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A B S T R A C T

A World Ocean Circulation Experiment Hydrographic Program along with a Global Repeat Hydrography
Program occupied sections along 66°W in the North West Atlantic Ocean in 2003 and 2012. Hydrographic
variables, tracers and LADCP measurements were collected in situ. This section together with the North
American and South American Coasts create a closed volume, excluding any flow through the Panama Canal.
Combining mass, silica and LADCP information with constraints in an inverse box model we obtain a strong
eastward flow of the Gulf Stream (100.1 ± 4.6 Sv in 2003 and 123.8 ± 4.4 Sv in 2012), and westward flows of
the Caribbean Current (−24.4 ± 1.0 Sv in 2003 and −24.2 ± 1.1 Sv in 2012) and Deep Western Boundary
Current (DWBC). The DWBC carries the ventilated waters of the Labrador Sea and the Nordic Seas. Comparing
the results of 2003 and 2012, an insignificant reduction is observed in the DWBC transport (−17.3 ± 2.9 Sv and
−15.0 ± 2.5 Sv for 2003 and 2012, respectively). The net heat fluxes do not show major changes through the
section during both cruises (−0.23 ± 0.08 PW in 2003 and−0.21 ± 0.12 PW in 2012). In contrast, freshwater
fluxes present positive values in the dry season (0.24 Sv in spring 2012) and negative values in the wet season
(−0.32 Sv in fall 2003). The difference between both cruises may be due to seasonal variability in the area.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) refers to
the circulation of the superficial warm ocean currents flowing poleward
in the Gulf Stream (GS) and the deeper cold waters flowing towards the
equator from the Labrador and Nordic Seas in the Deep Western
Boundary Current (DWBC) (Stommel, 1965). Both of these current
systems are in part compensated by local recirculation and interior
flows. In the southern part of the Western North Atlantic Subtropical
Gyre there is an island chain from the Bahamas to the northern coast of
South America that encloses the deep Caribbean Sea. The water ex-
change between the Atlantic Ocean and the deep Caribbean Sea takes
place through the Antilles passages, most importantly through the
Anegada Passage in the lesser Antilles. This is the deepest passage and
permits ventilation of the deep Caribbean Sea (Johns et al., 2002). The
Caribbean Sea is also a pathway for the recirculation of the North
Atlantic Subtropical Gyre and the South Atlantic Waters that are carried
northward through the Gulf Stream System (Schmitz and McCartney,

1993; Schmitz and Richardson, 1991).
The A22 is a hydrographic section that crosses the North Atlantic

Subtropical Gyre and the Caribbean Sea along 66°W. The first time this
section was surveyed was in 1997 during a World Ocean Circulation
Experiment (WOCE) Hydrographic Program (WHP) cruise. WOCE is a
program that estimated the global ocean circulation state during the
1990’s decade (Ganachaud and Wunsch, 2000). However, considering
that ocean properties and transports vary over time, the international
Global Ocean Ship-bases Investigation Program (GO-SHIP) was created
to repeat the hydrographic cruises over the most important WOCE legs
once every 10 years (Talley et al., 2016). The importance of the A22 lies
in that it crosses the Caribbean current, an extension of the North
Equatorial Current (NECC) and North Brazil Current (NBC) (Fratantoni,
2001) which transports ∼30 Sv to the west flowing through the Yu-
catan and Florida Straits to the GS (Gordon, 1967). Furthermore, the
Gulf Stream crosses through the northern part of the section once,
transporting more than 100 Sv (Joyce et al., 2001), and, finally, the
DWBC crosses the section twice, transporting between 18 and 47 Sv
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(Hernández-Guerra et al., 2014; Joyce et al., 2001) first to the north of
the GS flowing westwards and secondly to the north of Puerto Rico
flowing eastwards. The relevance of these prominent ocean currents has
led to the repetition of the A22 in both 2003 and 2012.
Our effort in this paper is to compare the absolute geostrophic

transports estimated from hydrographic data, Lowered Acoustic
Doppler Current Profiler (LADCP), nutrient data and the results of an
inverse box model from two cruises carried out in 2003 and 2012 over
66°W in the North Atlantic. Thus, the paper is organized as follow:
Section 2 introduces the data from the 2003 and 2012 hydrographic
sections; Section 3 presents the methods and results for the initial
geostrophic transports for these year; Section 4 explains the details of
the inverse box model used to estimate reference velocities and ad-
justed geostrophic transports; Section 5 explores the estimated adjusted
geostrophic transports for the 2003 and 2012 cruises; Section 6 shows
the heat and freshwater fluxes through 66°W. We close with a discus-
sion of the main results and the changes which occurred in 1997, 2003
and 2012 across 66°W.

2. Data and vertical sections

2.1. Data

Hydrographic data of two cruises were collected along the A22
section at 66°W in fall 2003 (October 23 to November 13) and spring
2012 (March 24 to April 17) as part of the international program GO-
SHIP (Talley et al., 2016). The 2003 cruise was carried out northward,
from Trinidad to Cape Cod (MA, USA), and the 2012 cruise worked
southward from Cape Cod to Aruba (Leeward Antilles) (Fig. 1). Fig. 1
also shows the A22 hydrographic stations location from 1997 which has
been discussed in Joyce et al. (2001). The separation between stations
varied depending on the location: in steep topography the separation
between stations is ∼10 km and ∼30 km across the Gulf Stream, and
otherwise, the separation is typically ∼75 km. At each station a Con-
ductivity-Temperature-Depth (CTD) profile was obtained for the entire
water column. Rosette water samples were also taken for oxygen and
other chemical tracers. An LADCP provides a velocity profile at each
station (http://currents.soest.hawaii.edu/clivar/ladcp/). For the 2003
cruise, a downward and upward-looking 300 kHz LADCP was used for
stations 1 to 37, and a downward-looking 150 kHz was used for stations
38 to 82. For the 2012 cruise, a downward-looking 150 kHz was used
for all the stations. Cruise reports including data processing and sam-
pling data are available online at https://cchdo.ucsd.edu/. Winds from
National Centers for Environmental Prediction (NCEP) reanalysis pro-
ject from the National Oceanic and Atmospheric Administration
(NOAA, https://www.esrl.noaa.gov/) are used to estimate the initial
Ekman transports (Kalany et al., 1996).

2.2. Hydrographic sections

Though the determination of water masses is mainly based in po-
tential temperature, salinity, neutral density and potential temperature
and salinity diagram (Figs. 2–5 and Table 1), tracers (silica and CFC-11
and CFC-12, Figs. 6–8) have also helped in discerning between the old
and new water masses. CFCs are anthropogenic substances that entered
the ocean through the atmosphere during the 1990s, and are trans-
ported equatorward through the DWBC (LeBel et al., 2008; Stramma
et al., 2004). Fig. 5 reveals differences between both cruises at the
surface layer. This is due to seasonality: while the 2003 cruise took
place in fall, the 2012 took place in spring. Therefore, precipitation and
river runoff imprint a fresher surface layer in 2003 than in 2012.
The north wall of the Gulf Stream (GS) is commonly defined as the

location of the 15 °C isotherm at 200m depth (Fuglister, 1955; Joyce
et al., 2000). Looking at Fig. 2 this occurs at 38°N in 2003 and 38.4°N in
2012. The northernmost side of our sections extends from the North
American Coast to the north wall of the GS. This area has the lowest

surface salinity values (< 35.5) (Fig. 3) and temperatures in the range
of 10°–15 °C (Fig. 2). These characteristics are easily observed for both
sections in the θ-S diagram of both years and correspond with Ford
Waters (Fig. 5). Ford Water (FW) originates from the continental
freshwater and reaches our area as filaments from the continental shelf
(Fisher, 1972; Kupferman and Garfield, 1977; Lillibridge III et al.,
1990). From the surface to γn = 27.7 kgm−3 (∼600m depth, Fig. 4)
the Labrador Current shows negative isoneutral slopes, indicative of
westward flow. In the θ-S diagram (Fig. 5) the high density dots in the
salinity range of 35.5–36 and temperature below 20 °C represents Slope
Waters (SW), north of the GS (Lillibridge III et al., 1990). The Labrador
Current brings Labrador Sea Water (LSW) between
27.8 < γn < 27.975 kgm−3 (Fig. 4). This water mass has high values
of CFC-11 and CFC-12 extending from 500m to 1500m depth in this
area (Figs. 7 and 8). The LSW water masses are identified in the CFC-11
and CFC-12 vertical sections with values of approximately 2/
2.8 pmol kg−1 and 1.2/1.6 pmol kg−1, respectively for 2003/2012. The
CFC signature in the LSW deepens to the range 900–2000m south of the
GS and extends southward, reaching Puerto Rico at intermediate levels.
Our section crosses the Gulf Stream (GS) at the latitudinal range

∼37°–38.4°N. It is characterized by a steep slope in the isopycnals,
indicating an eastward flow in the entire water column (Fig. 4). Im-
mediately south of the GS the isopycnal slope changes sign. This change
indicates the presence of the Gulf Stream Recirculation between
∼35°–37°N, flowing to the west and occupying the entire water
column.
The A22 section crosses the DWBC twice, once at the continental

slope south of New England (∼38°–39.5°N) and again north of Puerto
Rico (∼18.9°–19.9°N). On the northern side, the DWBC flows west-
wards from γn= 27.7 kgm−3 (nearly 600m depth) to
γn= 28.1 kgm−3 (∼4500m depth, Fig. 4). The location of the DWBC
is more evident from the CFC vertical sections (Figs. 7 and 8) with two
cores at about 800m (approx. γn= 27.8 kgm−3) and 3000m depth
(about γn= 28.05 kgm−3) with values of approximately 2/
2.8 pmol kg−1 and 1.6/1.8 pmol kg−1, respectively, for CFC-11 in
2003/2012 and 1.4/1.6 pmol kg−1 and 0.6/0.8 pmol kg−1, respec-
tively, for CFC-12 in 2003/2012. High CFC concentrations are also
observed north of Puerto Rico, where the deep flow is eastward from
γn=27.875 kgm−3 at approximately 1500m depth to
γn= 28.1 kgm−3 (∼4000m depth, Fig. 4). Here the DWBC is also
observed through high silica (> 15 μmol kg−1) and CFC concentrations
at roughly 1500m and 3500m depth (Figs. 6–8), although the CFC
signal is lower than that to the north of the GS. The CFC signals at
intermediate depths (800m to the north of the GS and 1500m to the
north of Puerto Rico) come from the LSW, while the deep signal
(3000m depth to the north of GS and 3500m depth at Puerto Rico)
comes from Iceland-Scotland Overflow Water (ISOW) and Denmark
Strait Overflow Water (DSOW) (Smethie et al., 2000; Smethie, 1993),
all together named Nordic Overflow Waters (NOW). North of Puerto
Rico, the DWBC presents an uplift of the silica isolines at depths be-
tween 2500 and 4000m in both cruises (Fig. 6). This is linked to the
presence of Lower Deep Water (LDW), the mixing product of NOW with
Antarctic Bottom Waters (AABW) (Van Aken, 2000; Hall et al., 2004;
Joyce et al., 1999). The group of westward flowing water masses
coming from the north and forming the DWBC (LSW, NOW and LDW)
are called all together North Atlantic Deep Water (NADW). AABW is
only found under the NADW near Puerto Rico (∼18°N to 29.6°N), the
deepest part of the section, where the approximate separating iso-
neutral is 28.14 kgm−3 (Fig. 4). AABW is a cool (θ≤ 1.5 °C, Fig. 3),
fresh (S < 34.87, Fig. 4), high silicate (> 45 µmol kg−1, Fig. 5) and
low CFCs (CFC-11 < 0.2 pmol kg−1 and CFC-12 < 0.1 pmol kg−1 in
both cruises, Figs. 5 and 6) water mass.
North of Puerto Rico, on top of the DWBC (∼1200m), the in-

clination of the isolines from the different properties indicates the
presence of the Antilles current (19°–20.2°N in 2003 and 18.5°–19.5°N
in 2012). This current flows westward from the surface to
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approximately γn= 27.7 kgm−3 (Fig. 4).
The large amount of tracers found in the northern and southern

sides of the basin depict a well-ventilated North Atlantic. In contrast,
low CFCs are observed in the central part of the section (23°–27°N)
under 2000m depth, showing an area of old waters, not well exposed to
the atmosphere (Joyce et al., 2001). The good ventilation in the
northern part of the section, excluding the region between 23°N and
27°N, contrasts with the low degree of ventilation in the deep Car-
ibbean, which has no connection with the North Atlantic below ap-
proximately 1700m depth except for the Anegada Passage east of
Puerto Rico (Joyce et al., 2001). The Anegada passage connection with
the North Atlantic is detected by a signal of NADW characterized by low
potential temperature (3.85 °C, Fig. 2) in the northern part of the Car-
ibbean basin (∼17°N) in the range of 2500 to 4500m depth (Fig. 2).
This recently ventilated NADW intrusion is also marked in both cruises
by relatively low silica (< 29 µmol kg−1, Fig. 6) and relatively high
CFCs (CFC-11 in the range of 0.2 to 0.3 pmol kg−1 and CFC-12 between

0.1 and 0.2 pmol kg−1, Figs. 7–8) at the northern edge of the basin
(1700–3000m depth). These anomalous values are greater in 2012 than
in 2003, due to the NADW formed in the 1990s when the CFCs were
introduced to the atmosphere were arriving to the Caribbean basin
(LeBel et al., 2008). In the upper layer of the Caribbean above 100m
depth, a relatively freshwater water mass is found called Caribbean
Surface Water (Fig. 3), formed by the mixture of North Atlantic Surface
Waters and the complex processes of rainfall, runoff of the Amazon and
Orinoco rivers and coastal upwelling (Hernández-Guerra and Joyce,
2000). As the 2012 cruise was carried out in spring, these surface wa-
ters are less stratified. Therefore, the salinity minimum due to fresh-
water inputs is less marked than in 2003 (Figs. 3 and 5). Below this
fresh water mass, the North Atlantic Subtropical UnderWater (SUW) is
seen, characterized by a salinity maximum (>37) (Figs. 3 and 5). The
SUW originates in the central tropical Atlantic, where the evaporation
is higher than the precipitation (Metcalf, 1976). This water mass is only
found at the northern part of the Caribbean, between 14°N and Puerto

Fig. 1. Location of the hydrographic stations for A22 section and the main circulation patterns found in the section. Blue dots represent the 2003 stations, red dots the
2012 stations and the gray dots represent de 1997 stations. Blue arrows represent cold currents and red arrows warm currents. DWBC stands for Deep Western
Boundary Current. Line W is part of the section that was surveyed previously various times in order to study the DWBC to the South of Cape Cod (Joyce et al., 2013).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Rico. Between 300 and 500m depth, the Tropical Atlantic Central
Water is observed with lower salinity (< 36) (Fig. 3). Just below, be-
tween 500 and 900m depth, there is a salinity minimum (<35) cor-
responding with the Antarctic Intermediate Water (AAIW) which can be
traced north of Puerto Rico at deeper depths (Metcalf, 1976).

3. Initial mass and silica transports

Before applying the inverse model, which imposes mass balance, an
initial calculation of the geostrophic velocity at each station pair is
done. To estimate the initial geostrophic transport, the thermal wind
equation is used. The reference level of no motion is chosen at the depth
of neutral density γn = 28.14 kgm−3 (dashed contour in Fig. 4) at
approximately 5000m depth, between the westward flowing LDW and
the eastward flowing AABW. If a station pair is shallower than the re-
ference layer, the deepest layer at this station is used as level of no

motion. The mass transport is estimated between 17 neutral density
layers defined as water mass boundaries following Joyce et al. (2001)
(Table 1).
The initial (unbalanced) mass transports for 2003 and 2012 cruises

are 37.0 Sv and 27.0 Sv, respectively (Fig. 9a and b). North of Puerto
Rico, the whole Atlantic eastward mass transports are 63.3 Sv and
48.1 Sv for 2003 and 2012, respectively. In the Caribbean Sea, the
westward mass transports are −26.3 Sv and −21.1 Sv for 2003 and
2012, respectively (Fig. 9a and b). From now on, positive transports are
to the east and negative transports to the west. Qualitatively the un-
balanced mass transports for both years have a similar structure
through the water column.
The structure of the initial silicate transports (Fig. 9c and d), using

the initial zero velocity geostrophic flow, has a similar structure to the
initial mass transports. From layer 9 to the bottom all the net transport
is due to the Atlantic part of the section as the Caribbean is an enclosed

Fig. 2. Potential temperature vertical sections (°C). (A) for 2003 and (B) for 2012.

Fig. 3. Salinity vertical sections. (A) for 2003 and (B) for 2012.
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basin at these depths. The silica transports structure at surface layers
are different from those of the mass transport (Fig. 9a and b). The silica
transport is almost zero due to the low silica concentration in the sur-
face, while the mass transport is westwards in the Caribbean and
eastward in the Atlantic between the densities
27 < γn < 27.7 kgm−3. In both cruises, the silica flux of the Atlantic
basin at the bottom and deep layers is high due to the high silica
concentration in the AABW, LSW and NOW. The initial net silicate
transport presents an imbalance of 566 kmol s−1 in 2003 and
307.5 kmol s−1 in 2012. These initial silica transports for the Atlantic
are 718.3 kmol s−1 and 468.9 kmol s−1 for 2003 and 2012, respec-
tively. For the Caribbean basin, the transports are −152.3 kmol s−1 and
−161.5 kmol s−1 for 2003 and 2012, respectively.

4. Inverse box model solution

4.1. Mass constraints and LADCP-derived velocities

Inverse box models provide an efficient method to estimate the
unknown geostrophic reference velocities for each station pair after
obtaining the geostrophic flow using the thermal wind equation. These
velocities at the reference layer per station pair are estimated by ap-
plying some constraints with certain uncertainties, of which the most
important is mass conservation (Hernández-Guerra and Talley, 2016;
Wunsch, 1996, 1978). Our inverse model also adjusts the Ekman
transport included in the shallowest layer. Ekman transport is initially
computed from NCEP wind stress interpolated to the location of each
station pair where the geostrophic velocity is calculated (Ganachaud,
2003; Hernández-Guerra et al., 2014, 2010, 2005; Vélez-Belchí et al.,
2017). The Ekman transport was estimated from the wind data during
the period of the cruise following Hernández-Guerra and Talley (2016).

Fig. 4. Neutral density vertical sections (kg m−3). (A) for 2003 and (B) for 2012. The dashed isopycnal indicates the reference layer of no motion for the initial
transport.

Fig. 5. θ-S diagram for both cruise years, (A) 2003 and (B) 2012. Grey lines indicate the selected neutral density layers of 25, 27, 27.8, 28 and 28.1 kgm−3 used in
the inverse model. The colors of the dots indicated in the legend correspond with four main zones of the section. Red dots are for the Caribbean Sea, blue dots for the
Mid Atlantic, green dots for the Gulf Stream and its recirculation and the black ones are for the region north of the Gulf Stream. Water masses are indicated with their
acronyms: SUW stands for Subtropical UnderWater, FW stands for Ford Waters, SW stands for Slope Waters, AAIW stands for Antarctic Intermediate Waters, LSW
stands for Labrador Sea Water, NOW stands for Nordic Overflow Waters, LDW stands for Lower Deep Waters and AABW for Antarctic Bottom Waters. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Casanova-Masjoan et al. Progress in Oceanography 168 (2018) 296–309

300



The initial Ekman transports are 0.2 ± 0.3 Sv in 2003 and
−1.8 ± 0.4 Sv in 2012. After the inverse model, the Ekman transports
are not significantly different than the initial values (0.2 ± 0.1 Sv in
2003 and −1.8 ± 0.7 Sv in 2012). In addition, LADCP data are used to
adjust the geostrophic velocities prior to inverse modeling. The LADCP
velocities from adjacent stations are averaged and compared to the
geostrophic velocity profile of each station pair: the depth intervals
over which the vertical velocity profiles have similar structures are used
to estimate the reference velocity at each station pair (Fig. 10), fol-
lowing Comas-Rodríguez et al. (2010). These adjustments were done
for 57 station pairs in 2003 cruise and for 49 stations pairs in 2012
cruise.
We apply the inverse model to the volume enclosed between the

hydrographic stations of the A22 section and the American continent to
the west as there is no major flow through the Panama Canal (Joyce
et al., 2001). We have carried out two different inverse models. Model A
includes the total mass conservation (constraint 1), the mass con-
servation per neutral density layer of Table 1 (constraints 2 to 18), with
the adjustment of the Ekman transport included in the shallowest layer
and the total mass conservation, and a constraint of 0 ± 0.5 Sv at the
deep Caribbean from layers 11 to 17 (constraint 19). Model B also

includes silicate conservation (constraints 20 to 37, Section 4.2). These
constraints together with their error are the set of initial equations
forming the following matrix equation:

Ab n Y+ = (1)

where A is an M N× matrix, M is the number of layers and constraints
and N the unknowns, b is a column vector of length N containing the
unknown velocities at the reference layer of N station pairs, n is a
column vector of length M with the noise of each layer and constraint,
andY is a vector representing the mass transport initially imbalanced in
each layer.
To solve the inverse problem, which has more unknowns than

equations, the Gauss–Markov method is applied which produces a
minimum error variance solution from the initial estimates of the un-
knowns (Wunsch, 1996). Therefore, this method requires preliminary
variance for each constraint and for each velocity. The a priori equation
variance and velocity variance used are those from Joyce et al. (2001).
For the a priori equation variance we have chosen higher variance in
the surface than in the deeper layers. These values are (2 Sv)2 for the
first 5 constraints which include the total and the first four layers;
(0.5 Sv)2 for the bottom layer and (1 Sv)2 for the rest of the constraints.
The velocity variance used is higher for those station pairs that do not
have LADCP measurements, (0.1m s−1)2, than for those with LADCP
measurements, (0.05m s−1)2.
After the inverse calculations, we have used the new reference ve-

locities to calculate the new mass transports. Fig. 11a-b shows the
meridionally integrated mass transport for the Atlantic Ocean, Car-
ibbean Sea and the net transport of the entire section, for both years. In
this figure, the net mass transport from layer 9 to the bottom is almost
zero. At the surface layers, there is a net westward inflow in the Car-
ibbean sub-basin and a net eastward outflow in the Atlantic sub-basin of
our section.

4.2. Silica constraints

In order to improve our results, we carried out a Model B using silica
fluxes as constraints in our inverse calculations. The net silica fluxes
after the inverse model with mass constraints (Model A, Fig. 11c–d)
show different patterns compared to mass fluxes (Fig. 11a-b) especially
in the surface and bottom layers. Therefore, we added 18 new equa-
tions, considering silica conservation as constraints, to our 19 mass

Table 1
Neutral density levels used in analysis (Joyce et al., 2001).

γn Layer Water Mass

20 – 25 1 Surface Layer
25 – 25.5 2 Upper thermocline
25.5 – 26 3 SUW
26 – 26.4 4 Upper thermocline
26.4 – 26.6 5 STMW
26.6 – 27 6 Lower thermocline
27 – 27.5 7 AAIW
27.5 – 27.7 8 AAIW
27.7 – 27.8 9 AAIW
27.8 – 27.875 10 ULSW
27.875 – 27.925 11 LSW
27.925 – 27.975 12 CLSW
27.975 – 28 13 ISOW
28 – 28.05 14 ISOW
28.05 – 28.1 15 DSOW
28.1 – 28.14 16 LDW
28.14 – 29 17 AABW

Fig. 6. Silica vertical sections (μmol kg−1). Dashed lines show the neutral density contours and solid lines for silica contours. (A) for 2003 and (B) for 2012.
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conservation equations. The a priori variances used are those used by
Joyce et al. (2001). These variances are (20 kmol s−1)2 for the first four
layers, (5 kmol s−1)2 for the total silica conservation and the last two
layers and (10 kmol s−1)2 for the rest of the constraints.
The reference velocity adjustments to the initial LADCP-based

geostrophic velocity as function of latitude estimated from the inverse
model with the silica and mass constraints and for the inverse model
with only mass constraints are shown in Fig. 12. The differences be-
tween the reference velocities adjustments before and after applying the
silica constraints only differ by less than 2 cm s−1 but eliminates much
of the silica imbalances. These reference velocities are small in the
central part of the section where there is not any major flow or current.
In the Caribbean in 2003 the values at the southern part are negative
and at the northern part are positive, as the inverse model results are
trying to decrease the cyclonic gyre of the Caribbean basin. In 2012
data, the cyclonic pattern in less marked, but it still appears with high

negative velocities at 16°N. North of Puerto Rico the deep water east-
ward flow increases in 2012, while between 20°N and 25°N the west-
ward flow increases in both years.
Fig. 13 shows the LADCP-adjusted geostrophic velocities and the

LADCP-adjusted velocities adding the reference velocities for both in-
verse solutions (Model A and B). The velocities of both models, A and B,
are very similar, except for the velocities in the range of latitudes 27° to
28°N in 2003, which in model A are more negative. Comparing the
LADCP-adjusted geostrophic velocities to those of both models, the
velocities are similar, but in 2003 the inverse model has made the flow
in the Caribbean negative as in the middle part of the section while in
the northern part of the Gulf Stream (∼39°N) the flow has been made
positive. In 2012, the inverse model has also made the Caribbean flow
more negative, but to the north of Puerto Rico the flow is more positive
than in the only LADCP-adjusted velocities. The velocities adjusted
from Model B are used to calculate the new mass, silica and heat

Fig. 7. CFC-11 vertical sections in pmol kg−1. (A) for 2003 and (B) for 2012.

Fig. 8. CFC-12 vertical sections in pmol kg−1. (A) for 2003 and (B) for 2012.
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transports.
Mass and silica meridionally integrated transports from the inverse

calculations with mass and silica constraints for 2003 and 2012 are
shown in Fig. 14. The net mass and silica transports for 2003 (2012) are
−0.2 ± 1.6 Sv (0.3 ± 2.0 Sv) and 14.8 ± 22.3 kmol s−1

(−2.5 ± 22.6 kmol s−1), respectively. In both years, the net silica

transport has been reduced considerably from those transports esti-
mated from the inverse model with only mass constraints. The inverse
calculations with mass and silica constraints have improved the balance
of silica transports in the deep and bottom layers (compare Fig. 14c–d
with 11c–d).

Fig. 9. Initial (unbalanced) meridionally
integrated mass and silica transports across
the A22 section. Relative to zero velocity at
neutral density γn = 28.14 kgm−3. (A) and
(B) show for 2003 and 2012 mass transports
(Sv) and (C) and (D) show 2003 and 2012
silica transports (kmol s−1). Black lines are
the net transport, the blue lines are the
Atlantic part of the section (from Puerto
Rico to Cape Cod, USA) and red lines are the
Caribbean part of the section. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 10. Examples of the LADCP velocity
profiles used to reference the geostrophic
velocity (cm s−1). LADCP normal to station
pair (blue), geostrophic velocity referred to
the initial level of no motion (red) and
LADCP adjusted geostrophic velocity (black)
with the depth interval used to make LADCP
adjustments between the horizontal grey
dashed lines. The selected station pairs are
(A) Gulf Stream 2003 and (B) 2012, (C)
Caribbean 2003, and (D) Gulf Stream
Recirculation 2012. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
this article.)
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5. Adjusted geostrophic transports

The mass transports after the inverse model with mass and silica
constraints from each year and at different locations and layers are
shown in Table 2. The final net transports are −0.2 ± 1.6 Sv and
0.3 ± 2.1 Sv for 2003 and 2012, respectively. In the Caribbean the net
flow is westwards in both years as Centurioni & Niiler (2003) and Joyce
et al. (2001) described. The negative transports in the Caribbean are
−24.4 ± 1.0 Sv in 2003 and −24.2 ± 1.1 Sv in 2012 (Table 2), not
significantly different than the net transport estimated by Joyce et al.

(2001) in 1997, who found westward transport of 24 Sv. Most of these
westwards transports in the Caribbean are due to the thermocline and
intermediate transport. At these layers, 3 westward jets are seen in
2003 (Fig. 15), one at ∼12°N, other at ∼16°N and the last at ∼18°N,
very close to the southern coast of Puerto Rico. These jets are wind-
driven structures (Hernández-Guerra and Joyce, 2000) intensified by
salinity gradients produced by freshwater inputs from the coastal up-
welling and the runoff of the Orinoco and Amazon rivers between
August and December (Chérubin and Richardson, 2007). In 2012 as the

Fig. 11. Mass and silica transports after the
inverse model solution with mass con-
straints (Model A). Red line stands for the
Caribbean Sea mass transport, blue line is
for the Atlantic mass transport and black
line is for the entire section mass transport.
(A – C) and (B – D) are 2003 and 2012
cruises, respectively. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
this article.)

Fig. 12. Velocity at the reference layer as function of latitude determined by
the inverse model calculations for 2003 (A) and 2012 (B). Red lines are for
inverse model A. Black lines with error bars correspond to inverse model B. The
gap in the velocity plots is due to the island of Puerto Rico. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 13. LADCP-adjusted geostrophic velocities as a function of latitude (blue
line), LADCP-adjusted velocities plus the reference velocities estimated from
the inverse calculations using mass constraints (Model A, red line) and LADCP-
adjusted velocities plus the reference velocities estimated from the inverse
calculations using mass and silica constraints (Model B, black line). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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cruise was carried out in spring, when the stratification is low and the
fresh water input is less, only 2 jets at ∼12°N and ∼17°N are seen as
Chérubin and Richardson (2007) reported. The two deepest layers of
the Caribbean do not have any net flux because the Caribbean is iso-
lated at depth greater than 1700m as seen in the horizontal distribution
of the meridional transport between the different density layers
(Fig. 16f and g). The deep flow of the Caribbean is restricted to layers
10 and 11, as layer 12 does not exist in the Caribbean Basin. In 2003,
this deep layer shows a cyclonic gyre of 11.3 ± 6.8 Sv at the southern
part (∼10–14°N) and 2 little anticyclonic gyres of 9.4 ± 10.1 Sv and
9.9 ± 5.3 Sv at the northern part at ∼14°–16°N and 16°–18°N, re-
spectively (Fig. 16e). Typically, the deep Caribbean contains a cyclonic
gyre (Hernández-Guerra and Joyce, 2000; Sou et al., 1996), as observed
in 2012. This cyclonic gyre transport is about 15.2 Sv, (Fig. 16e).
The surface Antilles Current flows westwards close to the shore

north of Puerto Rico. This current has a large temporal variability,
varying in the range of −15 to +25 Sv in the upper 1000m in period
ranged between March 2004 and May 2005 (Bryden et al., 2005; Johns
et al., 2008). In 2003, the Antilles Current flows at ∼100 km away from
the northern shore of Puerto Rico (19.0°–20.2°N, Fig. 15a) carrying
−9.2 ± 3.1 Sv. In contrast, in 2012, the Antilles Current flows close to
Puerto Rico (18.5°–19.6°N, Fig. 15b) transporting −15.9 ± 2.0 Sv.
Also to the north of Puerto Rico, between 18.7°–21.2°N in 2003 and

18.7°–20.2°N in 2012, the DWBC flows to the east (Figs. 15 and 16e, f
and g). This eastward flow is divided into 3 main parts, the LSW layer
(isoneutral layers 10 to 12, in the range of 1500 to 2000m depth)
which transports 9.0 ± 2.5 Sv in 2003 and 6.6 ± 2.0 Sv in 2012; the
NOW layer (isoneutral layers 13:15, between 2100 and 3700m depth)
which transports 12.7 ± 4.6 Sv in 2003 and 7.7 ± 3.6 Sv in 2012; and
the deepest layer, the LDW layer (isoneutral layer 16, from 3700 to

Fig. 14. Meridionally integrated mass and
silica transports after the inverse model so-
lution with mass and silica constraints
(Model B). Black lines are the net transport,
blue lines the Atlantic transports and red
lines the Caribbean transports. Left subplots
corresponds to 2003 and right ones to 2012.
The top subplots correspond with mass
transports (Sv) and the bottom subplots with
the silica transports (kmol s−1). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

Table 2
Regional inverse model transports with mass and silica constraints (Model B) for A22 in 2003 and 2012. Positive transports are eastward.

Latitude (°N) Layers Transports

2003 2012 Model B 2003 Model B 2012

Upper North DWBC 38.0–39.6 38.4–39.6 10:12 −9.7 ± 1.9 −9.5 ± 1.8
Lower North DWBC 38.0–39.6 38.4–39.6 13:15 −6.1 ± 1.7 −4.9 ± 1.6
LDW North 38.0–39.6 38.4–39.6 16 −1.5 ± 1.5 −0.5 ± 0.5
Net North DWBC 38.0–39.6 38.4–39.6 10:16 −17.3 ± 2.9 −14.9 ± 2.5
Gulf Stream 37.0–38.0 37.3–38.4 1:17 100.1 ± 4.6 123.8 ± 4.4
Gulf Stream Recirculation 35.0–37.0 36.0–37.3 1:17 −59.8 ± 8.8 −43.0 ± 10.9
Upper South DWBC 18.7–21.2 18.7–20.2 10:12 9.0 ± 2.5 6.6 ± 2.0
Lower South DWBC 18.7–21.2 18.7–20.2 13:16 12.7 ± 4.6 7.7 ± 3.6
LDW South 18.7–21.2 18.7–20.2 16 9.2 ± 8.9 3.3 ± 7.5
Net South DWBC 18.7–21.2 18.7–20.2 10:16 30.9 ± 10.3 17.6 ± 8.6
AABW 18.5–29.22 18.5–29.7 17 0.1 ± 0.3 0.03 ± 0.27
Antilles 19.0–20.2 18.5–19.6 1:9 −9.2 ± 3.1 −15.9 ± 2.0
Caribbean 11.1–17.8 12.6–17.8 1:9 −23.9 ± 0.9 −23.9 ± 0.9

10:11 −0.5 ± 0.5 0.3 ± 0.5
1:11 −24.4 ± 1.0 −24.2 ± 1.1

Net 11.1–40.0 12.6–40.0 1:17 −0.2 ± 1.6 0.3 ± 2.1
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5200m depth) which transports 9.2 ± 8.9 Sv in 2003 and
3.3 ± 7.5 Sv in 2012. Thus, the net DWBC transports are
30.9 ± 10.3 Sv and 17.6 ± 8.6 Sv in 2003 and 2012, respectively.
Both of these transports match with the DWBC transports estimated by
Hernández-Guerra et al. (2014) at 7.5°N in 1993 (30.8 ± 3.1 Sv
southward) and in 2012 (18.4 ± 3.6 Sv southward). North of the
DWBC, between ∼24° and 27°N, the layers 10 to 16 have westward
flow (Fig. 16). This flow carries the less ventilated waters of the section,
presenting low CFCs and high silica (Figs. 6–8), and which appear to be
disconnected from the deep boundary current (Hall et al., 2004;
Steinfeldt et al., 2007). From north of 27°N to the Gulf Stream Re-
circulation there are ventilated waters with some westwards/eastwards
oscillations attributed to eddies (Fig. 16).
The GS and its recirculation are observed between ∼35°–38.4°N,

south of the Northern Recirculation Gyre (NRG) (Fig. 16). Hogg (1992)
observed an increase of 20–30 Sv downstream in the GS due to the
water entrainment from the NRG. The GS carries 100.1 ± 4.6 Sv in
2003 and 123.8 ± 4.4 Sv in 2012 eastward, of which −59.8 ± 8.8 Sv
in 2003 and −43.0 ± 10.9 Sv in 2012 recirculate immediately south of
it (Table 2). The difference in transports between the 2003 and 2012
recirculation is due to the presence of a Cold Core Ring (CCR) south of
the GS in 2012 (Fig. 16). The CCR is identified by the presence of
Eighteen Degree Water (EDW) defined by T∼18 °C and S∼36.5
(Worthington, 1959). The CCR is observed at around 36°N in the ver-
tical sections of potential temperature (Fig. 2), salinity (Fig. 3), neutral
density (Fig. 4), silica (Fig. 6) and velocity (Fig. 15). Another possibility
for the differences observed between both cruises is that the GS has
higher transports in winter/spring than in summer/fall (Sato and
Rossby, 1995). The 1997 section ran meridionally from Cape Cod at
66°W and did not follow the W line as in 2003 and 2012. Thus, the
higher GS transport in 1997 (153–158 Sv, Joyce et al., 2001) in contrast
to that of 2003 is probably explained by the water entrainment from the
NRG.
Between the northern edge of the GS and the northern boundary of

the section, LSW is carried in the upper part of the DWBC at a depth
range of 700 to 1900m (layers 10 to 12). At these depths, the westward
transport is −9.7 ± 1.9 Sv and −9.5 ± 1.8 Sv in 2003 and 2012,

respectively (Table 2). The lower part of the DWBC transports NOW
between 1900 and 3000m depth (layers 13 to 15). The NOW fluxes are
−6.1 ± 1.7 Sv/−4.9 ± 1.6 Sv in 2003/2012. Hernández-Guerra
et al. (2014) observed an increase/decrease in the transport of the LSW/
NOW between 1992 and 2011 at 7.5°N and 24.5°N. The LSW and NOW
transports of the DWBC, between 2003 and 2012 in the A22, do not
present any significant change. At the deepest layer of the NADW (from
3000m depth to the bottom, layer 16) LDW transports −1.5 ± 1.5 Sv/
−0.5 ± 0.5 Sv in 2003/2012. Therefore, net transport of the northern
DWBC is −17.3 ± 2.9 Sv in 2003 and −14.9 ± 2.5 Sv in 2012.
Macdonald (1998) estimated similar transports of the DWBC of
−14 ± 5 Sv at 36°N and Ganachaud (2003) of −16 ± 2 Sv at 48°N.
This transport introduces the new ventilated waters to the western
tropical Atlantic (Joyce et al., 2001). In 2003, the transport of the
DWBC in the south section is higher (by ∼13 Sv) than in the north
section possibly due to the entrainment of water masses along the path
of the DWBC between both latitudes.

6. Heat and freshwater fluxes

We now consider the heat and freshwater fluxes for the volume
enclosed to the west of 66°W. Our final mass transport solution (Fig. 14
a and b) indicates a net inflow of surface warm waters in 2012, which
leads to an outflow in layer 2, suggesting a transformation of surface
waters into thermocline waters which are transported out of the box
used in the model. Meanwhile, this transformation does not occur in
2003. The variation in the formation of thermocline waters and inflow/
outflow of surface waters is marked by seasonal changes as the cruise
carried out in 2012 was in early spring when the surface layer is cooler.
A transformation of the Subtropical Mode Water into EDW and Slope
Waters in between layers 3 and 6 occurs in the northern edge of the Mid
Atlantic Bight. During the transformation process, these waters are
transported westwards through the southern edge of the GS. The region
between the shelf front south of New England and the GS during winter
is cooled in the upper 150m producing a water mass with temperature
and salinities in between 10–13 °C and 34.8–35.6, respectively. This
water flows in the layers 7 and 8, generally westwards, but occasionally
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flows eastwards in the GS and as part of the northern recirculation gyre
(Joyce et al., 2001). This water mass outflow is clearly seen in the layer
7 in 2012.
Using the inverse model with mass and silica constraints we have

estimated a net heat exchange through our section of −0.23 ± 0.08
PW and −0.21 ± 0.12 PW in 2003 and 2012, respectively. The ne-
gative sign implies that heat is transported westward across A22 where
it is lost to the atmosphere. Comparing our heat loss to the atmosphere
(roughly 0.20 PW) to Hall et al. (2004) (0.45 PW), our heat transport is
smaller due to the smaller area used to the west of the section than that
of the 52°W line, which is east of A22 and therefore inclusive of the
major wintertime heat loss to the atmosphere (Joyce et al., 2013).
However, our net heat flux is similar to that of Joyce et al. (2001) for
our same section (−0.25 PW).

The freshwater flux inflow/outflow of our section should be the
balance between evaporation and precipitation plus the runoff. We
have followed the procedure of Joyce et al. (2001) where the fresh-
water flux (F) is estimated from the mass transport of our inverse model
B and the salinity as follows: F T S S' /i j ij ij 0= , where Tij is the matrix
of mass transport with i layers and j station pairs. S0 is the mean salinity
and S′ij is defined from the salinity of each layer and station pair, as
S S S'ij ij 0= . We have used two different mean salinities to estimate the
freshwater flux. The first one is that obtained from our salinity data
from both cruises. The other one is the global mean salinity of 34.9
estimated by Talley (2008).
For our enclosed area, the freshwater fluxes are −0.32 Sv in 2003

and 0.24 Sv in 2012 from the section mean salinity. The fluxes esti-
mated from the global mean salinity are similar to those obtained from
the section mean salinity, being −0.33 and 0.25 for 2003 and 2012,
respectively. A positive flux means that evaporation (E) is higher than
precipitation (P) and runoff. The freshwater flux estimated by Joyce
et al. (2001) for the same section but in 1997 is in the range of
0.31–0.37 Sv. The results with opposite sign could indicate that the
precipitation/evaporation ratio in the region varies seasonally. The
1997 cruise was carried out in summer when the highest evaporation
occurs. The 2012 cruise was done during spring when the evaporation
also dominates over the precipitation and runoff. Finally, the 2003
cruise was performed in fall, the rainy season, and the period of the
year when the greatest input of fresh water from the Amazon and Or-
inoco rivers takes place (Chérubin and Richardson, 2007). To compare
the precipitation rates from the three cruises, the accumulated pre-
cipitation during the period of each cruise was calculated from NCEP
precipitation data (Kalany et al., 1996). The amount of precipitation
during the 2003 cruise was double the precipitation amount of the
other two cruises (16.9 gm−2 s−1 in 1997, 32.2 gm−2 s−1 in 2003 and
17.4 gm−2 s−1 in 2012).

7. Discussion

The westward flow in the Caribbean, produced at the thermocline
and intermediate layers, is similar in 1997, 2003 and 2012 cruises
(∼24 Sv, Fig. 16 and Table 2). In the Caribbean basin there are some
westward wind-driven jets at the surface and thermocline layers as
described in Hernández-Guerra & Joyce (2000) that vary seasonally in
number and intensity depending on the freshwater inputs (Chérubin
and Richardson, 2007). In 1997, Hernández-Guerra and Joyce (2000)
described a unique westward jet at 13°N. In 2003 and 2012, three
(12°N, 16°N and 18°N) and two (12°N and 17°N) jets, respectively, were
identified (Fig. 15). This number of jets coincides with the seasonal
variability observed by Chérubin and Richardson (2007). In the deepest
layers of the Caribbean (10–11), different features are observed in 2003
and 2012 (Fig. 16e). In 2012, a unique cyclonic gyre transporting
15.2 ± 8.7 Sv is seen that is not apparent in 2003. This transport is
similar to the transport of the cyclonic gyre in 1997 (∼15 Sv, Joyce
et al., 2001). The relatively high CFC concentration at the bottom and
northern edge of the Caribbean basin observed by Joyce et al. (2001)
increased from 1997 to 2012. CFCs enter the Caribbean as NADW
overflows through the Anegada Passage. The bottom CFCs remained at
low values in 1997 and 2003 (∼0.05 pmol kg−1 for both, CFC-11 and
CFC-12, Figs. 7–8). Nevertheless, in 2012, the bottom CFCs increased to
0.2 pmol kg−1 and 0.1 pmol kg−1 for CFC-11 and CFC-12, respectively.
At the northern boundary (DWBC overflow), the CFCs increased
0.1 pmol kg−1 at each cruise. These values are 0.1 pmol kg−1,
0.2 pmol kg−1 and 0.3 pmol kg−1 for CFC-11 in 1997, 2003 and 2012,
respectively. CFC-12 changes were 0.05 pmol kg−1, 0.1 pmol kg−1 and
0.2 pmol kg−1 for 1997, 2003 and 2012, respectively. The CFC
spreading between the DWBC and the Caribbean, from 1997 to 2012,
matches the 10 year period of CFC expansion to the interior basin
predicted by Joyce et al. (2001).

Fig. 16. Integrated mass transports (Sv) after Model B for the three years (gray
line for 1997, blue line for 2003 and red line for 2012). Subplot (A) is the net
transport (layers 1 to 17), (B) is the surface transport (layers 1 to 3), (C) is the
thermocline transport (layers 4 to 6), (D) is the Antarctic Intermediate Waters
(layers 7 to 9), (E) is the Labrador Sea Waters (layers 10 to 12), (F) is the Nordic
Overflow Waters (layers 13 to 15), (G) is the Lower Deep Water (layer 16) and
(H) the Antarctic Bottom Water (layer 17. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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The DWBC flows eastwards north of Puerto Rico which is observed
by two regions of high CFC at about 1500m and 3500m consisting of
LSW and NOW, respectively (Figs. 7–8). The DWBC transports at this
location varied in the 3 cruises. It was 41 Sv in 1997 (Joyce et al.,
2001), 30.8 ± 10.3 Sv in 2003 and 17.7 ± 8.6 in 2012 (Table 2). The
DWBC at the northern boundary of the section show high differences
between the 1997 (−37.5 Sv, Joyce et al. (2001)) and 2003
(−17.3 ± 2.9 Sv) cruises. In contrast, the DWBC in 2003 and 2012 has
a marginal difference not significantly different from zero
(−14.9 ± 2.5 Sv in 2012). The northern DWBC fluxes are similar to
those of Ganachaud (2003) at 48°N (−16 ± 2 Sv) and Macdonald
(1998) at 36°N (−14 ± 5 Sv). The reduction of the DWBC fluxes be-
tween 1997 and 2003, at both paths, is probably due to the range of
latitudes used to estimate the transport. The increment of ∼13 Sv in
2003 between the northern and southern routes of the DWBC is possibly
due to the entrainment of some water masses along its path from the
north to the south. Toole et al. (2017) reported a statistically significant
reduction of the DWBC between 2004 and 2014 (from −33.0 Sv to
−25.9 Sv) that qualitatively agrees with our transport decrease be-
tween 2003 and 2012. It is worth mentioning that our results may have
very strong aliasing due to the fact that our sections are separated about
10 years with a possible presence of seasonal transport variability and
large geophysical noise (i.e., the CCR in the southern edge of the GS in
2012).
The GS transport varies seasonally being higher in winter/spring

than in summer/fall (Sato and Rossby, 1995). For this reason, our re-
sults show an increase of ∼20 Sv from 2003 (fall) to 2012 (spring)
(100.1 ± 4.6 Sv in 2003 and 123.8 ± 4.6 Sv in 2012). In 1997, the GS
carried 153–158 Sv, about 50 Sv more than in 2003. The larger 1997
transport is due to the different location of the 1997 occupation, such
that NRG water entrainment by the GS is occurring, as pointed out by
Hogg (1992). The position of the GS is also different between cruises,
being more northerly in 1997 and 2012 than in 2003 (Fig. 16a). This is
opposite to seasonal behavior described for the GS, which shows
northward shifts of the GS in fall (2003), with a northernmost position
in September and southward shifts in spring (2012) (Lee and Cornillon,
1995; Lillibridge and Mariano, 2013; Rayner et al., 2011). In contrast,
the 2003–2012 shift of the GS matches with the changes in position of
the GS described in Pérez-Hernández & Joyce (2014) from two decades
of altimetry data, where 2012 is one of the three years with the
northernmost position on the time series.
The 2012 recirculation of the GS is approximately 15 Sv lower than

in 2003 (−43.0 ± 10.9 Sv and −59.8 ± 8.8 Sv, respectively,
Table 2). The variation is probably produced by the CCR found at the
boundary recirculation in 2012. Joyce et al. (2001) do not give any
estimation of the GS recirculation in 1997 as its southern edge was
unclear.
The heat fluxes over the three cruises are not significantly different

(ranging between −0.21 and −0.25 PW) losing heat to the atmo-
sphere. In contrast, freshwater fluxes showed what seems a marked
seasonality. Freshwater fluxes in the area are observed to be positive in
summer and spring (0.31–0.37 Sv in 1997 and 0.24 Sv in 2012) when
the evaporation rates are higher than the precipitation rates, and ne-
gative in fall (−0.32 Sv), when the precipitation dominates over eva-
poration.
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