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a b s t r a c t

Transatlantic hydrographic sections along latitudes 7.5N and 24.5N have been repeated with about
20 years difference, at the beginning of the 1990s and 2010s. For each period, an inverse model is applied
to the closed box bound by both sections. The model imposes mass conservation for individual layers,
defined by isoneutral surfaces, and the whole water column, using surface Ekman transport and several
transport constraints for specific ranges of longitudes and depths. As a result, the velocities at the refer-
ence layer for each station pair and the dianeutral velocities between layers are estimated, and the hor-
izontal velocity fields and the water, heat and freshwater transports are calculated; in particular, we find
that mass transport per stratum at 24.5N in 2011 is in good agreement with the transport estimates from
the RAPID-Watch array. During both realizations the dianeutral velocities downwell from the Upper
North Atlantic Deep Water (UNADW) to the Lower North Atlantic Deep Water (LNADW) strata, resulting
in the merging of the two southward flowing strata at 24.5N into one deep southward-moving stratum at
7.5N. At 24.5N, there is an increase in southward UNADW transport between 1992 and 2011, compen-
sated by a decrease of southward LNADW transport; a descent in the upper limit of the Antarctic Bottom
Water (AABW) from 1992 to 2011 is also inferred. The Atlantic Meridional Overturning Circulation
(AMOC) is larger in 1992–93 than in 2010–11, decreasing from 24.7 ± 1.7 to 20.1 ± 1.4 Sv at 24.5N and
from 29.2 ± 1.7 to 16.9 ± 1.5 Sv at 7.5N. Much of this decrease arises because of the northward flow of
Antarctic Intermediate Water (AAIW), which was much more intense in 1992–93 than in 2010–11. As
a consequence, heat transport at 24.5N is not significantly different in 1992 (1.4 ± 0.1 PW) and 2011
(1.2 ± 0.1 PW). The estimation of heat transport at 7.5N strongly depends on the magnitude of the North
Brazil Current over the American continental platform. The freshwater flux into the box bounded by the
two transoceanic sections decreases significantly from 1992–93 (�0.45 ± 0.05 Sv) to 2010–11
(�0.36 ± 0.3 Sv), meaning a decrease in net evaporation over this same area.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

The tropical and subtropical North Atlantic Oceans play an
important role in the global ocean circulation. The Atlantic
Meridional Overturning Circulation (AMOC) transports cold North
Atlantic water masses to the south, mainly along the Deep Western
Boundary Current (DWBC). In the southern and tropical Atlantic
these water masses interact with waters originated around the
continental shelf of Antarctica. The returning AMOC branch
consists of surface and intermediate waters with relatively high
temperatures (Dickson and Brown, 1994). Although the meridional
water mass transport is balanced there is a net ocean transport of
large amounts of heat towards northern latitudes (Ganachaud and
Wunsch, 2000, 2003; Wunsch, 2005).

During the last two decades of the past century, the World
Ocean Circulation Experiment (WOCE) aimed at estimating the
transports of mass, heat and freshwater in every ocean. As result,
a consistent picture of the ocean circulation emerged (Ganachaud
and Wunsch, 2000, 2003). Several other studies compared these
realizations with earlier ones, carried out for example during the
International Geophysical Year (IGY), to examine decadal varia-
tions of these transports at selected latitudes (e.g., Koltermann
et al., 1999; Roemmich and Wunsch, 1985).

The most surveyed transoceanic section is located in the
Atlantic Ocean at 24.5N. Hydrographic sections have been carried
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Fig. 1. Map showing the hydrographic sections carried out in 1993 and 2010 at 7.5N (section A06) and in 1992 and 2011 at 24.5N (section A05). Note that cruise tracks in
1993 at 7.5N and in 1992 at 24.5N are offset 0.5 degree in latitude for clarity.
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out in 1957 in the frame of the IGY (Fuglister, 1960), in 1981
(Roemmich and Wunsch, 1985), in 1992 and 1998 in the frame
of the WOCE (Baringer and Molinari, 1999; Parrilla et al., 1994),
in 2004 (Bryden et al., 2005a,b), in 2010 (Atkinson et al., 2012),
and in 2011 under the Malaspina project. The section at 7.5N in
the Atlantic Ocean has been carried out three times: in 1957 as part
of the IGY (Fuglister, 1960), in 1993 under the WOCE (Lux et al.,
2001), and in 2010 under the MOC2 project. As part of WOCE the
7.5N and 24N transoceanic sections were respectively denoted as
A06 and A05, a notation we will follow throughout this study.

A classical method used to estimate the ocean circulation
within closed regions is the inverse model, first introduced in
physical oceanography by Wunsch (1977) (see also Wunsch,
1996). The inverse method consists of an underestimated set of
equations comprising the thermal wind equation and mass conser-
vation. In this paper we present the results of applying the inverse
model to sections 7.5N and 24.5N carried out in 1992–1993 and
2010–2011 (Fig. 1). As the same methodology is applied, any
observed differences shall come only from the data. Thus, our
results will be informative of the sort of changes in water-mass,
heat and freshwater transports associated to AMOC between
1992–93 and 2010–11.

The paper is organized as follows. Section ‘Data and verticals
sections’ presents the dataset, using both potential temperature
(h) – salinity (S) diagrams and vertical sections for potential
temperature, salinity and neutral density, in order to identify the
water masses and their distribution. Section ‘Setup of the inverse
box model’ describes the implementation of the inverse model. Sec-
tion ‘Final adjusted transport’ presents the circulation patterns that
come out from the inverse model at 7.5N and 24.5N, and compares
them with both previous estimates and the Rapid-WATCH data.
Section ‘Atlantic Meridional Overturning Circulation, heat and
freshwater flux’ summarizes the observed changes in the water
mass, heat and freshwater fluxes of the AMOC. We finish in Section
‘Discussion and conclusions’ with a discussion and conclusions.

Data and verticals sections

Data from 1992 at 24.5N (section A05) and 1993 at 7.5N
(section A06) were collected through the CLIVAR and Carbon
Hydrographic Data Office (CCHDO). The corresponding data for
2010 (section A06) and 2011 (section A05) were originally part
of projects MOC2 and Malaspina, the data now also being available
from CCHDO. Section A05 carried out in 2011 also collected 15
hydrographic stations across the Florida Current, to be used in
our study. Table 1 shows the most relevant information for each
cruise. The separation between adjacent stations was typically
50 km, or less across boundary currents and topographic slopes,
except between four eastern basin stations along section A06 dur-
ing 2010 where the separation reached 150 km (Fig. 1). Hereafter,
we will refer to the western and eastern basins as those Atlantic
basins separated by the Mid-Atlantic Ridge (MAR), located approx-
imately at 32W in the 7.5N section and 45W in the 24.5N section.
There are also some small latitudinal differences between the sec-
tions, specifically in the western boundary at 7.5N and in the east-
ern boundary at 24.5N; in particular, section A05 carried out in
2011 has the highest spatial resolution among all transoceanic sec-
tions at this latitude, and its eastern margin followed a path similar
to other recent 24.5N sections (Atkinson et al., 2012). At each sta-
tion, a conductivity–temperature–depth (CTD) profile covered the
full water column and water samples were collected with the
rosette for sampling several properties as well as for calibrating
the salinity values.

Current velocities were measured with two Acoustic Doppler
Current Profiler (ADCP) systems during the 2010 and 2011 (A06
and A05) cruises. The first one consisted of a Lowered ADCP (LAD-
CP) that sampled the water velocities throughout the whole water
column. Both cruises had the dual configuration that consists of a
downward and an upward looking 300 kHz LADCP mounted inside
the CTD-rosette system. Unfortunately, three out of four LADCPs
onboard the A05 cruise had flooding problems and only a down-
ward looking LADCP was used. Thus, LADCP-derived velocities for
section A05 are characterized by high noise levels and are not used
in this study. The second one consisted in a Ship-mounted ADCP
(SADCP), sampling the top 500 m of the water column with a low
noise-to-signal ratio.

The h–S diagram drawn using all 1993–2010 and 2010–2011
stations may be used to rapidly identify the presence of different
water masses (Fig. 2). The vertical distributions of temperature,
salinity and neutral density (cn) are shown for both the 1990s
and 2010s realizations (without including the Florida Strait at
24.5N; Figs. 3–5). The 2010 realization for section A06 has been
published in San Antolín Plaza et al. (2012) but it is plotted here
together with the novel A05 cruise to ease their comparison. The
1992–1993 sections are presented in http://www-pord.ucsd.edu/
whp_atlas/atlantic_index.htm.

Fig. 2 shows high scattering in the near surface potential tem-
perature and salinity values at both 7.5N and 24.5N. The surface
waters at 24.5N, in a region of high evaporation between 25W
and 55W, actually reach the maximum surface salinities (>37.0)
of the global ocean (Fig. 4). The near-surface variability at 24.5N
arises because of the presence of waters of southern origin in the
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Table 1
Hydrographic cruise information: 1992 and 1993 CTD data are available through the CLIVAR and Carbon Hydrographic Data Office (CCHDO) (http://cchdo.ucsd.edu); 2010 and
2011 CTD and LADCP data have been provided by the chief scientists.

Dates No. stations Ship Chief scientist

A05-1992 14 July to 15 August 1992 112 Hespérides Gregorio Parrilla (Instituto Español de Oceanografía, Spain)
A05-2011 27 January to 15 March 2011 167 Sarmiento de Gamboa Alonso Hernández-Guerra (Universidad de Las Palmas de Gran Canaria, Spain)
A06-1993 13 February to 19 March 1993 84 L’Atalante Christian Colin (ORSTOM, France)
A06-2010 5 April to 16 May 2010 62 Hespérides Josep L. Pelegrí (Institut de Ciències del Mar, Spain)

Fig. 2. h/S diagram for 1993/2010 at 7.5N-A06 (left panel) and 1992/2011 at 24.5N-A05 (right panel).
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Florida Strait (Schmitz Jr. and Richardson, 1991) and coastal
upwelling in the eastern boundary (Hernández-Guerra and
Nykjaer, 1997; Marcello et al., 2011; Pacheco and Hernández-
Guerra, 1999). At 7.5N this variability is the result of the intrusion
of warm and salty waters associated to the North Equatorial Coun-
ter Current in the western margin (Bourles et al., 1999) and the
influence of the Dome of Guinea upwelling in the eastern margin
(Nykjaer and Van Camp, 1994).

The permanent thermocline layer (corresponding to h > 10 �C)
along 24.5N is quite deep, down to about 800/600 m in the wes-
tern/eastern margins, with the property isolines rising towards
the eastern basin (Figs. 2 and 3a and b); the signal of the Antilles
Current is clearly seen at the western edge, with the westward rise
of the isotherms, isohalines and isoneutrals. In contrast, at 7.5N the
permanent thermocline is much shallower, with the 10 �C iso-
therm reaching only about 200 m in the western margin and
400 m in the eastern margin (Figs. 2 and 3c and d); the deepening
of this isothermal at the eastern margin is a signature of a domi-
nant first baroclinic mode associated to the Guinea Dome region
(Machín and Pelegrí, 2009).

The different salinity and temperature values reflect the pres-
ence of North Atlantic Central Water (NACW) at 24.5N and South
Atlantic Central Water (SACW) at 7.5N (Hernández-Guerra et al.,
2005). Both SACW and NACW are characterized by a nearly linear
h–T relationship (Harvey, 1982; Tomczak and Hughes, 1980)
(Fig. 2). In the salinity vertical sections the NACW displays constant
slope isohalines (Fig. 4a and b) while the SACW shows a more pat-
chy distribution (Fig. 4c and d). According to Pollard and Pu (1985)
and van Aken (2001), the salinification of the whole NACW stratum
is caused by winter cooling and vertical convection of saline sur-
face waters near the west and northwest of Spain and Portugal.
The boundary between the NACW and SACW in the eastern margin
is located at 20–22N in the Cape Verde Frontal Zone (Martínez-
Marrero et al., 2008; Pastor et al., 2012; Zenk et al., 1991). At
7.5N the equatorial 13 �C thermostad only shows up in the eastern
basin (Fig. 3) (Tsuchiya et al., 1992). In contrast, at 24.5N the 18 �C
thermostad only appears in the western basin (Fig. 3). The
isotherms and isohalines, and as a result the isoneutrals, tilt in
opposite directions along 7.5N and 24.5N, respectively reflecting
the predominant cyclonic and anticyclonic large-scale circulation
in the tropical and subtropical regions (Fraile-Nuez and
Hernández-Guerra, 2006; Hernández-Guerra et al., 2010)
(Figs. 3–5).

The h–S diagram shows the intermediate layers (27.38kg m�3 <
cn 6 27.922 kg m�3, approximately in the 700–1600 m depth
range) to be affected by two water masses with extreme salinity
values, Antarctic Intermediate Water (AAIW) and Mediterranean
Water (MW) (Fig. 2). AAIW is best observed at 7.5N, with salinities
less than 34.7 centered at about 800 m, while MW brings an
increase in salinity in the eastern basin at 24.5N, with maximum
values in the 900–1400 m depth range (Arhan et al., 1994)
(Fig. 4). The vertical section of salinity at 24.5N presents relative
high mesoscale variability in the longitude range �35–65W as
higher salinity MW and lower salinity AAIW are encountered.
The density ranges of these water masses at both latitudes show
considerable overlap likely leading to isopycnal and diapycnal mix-
ing (Figs. 2 and 5). A Meddy (Mediterranean Water Eddy) was
found in 1992 at 24.5W, centered at about 1200 m and 27W
(Fig. 4), clearly showing up in the h–S diagram because of its high
salinity content (Fig. 2); Meddies are usually found in an elliptical
area southwest of Portugal (Richardson et al., 2000). The salinity of
the intermediate waters in the eastern margin is significantly
higher in 2011 than in 1992, likely reflecting the existence of a sea-
sonal intrusion of low salinity waters near the African coast
(Hernández-Guerra et al., 2005; Iorga and Lozier, 1999;
Roemmich and Wunsch, 1985), with higher AAIW content in fall
and early winter and a greater MW contribution in late winter
and spring (Fraile-Nuez et al., 2010; Hernández-Guerra et al.,
2003; Machín et al., 2006). This fact has been explained through
the latitudinal displacements associated with the stretching and
shrinking of the intermediate water strata in the tropical region
(Machín and Pelegrí, 2009; Machín et al., 2010).

The North Atlantic Deep Water (NADW) appears along 7.5N and
24.5N at cn ranges of 27.922–28.1295 kg m�3. At both latitudes the

http://cchdo.ucsd.edu
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isohalines, isotherms and isoneutrals (Figs. 3–5) are approximately
flat except in the western basin where they rise reflecting the pres-
ence of the Deep Western Boundary Current (DWBC). The DWBC
transports two different water masses: Upper North Atlantic Deep
Water (UNADW), essentially formed by Labrador Sea waters
(Talley and McCartney, 1982), and Lower North Atlantic Deep
Water (LNADW), with overflow water from the Nordic Sea
(Pickart, 1992; Smethie et al., 2000). At 24.5N we find the UNADW
at around 1700 m and the more dense LNADW at around 4000 m
(Pickart, 1992; Smethie et al., 2000). An outstanding sharp tilt of
the deep western boundary isopycnals (2500–4500 m) is observed
at 24.5N in 2011 (Fig. 5b). The western moorings of the Rapid-
WATCH program also show this large isopycnal displacement right
at the western frontier during the same days of our survey (Eleanor
Frakja-Williams, personal communication).

Antarctic Bottom Water (AABW) is formed around Antarctica
and flows north, as the densest waters in all oceans, along the wes-
tern Atlantic basin (Johnson, 2008; Orsi et al., 1999). AABW shows
up in both sections with temperature and salinity less than 1.8 �C
and 34.88, at depths greater than about 4500 m (Figs. 3 and 4).
An abyssal thermocline and isohaline shows up in both sections,
stronger in 7.5N than in 24.5N, sloping up from the western abys-
sal plain towards the MAR. In the eastern basin, diluted AABW is
found to progress north through the Vema Fracture Zone at 11N
(McCartney et al., 1991). Temperature and salinity increases from
7.5N to 24.5N likely as a result of mixing with the overlying war-
mer and saltier NADW.
Setup of the inverse box model

Initial solution

The basis of our calculations is the thermal wind equation. This
relation uses the density fields in two adjacent stations in order to
compute the geostrophic velocities normal to the vertical plane
formed by both stations, always relative to a properly selected ref-
erence level. The vertical velocity gradients do not depend on the
choice of reference level but the absolute velocity values do. There-
fore, the simplest model would set a reference level of no motion
and calculate the geostrophic velocity field referenced to that level,
neglecting any possible vertical exchange. If any of the pair of
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stations used to calculate the geostrophic velocity is shallower
than the reference layer then the deepest common level is used
instead as the reference layer. In that circumstance, typically over
the continental slope, the velocity in the triangular section below
this level is taken to be constant and equal to the velocity at the
reference level. Let us next examine this simplest case, what is to
be named the initial solution.

Consider first the reference level for section A05 (along 24.5N).
For the 1992 realization we have chosen the reference level as the
layer defined by cn = 28.1295 kg m�3, which separates LNADW
from AABW (Ganachaud, 2003a). This neutral density isoline
shows an overall rise towards the east, over the western flank of
the MAR, which leads to the northward advection of the AABW.
For the 2011 realization we have chosen a slightly denser and dee-
per layer of no motion, cn = 28.141 kg m�3. This is because the
cn = 28.1295 kg m�3 isoneutral becomes quite flat in the western
margin, what would lead to null northward motions over the wes-
tern abyssal plain; further, this choice would cause no southward
motion of LNADW east of 30W. The implied 1992 to 2011 descent
in the upper limit of the AABW is coherent with the contraction of
this layer as observed by Purkey and Johnson (2012).
Let us next turn to the choice of the reference level for section
A06 (along 7.5N). Following Lux et al. (2001) we let the reference
layer change between different groups of stations: r1 = 32.30
(cn = 27.7633 kg m3) for the western basin, r4 = 45.85 (cn =
28.0986 kg m�3) for the western half of the eastern basin and
r4 = 45.83 (cn = 28.0856 kg m�3) for the eastern half of the eastern
basin (Fig. 5). As a simple sensitivity study, we have explored how
much the results change when setting the layer of no motion for
the western half of the eastern boundary at cn = 28.11 kg m�3

and cn = 27.7633 kg m�3 instead of cn = 28.0986 kg m�3; all cases
show similar velocity patterns, with the selection of the shallower
layer leading to a slightly stronger overturning circulation at 7.5N
in 1993.

At 7.5N in the western boundary, the North Brazil Current (NBC)
flows to the north connecting the South and North Atlantic Oceans.
It is an important pathway of the returning flow of the Atlantic
Meridional Overturning Circulation (AMOC) (Lumpkin and Speer,
2003). During the 2010 cruise, the transport of the NBC over the
Brazil continental shelf and from the shelf break to the first station
at 7.5N is directly computed from the SADCP data, and an equal
value is assumed for the 1993 cruise. After subtracting the tidal



0

500

1000

1102030405060708090100

D
ep

th
 (

m
)

1500

2500

3500

4500

5500

202530354045505560657075

(a) 24.5º N
1152535455565758595105120153

15202530354045505560657075

(b) 24.5º N

0

500

1000

120 130 140 150 160 170 180 190 200

D
ep

th
 (

m
) 1500

2500

3500

4500

5500

50 45 40 35 30 25 20 15

(c) 7.5º N
48 53 60 65 72 80 87 92 99 102 105 109

50 45 40 35 30 25 20 15

(d) 7.5º N

22.5 26.44 27.38 27.922 28.1295 28.36

γn (kg m−3) γn (kg m−3)

γn (kg m−3) γn (kg m−3)

Longitude (oW) Longitude (oW)

Longitude (oW)Longitude (oW)

Fig. 5. Vertical sections of neutral density (kg m�3) along 24.5N in (a) 1992 and (b) 2011, and along 7.5N in (c) 1993 and (d) 2010.

Table 2
Neutral surface layers, cn (kg m�3), and approximate equivalence with water masses:
the layers that delimit the water masses are 26.44, 27.38, 27.922, 28.072, and
28.1295 kg m�3, and the sea floor.

Layer Lower interface (cn, kg m�3) Water mass

1 26.44 Surface water

2 26.85
3 27.162 SACW/NACW
4 27.38

5 27.62
6 27.82 AAIW/MW
7 27.922

8 27.975
9 28.008

10 28.044 UNADW
11 28.072

12 28.0986
13 28.11 LNADW
14 28.1295

15 28.141
16 28.154 AABW
17 Bottom
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velocity, the NBC transport turns out to be 1.3 Sv (through this
paper we have used Sv as mass transport, 1 Sv = 109 kg/s).

In order to compute the mass and property transports, the
water column is divided into a number of cn layers, properly spec-
ified according to the changing water masses (Table 2). We have
selected the same layering as used by Ganachaud (2003a) in global
calculations of mass and heat transports using the WOCE zonal
sections. Additionally, the Ekman transport at the time of the
cruise is calculated using the National Center for Environmental
Prediction and National Center for Atmospheric Research (NCEP–
NCAR) surface winds; the Ekman transports are then introduced
in the first layer for each section (Table 3).

Fig. 6 shows the initial transports through 7.5N and 24.5N and
their imbalance (calculated simply as the difference) for each pair
of realizations. Adding all layers, the mass transport initially pre-
sents a substantially large imbalance, about 16.8 Sv for 1992/93
and 29.6 Sv for 2010/11. In order to reduce them, we set up and
apply an inverse box model, which aims at conserving mass. The
following equation has to be solved:ZZ

qbdxdzþ Azðw�qÞ ¼ �
ZZ

qVr dxdzþ Ek ð1Þ



Table 3
Ekman transport (Sv) together with its standard deviation for the time of each cruise.
Initial value, from NCEP data, and adjusted transport, from the inverse model, are
shown.

1992/1993 2010/2011

Initial Inverse model Initial Inverse model

7.5N 9.2 ± 3.2 9.0 ± 2.6 7.2 ± 2.6 7.5 ± 2.7
24.5N 2.8 ± 0.9 2.8 ± 0.8 2.5 ± 1.6 2.5 ± 1.0
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where x and z are the along-section and vertical coordinates,
respectively; Az is the horizontal area of each interface; and q and
�q are the density and the mean density at every interface, respec-
tively. The integral terms are derived from the reference velocity
(b) and the relative velocity (Vr), respectively. The second term rep-
resents the vertical transfer for each layer, w being an equivalent
average dianeutral velocity across the interfaces. The term Ek desig-
nates the Ekman transport.

Thus, this model allows us to determine the horizontal velocity
at the reference layer (for each station pair) and the mean dianeu-
tral velocity between layers over the region bound by the two
transatlantic sections, along with their error covariances
(Wunsch, 1996). The specific procedure used with our data set is
described in Section ‘Model constraints’.

As mass transport is conserved after the inverse model, we esti-
mate the heat transport as:

T ¼
ZZ

qCphv dxdz ð2Þ

where q is the density, Cp is the heat capacity of sea water, h is the
potential temperature, and v the absolute cross-section velocity.

The freshwater flux is estimated following Joyce et al. (2001):

~F ¼
X

i

X
j

TijS
0
ij=S0 ð3Þ

where Tij is the absolute mass transport in layer i at station pair j,
including the Ekman transport in the first layer, S0 ij is the anomaly
of salinity and S0 the mean salinity (35.2). Alternatively, we could
use some constant S0; in particular Talley (2008) used a value of 34.9.
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Model constraints

The equations for the inverse model consist in total (vertically-
integrated) mass conservation and mass conservation per layer,
with the possibility of vertical mass exchange between adjacent
layers. The Gauss-Markov method is applied to solve the inverse
problem (Wunsch, 1996). The solution provided by the method
depends on the variance of the velocity field as well as on a set
of water transport constraints, with mean values and variances.
For the a priori velocity variance, we have assumed either
(0.04 m s�1)2 for all stations affected by specific constraints as
shown in Table 4 or (0.02 m s�1)2 for the remaining stations.

The a priori variance for each constraint depends on its uncer-
tainty, as well as on a priori uncertainties assigned to each equa-
tion. To set these uncertainties for each equation, we have
followed the study of Ganachaud (2003b). Accordingly, the uncer-
tainty is largest in the total mass conservation (15.9 Sv), and grad-
ually decreases from the surface layer (8.2 Sv) to the bottom layer
(0.5 Sv) to take into account the vertical dependence in baroclinic
transport. Additionally, we have also considered mass conservation
for 7.5N to be independent of mass conservation for 24.5N, and its
uncertainty as given by the flux through the Bering Strait plus its
standard deviation (Roach et al., 1995).

We have also included additional constraints for different
longitude and depth ranges as described next and shown in
Table 4. We have attempted to calculate the Deep Western
Boundary Current (DWBC) transport at 7.5N from the 2010 LADCP
profiles but failed because of high noise in this westernmost
region, near the sea floor. Therefore, the constraint for the DWBC
at 7.5N follows the study by Richardson and Schmitz (1993) who
found a southward transport of 15 Sv between 900 and 2800 m
and a northward recirculation of 6 Sv between 45W and 35W;
this pattern of DWBC circulation for 1993 is also observed in
the vertical section of oxygen shown by Arhan et al. (1998). We
have chosen the uncertainty as half of these transports. The
southward DWBC transport across 24.5N was estimated as
�26.5 ± 13.5 Sv (Bryden et al., 2005a,b; Johns et al., 2008), not
significantly different from recent estimates by Meinen et al.
(2013) during 2004–2009.
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Table 4
Specific constraints (Sv) for sections A06 (along 7.5N) and A05 (along 24.5N), for a range of longitudes and layers. Positive transports are to the north. The initial and final
transports (respectively calculated as described in the text and as deduced with the inverse model) are shown. DWBC stands for Deep Western Boundary Current, RECIR for the
recirculation of DWBC at 7.5N, AABW for Antarctic Bottom Water, and AC for Antilles Current. The eastern end of the Antilles Current was located at about 71.5W during 1992 and
near 75.5W in 2011. The Florida Current uses two different constraints, depending on the year: the top value corresponds to 1992 and the bottom one to 2011.

Long. (W) Layers Constraint 1992–3 Initial 1992–3 Final 2010–1 Initial 2010–1 Final

7.5N (A06)
Bering St. All All �0.8 ± 0.6 11.2 �0.8 ± 3.5 �26.3 �0.8 ± 3.9
DWBC �52: �45 6: 11 �15 ± 7.5 �17.8 �15.2 ± 2.6 3.6 �11.7 ± 2.7
RECIR �45: �35 6: 11 6 ± 3 �9.6 3.6 ± 1.3 �9.1 5.0 ± 1.3
AABW �49: �36 16: 17 1.7 ± 0.6 0.6 1.6 ± 0.9 0.3 1.5 ± 0.8

24.5N (A05)
Florida Current Florida Strait All 31.0 ± 1.0 23.0 31.0 ± 0.2 23.0 31.8 ± 0.3

32.0 ± 2.8
Bering St. All All �0.8 ± 0.6 21.4 �0.8 ± 5.7 �4.1 �0.8 ± 5.4
AC Diff. 1: 6 6.0 ± 8.1 19.6 18.8 ± 1.6 15.6 12.8 ± 1.0
DWBC �77: �72 7: 14 �26.5 ± 13.6 16.0 �22.1 ± 4.2 �15.8 �20.1 ± 3.7
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Hall et al. (1997) estimated the AABW northward transport at
the Equator as 2 ± 4 Sv, as also used by Ganachaud (2003a) in their
global inverse model. This value is consistent with our own esti-
mate from LADCP data for 2010 in the western basin, 1.4 ± 0.5 Sv,
with the uncertainty estimated after applying a Monte Carlo
method to the LADCP velocity error. We use this transport as a con-
straint for both the 1993 and 2010 cruises across 7.5N.

The Florida Current has been constrained differently for 1992
and 2011. For 1992, the Florida transport has been constrained fol-
lowing the study of Ganachaud (2003a) to be 31 ± 1 Sv. The Florida
transport for 2011 was constrained to 32.0 ± 2.8 Sv, estimated with
properly calibrated submarine cable voltage data at the time of the
cruise (Baringer and Larsen, 2001). Both values are not significantly
different.

The Antilles Current and the Deep Western Boundary Current
through 24.5N, from the shelf to 72W, have been constrained using
in situ mooring data shown in Bryden et al. (2005a,b) and Johns
et al. (2008). They found the Antilles Current to flow north from
the surface to approximately 1000 m depth, with a transport of
6.0 ± 8.1 Sv. As observed in Fig. 3, the temperature’s signal of the
Antilles Current in the western margin changes between 1992
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Fig. 7. Reference velocities (cm s�1), with error bars, along 24.5N in
and 2011. Its different extension, to about 71.5W in 1992 and to
75.5W in 2011, has been taken into account to constraint the flow.

Final adjusted transport

Layer-integrated transports

The inverse model renders information on the velocity at the
reference level, as well as on the mean dianeutral velocities
between adjacent layers for the region between 7.5N and 24.5N.
Fig. 7 shows the velocity at the reference layer, together with error
bars, as a function of longitude. All velocities are small and not sig-
nificantly different from zero. As in previous inverse solutions, the
uncertainties of the reference velocities turn out to be almost equal
to the a priori values (Hernández-Guerra et al., 2005; Joyce et al.,
2001; Pérez-Hernández et al., 2013).

The mean dianeutral velocities for the region between both
transoceanic sections are not significantly different from zero
except for the presence of downwelling in the UNADW layers
(Fig. 8). In the near-bottom layers, there is weak upwelling from
AABW into LNADW, with large uncertainties as in Lumpkin and
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in Table 2.
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Speer (2003). The dianeutral velocities calculated for 1992–93 have
a similar shape as those estimated by Ganachaud (2003a) using the
same data. The main differences are that our downwelling veloci-
ties in the UNADW layers are significantly different from zero and
our dianeutral velocities in the bottom layers are indistinguishable
from zero. The only positive dianeutral velocities, which are signif-
icantly different from zero, correspond to the surface-most layer
during 2010–11.

The inverse model also provides corrected Ekman transports,
although the final estimates are not significantly different from
the NCEP/NCAR initial values (Table 3). The adjusted Ekman
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Fig. 9. Zonally integrated mass transport (Sv) per layer across 24.5N and 7.5N, during (a)
dianeutral velocities as estimated from the inverse model. The uncertainties per layer a
transport through 7.5N ranges between 9.0 ± 2.6 Sv for 1992 and
7.5 ± 2.7 Sv for 2010, marginally consistent with the value
(12.3 ± 1 Sv) provided by Lux et al. (2001) for 1993. The Ekman
adjusted transports through 24.5N (2.8 ± 0.8 Sv for 1993 and
2.5 ± 1.0 Sv for 2011) are within the uncertainties of some early
estimates (Cunningham et al., 2007) but smaller than others
(Lumpkin and Speer (2003) and Atkinson et al. (2012) estimated
Ekman transports greater than 4 Sv).

The reference velocities, the dianeutral velocities and the
Ekman transport adjusted from the inverse model are used to cal-
culate new mass transports. Fig. 9 shows the zonally integrated
.5N+Florida
5N
balance
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re shown as error bars in the imbalance.
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mass transports per layer for the 1992–93 (left plot) and 2010–11
(right plot) surveys. The imbalance per layer is now indistinguish-
able from zero for both surveys. The total imbalance in mass trans-
port is �0.1 ± 6.0 Sv and 0.0 ± 5.9 Sv for 1992–93 and 2010–11,
respectively. Thus, our final circulation patterns are clearly mass
conserving. The integrated mass transport per layer for 1993 at
7.5N (Fig. 9a) resembles the transport per layer estimated by Lux
et al. (2001) (their Fig. 6) with a different inverse model and using
different zonal and meridional sections to close the box.

Table 4 summarizes the constraints for specific layers and lon-
gitude ranges together with the calculated initial and adjusted
mass transports. The final model transports satisfy all the con-
straints within one standard deviation of the a priori noise range,
except for the relatively large transport of the Antilles Current in
1992. The Antilles Current presents a large temporal variability
with transports varying between �15 and +25 Sv (Johns et al.,
2008; Lee et al., 1990). Transports within this range may be mea-
sured by a single hydrographic section; this is the case with our
estimate for section A06 during 1992, the result being consistent
with previous estimates (Rintoul and Wunsch, 1991).

The integrated mass transports per layer show a pattern of
positive values (transport to the north) in the thermocline and
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Fig. 10. Westward accumulated mass transport at 7.5N (section A06) for (a) surface and i
lines).
intermediate layers, negative values in the NADW layers, and again
positive values in the AABW layers (Fig. 9). The deep southward
flow at 24.5N presents two lobes, an upper lobe, corresponding
to the UNADW formed in the Labrador Sea, and a deeper lobe, cor-
responding to the LNADW of overflow waters. At 7.5N, only the
deeper lobe is recognizable, spanning a water column thicker than
at 24.5N.

The gross vertical patterns for the 1992–93 and 2010–11 inte-
grated mass transports are qualitatively similar though they differ
in some details (Fig. 9). The main differences are (1) that north-
ward transport in the deep central water and intermediate water
layers is greater in 1992–93 than in 2010–11, and (2) the south-
ward transport of the upper/lower lobe of deep waters is smal-
ler/larger in 1992–93 than in 2010–11.

The meridional transports through 7.5N and 24.5N, as deduced
from the inverse model, are integrated for different strata, west-
wards from the African coast (Figs. 10 and 11). Each stratum incor-
porates several adjacent layers having the net transport with one
same direction, as shown in Table 5. At 7.5N, there is northward
transport in the thermocline and intermediate strata (layers 1:9
for 1993 and layers 1:7 for 2010), a southward transport in the deep
stratum (layers 10:15 for 1993 and layers 8:15 for 2010), and a
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Table 5
Accumulated mass transports (Sv) for different layers. Transport is summed over consecutive layers with the same flow direction; value through section A05 (along 24.5N) is
divided into UNADW and LNADW. The Ekman transport has been included in the thermocline layer.

7.5N (A06) 24.5N (A05) 24.5N + Florida (A05)

1993 2010 1992 2011 1992 2011

Thermocline �12.6 ± 1.0 �14.6 ± 1.0 16.7 ± 1.0 17.0 ± 0.9
Intermediate 28.4 ± 1.6 16.1 ± 1.5 5.5 ± 1.1 2.1 ± 0.9 7.1 ± 1.1 2.2 ± 0.9
Deep

UNADW �30.8 ± 3.1 �18.4 ± 3.6 �7.3 ± 1.7 �13.8 ± 1.5 �26.2 ± 5.2 �21.2 ± 4.9
LNADW �18.8 ± 4.9 �7.4 ± 4.7

Bottom 1.6 ± 0.9 1.5 ± 0.8 1.4 ± 1.8 1.1 ± 1.8 1.4 ± 1.8 1.1 ± 1.8
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northward transport in the bottom stratum. At 24.5N, excluding the
Florida Strait transport, there is a southward transport in the ther-
mocline stratum (layers 1:3 for 1992 and layers 1:4 for 2011) and a
northward transport in the intermediate layers (layers 4:6 for 1992
and layers 5:6 for 2011); the deep stratum (layers 7:15) flows south
composed by both UNADW (layers 7:11) and LNADW (layers 12:15)
and the AABW stratum moves northwards.

At 7.5N, the integrated northward joint mass transport for the
thermocline and intermediate strata is significantly different
during both realizations, 28.4 ± 1.6 Sv during 1993 and
16.1 ± 1.5 Sv during 2010 (Table 5). The main reason for this differ-
ence probably comes from the time of the cruise and the seasonality
of the North Equatorial Counter Current (NECC) (Katz and Garzoli,
1982; Stramma and Schott, 1999); during the months of the 2010
cruise (April and May) a well-developed NECC diverted waters
towards the east while at the time of the 1993 cruise (February
and March) the NECC had not yet developed and the NBC followed
swiftly into the Caribbean Sea. At 24.5N, the transport in the
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thermocline stratum was not significantly different in 1992
(16.7 ± 1.0 Sv) and 2011 (17.0 ± 0.9 Sv). The intermediate water
transports were substantially different, 5.5 ± 1.1 Sv in 1992 in com-
parison to 2.1 ± 0.9 Sv in 2011, reflecting a significant decrease in
transport.

At 7.5N, the southward transport of NADW shows a significant
decrease between both realizations, from �30.8 ± 3.1 Sv in 1993 to
�18.4 ± 3.6 Sv in 2010 (Fig. 10b). In contrast, at 24.5N the total
transport of NADW to the south is not significantly different during
both realizations, with �26.2 ± 5.2 Sv in 1992 and �21.2 ± 4.9 Sv in
2011 (Table 5). Transports at 24.5N are consistent with previous
estimates, in the range from �15 to �25 Sv, as obtained from dif-
ferent inverse models (Lumpkin and Speer, 2003; Macdonald,
1998; Roemmich and Wunsch, 1985; Wunsch and Grant, 1982).
Although the total NADW transport does not change, its distribu-
tion between UNADW and LNADW does: an increase of southward
transport of UNADW at 24.5N, from �7.3 ± 1.7 Sv in 1992 to
�13.8 ± 1.5 Sv in 2011, is compensated with a decrease of south-
ward transport of LNADW, from �18.8 ± 4.9 Sv in 1992 to
�7.4 ± 4.7 Sv in 2011 (Table 5 and Fig. 11c and d). This compensa-
tion was also observed by Cunningham et al. (2007) with the
Rapid-WATCH data and by Atkinson et al. (2012) with the trans-
oceanic sections carried out at 24.5N.

The northward transport of AABW, which takes place west of
the MAR, shows a (non-significant) decrease as we move between
7.5N and 24.5N: from 1.6 ± 0.9 Sv to 1.4 ± 1.8 in 1992/93, and from
1.5 ± 0.8 Sv to 1.1 ± 1.8 Sv in 2010/11. This progressive decreases to
the north is to be expected because of the southern origin of these
waters, and has also been reported by Ganachaud (2003a). Never-
theless, because of the uncertainty of these transports, we cannot
confirm the decreasing trend between 1981 and 2004 proposed
by Johnson et al. (2008). Frajka-Williams et al. (2011) used refer-
ence levels of 3200/4100 db to estimate the transport of AABW
in 1992 as 2.5/3.1 Sv, which lie in the range of our results.

We may compare the water mass transports for different strata
during February 2011, as calculated with the inverse model applied
to the A05 section along 24.5N and as deduced from the Rapid-
WATCH array at 26.5N (Fig. 12). The Rapid-WATCH array is a
unique system which, since 2004, provides a continuous time ser-
ies of mass transport at 26.5N (Johns et al., 2011). Water transport
is estimated from a combination of Ekman transport inferred from
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Fig. 12. Mass transport per stratum, as calculated by the inverse model (black line) for sec
along 26.5N during the time of the cruise. See Table 2 for the definition of the different
satellite data, transport by the Florida Current as deduced from
cable voltage measurements, transport in the western boundary
region as inferred from moored current-meters, and geostrophic
transport estimates in the ocean interior from moored temperature
and salinity sensors installed in both ocean margins and in the
MAR. The Rapid-WATCH system balances mass by imposing a con-
stant velocity value to the whole transoceanic section.

The comparison is not straight-forward as Rapid-WATCH
divides the water column in pressure levels (0–800 m, thermo-
cline; 800–1100 m, intermediate; 1100–3000 m, UNADW; 3000–
5000 m, LANDW; and AABW, from 5000 m down to the sea floor)
rather than neutral density levels as we do. For the comparison,
we have chosen those density layers that best represent the differ-
ent Rapid-WATCH depth strata: 27.38, 27.922, 28.072, and
28.1295 kg m�3, and the sea bottom (Table 2). Fig. 5 clearly shows
that this is a rough approximation, particularly for the thermocline
waters (the 27.38 kg m�3 isoneutral slopes between about 850 m
in the western margin to 700 m in the eastern margin) and the
intermediate waters (the 27.922 kg m�3 isoneutral is close to
1500 m throughout the section). Despite these limitations, the
comparison shows fairly good agreement between the two sets
of values, with values which are not significantly different for the
UNADW, LNADW and AABW strata.

Circulation patterns

The model allows computing the distribution of the meridional
velocities along all transoceanic sections (Fig. 13). In all sections
we may appreciate the existence of substantial variability, as char-
acterized by the changing sign of the latitudinal velocity, with the
largest reversals in the western basin. The intermittency occurs at
scales of several degrees, pointing at a mesoscalar origin; neverthe-
less, some of the currents remain intense (greater than 0.10 m s�1)
down to 500 m or more, suggesting they respond to meandering
associated to or eddies detaching from large-scale currents. The
intermittency is greatest at 7.5N during the 1993 realization; since
this section was carried out at a time of the year (winter) when the
NBC did not retroflect, it seems probable that some of this variabil-
ity originated at the boundary current. The boundary current sys-
tems are remarkably clear at 7.5N, with very intense currents at
both central and deep water levels in the western boundary and
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fairly intense currents at central levels in the eastern boundary. At
24.5N the western boundary current displays the existence of the
Antilles Current; recall most of the northward transport occurs in
the Florida Straits, which are not included.

The NBC shows up clearly in the western boundary during both
7.5N realizations (Figs. 10c and d and 13). The NBC in 1993 is
located about 1� closer to shore (50.9W) as compared with 2010
(49.6W). A previous estimate of the mean NBC transport was
16 ± 2 Sv, but with high variability, reaching maximum values of
31.8 ± 2 Sv (Garzoli et al., 2004; Johns et al., 1998; Zhang et al.,
2011). In particular, using the same 1993 data set, Lux et al.
(2001) estimated the NBC transport to be 17.9 ± 2 Sv. Our estimate
for the NBC depends on how we define its offshore limit but the
westward accumulated mass transports (Table 5) are consistent
with these numbers.

The 24.5N realizations may be used to obtain estimates for the
Canary and Antilles Currents. The transport between the eastern
boundary and 20W is �2.1 ± 0.9 Sv for 1992 and �2.3 ± 1.1 Sv for
2011, consistent with previous Canary Current estimates (Machín
et al., 2006). The change in transport in the western boundary,
from the minimum accumulated transport west of 70W to the
western end, gives an estimate for the Antilles Current in the ther-
mocline layer: 17.7 ± 1.4 Sv in 1992 and 14.8 ± 0.7 Sv in 2011.
Ganachaud (2003a) estimated the Antilles Current to be
27 ± 3 Sv, larger than ours presumably because their global model
did not constrain the transport of the boundary current.

At 7.5N, the DWBC is estimated to transport �26.0 ± 1.3 Sv to
the south in 1993, only partly compensated with a northward recir-
culation of 14.4 ± 2.2 Sv (Fig. 10b); this value is less than estimated
by Lux et al. (2001) using the same data. In 2010, however, the
northward recirculation current approximately balances the trans-
port of the DWBC. At 24.5N, the DWBC, defined here as the trans-
port west of 70W in deep layers, shows not significantly different
transports in 1992 (�37.8 ± 5.4 Sv) and 2011 (�28.8 ± 6.3 Sv)
(Fig. 11c and d). Toole et al. (2011), using data from an array of cur-
rent meters located at about 39N, 70W (the so-called line W), esti-
mated a mean DWBC transport of �25.1 ± 12.5 Sv. Although a
comparison of the transport estimate through line W and the
meridional transport at 24.5N is not straightforward, because of
possible recirculations and entrainment of water masses along
the path of the DWBC between both latitudes, the consistency of
our results with those from Toole et al. (2011) is encouraging.
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Table 6
AMOC transports (Sv) through sections A06 (along 7.5N) and A05 (along 24.5N).

7.5N (time of the year) 24.5N (time of the year)

1992–93 29.2 ± 1.7 (February–March) 24.7 ± 1.7 (July–August)
2010–11 16.9 ± 1.5 (April–May) 20.1 ± 1.4 (January–March)

A. Hernández-Guerra et al. / Progress in Oceanography 128 (2014) 98–114 111
Atlantic Meridional Overturning Circulation, heat and
freshwater flux

We may calculate the intensity of the overturning as the maxi-
mum mass transport, calculated through depth integration from
the sea surface, typically comprising thermocline and intermediate
waters. We may compute the meridional overturning function by
simply adding the layer transports from either the bottom or the
sea surface. Fig. 14 illustrates this summation for both latitudes,
calculated with the summation starting at the sea floor. The AMOC
turns out to be weaker in 2010–11 than in 1992–93 for both lati-
tudes (Table 6), the difference being substantially larger at 7.5N
(16.9 ± 1.5 Sv versus 29.2 ± 1.7 Sv) than at 24.5N (20.1 ± 1.4 Sv ver-
sus 24.7 ± 1.7 Sv).

Our AMOC estimate at 24.5N in 1992 (24.7 ± 1.7 Sv) is larger
than values obtained in previous studies, yet it is consistent with
the mean value and high variability found at 26.5N with one year
of continuous measurements through the Rapid-WATCH mooring
array, 18.7 ± 5.6 Sv (Cunningham et al., 2007). This variability has
been recently confirmed by the analysis of the extended Rapid-
WATCH data set (Johns et al., 2011; Smeed et al., 2014). Our esti-
mate for 7.5N in 1993 (29.2 ± 1.7 Sv) is also greater than the value
estimated by Lux et al. (2001) (22 Sv) although these authors do
not provide uncertainty values.

The heat flux through 7.5N is estimated as 0.7 ± 0.1 PW in 1993
and 0.6 ± 0.1 PW in 2010. Previous studies (Ganachaud and
Wunsch, 2003; Talley, 2003; Macdonald, 1998; Friedrichs and
Hall, 1993) give very diverse results, ranging between 0.3 and
1.39 PW. A limitation in all these studies is the lack of reliable
velocity data over the American continental platform, where the
NBC may transport a substantial amount of water and heat.
Ganachaud and Wunsch (2003) added a water transport of 5 Sv
with a temperature of 26 �C, increasing its estimate from
1.0 ± 0.55 PW to 1.26 ± 0.31 PW. If we included a transport of
5 Sv instead of our SADCP-based estimate of 1.3 Sv, the heat trans-
port would increase to 1.2 PW in 1993 and 1.1 PW in 2010, similar
to Ganachaud and Wunsch (2003).

At 24.5N, we estimate the heat flux to be 1.4 ± 0.1 PW in 1992
and 1.2 ± 0.1 PW in 2011. Despite the substantial decrease from
1992 to 2011 in the intensity of the AMOC (4.6 Sv, Table 6), the
heat flux is similar for both years; this is slightly less than the
expected change in heat transport (0.3 PW), according to Johns
et al.’s (2011) heat-to-mass transport ratio (a change in 0.064
PW for each Sv). The reason lies in the source of the transport
changes, not in the thermocline but rather on intermediate waters
(Table 5), which hold less heat than the surface layers. The heat
flux at 24.5N has been previously calculated on several occasions,
with different methodologies, all leading to reasonably consistent
values. Macdonald (1998), Hall and Bryden (1982), Talley (2003),
Ganachaud and Wunsch (2003), and Lavı́n et al. (2003) estimated
the heat transport to be 1.07, 1.2, 1.28, 1.27 ± 0.15, and
1.51 ± 0.39 PW, respectively.

For our two-section closed box, the net loss of freshwater has
significantly decreased from 1992–93 (�0.47 ± 0.05 Sv) to 2010–
11 (�0.36 ± 0.03 Sv). Accordingly, in the area enclosed by the zonal
sections at 7.5N and 24.5N the excess evaporation over precipita-
tion has decreased or, equivalently, the salinity flux into the region
has been reduced; in particular, we note that these results are
insensitive, to the second decimal digit, to our selection of 34.9
or 35.2 for S0.
Discussion and conclusions

We have applied the same inverse model to the transatlantic
sections carried out at 7.5N and 24.5N in 1992–93 and 2010–11.
Thus, any differences in the ocean circulation patterns, as well as
in the transport of mass, heat and freshwater, must reflect actual
changes in the hydrographic data. In particular, the analysis has
allowed us to explore how the AMOC evolves between tropical
and subtropical waters of the North Atlantic Ocean and how its
intensity changes between 1992–93 and 2010–11.
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The transports through the 24.5N section, the transoceanic sec-
tion with the largest number of realizations (six times), have been
presented in several papers using different methodologies. A
recent analysis of the first five cruises was conducted by
Atkinson et al. (2012). Their results for the 1992 cruise, without
uncertainty values, display some similarities but also some dis-
agreements with our own calculations. Their upper thermocline
mass transport (17.7 Sv) is not significantly different from our cal-
culated transport (16.7 ± 1.0 Sv). They also find an increase/
decrease of the fractions of UNADW/LNADW transport from 1992
to 2010, and the AABW transport remains almost unchanged. The
main difference is the mass transport at intermediate layers. They
find a transport of only 0.7 Sv in 1992, well in the middle of the
range of transports found for the five realizations (from �0.3 Sv
in 1998 to 1.6 Sv in 1957). In contrast, we find substantially larger
transports, 5.5 ± 1.1 Sv in 1992 and 2.1 ± 0.9 Sv in 2011.

A remarkable result is the substantial change in the spatial
structure of the transport per water strata, as well as in the intensity
of the AMOC, at 7.5N. During 1993 the major northward transport
of thermocline and intermediate waters occurred near the MAR
and the NBC had a relatively weak contribution; during 2010,
instead, there was no net northward contribution near the MAR
and most of the net transport took place near the western bound-
ary. During 1993 the deep layers displayed some northward trans-
port in the western basin while in 2010 it occurred in the eastern
basin; in both occasions, however, the net flow was towards the
south as a result of the Deep Western Boundary Current.

Some of this variability may be related to seasonal changes in
both the formation of deep waters and in the western boundary
current system. Deep water formation in the subpolar North Atlan-
tic takes place at times of maximum surface cooling, about January
and February. The Deep Western Boundary Current will take several
months to reach from the formation region to the subtropics;
Kanzow et al. (2010) have indeed showed that, at the RAPID-Watch
array, the AMOC is weaker in February–March (at the time of the
2011 section) than in July–August (when the 1992 section was
done). Additionally, the returning limb of the AMOC depends on
the seasonality in the intensity of the NBC and its retroflection.
The NBC has minimum values in April–May and maximum ones
in July–August (Johns et al., 1998), but the inter-hemispheric trans-
port depends largely on the intensity of the retroflection either as
the Equatorial Undercurrent (Brandt et al., 2006) or the NECC
(Schouten et al., 2005), which reach maximum values in summer
and early fall.

The zonal patterns of mass transport (Fig. 10) strongly suggest
some coupling between the returning limb (thermocline and inter-
mediate strata) and the formation limb (deep waters) which is con-
sistent with long term changes. San Antolín Plaza et al. (2012)
examined the changes in the structure of the water mass along
7.5N using the 1957 (IGY), 1993 (WOCE) and 2010 cruises, and con-
cluded that during the whole time period there has been an increase
in the presence of (increasingly warmer and saltier) deep waters at
the expense of intermediate waters. The reduction in intermediate
waters is consistent with our observation of a significant decrease
in central and intermediate water transports (Fig. 10 and Table 5);
yet the increased presence of NADW is accompanied by a substan-
tial decrease, almost halving, in the transport of deep waters
(Table 5). The explanation may be related to the proximity of the
formation regions: the closer the formation region the greater will
be the influence of this water mass even at times of weak transport.

Both sets of realizations (1992/93 and 2010/11) share two
important properties. The first one is the presence of the starting
and returning limbs of the AMOC respectively comprising the cen-
tral-intermediate and deep strata (Fig. 14). The second one is the
existence of two cores of southward flow at 24.5N, located in the
lower part of the LNADW and the whole UNADW strata
(Fig. 14b), in contrast with one single core of southward flow at
7.5N which occupies the whole LNADW and the bottom portion
of the UNADW strata (Fig. 14a). Between both sections there is a
redistribution of the fractions of southward flowing waters from
the UNADW towards the LNADW (Fig. 8).

Finally, our calculations of heat transport at 24.5N for 1992
(1.4 ± 0.1 PW) and 2011 (1.2 ± 0.1 PW) fit well in the range of pre-
vious estimates. In particular, the 2011 value is similar to the value
estimated by Johns et al. (2011), 1.33 ± 0.40 PW, obtained using
3.5 years of Rapid-WATCH measurements. Similarly, the heat
transport at 7.5N did not change much between 1993 and 2010,
decreasing from 0.7 ± 0.1 PW to 0.6 ± 0.1 PW. The reduction in heat
transport at 24.5N is similar to the reduction in water transport
(19% and 14%, respectively) but the reduction in heat transport at
7.5N is substantially smaller than the reduction in water transport
(19% as compared to 42%). This is because the heat transport
through 7.5N strongly depends on the mass transport along the
Brazil continental shelf, which we have selected to be the same
for both realizations.

It is probably adequate to finish with a few caution words on
interpreting the above results in terms of long-term changes in
the intensity of the AMOC. The first warning comes, as discussed
above, from the comparison of sections sampled at different sea-
sons. This is critical for the thermocline and intermediate layers
because of the very intense seasonality in the equatorial and trop-
ical current system, affecting not only the western boundary cur-
rent but also the interior flows as a result of the seasonal
displacement of the Inter-Tropical Convergence Zone. It is also
likely important for the deep layers, particularly as we get closer
to the deep water formation regions. The second caution relates
to the common assumption that the circulation pattern, that comes
out from the analysis of sections carried out during the same or
nearby years, can be taken as instantaneous shots of the vertical
structure of the MOC. This is not necessarily true as the thermo-
cline and deep ocean circulation may take quite different times
to travel between sections that are separated by several hundred
or thousand kilometers. For example, a water parcel moving
0.05 m s�1 would take 1.2 years to travel the distance between
7.5N and 24.5N, or 6 years if moving at 0.01 m s�1, velocities typi-
cal of the deep layers; however, a water parcel near the surface
that moves at 0.5 m s�1 would take only 44 days. This simple con-
sideration, in the middle of a plethora of seasonal, inter-annual and
inter-decadal variations, points at non-trivial ways of interaction
between the upper and deep oceans.
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