig. 3) and their
net volume transport computed. AC crosses the west section
(20�W) between 34.3 and 35.7�N, with a transport of
13.1 ± 2.5 Sv. This value is comparable (within the error) to that
estimated by Carracedo et al. (2012) for the same cruise from ther-
mal wind equations referenced to 2000 dbar (11.2 Sv). Paillet and
Mercier (1997) solved an inverse model with a set of hydrographic
data gathered during spring–summer between 1981 and 1991 and
obtained a mean AC transport of 10–12 Sv. Our results match their
estimates reasonably well and are consistent with values in the lit-
erature for this current at similar longitudes: 9–12 Sv between 30
and 40�W (New et al., 2001), 6.8–7 Sv at 21–19�W (Alves et al.,
2002) and 13.9 Sv at 24.5�W (Comas-Rodríguez et al., 2011), the
latter obtained during a cruise in same year as CAIBOX but in a dif-
ferent season (October–November).

North of the AC, between 37.74 and 39.24�N, we identified the
westward flow centred at �600 dbar, known as the ACC (Onken,
1993; Paillet and Mercier, 1997; Alves et al., 2002; Pérez et al,
2003; Kida et al., 2008). The presence of a surface anticyclonic eddy
between the AC and ACC currents, described in the previous sec-
tion, shifted the ACC further north than expected (Carracedo
et al., 2012). The warm temperature of the eddy core suggested
that it originated from meandering of the AC (pinching-off phase,
Alves et al., 2002). Dynamically, this eddy enhances the AC–ACC
system and, in this particular case, contributes with a westward
net flow of �8.8 ± 3.8 Sv. Without the eddy influence, ACC trans-
port is �5.2 ± 2.1 Sv (Table 3), which leads to an AC:ACC ratio of
2.5 (Carracedo et al., 2014).

The net flow south of the AC (southwest corner of the box and
south section) between the surface and 600 m has been attrib-
uted to the CC, with a transport of 7.1 ± 1.1 Sv. If we consider that
the AC is the source of the CC (Pérez-Hernández et al., 2013),
�54% of the AC recirculates south–southwest to take part in the
CC. There is, however, controversy about the continuity of the
AC–CC. While hydrography-based inverse model studies (Paillet
and Mercier, 1997; Hernández-Guerra et al., 2005; Machín
et al., 2006; Pérez-Hernández et al., 2013; Carracedo et al.,
2014) point to clear continuity, numerical models do not provide
complete support (Péliz et al., 2007; Mason et al, 2011). By repro-
ducing the seasonal variation in the CC in a high-resolution
numerical model, Mason et al. (2011) concluded that is was rela-
tively insensitive to upstream variation from the AC and attrib-
uted seasonal modulation in the CC to the two large-scale,
coherent, anomalous structures that propagate westward from
their origin near the African coast.

With this issue in mind, but lending weight to inverse model
results, we assume that the CC is fed by the AC. The remaining
AC continues to the Gibraltar Strait, some of it recirculating north-
wards (Barton, 2001), but it is also fed from the north (Paillet and
Mercier, 1997) so that it does not weaken eastwards. Kida et al.
(2008) used a numerical model that lacked the wind-driven gyre
representation to study the mechanism by which the Mediterra-
nean overflow might drive the AC. They calculated that 4 Sv of
AC reached the Gulf of Cadiz region (see their Fig. 3), part of it
entraining into the MW layer (<2 Sv) and <1 Sv arriving, ultimately,
in the Gibraltar Strait

The 7.1 ± 1.1 Sv estimated for the CC transport agrees with the
WOA09 spring–summer estimate of 6.0 ± 0.4 Sv (Carracedo et al.,
2014) and those of other authors (6 Sv, Paillet and Mercier, 1997;
5.8 ± 0.6 Sv in September 2003, Hernández-Guerra et al., 2005;
4.8 Sv in June–July 1998, Machín et al., 2006; 6.2 ± 0.6 Sv in Octo-
ber–November 2009, Pérez-Hernández et al., 2013). The CC is
known to be stronger in summer near the African coast, east of
the Canary Islands (Navarro-Pérez and Barton, 2001; Machín
et al., 2006; Arístegui et al., 2009). Machín et al. (2006) reported
a net summer transport between islands of �4 ± 0.8 Sv (surface
to c = 27.38 kg m�3, roughly 700 dbar), comparable to our finding
(�4.5 ± 1.3 Sv). The increased off-shore CC transport in CAIBOX
with regard to the summer 1998 cruise (Machín et al., 2006) is in
agreement with the detected strengthening of the subtropical gyre
above the thermocline between early 2009 and mid-2010, bal-
anced by a decrease in the southward flow of NEADWL below
3000 m, that is, a down-turn of the Atlantic meridional overturning
circulation (McCarthy et al., 2012; Smeed et al., 2013), as also
pointed out by Pérez-Hernández et al. (2013).

Net transport across the northern section of the PC was quanti-
fied for 18�W onshore and between the surface and 800 m. We
obtained a value of 4.5 ± 1.4 Sv, in good agreement with that of
Paillet and Mercier (1997), who estimated a total of 8 Sv recirculat-
ing from the North Atlantic Current southwards in the eastern
basin (�4 Sv east of 20�W).

The main circulation features intersected by CAIBOX can also be
identified from the barotropic stream functions, which were
computed by accumulating surface, intermediate, deep and



Fig. 5. Sea level anomaly (SLA; �10�2 m) for (a) first and (b) last days of the cruise. Black straight line represents the cruise track. White dots indicate the corners of the box
(station pairs 25 and 47). (c) Hovmoller diagram of geostrophic (altimetry-derived) velocities (�10�2 m s�1) for the period of study (inside-box view, from station pair 1, off
Portugal coast, to station pair 69, off African coast). Black dots represent the station pair positions. Thin white-dashed lines mark the beginning and ending dates of the cruise.
White dots indicate the corners of the box (station pairs 25 and 47). Note the lack of velocity data for the first three station pairs.

Table 3
(a) Spatial limits defining main surface and subsurface system currents; (b) volume (Sv), salt (Sv psu) and heat (PW) transport of each current and comparison with summer
WOA09 climatology. PC, Portugal Current; PCC, Portugal counter-current; ACC, Azores Counter-Current; AC, Azores Current; CC, Canary Current.

Current Station pairs Horizontal limits Vertical limits (dbar)

(a)
PC 1–26 9.1–20�W 0–800
PCC 1–26 9.1–10.4�W 0–300
ACC 34–36 36.7–35.7�N 0–1600
AC 36–39 35.7–34.3�N 0–1600
CC 43–69 20–12.9�W 0–600

Net transport (Sv) Net salt transport (Sv psu) Net heat transport (PW)

Summer WOA09 CAIBOX Summer WOA09 CAIBOX Summer WOA09 CAIBOX

(b)
PC 1.5 ± 0.4 4.5 ± 1.4 52 ± 15 160 ± 51 0.08 ± 0.02 0.23 ± 0.07
PCC �0.004 ± 0.001 �0.3 ± 1.8 �11 ± 2 �1.2 ± 6 �0.02 ± 0.004 �0.002 ± 0.01
ACC �1.9 ± 0.7 �5.2 ± 2.1 �67 ± 25 �188 ± 75 �0.06 ± 0.02 �0.25 ± 0.1
AC 6.8 ± 0.9 13.1 ± 2.5 247 ± 31 470 ± 88 0.41 ± 0.05 0.70 ± 0.1
CC �5.3 ± 0.4 �7.1 ± 1.1 �192 ± 15 �256 ± 50 �0.34 ± 0.03 �0.46 ± 0.08
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top-to-bottom integrated transport from Africa to the Iberian Pen-
insula. The summer climatology results of WOA09 and the results
of CAIBOX are plotted together for comparison in Fig. 6. The upper
horizontal circulation (Fig. 6a) shows the well-known upper anti-
cyclonic circulation in the North Atlantic Subtropical Gyre, with
water mainly inflowing through the west section and outflowing
southwards. The circulation patterns are close to those estimated
by WOA09, although mesoscale variation is obvious in the CAIBOX
results for the upper and intermediate layers. The smoothed char-
acter of the climatological data indicates widened currents, i.e.
shallower slopes in the accumulated horizontal transport. In the
CAIBOX results, the steep slopes define clearer (and narrower) spa-
tial limits for the main currents (CC, 0–900 km from Africa; AC,
1100–1250 km; ACC, 1600–1700 km; PC, 2300 km to the Portu-
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guese coast). The greatest difference from the climatological mean
appears in the west section at the location of the AC–ACC system,
because the AC is a highly meandering current, dominated by
strong geostrophic turbulence (Alves et al., 2002).

The main differences in the vertically integrated transport pro-
files (Fig. 6b) are in the intermediate layer, in the west and south
sections, where transport was higher in the CAIBOX results, with
higher outflow thought the west section and higher inflow through
the southern one. The deep circulation is characterized by weaker
flows than those at the intermediate and upper levels (Fig. 6a, third
panel), which are known to be strongly constrained by topography.
The cumulative transport in the CAIBOX results and the mean of
the WOA09 results are similar in this layer. In the Canary basin,
across the south section, there is a deep (weak) cyclonic circulation
Fig. 6. (a) Horizontal accumulative (from African to Iberian Peninsula coasts) transpo
bottom) and for the whole water column. Black, red and green lines correspond to volum
CAIBOX, while thin lines represent WOA09 climatology results (Carracedo et al., 2014). (b
(For interpretation of the references to colour in this figure legend, the reader is referre
cell (Machín et al., 2006; Carracedo et al., 2014). A broader cyclonic
deep circulation cell is found in the northern half of the box, with
deep water entering across the north of the west section (entrance
enhanced in the CAIBOX results) and flowing out across the north-
ern section.

Heat and salt fluxes
Understanding how salinity and heat are exported and

imported from and to the interior of the CAIBOX helps to clarify
thermohaline circulation inside the box. The salt and heat fluxes
were computed as SS q S v dx dz and SS q cp h v dx, respectively,
where q is seawater density, S = S(x,z) is salinity, h = h(x,z) is poten-
tial temperature, v(x,z) is the velocity orthogonal to the section, cp

is the specific heat capacity, x is the section coordinate, and z is
rts divided into three vertical layers (0–500 dbar, 500–2000 dbar and 2000 dbar–
e (Sv), heat (PW) and salt (Sv psu) transport, respectively. Bold lines correspond to

) Mean vertical profiles of volume transport for the three sections and the whole box.
d to the web version of this article.)
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depth. The salt flux was normalized by a mean density to obtain
units of Sv psu.

The constraint to conserve the total box volume (Table 2 and
Section ‘Reference levels and a priori ur and Kv values and uncertain-
ties’) was not strictly fulfilled. There is, after model inversion, net
transport into the box of 0.125 Sv (‘‘effective fresh water transport’’),
which is physically justified by the overturning circulation typical of
this region, outflowing waters being saltier than inflowing waters.
We can transform this net volume transport into ‘‘effective salt
transport’’ by multiplying by the mean box salinity for the upper
2500 dbar (35.51 psu), to obtain 4.5 Sv psu. Taking into account that
the net salt flux after inversion was 2.4 Sv psu, 2.1 Sv psu would not
come from the net volume imbalance but from net salt exportation.
This simple calculation allows us to compare our results with those
of previous studies in the same area, such as those of Álvarez et al.
(2005) (2.98 ± 0.3 Sv psu) and Slater (2003) (2.5 and 2.2 Sv psu),
and verify that the net balances remain comparable whatever
method is used to solve the absolute velocity field.

The AC is the main source of heat (0.7 ± 0.1 PW) and salt
(470 ± 88 Sv psu) into the box (Table 3b). As already pointed out,
the AC recirculates into the CC, however, the proportion of heat
(67%) transferred by the AC is higher than the proportion of volume
(�54%). Fig. 6a shows how the horizontal accumulated transport of
volume and heat differs in the upper layer of the box. This is
because, while the AC keeps flowing eastwards and south-east-
wards, its heat content increases by incoming net radiation from
the atmosphere. We estimated from ERA40 a net air–sea heat
transport of 0.15 PW (towards the ocean) for the whole CAIBOX
superficial area. As CAIBOX is a region with a positive net E � P � R
term (�0.038 Sv), the resulting superficial central waters flowing
out in the CC will be warmer and saltier than the incoming AC cen-
tral waters. The PC also imports heat and salt into the box,
although three times less than the AC (0.23 ± 0.07 PW and
160 ± 51 Sv psu, respectively). This is expected, because PC trans-
port is twice as low as that of the AC, and the central water trans-
ported into the PC is mainly of subpolar origin, i.e. fresher and
colder (Ríos et al., 1992; Pérez et al., 2001; Carracedo et al.,
2014). Conversely, the main upper heat and salt-box exporting
paths are the CC (�0.46 ± 0.08 PW and �256 ± 50 Sv psu) and the
ACC (�0.25 ± 0.1 PW and �188 ± 75 Sv psu). Because of weak cir-
culation below 2000 dbar, the salt flux barely exceeds 100 Sv psu,
and heat transport is virtually absent. The deep waters are cold
enough that they do not introduce heat imbalance within the lim-
its of the box.
Fig. 7. Spatial distribution of water masses on the CAIBOX cruise. Contour lines are plotte
(AA) and Mediterranean Water (MW), for which contour lines represent contributions >40
shading corresponds to negative (outflowing) geostrophic velocities. The vertical scale i
Water mass budgets and fates

Fig. 7 shows the spatial distribution of the water masses in the
CAIBOX section, as estimated with the eOMP, demonstrating the
main advective water masses paths. Briefly, the upper layer (0–
500 dbar) is occupied by the subtropical modes (southwest
domain) of central waters (Madeira Mode Water, MMW; Subtropi-
cal Eastern North Atlantic Central Water, ENACWT). ‘‘H’’ is the point
on the h/S diagram that delimits ENACWT from the subpolar variety
(ENACWP) (Ríos et al., 1992) (Fig. 2b) and is situated along the inter-
face between the upper and intermediate layers, around 500 dbar,
deepening its distribution at the location of the ACC. The interme-
diate layer (500–2000 dbar) contains ENACWP, MW and AA. The
patchy distribution of the ENACWP and MW cores corresponds to
the velocity field, being present at those locations with inflowing
and outflowing fluxes, respectively. The major contribution of
MW is in the north section, off the Portugal slope. LSW is located
down in the water column, at the intermediate–deep interface
(�2000 dbar), with its main core at the northwest corner of the
box. The deep layer (below 2000 dbar) is occupied mainly by NEA-
DWL and the remnants of Iceland–Scotland Overflow Water (ISOW).
Water mass budgets
Combined eOMP water mass percentages and inverse model-

derived transport make it possible to discriminate the fluxes for
each water mass in the region (Fig. 8 and Table 4). We see that cen-
tral waters dominate the surface and (most of the) intermediate
circulation, mainly involving the PC, AC–ACC and CC systems
(Fig. 8a and b), with total contributions to heat and salt transport
of 0.08 ± 0.1 PW and 56 ± 34 Sv psu (Table 4).

Central waters are the main transporters of heat and salt into
the CAIBOX, while MW at intermediate level is the main exporter
(�0.06 ± 0.1 PW and �54 ± 16 Sv psu). A total of 1.5 ± 0.4 Sv of
MW flows out of the box in two main veins. This total exportation
agrees with the amount or 1.6 ± 0.2 Sv given by Carracedo et al.
(2014) for summer climatology, although is lower than that esti-
mated by Álvarez et al. (2005), 2.7 ± 0.3 Sv. Álvarez et al. (2005)
used a similar procedure to solve the velocity field and water mass
contributions for a CAIBOX-like box, which makes their study com-
parable. A major difference between the two studies is that they
formed their box not from a quasi-synoptic cruise but from three
independent segments of three cruises, two in 1998 (a western
one in May and a southern one in January) and a northern one in
August 1997. That combination, which included sections from sea-
d for contributions >50%, except for the diluted form of Antarctic intermediate water
%, and for Iceland–Scotland Overflow Water (ISOW), with a contribution >20%. Grey

s amplified in the first 1500 dbar for clarity.



Fig. 8. Stacked bar diagrams of water mass transport (Sv) by station pairs across CAIBOX sections in (a) the upper (0–500 dbar), (b) the intermediate (500–2000 dbar) and (c)
deep (2000 dbar to bottom) layers. Water masses are: Central waters (CW, sum of ENACWT, ENACWP and MMW), influenced Antarctic Intermediate Water (AA),
Mediterranean Water (MW), Labrador Sea Water (LSW), Iceland–Scotland Overflow Water (ISOW) and North Eastern Atlantic Deep Water Lower (NEADWL).
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sons of maximum MW exportation, would have led to an overesti-
mate of MW exportation. For the northward MW vein exportation,
they obtained a value of 2.2 Sv, in contrast to our estimate of
0.95 ± 0.7 Sv. The value of 1 Sv flowing northwards given by
Schmitz (1996) better supports our value. The northward vein is
the main one and flows off the northern Portuguese coast, where
the greatest contribution of this water mass (84%) is found
(Fig. 7) (73% in climatological summer data, Carracedo et al.,
2014). The westward vein makes a maximum contribution of
62% (50% from summer climatological data). Álvarez et al. (2005)
used the same thermohaline properties to characterize MW at its
source region (11.74 �C, 36.5 psu), which shows the change in
the contribution of MW between 1998 and 2009. They found the
highest contributions of 60% and 50% in the northern and western



Table 4
Net box volume (Sv), salt (Sv psu) and heat transport (PW) by water mass and comparison with summer WOA09 climatology and Álvarez et al. (2005) in the same area. MMW,
Madeira Mode Water; ENACWT, Subtropical Eastern North Atlantic Central Water; ENACWP, Subpolar Eastern North Atlantic Central Water; AA, diluted form of Antarctic
Intermediate Water; MW, Mediterranean Water; LSW, Labrador Sea Water; ISOW, Iceland–Scotland Overflow Water; NEADWL, North-East Atlantic Deep Water Lower.

Water mass Property CAIBOX

MMW Volume �0.61 ± 0.2
Salt �23 ± 9
Heat �0.05 ± 0.05

ENACWT Volume 1.7 ± 0.6
Salt 61 ± 24
Heat 0.11 ± 0.1

ENACWP Volume 0.5 ± 0.6
Salt 18 ± 21
Heat 0.02 ± 0.03

WOA09 Summer Álvarez et al. (2005)

Central waters Volume 1.6 ± 1 1.9 2.50
Salt 56 ± 34 53 88.29
Heat 0.08 ± 0.1

AA Volume 0.14 ± 0.6 0.13 0.20
Salt 5 ± 20 43 7.03
Heat 0.002 ± 0.02

MW Volume �1.48 ± 0.4 �1.62 �2.70
Salt �54 ± 16 �43 �97.11
Heat �0.06 ± 0.08

LSW Volume �0.09 ± 0.4 �0.29 �0.02
Salt �3 ± 13 �13 �0.71
Heat �0.004 ± 0.04

ISOW Volume �0.15 ± 0.2 0.04 0.00
Salt �5 ± 6 �3 0.04
Heat �0.002 ± 0.001

NEADWL Volume 0.1 ± 0.6 �0.09 0.00
Salt 4 ± 22 2 �0.06
Heat 0.001 ± 0.5

Net computed Volume 0.13 ± 1.4 0.01 0.00
Salt 2 ± 50 0 �2.95
Heat 0.02 ± 0.5 0.06 0.02
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sections, respectively, both of which are lower than those in 2009.
Soto-Navarro et al. (2012) verified a positive thermohaline trend
for Atlantic central waters inflowing to the Mediterranean Sea dur-
ing the period 2002–2010, while no significant trend for MOW
could be established. The increased contribution of MW is thus a
direct reflection of the salinification of Atlantic central waters
due to entrainment to the MOW level to form MW.

The difference in the MW contribution in the northern and wes-
tern veins in the CAIBOX, WOA09 and Álvarez et al. (2005) boxes
supports the idea that the MW that leaves the region through
the northern vein is purer (less diluted) than that in the western
vein, reinforcing the assumption that the main advection route
for MW is northwards (Daniault et al., 1994; Mazé et al., 1997;
Paillet and Mercier, 1997; Iorga and Lozier, 1999). There is still
controversy about whether westward MW propagation from the
Cape Saint Vincent region to the west is an advective path (Ríos
et al., 1992) or a meddy propagation pathway. If we accept that
ACC is the main westward advective path of MW (a third part of
the ACC was identified as MW by Carracedo et al., 2014), the con-
troversy could concern the persistence of this current. The persis-
tence of ACC is supported by recent numerical model simulations
of the b-plume dynamic concept as the mechanism for formation
of the AC–ACC system (Jia, 2000; Péliz et al., 2007; Kida et al.,
2008; Volkov and Fu, 2010, 2011). Although these models do not
reproduce or confirm any seasonal modulation of the ACC, studies
based on hydrographic data corroborate such variation: enhance-
ment in late winter and early spring for the ACC (Cromwell et al.,
1996; Carracedo et al., 2014). Thus, this current could be consid-
ered a stationary westward MW advective flow. The finding that
the MW core is a more diluted form of MW would indicate lack
of a direct advective path from the Gulf of Cadiz, in contrast to
the northward MW branch. From the total transport of MW out
of the limits of our box (by whatever mechanism), we quantified
the amount of MW flowing across the northern, western and
southern limits of the box and found a ratio of 65:32:3, with 65%
of the total MW flowing northwards, 32% westwards and 3% south-
wards. This proportion is comparable to that obtained from
WOA09 summer data (58:29:13) (Carracedo et al., 2014).

AA and LSW are transported mainly in the intermediate layer
(Fig. 8b). The total transport of AA across the section is
0.14 ± 0.6 Sv, its presence being mainly restricted to the vicinity
of the Canary Archipelago. Its major contribution (up to �75%) is
located in the Lanzarote Passage (Fig. 7), where its largest incoming
transport (0.34 Sv) occurs (Fig. 8). For reference, values given in the
literature for the AA transport across the Lanzarote Passage are:
0.1 ± 0.4 Sv in January 1997 to February 2001 (Hernández-Guerra
et al., 2003), 0.7 ± 0.5 Sv in September 2003 (Hernández-Guerra
et al., 2005), 0.3 ± 0.1 Sv in October–November 2009 (Pérez-
Hernández et al., 2013), data which validate our result. Once inside
the box, this water mass is likely to be (at least partially) eroded as
it spreads northwards off the African coast towards the Gulf of
Cadiz region (Machín and Pelegrí, 2009). At climatological scale,
Machín et al. (2010) found an oscillating pattern for AA in this
region, so that most of the northwards summer and early autumn
(July–October) progression off the African coast would be returned
south every late autumn (November–December), accompanied by
some MW. Despite the recirculation, at annual scale, AA was found
to enter the region with a net northwards flow (0.09 ± 0.57 Sv,
Fraile-Nuez et al., 2010; 0.2 ± 0.16 Sv, Carracedo et al., 2014). This
positive summer (annual) net transport support the hypothesis
that the diluted form of Antarctic Intermediate Water reaches
the Gulf of Cadiz region to contribute to MW formation (Louarn
and Morin, 2011).

In Fig. 9, the vertical structure of the circulation (an integral
view of Fig. 8) has been split up into water masses in order to
quantify the thermohaline circulation, which comprises the
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incoming flow of central upper-ocean waters and the return flow at
intermediate levels of saltier MW. We first show the integrated
Morocco–Portugal transport, by water mass, by depth (Fig. 9a) in
order to differentiate the upper (�800 m) and lower (�1100 m)
outflowing cores of MW. Zenk and Armi (1990) traced these two
temperature and salinity maximums along the easternmost part
of the Iberian Basin, the more diluted upper core mainly flowing
northwards parallel to the continental shelf slope and the lower
one, the purest and most voluminous, having broader horizontal
extension. Nevertheless, the two cores have same h/S properties
in the eOMP model; therefore, the upper core is not an isolated
maximum in the spatial distribution of the MW contribution but
makes a continually decreasing contribution from its maximum
lower core (Fig. 7). The net volume transport below 2800 m was
quantified as 0.11 ± 0.6 Sv, which is interpreted as a deep upwell-
ing into the box, in agreement with Arhan et al. (1994) and Mazé
et al. (1997) and with the original abyssal circulation model of
Stommel and Arons (1960). It also agrees, within the error range,
with the 0.4 Sv reported by Álvarez et al. (2005). LSW has nearly
null net transport across the box (�0.09 ± 0.4 Sv), as expected
because of the model constriction. In the upper layer, however,
1.4 Sv of central waters enter the box in the first �400 m. Below
this depth, ENACWP and ENACWT flow in opposite directions:
ENACWP flows out (�0.2 Sv), while ENACWT enters the box
(0.1 Sv).

Fig. 9b shows the same transport by water masses integrated
from bottom to surface in density layers (r1). The absolute maxi-
mum of this accumulated transport corresponds to the net outflow
in the lower limb of the overturning cell, which is 1.7 Sv, lower
than that estimated for summer WOA09 climatology (2.6 ± 0.2 Sv,
even for the annual mean, 2.2 ± 0.2 Sv). The MW is the main con-
tributor to this lower limb and is accompanied by some ENACWT,
which has already recirculated out of the box above the MW core
(Álvarez et al, 2005; Carracedo et al., 2014). The upper limb is dri-
ven mainly by ENACWT. A density range can be seen, close to the
overturning maximum (r1 = 31.5 kg m�3), in which subtropical
central water is dragged above MW out of the box (0.3 Sv).

Fates of upper and intermediate waters
Water masses inside the box not only recirculate but some are

also transformed as a result of different diapycnal processes, as with
central waters (MMW, ENACWT and ENACWP). MMW is known to
be formed entirely in the box, near and to the north of Madeira
Island (Fig. 10) by wintertime convection (Siedler, 1987). Spreading
of MMW is limited to the north by the Azores Front, although we
also found it in the eddy located north of the AC. Fig. 10 shows five
regions of interest. The surface geostrophic velocity field has been
superimposed to help interpretation of the fates of subtropical cen-
tral waters within the box once they cross the CAIBOX sections. In
this figure, we see that MMW flows out of the box into the CC system
(1.34 Sv, region 5) and recirculates again into the box across the
western section (0.73 Sv, region 4), resulting in anticyclonic circula-
tion with a final net export of (1.34–0.73) 0.61 ± 0.2 Sv. The circula-
tion pattern of ENACWP is also anticyclonic, entering the box
through the northern section (1.88–0.36 = 1.52 Sv, regions 1 and
2) and leaving the box in the AC–ACC (�0.12–0.43 = �0.55 Sv,
regions 3 and 4) and CC (�0.47 Sv, region 5) systems. This ENACWP

circulation leads to a net inflow volume transport of (1.88–0.36–
0.12–0.43–0.47) 0.5 ± 0.6 Sv. Across the northern section, 2.0 Sv of
ENACWT (1.66 + 0.38, regions 1 and 2) enter the box, most of which
is recirculated out of the box across the western section (�1.12 Sv,
region 3). The main inflow ENACWT transport is conveyed by the
AC (4.38 Sv, region 4). Although a large part of the AC-ENACWT

inflow recirculates into the CC system (3.6 Sv, region 5), leaving
the box afterwards, there is a net inflow of (4.38–3.6)
0.78 ± 0.6 Sv. Most of this net input (�0.6 Sv) will be involved in
‘‘balancing’’ the net MMW export, so that the remaining �0.2 Sv is
available to reach the Gulf of Cadiz region, together with the net
northern box ENACWT inflow (1.88–1.12 = 0.54 Sv, which feeds
the AC (regions 2 and 3), and 0.38 Sv, which directly reaches Cape
St Vincent (region 1)).

The Atlantic inflow into the Mediterranean Sea (0.8 Sv, Huertas
et al., 2009, 2012; Soto-Navarro et al., 2010) has two main compo-
nents (Péliz et al., 2009). The Gulf of Cadiz current contributes
about 40% (�0.3 Sv), and our estimated volume central budget
indicates that the remaining�0.5 Sv could be provided by ENACWT

from the offshore Atlantic current.
The above estimates (net central water transport across the lim-

its of our box) and studies in the Gulf of Cadiz and the Gibraltar Strait
indicate the probable respective contributions of central waters
(ENACWT vs. ENACWP) to entrainment in this area of the Gulf of
Cadiz. Our estimates of the contribution of each central water source
to entrainment (derived from net transport in Fig. 10) are:

� 0.5 Sv of ENACWP: the net ENACWP incoming transport
across the CAIBOX sections, which should be entirely
entrained, as it does not flow across the Gibraltar Strait;



Fig. 10. Central water mass transport (Sv) computed from the inverse model by station pair across the CAIBOX section. Dotted lines separate the box into north and north-
west above the Azores Current (AC), AC and south AC domains. The numbers inside boxes represent volume transport in Sv. Main recirculation paths are indicated above
absolute velocity Aviso fields (grey arrows). The pink circle denotes the core of the region, where Madeira Mode Water (MMW) is formed by winter convection of Subtropical
Eastern North Atlantic Central Water (ENACWT). Yellow-shaded area denotes possible interaction or exchange between the Gulf of Cadiz Current (GCC) and AC-origin
meander. Open crossed circles denote the region of central water (CW) entrainment. Legend in italics denotes information obtained from the literature (Péliz et al., 2009). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

L.I. Carracedo Segade et al. / Progress in Oceanography 130 (2015) 47–64 61
� 0.1 Sv of ENACWT from the north of the box: 0.38 Sv that
reaches the Gulf of Cadiz in the Gulf of Cadiz current, minus
0.3 Sv that flows in the Gulf of Cadiz Current into the Med-
iterranean Sea (according to Péliz et al., 2009);

� 0.22 Sv of ENACWT from the AC: 0.72 Sv that is available to
reach the Gulf of Cadiz in the AC current minus 0.5 Sv of off-
shore central water flowing into the Mediterranean Sea
(according to Péliz et al., 2009).

The total entrainment is thus 0.8 Sv; if we also consider the
0.3 Sv of ENACWT being downwelled and pulled out of the box
by MW, the total amount of central water being subducted would
be 1.1 Sv. Addition of this entrained central water to the 0.77 Sv of
MOW results in�1.6 Sv of MW, in good agreement with Alves et al.
(2011).

Another way of evaluating whether 1.6 Sv is a confident value is
from the straightforward salinity balance of the water masses
involved in MW formation. On the one hand, ENACWT crosses the
northern limits of our box with a mean salinity of 35.82 psu; on
the other hand, ENACWT conveyed by the AC has a higher mean
salinity of 36.0 psu. ENACWT from both sources is expected to
increase in salinity by net evaporation on its way to the Gulf of
Cadiz region. Indeed, Atlantic surface water reaching the Gulf of
Cadiz is known to have a mean salinity of 36.4 psu (Huertas et al.,
2009). On the other hand, ENACWP entering the northern section
has a mean salinity of 35.73 psu. As it flows southwards off the Por-
tuguese coast, its salinity is expected to increase by diapycnal mix-
ing with the underlying MW (van Aken, 2000). Therefore, and in
view of the upper and lower limits of the straight ENACW line given
by Alves et al. (2011), we took the mean salinity values representa-
tive for both central waters in the Gulf of Cadiz region as 36.4 psu
for ENACWT and 35.62 psu for ENACWP. In addition, we chose
38.4 psu for the MOW (as given by García-LaFuente et al., 2011).
The final MW formation rate can be approximated from:
TMOW � SMOW þ TENACWT � SENACWT þ TENACWP � SENACWP

SMW

¼ ð0:77� 38:4Þ þ ð0:3� 36:4Þ þ ð0:5� 35:62Þ
36:5

� 1:6 Sv of MW

The value estimated from this simple decomposition matches the
net MW transport obtained from inversion, within the error bars
(�1.48 ± 0.4 Sv). Note that if we include the incoming net AA trans-
port across the limits of CAIBOX (0.14 ± 0.6 Sv, 35 psu) as a compo-
nent of MW formation, the resulting MW volume would increase
slightly to 1.7 Sv. We did not include this transport into the above
estimate, for this quasi-synoptic point of view, because this water
mass suffers a high degree of erosion as it spreads northwards.

Concluding remarks

Data from a new quasi-synoptic section investigated in the Ibe-
rian Basin–Canary Island region during summer 2009 were used to
derive and describe the full-depth circulation field by means of a
box inverse model. The SADCP data provided a good comparison
to check the robustness of our geostrophic solution. The most
remarkable results are summarized below.

1. Quasi-synoptic-derived transport for the main currents
within the limits of the CAIBOX AC–ACC system were as
follows:

– The AC crosses the western section (20�W) between 34.3
and 35.7�N and transports 13.1 ± 2.5 Sv. This current is
the main source of heat (0.7 ± 0.1 PW) and salt
(470 ± 88 Sv psu) in the region.

– North of the AC, the ACC is centred at �600 dbar, between
37.74 and 39.24�N. ACC transport (disregarding the influ-
ence of the AC-derived eddy) is �5.2 ± 2.1 Sv, indicating
an AC:ACC ratio of 2.5.
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– The CC flows south-westwards, centred at 0–600 m depth,
with a net transport of 7.1 ± 1.1 Sv. This value is higher
than those reported in the literature for this period of
the year and corresponds to strengthening of the eastern
southward branch of the subtropical gyre (McCarthy
et al., 2012; Pérez-Hernández et al., 2013). This current
comes from recirculation of the AC, as �54% of the AC
recirculates into the CC.

– PC transport was computed as net transport across the
northern section, from 18�W onshore and between surface
and 800 m depth, with a value of 4.5 ± 1.4 Sv.

2. MW exportation was refined during a quasi-synoptic summer
cruise involving a closed box west of the Gibraltar Strait to a
value of �1.5 ± 0.4 Sv. This water mass is the main exporter of
salt and heat out of the box (�0.6 ± 0.08 PW, �54 ± 16 Sv
psu); 0.95 ± 0.7 Sv of the total MW exportation flows north-
wards, with a maximum contribution of 84%. This contribution
accounts for the degree of dilution of the water mass from its
area of formation (100% being the pure water type). The west-
ward vein is a more diluted form of MW (maximum contribu-
tion, 62%). The increase in contribution over that reported in
previous studies (Álvarez et al., 2005) indicates that MW at its
source in the Gulf of Cadiz is becoming saltier and warmer
due to warming and salinification of the central waters that
are entrained. The spread of this water mass from the Gulf of
Cadiz region towards the Atlantic Ocean corresponds to a
(northward: westward: southward) ratio of 65:32:3, similar to
that obtained from summer climatological data (58:29:13).

3. Overturning into the region was estimated at 1.7 Sv, with
ENACWT accounting for part of the upper incoming limb and
MW part of the outflowing lower limb. Recirculation of
ENACWT out of the box at 0.3 Sv above the MW level leads us
to conclude that not only is central water transformed into
MW, with flow across the Gibraltar Strait, but there is down-
welling to outflow without mixing with MOW.

4. New insights into overturning circulation were obtained from
the origin of the central water involved in entrainment. Of the
ENACWP entering the box across the northern section and the
north-west corner, 60% recirculates anticyclonically in the
ACC westward jet, while 20% continues flowing southwards to
join the CC. The remaining 20% is the volume available to take
part in MW formation (Gulf of Cadiz) or central water inflow
into the Mediterranean Sea (Gibraltar Strait). Of the ENACWT

entering the box, mainly through the western section (net
AC–ACC system), 80% recirculates into the CC, while 10% is esti-
mated to be transformed into MMW, and the remaining 10% is
the volume available to flow towards the Gibraltar Strait region.

5. Although quasi-synoptic cruises always involve highly meso-
scale variation and increased horizontal salt transport, our
results agree reasonably well those for geostrophic circulation
derived from climatological data (always within the range of
the error).
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