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[1] Physical (mass, heat, and salt) and biogeochemical (nutrients, oxygen, alkalinity, total
inorganic carbon, and anthropogenic carbon) transports across the transoceanic World
Ocean Circulation Experiment (WOCE) A25 section in the subpolar North Atlantic
(4x line) obtained previously [Álvarez et al., 2002, 2003] are reanalyzed to describe their
regional and vertical structure. The water mass distribution in the section is combined with
the transport fields to provide the relative contribution from each water mass to the
final transport values. The water mass circulation pattern across the section is discussed
within the context of the basin-scale thermohaline circulation in the North Atlantic.
Eastern North Atlantic Central, influenced Antarctic Intermediate, Mediterranean, and
Subarctic Intermediate Waters flow northward with 10.3, 5.6, 1.7, and 2.9 Sv, respectively.
The total flux of Lower Deep Water (LDW) across the section is 1 Sv northward. A
portion of LDW flowing northward in the Iberian Basin recirculates southward within the
eastern basin and about 0.7 Sv flow into the western North Atlantic. About 7 Sv of
Labrador Seawater (LSW) from the Labrador Sea cross the 4x section within the North
Atlantic Current, and 12 Sv of LSW from the Irminger Sea flow southward within the East
Greenland Current. Denmark Strait Overflow Water flows over the western flank of the
Irminger basin (1.5 Sv), and Iceland Scotland Overflow Water (ISOW) is mainly
transported in the Charlie Gibbs Fracture Zone (6 Sv). ISOW remnants flow southward to
the eastern basin, contributing to the eastern basin deep ventilation. LSW and the
overflows transport CANT southward across the section. This southward CANT transport is
overcome by the northward transport in upper layers; finally, CANT is injected into the
subpolar gyre where it accumulates. INDEX TERMS: 4532 Oceanography: Physical: General

circulation; 4536 Oceanography: Physical: Hydrography; 4805 Oceanography: Biological and Chemical:

Biogeochemical cycles (1615); KEYWORDS: subpolar North Atlantic, physical and biogeochemical transports,

mixing analysis
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1. Introduction

[2] The relevance of the North Atlantic Ocean and
concretely the subpolar gyre within the global thermohaline
circulation has been widely proven [e.g., Dickson and
Brown, 1994; Schmitz and McCartney, 1993; Schmitz,
1996]. Briefly, the subpolar North Atlantic constitutes an
area of deep and mode waters formation where significant
air-sea heat and freshwater fluxes take place [e.g., Bryden
and Imawaki, 2001; Wijffels, 2001]. The water mass census
in this area reveals the influence of major intermediate, deep

and bottom waters whose sources are far in the Antarctic
and closer in the Nordic Seas, the Labrador and Mediterra-
nean basins.
[3] The reviews by Schmitz and McCartney [1993] and

Schmitz [1996] summarize and integrate the results from a
variety of independent investigations with regard to the
basin-wide circulation pattern in the North Atlantic. Other
authors have derived the circulation at specific areas or
across specific transoceanic sections directly from hydro-
graphic measurements [e.g., Bacon, 1997; Bersch, 1995;
Pollard et al., 1996; van Aken and Becker, 1996] or
indirectly from inverse models [e.g., Cunningham, 2000;
Martel and Wunsch, 1993; Mazé et al., 1997; Paillet and
Mercier, 1997].
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[4] Although a comprehensive picture of the water
mass circulation in the subpolar North Atlantic is emerg-
ing some imbalances still remain. McCartney [1992]
reported an excess of deep water production in the
eastern North Atlantic which is presumably mixed or
recirculated in this basin [Dickson and Brown, 1994].
Saunders [1994] reported a long-term mean transport of
2.4 ± 0.5 Sv for deep waters across the Charlie-Gibbs
Fracture Zone. This estimation is much less than the deep
water production in the eastern North Atlantic basin
(7.4 Sv) according to Dickson and Brown [1994]. On
the other hand recent findings about a new formation site
in the Irminger Sea for Labrador Seawater [Pickart et al.,
2003] would be integrated in the classical global circula-
tion patterns.
[5] In this work we thoroughly analyze the mass flux

across a transoceanic World Ocean Circulation Experiment
(WOCE) section in the subpolar North Atlantic gyre,
WOCE A25 or 4x section, with the aim of giving insights
about the regional and vertical structure of the mass
transport in the subpolar North Atlantic within the context
of the global thermohaline circulation proposed by Schmitz
and McCartney [1993] and Schmitz [1996]. Furthermore,
we combined the circulation pattern across the 4x section
with the water mass structure obtained from a mixing
analysis, so as to provide the relative contribution of each
water mass to the transport of both physical (mass, heat,
and freshwater) and biogeochemical (nutrients, oxygen,
alkalinity, total inorganic carbon, and anthropogenic car-
bon) properties across the subpolar North Atlantic gyre.

2. Data Set

[6] As part of WOCE, a section was sampled in the
subpolar North Atlantic Ocean from Vigo (northwestern
Iberian Peninsula) to Cape Farewell (south Greenland)
during the RRS Discovery cruise 230, 4x cruise, WOCE
A25 line, in August–September 1997 (Figure 1).

[7] Continuous recording of temperature, salinity and
pressure was obtained by a conductivity-temperature-depth
(CTD) Neil BrownMKIII incorporated into a rosette sampler
with 24 Niskin bottles. Subsamples for salinity, nutrients,
oxygen, pH and alkalinity were taken during the cruise. Here
we will briefly describe the methodologies employed for
each variable analysis. A more detailed description about
sampling procedures, measurement protocols, and data qual-
ity control checks is given by Bacon [1998].
[8] Hereafter, theta or q will refer to potential temperature

and S to salinity. Salinity samples were analyzed on a
Guildline 8400A salinometer calibrated IAPSO Standard
Seawater following the WOCE standards. Nutrients were
analyzed on board using SOC Chemlab AAII type auto-
analyzer coupled to a digital analysis microstream data
capture and reduction system. Precision for nitrate (NO3),
phosphate (PO4), and silicate (SiO4) was evaluated at ±0.2,
±0.05, and ±0.1 mmol kg�1, respectively. Oxygen (O2) was
determined by Winkler potentiometric titration following
the indications described in the WOCE Manual of Oper-
ations [Culberson, 1991]. Oxygen precision was better than
1 mmol kg�1.
[9] Seawater pH was measured using a double wave-

length spectrophotometric procedure [Clayton and Byrne,
1993]. The indicator was a 1 mM solution of m-cresol
purple sodium salt in Milli-Q water. All absorbance mea-
surements were made by a Beckman DU600 spectropho-
tometer in a thermostat 10-cm cell. Temperature was
controlled using a refrigerated circulating temperature bath,
all measurements were performed at 25�C. Here pH was
expressed on the total scale, and pH measurements were
made to an accuracy of ±0.002 on the basis of analysis of
certified reference material (CRM) provided by Dr. Dickson
(Scripps Institution of Oceanography). Total alkalinity (TA)
was determined by automatic potentiometric titration with
HCl to a final pH of 4.44 [Pérez and Fraga, 1987]. The
electrode was standardized using an NBS buffer of pH
7.413 and checked using an NBS buffer of 4.008. This

Figure 1. Station locations along the Vigo-Cape Farewell, WOCE A25, 4x section. EGC, East
Greenland Current; IAP, Iberian Abyssal Plain; and CGFZ, Charlie-Gibbs Fracture Zone.
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method has a precision of 0.1% [Pérez and Fraga, 1987] and
an accuracy of ±2 mmol kg�1 based on analysis of CRM.
[10] Total inorganic carbon (TIC) was estimated from pH

and TA data using the thermodynamic equations of the
carbonate system [Dickson, 1981] and the constants deter-
mined by Mehrbach et al. [1973]. This procedure was
verified by Rı́os and Rosón [1996] and the TIC error is
estimated in ±3 mmol kg�1 according to error transmission.
[11] In this work, we use the approximation for calculat-

ing anthropogenic carbon (CANT) suggested by Pérez et al.
[2002] on the basis of an improved modification of the
back-calculation technique proposed by Brewer [1978] and
Chen and Millero [1979], further modified by Gruber et al.
[1996]. The estimated error of CANT is 7.4 mmol kg�1,
similar to the values proposed by Gruber et al. [1996],
Körtzinger et al. [1998], or Sabine et al. [1999]. However,
the average CANT content for waters deeper than 4000 dbar
is 5.2 ± 4 mmol kg�1, indicating that the previous error
estimate must express the maximum random variability; the
averaging effect acting on independent errors decreases the
random errors considerably.

3. Determination of the Velocity Field
and Transports

[12] In this section we give an overview of the method-
ology followed by Álvarez et al. [2002] to obtain the
geostrophic velocity field and the corresponding geostrophic
transport of any physical or biogeochemical property across
the 4x section.
[13] The geostrophic transport of any property across the

4x section can be computed as

TProp ¼
ZFarewell

Vigo

Z0

�H

v � rS;T;P � Prop � dx � dz; ð1Þ

where TProp is the transport of any property, calculated by
integrating the product of the property concentration (Prop),
the velocity orthogonal to the section (n) and the in situ
density (rS,T,P) from Vigo to Cape Farewell over the entire
water column (that is, from the bottom, �H, to the surface,
0). The triangular area remaining below the deepest
common level at each pair of stations is treated separately:
the transport in the bottom triangles is calculated by
multiplying the velocity at deepest common level by the
bottom triangle area and a weighted average of each
property in the bottom triangle, including density. Through-
out we use the convention that positive fluxes refer to
northward transports orthogonal to the section.
[14] The velocity field is assumed to be geostrophically

balanced except for the wind-driven Ekman layer. For
calculating the geostrophic velocity with the thermal wind
equation, CTD data recorded every 2 dbar for theta, salinity
and pressure are smoothed to 20 dbar intervals for each
station. Chemical data obtained at bottle depths were
linearly interpolated to 20 dbar intervals, so as to match
the physical fields. We make the assumption that the
property distributions below the upper 100–200 dbar are
uninfluenced by the seasonal cycle and represent long-term
distributions in order to obtain a climatological estimate
of the transports from a single section. CANT values above

130 dbar were homogenized so as to avoid biases due to
biological activity [Álvarez et al., 2003].
[15] The determination of the velocity field is thoroughly

described by Álvarez et al. [2002], here we will present just
an overview of the process. The circulation pattern is
initially approximated in order to reproduce the closest to
reality estimate of the velocity field. This is our ‘‘initial
guess’’ which is finally introduced into an inverse model
with additional constraints so as to obtain the ‘‘best esti-
mate’’ of the circulation. Careful attention was paid in the
definition of the ‘‘initial guess’’ as the inverse model results
will depend on it [Rintoul and Wunsch, 1991]. The geo-
strophic velocity was initially calculated referenced for a
fixed level of no motion (LNM) equal to 3200 dbar
[Saunders, 1982]. Then, the LNM was changed to s2 =
36.94 kg m�3 everywhere except in the Iberian Abyssal
Plain. The mass imbalance obtained after this adjustment is
compensated by a uniform barotropic velocity distributed
across the section. On the basis of direct observations and
reliable estimations of the mass transport at specific areas
crossed by the section we proceeded to adjust the mass flux
at three locations: the Iberian Abyssal Plain (IAP), the
Charlie-Gibbs Fracture Zone (CGFZ) and the western
boundary region within 110 km off Greenland, in the East
Greenland Current (EGC). Specifically, the mass transport
was adjusted to zero below about 2000 dbar in the IAP, to
�2.4 Sv (1 Sv = 106 m3 s�1) southward in the CGFZ for
waters with sq > 27.8 kg m�3 [Saunders, 1994] and to
�25 Sv southward for the whole water column in the EGC
[Bacon, 1997]. After these considerations the salt transport
was adjusted to zero as we assume the North Atlantic Ocean
north of the 4x section to be a closed basin. We assume that
the net flow between Greenland and Europe must be small
(0 ± 1 Sv) and disregard it [Álvarez et al., 2002]. After this
final adjustment the ‘‘initial guess’’ circulation is obtained.
A high silicate flux (�105 kmol s�1) was obtained with the
former pattern of circulation. Consequently, an inverse
model was set to force the silicate transport to the riverine
input of silicate north of the section, (26 kmol s�1, estimated
from the recent review of the silica cycle by Tréguer et
al. [1995]), along with conserving salt and minimizing the
total net mass flux. Minor barotropic corrections were
calculated with the inverse model, after their application
over the ‘‘initial guess’’ circulation its ‘‘best estimate’’ is
obtained.

4. Mixing Analysis

[16] The water mass structure along the 4x section is
resolved by means of an extended optimum multiparameter
(OMP) approach [Karstensen and Tomczak, 1998; Poole
and Tomczak, 1999]. Briefly, the OMP method consists on
quantifying the mixture of a set of source water types
(SWT) that makes up a given water parcel/sample. The
mixing is solved by minimizing the residuals of a set of
tracer linear mixing equations for conservative and noncon-
servative variables in a nonnegative least squares (NNLS)
sense, where mass is stringently conserved and the contri-
butions of the different SWT must be positive.
[17] In this analysis we have used as conservative param-

eters theta, salinity and assumed the conservative behavior
of silicate. The nonconservative tracers used were nitrate,
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phosphate and oxygen. Biological processes are modeled
using oxygen, so that oxygen consumption from the initial
close to saturation conditions is converted to nitrate and
phosphate units using the Redfield ratios by Anderson and
Sarmiento [1994].

4.1. Source Characterization

4.1.1. Upper Waters
[18] The upper 1000 dbar in the North Atlantic are the

domain of mode waters which are those formed by deep
winter convection driven by heat loss at the sea surface
[McCartney and Talley, 1982]. The term subpolar Mode
Water comprises one of the largest volumes of mode
waters in the North Atlantic Ocean with temperatures
ranging from 3 to 14�C. Pycnostads of this water sand-
wiched between the main pycnocline and the seasonal
pycnocline circulate within the North Atlantic basins
giving rise to different varieties. In this study we will refer
to the Eastern North Atlantic Central Water (ENACW)
variety [Harvey, 1982; Rı́os et al., 1992; Pollard et al.,
1996]. Within ENACW two varieties can be discerned
[Fiúza, 1984; Rı́os et al., 1992], colder subpolar ENACW
moving southward west of Galicia (NW Spain) and warmer
subtropical ENACW moving northward between the
Azores and Portugal. Subpolar ENACW forms east of
20�W and north of 42�N with temperatures less than
12.2�C [Fraga et al., 1982; Harvey, 1982; Fiúza, 1984;
Pollard et al., 1996]. Subtropical ENACW is characterized
by higher temperatures (>13�C) and formed in the area of
the Azores Current [Pollard and Pu, 1985; Rı́os et al.,
1992].
[19] As an upper limit for subtropical ENACW (designed

as ENACWT) we choose the q-S values of 15.3�C and 36.12
in agreement with Rı́os et al. [1992] and Castro et al.
[1998], for its lower limit the q-S values of 12.2�C and
35.66, which is the upper limit of ENACW defined by
Harvey [1982] and coincides with that proposed by Pollard
and Pu [1985]. In our analysis this end-member is designed
as H in honor of Harvey. The lower limit of subpolar
ENACW is designed as ENACWP and defined with the
q-S values of 8�C and 35.23, as proposed by van Aken and
de Boer [1995] in agreement with McCartney and Talley
[1982] and Castro et al. [1998]. See Table 1.

[20] Subarctic Intermediate Water (SAIW) with q from 4
to 7�C and S less than 34.9 [Bubnov, 1968] is not a mode
water formed by thermal convection [Arhan, 1990]. SAIW
originates in the western boundary of the subpolar gyre
[Wüst, 1978; Iselin, 1936; Bubnov, 1968; Read and Ellett,
1991], by mixing of warm saline water from the North
Atlantic Current (NAC) with cold low-salinity water from
the Labrador Current. Southward from the line of vanishing
Ekman suction SAIW subducts into the permanent thermo-
cline and spreads southward [Arhan, 1990; Read and Ellett,
1991] northwest of the Azores Plateau [Worthington, 1976],
but it was also found as far east as 20�W by Harvey [1982].
In this study SAIW is defined with the following q-S
characteristics 5.6�C and 34.7 (Table 1), lying within the
‘‘pure’’ SAIW domain defined by Harvey and Arhan
[1988].
[21] A sharp shallow front in temperature and salinity

between stations 59 and 64 over the CGFZ (Figures 2a
and 2b) identifies the northern branch of the NAC turning
eastward [Iselin, 1936; Worthington, 1976; McCartney and
Talley, 1982; Sy, 1988; Arhan, 1990]. This front separates
colder and less saline waters northward from warmer and
saltier water southward. The signal of SAIW is clearly seen in
the upper 500 dbar north of the NAC in a core of water with
salinity and temperature less than 34.9 and 5�C, respectively
and a relative silicate maximum of about 11 mmol kg�1

(Figure 2).
[22] Antarctic Intermediate Water (AAIW) is formed at

the Subantarctic front at about 45�S by ventilation of
Subantarctic Mode Water formed in the southeast Pacific
[McCartney, 1977, 1982; Reid, 1994]. The AAIW spreading
along the South Atlantic until about 20�N is clearly detected
as a salinity minimum at sq = 27�27.3 kg m�3 [Wüst, 1978;
Reid, 1989; Suga and Talley, 1995]. However, north of
20�N, AAIW can also be detected by its high and contrast-
ing silicate content [Metcalf, 1969; Mann et al., 1973;
Tsuchiya, 1989]. Using silicate Tsuchiya [1989] traced the
extension of AAIW in the North Atlantic transported by the
Gulf Stream–North Atlantic Current. In this study we refer
to the diluted AAIW encountered in the North Atlantic as
AA with the q-S characteristics of 7.9�C and 35 in agree-
ment with former studies at 20�N [Fraga et al., 1985;
Tsuchiya et al., 1992; Pérez et al., 2001].

Table 1. Characteristics, Errors and Weights (W) of the SWT Matrixa

SWT Q, �C Salinity, psu NO3, mmol kg�1 PO4, mmol kg�1 O2, mmol kg�1 SiO4, mmol kg�1

ENACWT 15.30 ± 0.13 36.12 ± 0.017 0.02 ± 0.4 0.03 ± 0.10 228. ± 2 0.2 ± 0.5
H 12.20 ± 0.13 35.66 ± 0.017 7.1 ± 0.4 0.42 ± 0.10 262 ± 2 3.4 ± 0.5
ENACWP 8.00 ± 0.10 35.23 ± 0.017 9.6 ± 0.2 0.71 ± 0.05 286 ± 5 11.2 ± 1
SAIW 5.60 ± 0.10 34.70 ± 0.017 12.9 ± 0.4 0.98 ± 0.05 309 ± 2 5.9 ± 1
AA 7.90 ± 0.10 35.00 ± 0.017 11.1 ± 0.4 0.95 ± 0.10 281 ± 2 13.1 ± 1
EGCT 3.70 ± 0.10 34.78 ± 0.017 21.2 ± 0.4 1.47 ± 0.10 286 ± 2 7.3 ± 1
MW 11.74 ± 0.10 36.50 ± 0.017 7.1 ± 0.4 0.36 ± 0.05 263 ± 2 8.6 ± 1
LSW 2.90 ± 0.15 34.84 ± 0.017 13.5 ± 0.4 0.99 ± 0.02 323 ± 3 10.3 ± 1
ISOW 1.93 ± 0.10 34.96 ± 0.010 10.5 ± 0.4 0.87 ± 0.05 329 ± 1 10.9 ± 1
DSOW 1.20 ± 0.10 34.89 ± 0.017 11.2 ± 0.3 0.91 ± 0.05 339 ± 1 9.3±1
LDW 2.03 ± 0.01 34.89 ± 0.003 13.7 ± 0.4 1.01 ± 0.02 331 ± 1 47.5 ± 0.4
W 10 9 3 1 3 4
r2 1.0000 0.9999 0.9972 0.9709 0.9846 0.9988
Std. Err. 0.02 0.003 0.2 0.05 4 0.3

aCorrelation coefficient (r2) and standard error (Std. Err.) of the regression between the measured and modeled variable. Number of data is 1529.
ENACW, Eastern North Atlantic Central Water subtropical and subpolar; SAIW, SubArctic Intermediate Water; AA, influenced Antarctic Intermediate
Water; EGCT, East Greenland Current type; MW, Mediterranean Water; LSW, Labrador Seawater; ISOW, Iceland-Scotland Overflow Water; DSOW,
Denmark Strait Overflow Water; and LDW, Lower Deep Water.
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[23] From station 84 shoreward there is a weak thermal
and haline front in the upper 700 dbar (Figure 2) because of
the presence of a cold and fresh water mass probably with
an Arctic origin which we call East Greenland Current Type
(EGCT) and define in Table 1, with 3.69�C and 34.78.
4.1.2. Intermediate Waters
[24] This subsection deals with waters situated in the

1000 to 2000 dbar range in the North Atlantic. Centered
upon 1000 dbar a salinity maximum traces the Mediterra-
nean Water (MW) core in the eastern North Atlantic, also

characterized by a temperature maximum (Figures 2a
and 2b). For the MW end-member we choose 11.74�C
and 36.5, which are the thermohaline MW representative
characteristics after it has sunk and stabilized at about
1000 meters depth in the Atlantic Ocean [Zenk, 1975; Wüst
and Defant, 1936; Ambar and Howe, 1979].
[25] Labrador Seawater (LSW) can be traced as a poten-

tial vorticity minimum with temperatures of approximately
3.4�C, about 34.89 of salinity and high oxygen content
[Talley and McCartney, 1982; Harvey and Arhan, 1988;

Figure 2. Vertical distributions along the 4x section of (a) potential temperature (q in �C), (b) salinity
(S in psu), and (c) silicate (SiO4 in mmol kg�1). Note the different scale for the upper 1000 dbar. Isolines
for 3.5� and 2.5�C and for 34.95 and 34.85 psu were added to Figures 2a and 2b, respectively. CGFZ,
Charlie-Gibbs Fracture Zone; MAR, Mid-Atlantic Ridge; and IAP, Iberian Abyssal Plain.
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Tsuchiya et al., 1992; Arhan et al., 1994; Cunningham and
Haine, 1995]. The classical circulation pattern of LSW in
the North Atlantic was described by Talley and McCartney
[1982]. From the Labrador Sea the newly formed LSW is
advected in three main directions: northeastward into the
Irminger Sea, southeastward across the Atlantic at about
50�N into the eastern basin, and southward with the
Labrador Current. Just one source region located in the
Labrador Sea was taken into account to depict this pattern.
However, a new one should be emerging if deep convection
occurs in the Irminger Sea, being a second source for LSW
[Pickart et al., 2003].
[26] Pickart et al. [2003] showed a time series of the

temperature and salinity in the LSW core in the Labrador
and Irminger Seas, reporting the low theta (<3�C) and fresh
salinity (<34.86 psu) of LSW in both basins during the 95s.
In this work we select the q-S characteristics of 2.9�C and
34.84 for LSWas also reported by Bersch [1995], Stoll et al.
[1996] and Sy et al. [1997].
[27] LSW is clearly detected in the thermohaline and

chemical vertical distributions along the section with a q
and S minimum (Figures 2a and 2b). In the Irminger Basin
LSW is detected as an homogeneous thermohaline layer
centered at 2000 dbar. From the Labrador Sea LSW spreads
into the eastern basin at shallower depths where its q and
S minima are eroded by the overlaying MW with q and
S maxima (Figures 2a and 2b).
4.1.3. Deep and Bottom Waters
[28] Lower Deep Water (LDW) is warmed Antarctic

Bottom Water entering the eastern North Atlantic at the
Vema Fracture, from here it spreads north initially against the
western margin to about 30�N and then against the eastern
margin of the eastern basin [Saunders, 1987; McCartney et
al., 1991]. North of 30�N LDW flows northward as an
eastern intensified flow [Saunders, 1987] proceeding to the
Rockall Trough and Plateau [Mann et al., 1973; McCartney,
1992; Tsuchiya et al., 1992; Dickson and Brown, 1994] and
then westward to the Iceland basin toward the CGFZ, where
it joins the deep Iceland Scotland Overflow (ISOW). Con-
tinuing northward as a deep northern boundary current to the
Irminger Sea and finally joining the Deep Western Boundary
Current, a portion of LDW is proposed to recirculate
southward in the eastern basin [McCartney, 1992; Dickson
and Brown, 1994]. Lee and Ellett [1967] defined North
Eastern Atlantic Deep Water (NEADW) as the deep water
underlying the LSW core south of the Rockall Plateau. In
the Iberian Basin down from 2500 dbar NEADW is quite
homogeneous in its thermohaline characteristics (Figures 2a
and 2b) with a linear trend in the q-S representation
[Saunders, 1986; Mantyla, 1994], silicate concentrations
higher than 24 mmol kg�1 (Figure 2c). Silicate presents a
steep vertical gradient pointing to the influence of water
originating from the Southern Ocean in NEADW [Tsuchiya
et al., 1992; Arhan et al., 1994]. For LDW in the Iberian
Basin we select the q-S values given by Castro et al. [1998]
(Table 1).
[29] The overflows spilling over the Greenland-Scotland

ridge system into the deep North Atlantic basins constitute a
major source of salt to the deep water of the world ocean
[Reid and Lynn, 1971; Swift, 1984]. The Denmark Strait
Overflow Water (DSOW) is a well-ventilated young over-
flow water passing through the Denmark Strait [Swift et al.,

1980; Swift, 1984]. The formation area of DSOW was
proposed to be the Greenland Sea where it forms by
isopycnal mixing within the East Greenland Current [Strass
et al., 1993]. However, in a recent work, Mauritzen [1996]
proposed that the more likely source for DSOW is the Arctic
Ocean where the Arctic Atlantic Water forms and flows with
the East Greenland Current toward the Denmark Strait.
[30] Within the Denmark Strait the DSOW is character-

ized by salinities from 34.8 to 34.9, q from 0 to 1�C and sq
from 27.95 to 28 kg m�3 [Swift et al., 1980; Swift, 1984].
After leaving the Denmark Strait DSOW descends and
mixes with Atlantic Water carried west by the Irminger
Current and its q-S characteristics are modified, becoming
warmer [Mann, 1969]. Our selected values for the q-S
properties of the DSOW type were taken from Stoll et al.
[1996], obtained in the Irminger Sea, near Cape Farewell.
See Table 1. Temperatures below 2�C (Figure 2a) in the
Irminger Sea indicate the presence of DSOW.
[31] Norwegian Sea Overflow Water (NSOW) flows into

the Iceland Basin across the sills in the Faroe Bank Channel
and in the Iceland-Faroe Ridge, NSOW and Arctic Inter-
mediate Water entrain surface subpolar water [Dooly and
Meincke, 1981; van Aken and Eisma, 1987] and form a new
more or less homogeneous water type, Iceland Scotland
Overflow Water, ISOW [Ellett and Martin, 1973; Harvey
and Theodorou, 1986, ISOW1]. Following the latter authors
we choose the ISOW’s q-S characteristics to be 1.93�C and
34.96, very similar to those reported by van Aken and de
Boer [1995] and Stoll et al. [1996] in the Iceland Sea. The
ISOW influence is detected above DSOW in the Irminger
Sea and at the bottom of the CGFZ with temperatures less
than 3�C and salinity in the range between 35.95 and 35
(Figures 2a and 2b). A recent work by Fleischmann et al.
[2001] evidence the transport of ISOW from the Iceland
basin to the West European basin, however it is only clearly
detected with the distributions of transient tracers as Freons
or tritium.
[32] The tracer values for the different SWT are listed in

Table 1. Thermohaline characteristics are taken from the
literature as commented previously. Silicate values for each
SWT are first extrapolated from S-SiO4 regression lines.
After obtaining the contribution matrix, a type vector for
SiO4 is calculated. The former SiO4 values are reintroduced
as initial characteristics and the model is solved again. This
iterative process is repeated until the difference between
introduced and modeled SiO4 values is at a minimum.
Nitrate, phosphate and oxygen characteristics represent
preformed values, see that oxygen values are close to
saturation and nutrient values are low. The same iterative
process is applied to these tracers. Each tracer has an
estimation error obtained as by Poole and Tomczak [1999].
[33] Within the OMP analysis each tracer equation is

properly weighted, each weight is calculated dividing the
standard deviation of the tracer in the SWT matrix and the
sum of the analytical error plus the maximum error ascribed
to the estimation of the SWT tracers (Table 1). A weight of
100 has been attributed to the mass conservation equation,
thus is always accurately conserved.

4.2. Mixing Constraints

[34] The total number of unknowns is twelve, eleven
SWT contributions and the biological activity introduced
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as a function of oxygen. On the other hand the number of
tracers used in the mixing analysis is six (Table 1). There-
fore only a maximum of six SWT can be simultaneously
considered. In order to solve this problem we propose
several oceanographic constraints or criteria for water mass
mixing. First, samples are separated according to the ocean-
ographic frontal area situated at the NAC (Figure 2). North
of the NAC no MW is allowed in the mixing model. South
of the NAC, MW mixes with H and ENACWP in agreement
with previous works [Pérez et al., 1993; Castro et al.,
1998], other mixing spaces south of the NAC are H-AA-
SAIW-ENACWP and SAIW-LSW-ENACWP (Figure 3a).
Thus AA is not allowed to mix with LSW. Intermediate
waters are resolved by the following mixing space, LSW-
MW-ENACWP.
[35] Figures 2a and 2b show that waters below 2000 dbar

are very homogeneous in their physical features, but silicate
presents an eastward increasing trend (Figure 2c). There-

fore, although the water flowing northward against the
eastern margin has the same q-S characteristics as that
flowing southward against the eastern flank of the MAR,
its silicate content is lower. In this sense, the most likely
low-silicate source water for the northeastern Atlantic basin
with similar q-S features as LDW is ISOW. So, the space
defined by LDW-LSW-ISOW-MW is used to solve the
mixing of deep waters south of the NAC (Figure 3a).
[36] Mixing spaces north of the NAC are represented in

Figure 3b. North of the NAC and south of the Reykjanes
Ridge the upper waters mixing is solved by the ENACWT-H
line and the H-SAIW-AA-ENACWP space and SAIW-
ENACWP-LSW. Within the Irminger Sea the mixing of
upper waters is resolved using SAIW-EGCT-ENACWP-
LSW.
[37] As previously introduced, LDW-influenced water

(NEADW) in the Iceland, Irminger Seas and the CGFZ
was reported by several authors [Mann et al., 1973;
Tsuchiya et al., 1992; van Aken and Becker, 1996]. There-
fore, to resolve the mixing dynamics of deep and bottom
waters, we propose the quadrangles defined by LDW-LSW-
ISOW-ENACWP and LDW-LSW-ISOW-DSOW, respec-
tively (Figure 3b).
[38] This mixing spaces will be proved to be representa-

tive and reliable along the section, and thus in the subpolar
North Atlantic as will be contrasted in the following section.
[39] Some samples were not comprised within the former

mixing spaces and therefore not resolved by the mixing
model. These samples correspond to the seasonal thermo-
cline, being affected by seasonal warming and/or ice melt-
ing, and must be discarded in an OMP analysis, which
assumes stationary state in the SWT characteristics.

4.3. Reliability and Robustness of the Mixing Model

[40] The residuals produced when solving the OMP
equations and the ability of the model to reproduce the
measured values of the tracers introduced give insights
about the reliability of the proposed mixing model.
[41] The NNLS method returns the squared largest sin-

gular value for the set of residuals resulted from the whole
set of linear equations (total residual). The total residual for
the individual samples is shown in Figure 4a and the
relative dimensionless and weighted contribution from each
equation (q, S, NO3, PO4, SiO4, and mass conservation) is
shown in Figures 4b and 4c. 92% of the samples present a
total residual value less than 0.15 (Figure 4a). Samples with
a poorer fit are concentrated in the upper 1000 dbar because
of their higher thermohaline and chemical variability
(Figures 4b and 4c). Below 1000 dbar the uncertainty of
the model is due to the nitrate, phosphate and oxygen
variability as the model reproduces very well the thermo-
haline and silicate distribution (Figures 4b and 4c).
[42] The correlation coefficient (r2) between the measured

and expected values for the introduced tracers and the
standard error (Std.Err.) of the corresponding residuals
provide an estimation of the goodness of our proposed
mixing model. In the case of the tracers introduced in the
model the r2 values are higher than 0.97, and the
corresponding Std. Err. of the residuals keep low, 0.02�C,
0.003, 0.2, 0.05, 4, and 0.3 mmol kg�1, for theta, salinity,
nitrate, phosphate, oxygen, and silicate, respectively, slightly
higher than the corresponding measurement error (Table 1).

Figure 3. Potential q-S diagrams for bottle samples
collected during the 4x cruise: (a) south of the North
Atlantic Current (NAC) and (b) north of the NAC.
Characteristics of the source water types are also repre-
sented. Samples belonging to surface waters are not
included.
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The former results point to the reliability of the mixing
model, able to reproduce with a high degree of confidence
the thermohaline and chemical variability along the section.
[43] The robustness or stability of the model is tested by

numerical perturbation experiments. The SWT matrix is
modified in the following manner: normally distributed

random numbers are multiplied by the error assigned to
each tracer and SWT (Table 1), these numbers are then
added to the SWT matrix, to finally resolve the system. A
total of 100 perturbations are computed to then calculate the
mean and standard deviation (STD) of the solution matrix.
This STD gives an estimation of the system stability. Table 2

Figure 4. (a) Total residuals from the mixing model and individual dimensionless and weighted
residuals from each equation introduced in the mixing analysis; (b) potential temperature, salinity, and
nitrate and (c) phosphate, oxygen, silicate, and mass conservation. Note the wider scale for the upper
1000 dbar.
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indicates the mean values of the former STD values. The
mixing model is stable as these mean STD values are low,
the SWT with higher mean STD values are those with less
samples in the figures defined with them, AA, EGCT,
DSOW and ISOW (Table 2).

4.4. SWT Contributions

[44] The mean SWT contributions along the 4x section
are shown in Figure 5. ENACW mode waters: ENACWT-H
and H-ENACWP, respectively. For the sake of simplicity
these three SWT contributions have been summed and

represented in Figure 5a. The maximum contribution of H
represents the lower limit of subtropical ENACW, which
predominates in the upper 300 dbar of the eastern end of the
4x section, south of the NAC. The NAC structure is marked
as an abrupt gradient in the ENACW isolines between
station 59 and 64, over the CGFZ (Figure 5a).
[45] The maximum of H (line in Figure 5a) marks the

transition from subtropical (upward) to subpolar (down-
ward) ENACW. Higher contributions of subpolar ENACW
are situated below the subtropical variety at 600–900 dbar
east of the MAR, smaller contributions of subpolar
ENACW are found shallower west of the MAR (Figure 5a).
[46] East of the MAR, modified Antarctic Intermediate

Water (the AA type; Figure 5c) freshens subpolar ENACW.
AA was found around 600 dbar in the same geographical
location as ENACW and reaching about station 42 (44.2�N,
23�W). AA reached a maximum contribution of only 40%
within the NAC, constituting only a 10% of pure AAIW as
encountered at the Subantarctic Front with 3.9�C and 34.2.
[47] The fresher and colder SAIW was mainly found in

the upper 500 dbar north of the NAC, subducting south of it
and spreading southeastward at about 500 dbar (Figure 5b),
where it mixes laterally with subpolar ENACW and verti-
cally with the underlying LSW. The SAIW signal is lost
around station 54 (28.3�W–48.9�N). In the Irminger Sea,
minor contributions of subpolar ENACW were found in the

Figure 5. Source water types mean contribution along the 4x section, vertically ordered: (a) Eastern
North Atlantic Central Water (ENACW) and Denmark Strait Overflow Water (DSOW), (b) Subarctic
Intermediate Water (SAIW), Mediterranean Water (MW) and Iceland Scotland Overflow Water (ISOW),
(c) East Greenland Current type (EGCT), modified Antarctic Intermediate Water (AA) and Lower Deep
Water (LDW), and (d) Labrador Seawater (LSW). Note the different scale for the upper 1000 dbar.
CGFZ, Charlie-Gibbs Fracture Zone; MAR, Mid-Atlantic Ridge; and IAP, Iberian Abyssal Plain.

Table 2. Mean and Standard Deviation (STD) of the Standard

Deviation Values Obtained for Each SWT Contribution After the

Perturbation Analysis

SWT Mean, % STD, %

ENACWT 0.7 0.1
H 0.8 0.2
ENACWP 1.0 0.7
SAIW 1.3 0.6
AA 2.4 1.0
EGCT 2.3 1.1
MW 0.4 0.2
LSW 1.8 0.9
ISOW 2.1 0.9
DSOW 2.5 0.6
LDW 0.6 0.2
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upper 1000 dbar (Figure 5a), in this region predominates the
fresher and colder SAIW (Figure 5b) and the densest mode
of subpolar mode water, LSW (Figure 5d).
[48] The MW core was found about 1100 dbar being

eroded in its westward spreading by turbulent mixing [Mazé
et al., 1997; Arhan and King, 1995] by subpolar ENACW
(Figure 5b).
[49] Three main cores of LSW can be distinguished in

Figure 5d: the northernmost, a doming core in the Irminger
Sea, either coming directly from the Labrador Sea, formed
there or both; a core situated over the CGFZ which
corresponds to the Talley and McCartney’s [1982] ‘‘eastern
branch’’ and finally, a core corresponding to the southwest-
ward recirculation of LSW between 42�–50�N situated
from the MAR to the Azores Biscay Rise. Eastward from
this topographic ridge LSW is rapidly diluted with the
overlying MW (Figure 5b) [Arhan et al., 1994; Tsuchiya
et al., 1992; Paillet et al., 1998] giving rise to the saltier
Deep Mediterranean Water by a rapid mixing process.
Figure 5d confirms that LSW reaches the North Atlantic
eastern boundary in relatively high proportions as first
mentioned by Pingree [1973].
[50] LDW constitutes the major water mass below

3200 dbar in the Iberian Basin (Figure 5c), while from
2000 to 3200 dbar it mixes with LSW, eroding the NEADW
salinity maximum signal [Tsuchiya et al., 1992; Arhan et
al., 1994]. Note the sloping trend of the isolines of LDW
toward the eastern margin (Figure 5c), confirming the
eastward intensification of the northward flow of LDW
and deep upwelling along the European coast [Stommel
and Arons, 1960; Arhan et al., 1994]. Toward the MAR,
LDW is diluted with LSW and minor proportions of ISOW,
which is also found in the bottom layer against the eastern
MAR (Figure 5b) confirming the results by Fleischmann et
al. [2001]. Both ISOW and LSW contribute to reduce the
silicate content of deep waters in the eastern flank of
the MAR. ISOW once crossed over the CGFZ proceeds
northward into the Irminger Sea where it encounters on its
upper part LSW and on its lower part DSOW, especially in
the western slope of the Irminger Sea (Figure 5).
[51] In the CGFZ, LSW mixes with the underlying ISOW

crossing to the western basin preferentially along the
CGFZ northern wall (Figure 5b) [Swift, 1984; Harvey and
Theodorou, 1986]. Minor contributions of LDW were found
in this region (Figure 5c), evidencing the flow of Antarctic-
influenced water from the eastern to the western Atlantic.
Low but significant fractions of LDW were even found
against the eastern flank of the Irminger basin.

5. Transports by Temperature Classes

[52] Transports for physical and biogeochemical tracers
are integrated according to q classes, which correspond to
1�C intervals from 1.5 to 21.5�C (Figure 6). The Ekman
transport is incorporated in the corresponding q class. Thus
the full depth integral of these values yields the net transport
across the 4x section.
[53] Briefly, the vertical distribution of q along the 4x

section (Figure 2a) shows that the main physical feature
crossed by the 4x section is the North Atlantic Current
(NAC) discerned as a q frontal area in the upper 1000 dbar
over the CGFZ, separating colder and fresher waters

northward from warmer and saltier waters southward.
Below 1000 dbar isotherms are practically parallel, except
for the localized influence of the colder DSOW and ISOW
over the western flank of the Irminger Sea and the CGFZ,
respectively.
[54] Waters with q higher than 15�C correspond to the

seasonal thermocline affected by seasonal warming, the
classes from 15 to 8�C mainly comprise the mode waters,
subpolar and subtropical, ENACW and MW; from 8 to 5�C
is the domain of SAIWand AA; LSW is mainly found in the
4.5 to 2.5�C classes. The deep water LDW and the two
overflows ISOW and DSOW occupy the q < 2.5�C classes.
[55] The mass transport by q classes presents a two-lobe

structure (Figure 6a), with positive or northeastward (NE
hereafter) transport for q > 6.5�C classes and negative or
southwestward (SW hereafter) transport for colder classes.
Warmer than 6.5�C waters transport 21.2 Sv and colder
waters �21.6 Sv. The total mass transport across the 4x
section amounts to �0.4 Sv and correspond to net precip-
itation plus runoff over evaporation over the basin north of
the 4x section [Álvarez et al., 2002].
[56] The strongest NE mass transport is concentrated in

the 10.5�–11.5�C class, which mainly corresponds to sub-
polar ENACW. Most of the northward transport of warm
waters occurs within the NAC region, south of station 64.
Whereas the main SW flow of up to �15.7 Sv is located in
the 2.5�–3.5�C class mainly related with LSW.
[57] According to Schmitz [1996] a circulation scheme

with more than 14 Sv of upper warm water (q > 7�C)
moving from the subtropics into the subpolar area needs to
return the excess relative to 14 Sv of this water south in the
upper layer or provide more than 14 Sv of lower water (q <
7�C) formed or joined to form North Atlantic Deep Water.
Our results point to a northward circulation of warm waters
mainly within the NAC area which are then cooled down
preferentially in the Greenland-Iceland-Norwegian Seas to
form the deep overflows or the densest mode of Subpolar
Mode Water with characteristics very similar to Labrador
Seawater, mix to depth and return southward preferentially
within the East Greenland Current.
[58] The transports into q classes of other physical (heat

and salt) and biogeochemical (nutrients, O2, TA, TIC, and
CANT) properties resemble the mass transport (Figure 6).
This is a consequence of the correlation between the q, S
and chemical fields. Additionally, this result points to the
relevance of determining a reliable velocity field when
calculating transports across transoceanic sections. A net
flux of mass SW does not necessarily lead to a transport of
any other property in the same direction. For example, the
coldest q class presents a SW mass flow, as well as other
property transports except SiO4 (Figure 6f ). In the case of
SiO4, water with q < 2.5�C in the IAP flowing NE has a
much higher SiO4 concentration than the overflows in the
Irminger Basin and CGFZ flowing SW. Thus the NE SiO4

transport greatly exceeds the SW one because of the con-
trasting SiO4 concentration at the 1.5�–2.5�C class (see
Figures 2a and 2c).
[59] See Álvarez et al. [2002, 2003] for a wide discussion

about the mechanisms leading to the transports across the 4x
section. In summary, nutrients, oxygen and TIC present a
net SW transport across the section. The overturning cell is
the main mechanism responsible for the SW transport of
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Figure 6. Transport into q classes across the 4x section for (a) mass, (b) heat, (c) salt, (d) nitrate (NO3),
(e) phosphate (PO4), (f ) silicate (SiO4), (g) oxygen (O2), (h) total alkalinity (TA), (i) total inorganic carbon
(TIC), and ( j) anthropogenic carbon (CANT). Units are Sv (1 Sv = 106 m3 s�1), PW (1015 W), Mkg s�1

(106 kg s�1), and kmol s�1 (1000mol s�1). In the corresponding subplot is also shown the total net transport
across the 4x section of each property. Positive values indicate northeastward transport.
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nutrients, whereas oxygen is mainly transported in the
horizontal circulation cell and TIC because of the net mass
barotropic SW transport across the section. In the case of
salt and TA their transport is practically negligible, as
constrained. The only properties transported NE are heat
and CANT with a relevant contribution from the overturning
cell.
[60] Figure 6 shows that nutrients, oxygen, and TIC are

transported SW because of the higher contribution from the
coldest q classes, this is because in general these properties
increase with decreasing theta. Whereas heat and CANT

present a decreasing profile with theta and the contribution
from the warmest classes exceeds that from the coldest.
Concretely, warm waters carry 0.96 PW and 849 kmol s�1

and cold waters �0.27 PW and �733 kmol s�1 of heat and
CANT, respectively.
[61] The 2.5�–3.5�C class or LSW domain stands out with

a strong SW mass flow that combined with the high oxygen
and nutrient concentration in this layer yields extremely high
SW oxygen and nutrient transports (Figures 6d–6g).

6. Transports by Density Intervals

[62] In order to more clearly describe the mass transport
across the 4x section, the section has been divided into
10 geographical regions mainly according to bathymetric
features and the water column into 4 density layers, which are
ultimately related with the distribution of water masses
(Figure 7). Therefore, from top to bottom, the upper layer
comprises from the surface to sq < 27.7 kg m�3 and
represents the central waters domain, mainly comprising
ENACW, SAIW and AA. The intermediate layer comprises
from sq� 27.7 to s2 < 36.98 kgm

�3, being the LSW domain.
MW is comprised within the upper and intermediate layers.
The deep layer, from s2 � 36.98 to s4 < 45.85 kg m�3,
comprises deep waters in the IAP and bottom waters on both

sides of the MAR (Figure 7). The bottom layer comprises
waters denser than s4 = 45.85 kg m�3 and is mainly
associated with the DSOW in the Irminger Basin and LDW
in the IAP.
[63] Figure 7 shows the regional and vertical distribu-

tion of the volume fluxes across the section. The Ekman
transport is shown separately in the upper layer. A total
of 17.4 Sv flow in the upper layer, �6.5 Sv in the
intermediate, �10.2 Sv in the deep and only �1.1 Sv in
the bottom layer.
[64] A northward flow of 2.1 Sv was obtained in the

Iberian Basin for waters denser than s2 = 36.98 kg m�3, this
flow in the context of global circulation corresponds to the
2 Sv of modified Antarctic Bottom Water [Schmitz and
McCartney, 1993; Schmitz, 1996] flowing northward across
the Iberian Basin to join the northern overflows. Saunders
[1982] proposed a weak northward transport across 41.5�N
at intermediate depth levels as calculated in this work,
whereas in the upper 1000 dbar we obtained 2.25 Sv
flowing northward mainly concentrated over the continental
slope, in disagreement with Saunders [1982], who calcu-
lated �2.5 Sv flowing southward across 41.5�N.
[65] The NAC system transports 27.2 Sv NE across the

section from the Azores-Biscay Rise to the CGFZ, 21.4 Sv
are ascribed to waters warmer than 7�C. These figures
compare favorably with those proposed by Maillard
[1984], Fahrbach et al. [1985], Krauss [1986], and Sy et
al. [1992] or the recent review by Rossby [1996]. However,
Schmitz [1996] gives only 12 Sv of warm water (q > 7�C) to
flow within the NAC. Near the Azores-Biscay Rise �2.6 Sv
are flowing SW in the upper layer as part of the recirculation
of the NAC system and probably feeding the Azores
Current [Paillet and Mercier, 1997].
[66] At the LSW level south of the CGFZ the inferred

circulation pattern agrees with that proposed by several
authors [Talley and McCartney, 1982; Arhan et al., 1989;

Figure 7. Regional and vertical distribution of the mass transport across the 4x section. Negative values
indicate southward or southwestward transports. 1 Sv = 106 m3 s�1. Density layers are from the surface to
sq < 27.7 kg m�3, sq � 27.7 to s2 � 36.98 kg m�3, s2 > 36.98 to s4 < 45.85 kg m�3, and s4 �
45.85 kg m�3 denominated as upper, intermediate, deep, and bottom, respectively. IAP, Iberian Abyssal
Plain; CGFZ, Charlie-Gibbs Fracture Zone; and MAR, Mid-Atlantic Ridge.
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Paillet et al., 1998], with a NE transport on the western side
of the MAR and SW on the eastern side. Concretely, 6.5 Sv
cross over the MAR at about 35�W (about 2300 km from
Vigo), of which �2.0 Sv recirculate southward on the
eastern flank. These figures compare strikingly well with
those proposed by Paillet and Mercier [1997] from an
inverse model. However, they contradict the 13 Sv of warm
waters (q > 7�C) crossing the MAR proposed by McCartney
[1992] or Schmitz and McCartney [1993], here we just
obtained 7 Sv.
[67] At regions 5, 6 and 7 (western flank of the MAR and

CGFZ) �6.4 Sv of deep water flow to the western basin and
ultimately join the DWBC. This figure compares well with
the circulation pattern proposed by Schmitz and McCartney
[1993] and reviewed by Schmitz [1996] (6–7 Sv), and also
with a recent calculation in the area by Bacon [1997] (5 Sv).
Although weak, there is a net SW deep flow of �1 Sv over
the eastern flank of the MAR, corresponding to ISOW-
influenced water recirculated into the eastern basin [Bacon,
1997; Fleischmann et al., 2001].
[68] The upper layer in region 7 on the eastern flank of

the Reykjanes Ridge transports �1.6 Sv southwestward,
while in the western flank (region 8, 55.4�N–36.7�W) the
upper layer only transports �0.2 Sv as it comprises a
cyclonic eddy of about 3 Sv. The former region is usually
associated with the northward Irminger current, estimated as
9 Sv at 59�N and 9.6 Sv at 62�N by Bacon [1997] and
Krauss [1995], respectively. Therefore it seems that the
Irminger current is not crossed by the 4x section and
probably bends from the Iceland to the Irminger sea further
north.
[69] In the Irminger basin (regions 8, 9, and 10), about

�18 Sv of water below 4�C are transported SW, likewise,
�6.8 Sv of warmer water are also carried in that direction.
Schmitz and McCartney [1993] proposed �16 Sv and
�14 Sv of water colder and warmer, respectively, than
4�C. McCartney [1992] and Dickson and Brown [1994]
proposed �2.9 Sv of DSOW to be produced in the Denmark
Strait. At the densest layer of the Irminger Sea (regions 9 and
10) we obtained a flow of �2.7 Sv (Figure 7). Within the
EGC �15.5 Sv of water colder than 4�C are transported SW
which compare with the �15 Sv or the �16 Sv of 1.8�–4�C
water proposed by Schmitz and McCartney [1993] and
Schmitz [1996], respectively. About 400 km off Cape
Farewell, Dickson and Brown [1994], on the basis of a
1978 currentmeter data set from R. A. Clarke report a
transport of �13.3 Sv SW for waters at sq � 27.8 kg m�3.
Across the 4x section we obtained �6.2 Sv. This mismatch
can be attributed to the short period of the moorings’
deployment (60 days) or/and to the recirculating Labrador
Seawater included in their estimation or to the uncertainty in
our results.
[70] Similar pictures as Figure 7 can be derived for any

other physical or biogeochemical property. However, for the
sake of space the regional and vertical distribution of these
transports is represented in a more simplistic manner
in Figure 8. This figure shows the regional (regions as in
Figure 7) transport by density intervals (intervals as in
Figure 7) accumulated from Vigo (right end) to Cape
Farewell (left end) for the different properties. Figure 8a
is just a different representation of the results shown in
Figure 7. As also concluded from Figure 6 the vertical and

regional physical and biogeochemical transports resemble
that of mass. The NAC (regions 4, 5, and 6) stands out as
the main contributor to the NE mass transport in the upper
layer, while the EGC (region 10) is the main contributor to
the SW transport but affecting the whole water column
(Figure 8a).
[71] Except for heat (Figure 8b) and SiO4 (Figure 8f ) the

regional vertical distribution of the other physico-biogeo-
chemical transports shown in Figure 8 are practically
analogous. The properties, except heat and SiO4, are mainly
transported NE in the upper layer within the NAC system
(regions 4, 5, and 6), which greatly exceeds the SW
contribution from the EGC (region 10). The intermediate
and deep layers present a final SW transport mainly due to
the great contribution at the CGFZ (region 6) and the EGC
(region 10), the transport at the bottom layer is practically
negligible (Figure 8).
[72] The heat transport is overwhelmingly concentrated in

the upper layer (Figure 8b) in comparison with the structure
of the other transports. In the case of SiO4 (Figure 8f ), the
deep layer is the largest contributor to the total transport. The
transport of SiO4 also presents a significant contribution
from the bottom layer. Concretely, LDW with a high SiO4

content flows northward in the IAP (region 2; Figure 8f ).
[73] CANT is mainly transported NE in the upper layer at

the NAC (Figure 8j), note the significantly high CANT

transport SW in the EGC whole water column (region 10).
The balance between net advection of CANT, the vertical
mixing between upper young and deep old waters and the
CANT accumulation within the North Atlantic determines the
air-sea CANT flux [Holfort et al., 1998; Rosón et al., 2003;
Völker et al., 2002; Álvarez et al., 2003]. The first two terms
relate with the circulation pattern (overturning, vertical
structure, etc.) and therefore with the warm-to-cold water
conversion. Thus the relevance of assessing the magnitude
of the heat flux in the North Atlantic from direct determi-
nations, which will eventually help to constrain and reveal
weaknesses in global ocean circulation models. Reconciling
model results with direct estimates for heat and CANT air-
sea fluxes and ocean transports is one of the remaining
tasks to be currently resolved in oceanography (see Bryden
and Imawaki [2001, and references therein] for heat-
related questions and Sarmiento et al. [2000, and references
therein] and Orr et al. [2001, and references therein]
for CANT).

7. Transports by Water Masses

[74] This subsection quantifies the relative contribution
from each water mass (Table 3) to the different physical
(mass, heat, and salt) and biogeochemical (nutrients, O2,
TA, TIC, and CANT) tracer transports across the 4x section.
As previously introduced, the results from a mixing analysis
were combined with those regarding the physical and
biogeochemical transports across the section (see Álvarez
et al. [2002] for the mass, heat, salt, nutrients, and oxygen
transports and Álvarez et al. [2003] for the TA, TIC, and
CANT results).
[75] In order to obtain the contribution of each water mass

to the transports, the geostrophic transport field must be
multiplied by the corresponding SWT contribution field.
Therefore the SWT contributions obtained at bottle depths
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were also linearly interpolated to 20 dbar intervals and
averaged every pair of stations, so as to match the velocity
field. The SWT contributions at the triangular area remain-
ing below the deepest common level of each pair of stations
are calculated from a weighted average of each SWT in the

bottom triangle, in the same way as any other property, as
described by Álvarez et al. [2002]. The property transports
are calculated multiplying the geostrophic transport of each
SWT times its mean property value in the section obtained
as by Castro et al. [1998].

Figure 8. Regional and vertical net transports across the 4x section accumulated from Vigo (right end)
for (a) mass, (b) heat, (c) salt, (d) nitrate (NO3), (e) phosphate (PO4), (f ) silicate (SiO4), (g) oxygen (O2),
(h) total alkalinity (TA), (i) total inorganic carbon (TIC), and ( j) anthropogenic carbon (CANT). Units are
Sv (1 Sv = 106 m3 s�1), PW (1015 W), Mkg s�1 (106 kg s�1), and kmol s�1 (1000 mol s�1). Regions and
density intervals are as in Figure 7.

C03027 ÁLVAREZ ET AL.: TRANSPORTS STRUCTURE IN THE SUBPOLAR NORTH ATLANTIC

14 of 21

C03027



[76] A portion of the water column along the 4x section
was not characterized within the mixing analysis performed,
those samples are comprised within the upper thermocline
(upper 200 dbar as a mean) affected by seasonal changes
and the last three stations near Cape Farewell affected by ice
melting. In order to balance our transports we assume that
the permanent thermocline water mass composition approx-
imates the winter mixed layer. Thus the first shallower
sample mixing composition from each station is extrapolated
to the upper most water column. The transports in the
nearest stations to Cape Farewell within the EGC are
included in the EGCT contribution. Additionally the Ekman
transports are attributed to ENACW. Note that the contri-
bution of the ENACW subpolar and subtropical varieties
was summed up in Table 3. As the mixing model calculates
the fraction of pure SWTs (Table 1) in each water sample,
the values given in Table 3 represent the contribution of
each pure SWT to the total transport of any property. This
procedure provides more information than the usual trans-
ports by isopycnic levels as the contribution of each water
mass is given for the whole water column. Having the
transport for each water mass in the different levels and
some information about its sources, new insights about
circulation patterns and water mass transformation can be
inferred.
[77] A schematic representation of the regional and ver-

tical transports across the 4x section within the context of
the North Atlantic ocean is shown in Figure 9. The 4x line
acts as the zero reference line, and the SWT contributions
are represented as stacked bars. Note that the deep and
bottom layer contributions are summed in Figure 9c.
[78] The transport of ENACW across the subpolar North

Atlantic is centered in the upper layer and mainly concen-
trated in the NAC system (regions 4, 5, and 6; Figure 9a),
with a total contribution of 10.3 Sv NE (Table 3). The
ENACW contribution to the heat and CANT transport is
0.60 PW and 484 kmol s�1, thus ENACW is the main
carrier of heat and CANT toward the polar seas across the
subpolar gyre. As well, ENACW has an important but not

deterministic role in the NE transport of nutrients, O2, TA
and TIC, because the total net transport of these properties is
directed SW (Table 3).
[79] SAIW and AA are, as ENACW, mainly transported

in the upper layer (Figure 9). The total transport of SAIW
across the section is 2.9 Sv (Table 3), mostly within the
NAC (region 5; Figure 9a). Consequently, the transport of
physical and biogeochemical properties associated to this
water mass is NE (Table 3). The maximum contribution of
AA (40%) was found in the NAC region (Figure 5).
Accordingly, the largest AA transport is concentrated in
this region and practically accounts for the total AA
transport across the 4x section, amounting to 5.6 Sv NE
(Figure 9 and Table 3). This figure compares with the 5 Sv
proposed by Schmitz [1996] of remnant upper AAIW trans-
ported within the NAC in his review about the North
Atlantic ocean circulation.
[80] The cold and fresher EGCT is transported southward

in the EGC to a total of �5.4 Sv contributing to the export
of nutrients, TA and TIC from the subpolar to the subtrop-
ical North Atlantic.
[81] A total of 1.7 Sv of MW flow northward across the

4x section, mainly at the upper and intermediate layers of
the Iberian Basin (regions 1 and 2; Figures 9a and 9b). In
the context of the global circulation, the 1.7 Sv of MW
flowing into the subpolar gyre positively compare with the
1 Sv proposed by Schmitz [1996] in his review work.
[82] Despite its theta and salinity maximum, the relevance

of MW in the transport of heat and salt across the 4x section
is small (Table 3). In contrast, its contribution to the NE
transport of TA, TIC and CANT is remarkable. MW is
characterized by extremely high values of TA and TIC,
and a relative high CANT value. Although formed from a
very old water mass, the Mediterranean Outflow, with a
residence time of about 70 years in the Mediterranean Sea
[Pickard and Emery, 1990], the Outflow entrains central
waters recently formed with a high content of CANT in a
1:4 ratio. Concretely, Rı́os et al. [2001] calculated that
185 kmol s�1 of CANT are draw down to form MW in the

Table 3. Physical and Biogeochemical Transports Across the 4x Section Accounted for by the Different Water Massesa

Mass,
Sv

Heat,
PW

Salt,
Mkg s�1

NO3,
kmol s�1

PO4,
kmol s�1

SiO4,
kmol s�1

O2,
kmol s�1

TA,
kmol s�1

TIC,
kmol s�1

CANT

kmol s�1

ENACW 10.3 0.60 381.0 79 4 28 2347 24894 22324 484
SAIW 2.9 0.07 104.6 40 3 20 922 6863 6383 174
AA 5.6 0.18 200.8 117 9 76 1044 13265 12463 159
EGCT

(EGC n.a.)
�3.5
(�1.9)

�0.05
(�0.04)

�124.2
(�67.5)

�54
(�18)

�4
(�2)

�21
(�11)

�1256
(�614)

�8231
(�4507)

�7665
(�4167)

�258
(�66)

MW 1.7 0.08 62.5 27.3 1.6 15 289 4152 3800 48
LSW �8.8 �0.10 �317.4 �154 �11 �94 �2623 �20915 �19603 �274
ISOW �6.0 �0.05 �219.3 �86 �7 �68 �1852 �14340 �13376 �113
DSOW �1.5 �0.01 �53.8 �22 �2 �14 �468 �3529 �3308 �36
LDW 0.9 0.01 32.6 21 1 44 220 2214 2069 �2
Net �0.4 0.69 �0.8 �50 �6 �26 �1992 �135 �1081 116

aEGC n.a., transport in the EGC not accounted for in the mixing analysis but attributed to the EGCT; and Net, the net transport across the section.

Figure 9. Stacked bars showing the regional mass transport across the 4x section accounted for by the different water
masses: Eastern North Atlantic Central Water (ENACW), Subarctic Intermediate Water (SAIW), influenced Antarctic
Intermediate Water (AA), East Greenland Current type (EGCT), Mediterranean Water (MW), Labrador Seawater (LSW),
Iceland-Scotland Overflow Water (ISOW), Denmark Strait Overflow Water (DSOW), and North Eastern Atlantic Deep
Water (NEADW) in (a) the upper, (b) the intermediate, and (c) the deep and bottom layers. Regions and density intervals
are as in Figure 7. The 4x section acts as the zero reference line. 1 Sv = 106 m3 s�1. See color version of this figure at back
of this issue.
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Gulf of Cádiz. According to our results 26% of this CANT

flows northward across 41.5�N in the Iberian Basin. This is
a relevant mechanism for CANT to be introduced to depth
into the North Atlantic overturning circulation.
[83] The largest absolute transport across the 4x section is

ascribed to LSW, �8.8 Sv flow SW (Table 3), with a greater
contribution from the intermediate layer �5.8 Sv (Figure 9).
In the upper layer, LSW is only transported west of the MAR
(Figure 9a), where LSW is shallower (Figure 5). At this
layer, 2.9 Sv of LSW flow NE within the NAC (regions 4,
5, and 6; Figure 9a), and �2.3 Sv flow SW in the EGC,
ending up with a slight NE transport of LSW at the upper
layer of the 4x section. At the intermediate layer, LSW
flows SW east of the MAR (region 4; Figure 9b), confirm-
ing the analysis by Paillet et al. [1998], who from salinity
anomalies inferred a southward circulation of LSW-influ-
enced water on the eastern flank of the MAR toward the
Oceanographic Fracture Zone, to finally return to the
western basin, in a kind of ‘‘Eastern Basin Deep Western
Boundary Current’’.
[84] In accordance with the circulation scheme derived by

Talley and McCartney [1982] from temperature and salinity
distributions and by Paillet et al. [1998] from an inverse
model in the eastern North Atlantic, 6.8 Sv of LSW cross the
4x section at the 49�–54�N and 28�–35�W band (regions 5
and 6; Figure 9b) toward the northeastern Atlantic. In the
Reykjanes Ridge and Irminger Basin (regions 8 and 9,
respectively) 1.2 Sv of LSW flow NE in the upper layer,
whereas at the intermediate, deep and bottom layers the
transport is�1.6 Sv. In the EGC (region 10) the whole water
column transport of LSW amounts to �12.3 Sv, mainly
centered at the intermediate layer (�7.5 Sv). The total EGC
mass transport for the intermediate, deep and bottom layers
amounts to �14.8 Sv, thus 83% of this flow is LSW, which
will ultimately join the DWBC and determine the strength of
the meridional overturning circulation.
[85] The net southward transport of LSW across the 4x

section is contradictory with the well established, but now
changing, idea of LSW formation just in the Labrador Sea
convection area. Our net southward transport implies a
source of LSW north of the 4x section. In general, a warmer
and saltier type of LSW is formed in the Irminger basin
relative to the Labrador Sea but with the same density
[Pickart et al., 2003]. During the low-NAO period from
1995 to 1998 LSWaround 2.9�C was formed in both basins.
Consequently, our results suggest a southward transport of
recently formed Irminger Sea LSW within the EGC toward
the Labrador Sea, whereas LSW formed in the Labrador Sea
crosses from the western to the eastern North Atlantic over
the MAR and recirculates mainly northwestward and weakly
southeastward in the Iberian basin in agreement with the
results by Cunningham [2000].
[86] LSW constitutes the largest contributor to the export

of nutrients, O2, TA, TIC and CANT from the subpolar into
the subtropical North Atlantic (Table 3). Despite this, the
final net transport of some of the former properties can have
an inverse sign, for example, the total transport of heat and
CANT is directed NE, because they are mainly transported in
the upper layers with a higher temperature and CANT

(Figure 8).
[87] The total mass transport accounted for by ISOW is

�6 Sv (Table 3), which mainly flows in the deep layer

across the CGFZ, region 6, and the EGC, region 10,
contributing with �1.9 Sv and �2.2 Sv, respectively
(Figure 9c). Note the small NE transport of ISOW in the
intermediate layer over the CGFZ (0.5 Sv) indicating a
return flow of ISOW from the western to the eastern basin,
as proposed by Fleischmann et al. [2001].
[88] In the context of the global thermohaline circulation

these �6 Sv of ISOW flowing into the western basin are
higher than the �4 Sv proposed in the review by Schmitz
[1996] of entrained overflow water from the Norwegian
Sea, which will also ultimately join the DWBC. As for
LSW, ISOW also exerts a relevant role in the export of
nutrients, O2, TA, TIC and CANT from the subpolar to the
subtropical North Atlantic (Table 3).
[89] The other overflow from the Nordic Seas, the

DSOW, crosses the 4x section in the Irminger Basin
(regions 9 and 10; Figure 9c) mainly within the EGC over
the western flank of the basin. DSOWaccounts for a total of
�1.5 Sv flowing southward (Table 3). The contribution of
DSOW to the export of nutrients, O2, TA, TIC and CANT

from the subpolar to the subtropical North Atlantic is
remarkable but much less than the ISOW contribution
(Table 3).
[90] LDW contributes with 2 Sv flowing northward in the

Iberian Abyssal Plain (region 2; Figure 9c), which corre-
spond, as previously said, to Antarctic Bottom Water
entering the eastern basin through the Vema Fracture. A
portion (�0.3 Sv) of this northward flow returns southward
within the eastern basin, whereas over the CGFZ, �0.7 Sv
of LDW enter the western basin (region 5 and 6, respec-
tively; Figure 9c). The circulation pattern of LDW inferred
from our results confirms the circulation scheme proposed
by McCartney [1992] at the 2500 m layer. The net transport
of LDW across the 4x section is 0.9 Sv, which accounts for
a small NE transport of heat and salt. Despite the high
concentrations of nutrients at depth the contribution of
LDW the NE transport of nutrients is relatively small, as
well as for O2, TA, TIC and CANT (Table 3).
[91] Further information and some modifications can be

added to the circulation scheme proposed by Schmitz [1996]
for waters colder than 4�C in the subpolar North Atlantic
[Schmitz, 1996, front cover illustration]. In the Iberian Basin
3 Sv flow northward (Figure 10) and consist on 2.6 Sv of
LDW and 0.4 Sv of recirculating ISOW. Within the eastern
basin in the eastern flank of the MAR, 2 Sv return
southward with a 65% of LSW, 20% of LDW, 10% of
ISOWand 5% of MW. Crossing the CGFZ from the western
to the eastern North Atlantic, we calculated 2 Sv of LSW,
whereas 3 Sv of ISOW and 1 Sv of LDW cross to the
western basin. Within the Irminger basin 18 Sv flow
southwestward, composed by 66% LSW, 16% ISOW, 8%
DSOW, 5% ENACW, 3% EGCT and 2% LDW. Keeping the
numbers for the overflow production in the Nordic Seas
given by Schmitz [1996] we need an entrainment of 14 Sv
of warm waters into this temperature layer. Accordingly, on
the basis of Figure I-21 from Schmitz [1996] or the back
cover illustration, the upper level circulation in the subpolar
North Atlantic (waters warmer than 7�C; figure not shown
here) can be complemented and modified. Within the NAC
we obtained a transport of 20 Sv comprising 70% ENACW,
19% AA (so about 5% of pure AAIW), 9% SAIW and 2%
LSW, additionally 1 Sv of MW flow northward. No net
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transport was obtained within the Irminger basin. Therefore,
if 5 Sv are transported into the Nordic Seas according to
Schmitz [1996], 16 Sv of warm water should be converted
to cold water within the subpolar gyre.
[92] The proposed circulation schemes are dependent on

the mass constraints used in the determination of the
velocity field; among them the volume flux in the EGC
arises as one of the main sources of uncertainty. Because of
the EGC high value changing it will considerably alter the
circulation across the 4x section [Álvarez et al., 2002].
[93] For Álvarez et al. [2002], 15 Sv of upper waters (less

than 1100 dbar) flow northward within the baroclinic or
overturning circulation. In the present work we obtained a
northward flow of 21 Sv of warm waters (>7�C) within the
NAC with no return flow southward within the EGC.
Additionally, the 7�C isotherm is always above 1100 dbar;
therefore there is an excess of 6 Sv of warm waters not
contributing to the overturning circulation (from the vertical
point of view) but contributing to the heat pump as they are
converted within the subpolar gyre to colder waters. This
excess of warm waters flows within the NAC and return
colder at the same depth level in the upper 1100 dbar within
the EGC, thus they are included in the horizontal circulation.
[94] The main differences between our circulation scheme

for cold waters and that given by Schmitz [1996] are the
magnitude of the EGC (he reports 14 Sv and we give 18 Sv)
and the Labrador Seawater circulation incorporation mech-
anism and contribution to the NADW formation (he reports

4 Sv of LSWadded by sinking to the cold water layer, while
we calculated 2 Sv of LSW flowing from the western to the
eastern basin at the cold water level).
[95] According to the present work the magnitude of the

warm-to-cold water conversion within the subpolar gyre is
21 Sv, a fraction of 15 Sv are transported within the
overturning circulation so they flow northward in the upper
1100 dbar and back southward at a deeper level, whereas
6 Sv are converted within the horizontal cell, transported
northward within the NAC and back southward within the
EGC. Additionally, we propose the Irminger sea as an
important area of warm-to-cold water conversion where
about 10 Sv of warmer than 4�C water are converted to
water with characteristics very similar to the LSW type.
These waters flow within the EGC probably toward
the Labrador Sea where they will acquire more extreme
characteristics.

8. Summary and Conclusions

[96] Hydrographic and chemical data from the WOCE
A25 (4x cruise) allowed us to estimate the transport of
physical and chemical properties across the southern bound-
ary of the subpolar North Atlantic ocean. The circulation
pattern across the 4x section was approximated constraining
the mass transport at specific areas and levels with literature
available transport values. Furthermore, an inverse model
was set in order to conserve the salt and mass transports

Figure 10. Schematic circulation in the North Atlantic subpolar gyre for waters colder than 4�C. This
figure is based on the front cover illustration of Schmitz [1996]. Accordingly, the shaded line (green by
Schmitz) is the circulation scheme for generic North Atlantic Deep Water (NADW), black (dark blue)
lines and symbols denote bottom water, dashed lines indicate slow water mass modification of Antarctic
Bottom Water, and dark shaded lines denote the circulation of Labrador Seawater from the Labrador Sea.
The dark shaded dashed line denotes the Irminger route for 1 Sv of pure LSW. Circles represent
transports, and diamonds represent entrainment, both in sverdrups. 1 Sv = 106 m3 s�1.
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across the section as we considered the North Atlantic ocean
a closed basin, and also to force the silicate transport to its
river input north of the section [Tréguer et al., 1995]. The
water mass structure along the 4x section was solved by
means of an extended Optimum MultiParameter analysis,
considering q, S and SiO4 as conservative tracers and NO3,
PO4, and O2 as nonconservative. Oxygen consumption from
saturation conditions modeled biological processes and was
related to NO3 and PO4 with the Anderson and Sarmiento
[1994] Redfield ratios. The mixing along the section was
solved using eleven SWT and additional mixing constraints
which were proved to be reliable as the model is able to
reproduce the physical and chemical fields along the section
with a high degree of confidence.
[97] The circulation in the subpolar North Atlantic is

ultimately related with the overturning cell: warm upper
waters flow northward and return southward colder. The
warm-to-cold water conversion within the subpolar gyre is
estimated in 21 Sv, a fraction of 15 Sv flow northward in the
upper 1100 dbar and return southward at deeper levels. The
remaining 6 Sv are converted within the horizontal cell,
transported northward in the North Atlantic Current and
back southward in the East Greenland Current.
[98] The mixing structure along the section was combined

with the transport fields in order to provide the relative
contribution from each water mass to the transports across
the section, as well as the water mass spatial circulation
pattern across the section. The water masses contributing to
a NE mass transport are ENACW, AA, MWand SAIW with
10.3, 5.6, 1.7 and 2.9 Sv respectively. The 5.6 Sv of
influenced AAIW flowing NE across our section within
the NAC agree with the 5 Sv proposed by Schmitz [1996] in
his review. This author also proposed about 1 Sv of MW
incorporated into the North Atlantic Deep Water formation
complex. This value agrees with our estimation (1.7 Sv).
[99] The total flux of LDW across the 4x section is �1 Sv

northward. A portion of the 2 Sv of LDW flowing north-
ward east of the Azores-Biscay Rise recirculate in the
eastern basin, 0.3 Sv, and about 0.7 Sv flow SW into the
western basin.
[100] Waters contributing to a net SW flow across the

section are LSW (�9 Sv) and the overflows, DSOW
(�1.5 Sv) and ISOW (�6 Sv) and surface water in the
EGC (�5.4 Sv) from the Arctic seas. About 7 Sv of LSW
from the Labrador Sea flow NE across the 4x section in the
NAC area but on the other hand �12 Sv of LSW in
the Irminger basin flow SW in the EGC. Supporting the
formation of LSW in the Irminger Sea [Bacon et al., 2003;
Pickart et al., 2003]. DSOW flows SW over the western
flank of the Irminger basin and ISOW mainly over the
CGFZ area, remnants of ISOW flow SW in the eastern basin
indicating its contribution to the eastern basin ventilation.
The subpolar North Atlantic north of the 4x section exports
nutrients, oxygen and TIC. Nutrients and oxygen are mainly
carried SW by LSW and the overflows. As waters recently
formed they have a high oxygen content, in fact higher than
the section mean oxygen value. Thus the combination of a
SW mass transport at a differential high value of oxygen
leads to the relative positive contribution to the export of
oxygen from the subpolar North Atlantic. A similar but
opposite argument can be applied to AA or MW: they are
characterized by oxygen minima (lower than the section

mean value) but flow NE; therefore, although they directly
transport oxygen NE, this flow can be understood as an
oxygen impoverishment north of the section. In the case of
nutrients, the subpolar North Atlantic behaves as a net
heterotrophic system [Álvarez et al., 2002] so waters re-
cently formed as LSW or the overflows are loaded with
nutrients and TIC prepared to be exported. CANT is mainly
carried NE by upper and intermediate waters (ENACW,
AA, SAIW and MW) whose contribution exceeds the SW
transport by deep waters as LSW, DSOW and ISOW or
upper water in the EGC which are significantly loaded in
CANT. Thus the subpolar North Atlantic is accumulating
CANT and the main mechanism accounting for this accumu-
lation is the overturning circulation [Álvarez et al., 2003].
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Figure 9. Stacked bars showing the regional mass transport across the 4x section accounted for by the different water
masses: Eastern North Atlantic Central Water (ENACW), Subarctic Intermediate Water (SAIW), influenced Antarctic
Intermediate Water (AA), East Greenland Current type (EGCT), Mediterranean Water (MW), Labrador Seawater (LSW),
Iceland-Scotland Overflow Water (ISOW), Denmark Strait Overflow Water (DSOW), and North Eastern Atlantic Deep
Water (NEADW) in (a) the upper, (b) the intermediate, and (c) the deep and bottom layers. Regions and density intervals
are as in Figure 7. The 4x section acts as the zero reference line. 1 Sv = 106 m3 s�1.
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