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The A20 line is a meridional hydrographic section located at 52°W that cuts through the western North Atlantic
Subtropical Gyre (NASG). It encloses the main paths of the Atlantic Meridional Overturning Circulation (AMOC).
Using data from three A20 hydrographic cruises carried out in 1997, 2003 and 2012 together with Acoustic
Doppler Current Profiler data and the velocities from an inverse box model, the circulation of the western NASG
is estimated. The Gulf Stream is the main poleward path of the AMOC, carrying 155.3 + 11.1, 102.7 £+ 13.5 and
181.1 + 14.9 Sv in 1997, 2003 and 2012, respectively (1 Sv = 10® m3/s ~ 10° kg/s). In opposite direction, the
Deep Western Boundary Current crosses the section at the northern/southern boundaries with a mass transport of
—21.2 + 8.9/29.0 + 9.1, —14.4 £+ 10.8/14.2 £+ 8.1 and —37.9 + 10.2/44.5 + 9.8 Sv in 1997, 2003 and 2012,
respectively. A net heat exchange from the ocean to the atmosphere is estimated to be —0.7 + 0.1 PW and —0.6
+ 0.1 PW in 1997 and 2012, respectively, but is negligible in 2003 (0.1 + 0.1 PW). The freshwater flux is
significantly lower in 2003 (0.3 + 0.1 Sv) than in 1997 (0.6 + 0.1 Sv) and 2012 (0.6 £ 0.1 Sv). Ocean numerical
models such as ECCO, GLORYS and MOM are used to address the interannual variability between the three
surveys, but only the GLORYS output roughly agrees with the hydrographic data. GLORYS suggests a heat
transport from the ocean to the atmosphere throughout the year and a net freshwater flux supported by pre-
cipitation plus river runoff higher than evaporation in all seasons except the spring.

route for the warm poleward waters that feed the upper limb of the
AMOC. The Gulf Stream (GS) is the main current flowing towards higher

1. Introduction

From 1990 to 2002 the World Ocean Circulation Experiment Hy-
drographic Program (WOCE-WHP) collected and analyzed hydrographic
data across the globe. This experiment set the basis for the later Climate
Variability Hydrographic Program (CLIVAR). All international, WOCE-
WHP and CLIVAR have globally organized ship-based hydrographic
surveys and have established standard sections that have allowed
interannual comparisons. In addition, by creating an open-access data-
base, they have merged the effort of individual countries and have given
visibility to single surveys.

The meridional A20 section is located along 52°W, in the western
North Atlantic Subtropical Gyre (NASG), where the main currents of the
Atlantic Meridional Overturning Circulation (AMOC) are present
(Fig. 1). It was firstly sampled in summer of 1997, and, later, in fall of
2003 and spring of 2012. The western basin of the NASG is the main
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latitudes along the North American slope. The GS splits into two
branches, the weaker branch recirculates to the eastern Subtropical Gyre
and the stronger one flows northward to high latitudes (Pérez-Hernan-
dez et al., 2013; Vélez-Belchi et al., 2017; Worthington, 1976). This
stronger branch exchanges heat with the atmosphere and becomes
colder, denser and, therefore, sinks into deep layers of the ocean forming
the Deep Western Boundary Current (DWBC; Pérez-Hernandez et al.,
2019; Reid, 1994; Vage et al., 2013; Casanova-Masjoan et al., 2020;
Schott et al., 2004). The DWBC forms the lower limb of the AMOC and is
the main southward flow carrying dense cold water formed at high
latitudes through the western NASG Gyre (Bower et al., 2019; Munk,
1950; Reid, 1994; Schott et al., 2004; Stommel et al., 1958; Stommel,
1948).

In this work, the main goal was to quantify the circulation pattern in
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the western boundary of the NASG and to estimate the changes in the
main components of the AMOC using the three A20 hydrographic sec-
tions carried out in 1997, 2003 and 2012. These results are compared
with output from climatology-forced and free-running models to
determine which had better agreement with the results from in-situ
observations. Heat and freshwater transports are estimated and
compared with the output of the numerical models. The study is orga-
nized as follows: Section 2 presents the hydrographic data acquired on
the 1997, 2003 and 2012 cruises, the water masses distribution and the
numerical models used. Section 3 introduces the initial geostrophic
velocity estimates, the unbalanced mass transports and the inverse
modelling used to adjust them. Next, Section 4 presents the result of the
inverse box model and the adjusted geostrophic mass transports. Section
5 relates the results obtained in terms of heat and freshwater fluxes and
compares them with the outputs of the numerical models. Finally, Sec-
tion 6 discusses the results presented in sections 4 and 5.

2. Data
2.1. Hydrographic data

Hydrographic data from 1997, 2003 and 2012 were collected along
the A20 section at nominally 52°W in the North Atlantic (Fig. 1). The
sections were sampled in summer, fall and spring, respectively. The
1997 section was part of WOCE-WHP, while both the 2003 and 2012
sections were part of the successive international CLIVAR. The sampling
direction changed between sections, starting in the north, and going
south in 1997 and 2003, and vice versa in 2012. The northern tip of all
transects is the Grand Banks of Newfoundland, while the southern edge
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is Suriname’s Exclusive Economic Zone (EEZ) for the 1997 and the 2003
occupations, and French Guiana’s EEZ for the 2012 transect.

The data were collected using a rosette equipped with a Lowered
Acoustic Doppler Current Profiler (LADCP), a Neil Brown Instrument
Systems Mark III (NBIS MK3) Conductivity-Temperature-Depth sensor
(CTD) for the 1997 occupation, and a SeaBird 911plus CTD for the other
two occupations. In addition, Shipboard ADCP (SADCP) data were
collected in each survey. A total of 95, 88 and 83 stations were sampled
in 1997, 2003 and 2012, respectively. The 1997 survey lacks LADCP
data on stations 1 to 4, 55, 57, 61 and 92 to 95. Likewise, the 2003
survey lacks LADCP data on stations 85 to 88.

Wind data from the National Center for Environmental Prediction
Reanalysis II (NCEP-DOE) project from the National Oceanic and At-
mospheric Administration (NOAA) are used to estimate Ekman trans-
ports for each survey (Kanamitsu et al., 2002).

A 0-S diagram for the southern part of the A20 section and the ver-
tical distribution of potential temperature (0) and salinity, together with
neutral density (y"; Jackett and McDougall, 1997) are shown in Figs. 2, 3
and 4, respectively. These property distributions help to identify the
reference level as in Casanova-Masjoan et al. (2018) and in Joyce et al.
(2001). This reference level is then used to integrate the thermal wind
equation and to calculate the transports between density layers. More-
over, the property characteristics are used also to assess the water mass
distribution throughout the years. The water mass distribution in the
A20 section (Figs. 3 and 4, Table 1) varies slightly from that given in
Casanova-Masjoan et al. (2018) for the A22 section. The slight variations
between the two sections are caused by their geographical location. The
A22 section at 66°W is located west of A20 and it crosses the Antilles and
samples part of the Caribbean Sea, A20 samples the western part of the
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Fig. 1. a) Station positions carried out repeatedly at 52°W (A20) in 1997 (blue), 2003 (red) and 2012 (green). Sea surface velocities from the GLORYS model output
at 52°W for 1997, 2003 and 2012 are presented shifted to the west to be better displayed. b) The main currents are represented in dark blue and red arrows for cold
and warm currents, respectively. DWBC stands for Deep Western Boundary Current, NRG stands for Northern Recirculation Gyre, GS for Gulf Stream, GSR for Gulf
Stream Recirculation, FC for Florida Current, R for Recirculation, LC for Loop Current, NEC for North Equatorial Current, and NBC for North Brazil Current

(adapted from Bower et al., 2019)
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Fig. 2. 06-S diagram of stations 60-90 (1997 and 2003) and 1-30 (2012) of the
A20 hydrographic section at 52°W in the Atlantic Ocean. Blue, red and green
dots are for 1997, 2003 and 2012, respectively. Black lines are the neutral
density layers in which the ocean has been divided.

North Atlantic Subtropical Gyre. It also reaches further north than A22,
extending all the way to the Grand Banks at 43°N. These geographical
differences lead to the presence of more meridionally extended Antarctic
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Intermediate Water (AAIW) and Antarctic Bottom Water (AABW) layers
in A20 than in A22. AAIW appears as a distinguishable low salinity lobe
of water in 250-1250 m depth range in the southern part of the A20
section (Fig. 4). AABW is a cool (<2°C) and low salinity (<34.88) water
mass at the bottom of the ocean, below 4500 m depth (Figs. 3 and 4).
Additionally, two freshwater masses appear in the first few meters of the
water column both at the northernmost and southernmost tips of A20:
Polar Surface Water (PSW) occupying from the surface to 250 m depth at
the northern end of the section, and Amazonian runoff waters extending
a few meters depth at the southern end only in 2003 and in 2012 (Figs. 2,
3 and 4). All three sections sampled the Subtropical Mode Water
(STMW), which is formed by convection in late winter south of the GS
(Joyce et al., 2013) with salinities in the range of 36-36.5 (Fig. 4). North
Atlantic Subtropical UnderWater (STUW) appears as a maximum in
salinity (>36.5) in the shallow layers on the southern side of the section,
from 5°N to 15°N (Fig. 4). It is formed as the result of the positive result
of evaporation-precipitation in the central tropical Atlantic (Wor-
thington, 1976). Labrador Sea Water (LSW), the upper branch of the
North Atlantic Deep Water (NADW), flows southward from the Labrador
Sea into the study region. On A20, it is sampled at latitudes > 40°N and
nominally at 750-1000 m depth (Figs. 3 and 4). Iceland-Scotland
Overflow Water (ISOW) and Denmark Strait Overflow Water (DSOW),
the lower branches of the NADW, can be found below LSW at
2500-4500 m depth. These three water masses form the NADW carried
southward by the DWBC that flows to the South Atlantic Ocean after two
crossings of the A20 section.

2.2. Numerical ocean model data

A free-running model and two data-assimilating models with
monthly resolution are compared to the hydrographic observations to
assess which provides the best match. After that, the best one is used to
inform a study of the interannual variability existing between the
cruises. The model products were obtained at 52°W, for latitudes be-
tween 5° and 50°N, and for the full water column.

The 6th version of the Modular Ocean Model (MOM) produced by the
Geophysical Fluid Dynamics Laboratory (Adcroft et al., 2019) is a free
running model. It has a nominal 1/4° horizontal resolution and 50
vertical levels. It is forced with the JRA55-do atmospheric reanalysis
product (Stewart et al., 2020; Tsujino et al., 2020), yielding monthly
averaged products for the years 1958-2018.

The “Estimating the Circulation and Climate of the Ocean Version 4
Release 4” (ECCOV4r4) model is a data-assimilating model produced by
the Jet Propulsion Laboratory. Its vertical gridding varies from 10 m to
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Fig. 3. Vertical sections of potential temperature (6, °C) at 52°W in the Atlantic Ocean for (a) 1997, (b) 2003 and (c) 2012. Neutral density (y", kg m3)is overlayed

in white lines.
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Fig. 4. Same as Fig. 2.2 but for salinity.

Table 1
Neutral density layers and water masses. Level of no motion indicated in bold.
Layer Neutral density (y") range Water Mass
1 Surf.-26.4 STUW
2 26.4-26.6 STMW
3 26.6-27 AAIW
4 27-27.5 AAIW
5 27.5-27.7 AAIW
6 27.7-27.8 AAIW
7 27.8-27.875 LSW
8 27.875-27.925 LSW
9 27.925-27.975 LSW
10 27.975-28 ISOW
11 28-28.05 Isow
12 28.05-28.1 DSOW
13 28.1-28.14 DSOW
14 28.14-bot. AABW

457 m from the surface to the bottom. Its spatial horizontal resolution is
1/2° over the entire globe, whereas the temporal resolution used for this
work is one month (Forget et al., 2015; Fukumori et al., 2021).

The “Global Ocean Physics Reanalysis” (GLORYS) model is a global
ocean reanalysis and data-assimilating model produced by the Coper-
nicus Marine Environment Monitoring Service. It describes ocean cir-
culation at eddy-resolving resolution with a spatial resolution of 1/12°
and a temporal resolution of one month, and the depth is gridded in 50
standard levels (Lellouche et al., 2018).

3. Geostrophic transport and inverse model

The initial geostrophic velocity is computed for each station pair
using the thermal wind equation. Following Casanova-Masjoan et al.
(2018) and Joyce et al. (2001), the neutral density level of y" = 28.14 kg
m~> has been used as the reference layer to calculate the geostrophic
velocity. This level lies between the eastward flowing NADW and the
westward flowing AABW in section A20. When the seafloor is shallower
than this layer, the closest common depth layer existing on the station
pair is used as the reference level.

Additionally, the relative geostrophic velocity is adjusted to ADCP
measurements following Comas-Rodriguez et al. (2010): the vertical
profiles of the SADCP, LADCP and geostrophic velocities are visually
compared at each station pair (Fig. 5). Then, an adjustment is made by
selecting a depth interval where any of the ADCP velocities match the
geostrophic velocity. When both SADCP and LADCP velocity profiles
match with the geostrophic velocity, the SADCP profile is selected for

the adjustment. The SADCP vertical shear used for the comparison has
been computed as suggested by E. Firing (personal communication): a
range of 2 nautical miles from the CTD location is established for each
CTD/LADCP station sampled. SADCP data sampled within this range is
averaged and associated to that station. Velocities between two stations
are averaged separately from the on-station velocity. Then, the SADCP
velocity used for the comparison is computed as the average velocity
between station nth, station n™ + 1 and the value between those two
stations. This final value is taken as the best approximation of the SADCP
vertical shear between station pairs. Fig. 5 shows several adjustments for
1997, 2003, and 2012 at the GS location. However, not every station
pair has undergone the adjustment due to lack of a similarity pattern
between the S/LADCP and the geostrophic velocity profiles. The ADCP
uses the particles in the water column to measure the shear, hence when
the water column is low backscattered (low particle concentration), the
ADCP might not resolve the velocity shear appropriately.

The water column is divided into 14 neutral density layers (Table 1).
Casanova-Masjoan et al. (2018), Hall (2004) and Joyce et al. (2001)
used 17 layers, however the outcropping of several isopycnals in 2012
(Fig. 3c) forms a set of large artificial eddies when the inverse model is
applied. Therefore, we combined several shallower layers including the
outcropped layers to avoid this issue. The deeper layers are the same as
those used in the above-mentioned studies (Table 1). The initial net mass
imbalances are —7.4 Sv, 57.0 Sv and 0.4 Sv for 1997, 2003 and 2012,
respectively. After the ADCP adjustments, the net mass imbalances in-
crease to —8.2 Sv, 62.8 Sv and —10.4 Sv, respectively (Fig. 6). The
ADCP-adjusted overall distribution (red) presents some minor changes
over the original distribution (blue). For 1997, the thermocline and in-
termediate transports (y" = 26.4 kg m 2 toy" = 27.5 kg m ) decrease to
almost zero, and the mass transport over the deep layers (y" = 28.1 kg
m~ to y* = 28.14 kg m~>) significantly increases. For 2003, the inter-
mediate transport (y* = 27.0 kg m ™ to y* = 27.5 kg m°) decreases
while the deep transport (y" = 28.1 kg m~> to y" = 28.14 kg m~>) in-
creases. The vertical distribution does not change in 2012 except in the
deep and bottom layers (y* = 28 kg m~> to the bottom), where the
slightly eastward transport changes to westward transport.

After the use of ADCP data to estimate the new mass transport, an
inverse model is applied to adjust the imbalance of the mass transport
(Wunsch, 1996). The inverse model uses a set of constraints and un-
certainties, with mass conservation being the most important constraint
(Wunsch, 1996; Wunsch, 1978). The inverse model follows previous
studies in the region (Casanova-Masjoan et al., 2018; Hall, 2004; Joyce
et al., 2001) but with two major differences: the original 17 neutral
density layers has been reduced to 14 layers, as explained before, and
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Fig. 5. Examples of comparison between the initial geostrophic velocity profile
(blue line), the LADCP (red line) and SADCP (green line) velocities normal to
station pairs and the geostrophic velocity profile adjusted to ADCP data (black
line) for (a) 1997, (b) 2003 and (c) 2012. Gray dashed lines indicate the depth
range where the adjustment is made. Axes range vary between figures.
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Fig. 6. Meridionally integrated mass transport (Sv) across the A20 section for
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transports, red lines are the ADCP (unbalanced) adjusted mass transports and
black lines are the inverse model solution’s derived mass transports. Total mass
transports are shown in their respective colors.
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the total silica conservation has not been included in the inverse model.
Silica conservation has been achieved when imposing mass conservation
(34.9 + 150.2 Kmol/s, 15.1 &+ 177.1 Kmol/s and 39.2 + 142.6 Kmol/s
for 1997, 2003 and 2012, respectively). Therefore, the silica conserva-
tion equations do not introduce independent equations.

The inverse problem is formulated as follows:

Ab+n=-Y.

where A is an M x Nt matrix, Nt is the number of unknowns and M is
the number of transport constraints. b is a column vector of length Nt

0.4

Progress in Oceanography 216 (2023) 103069

(N7 = N + 1) containing the unknown geostrophic reference velocities
for each of the N™ station pairs, plus the adjustment to the Ekman
transport. n is a column vector of length M of the noise of each
constraint. Y is a column vector of length M representing the mass
transport initially unbalanced in each layer.

The inverse problem is solved through the Gauss-Markov method
(Wunsch, 1996), which provides a solution for the initial estimates with
minimum error variances. This method requires a priori variances for
the velocities and the constraints. Following Joyce et al. (2001), the
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Fig. 7. ADCP-adjusted geostrophic velocity (red line) and ADCP-adjusted velocity plus the reference level velocity estimated from the inverse model (black line)
versus latitude for (a) 1997, (b) 2003 and (c) 2012. Black error bars correspond to inverse modeling calculations. Gaps in the ADCP-adjusted velocity correspond to
station pairs where the initial geostrophic velocity could not be adjusted to ADCP velocity. The 2003 y-axis has a different range than for 1997 and 2012.
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chosen velocity variances are (0.05 m s 12 for the ADCP-adjusted ve-
locities and (0.1 m s~ 1) for the non-ADCP-adjusted velocities. The mass
variances are (0.5 Sv)? for the total mass conservation, (2 Sv)? for the
shallowest layer and (1 Sv)? for the remaining layers.

The inverse model is applied to the water volume enclosed by the
American continent coastline and the A20 section to the east. There is
not a significant flow through the Panama Canal (Joyce et al., 2001),
and, therefore, the water volume is fully enclosed. The sum of the

Progress in Oceanography 216 (2023) 103069

velocities at the reference level (with their error estimates) from the
inverse model plus the ADCP velocities are presented in Fig. 7 (black).
The added ADCP velocities are represented in red. Both velocities show a
similar distribution: features like the DWBC and the GS velocities are
remarkably different from zero while the ocean interior shows velocities
not significantly different from zero. This set of velocities adjusted from
the ADCP and from the inverse model are used to calculate the adjusted
mass, heat and freshwater transports.

Accumulated Mass Transport
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Fig. 8. Northward accumulated mass transport (Sv) after the inverse model for 1997 (blue), 2003 (red) and 2012 (green) occupations. (a) Thermocline transport
estimated for layers 1 to 3. (b) AAIW transport estimated for layers 4 to 7. (c) Upper NADW transport estimated for layers 8 to 9. (d) Lower NADW transport estimated
for layers 10 to 13. (¢) AABW transport estimated for layer 14. (f) Net transport estimated for layers 1 to 14. Y-axis range varies between subplots.
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4. Adjusted geostrophic transport

The zonal mass transport per neutral density layer with its net
imbalance is shown in Fig. 6. The inverse model has reduced the ADCP-
adjusted imbalances to values not significantly different from zero (-0.1
+ 2.8 Sv, 0.1 £ 3.0 Sv and —0.1 £+ 2.9 Sv for 1997, 2003 and 2012,
respectively). The shallowest layer of the zonal transport presents a
westwards imbalance in both 1997 (-6.8 + 0.7 Sv) and 2012 (-4.7 = 1.0
Sv), and eastwards in 2003 (3.7 4 1.0 Sv). The zonal transport distri-
bution through latitudes and density layers provides the variability of
mass transport of the main currents of the AMOC (Fig. 8). Ocean General
Circulation Models (OGCMs) are used to determine the most reliable
mass transports compared to hydrographic data (Figs. 9, 10 and 11) and
to estimate the time variation of heat and freshwater transports.

The North Brazil Current (NBC) flows between the southernmost
station pair and 7.7/7.8°N in 1997/2003. The northern limit of the
current extends to 8.3°N in 2012 (Figs. 1 and 8a, b). We have considered
the northern limit of the NBC as the starting location of the eastward
flow as seen in Fig. 1. The NBC extends from the surface to y" = 27.7 kg
m~3(~1100 m depth) in all surveys. The NBC mass transport (Table 2)
presents a minimum in 1997 (-5.6 £+ 0.7 Sv) followed by an intensifi-
cation in 2003 (-15.8 + 1.2 Sv) and a non-significant change in 2012
(-15.6 + 1.6 Sv). The OGCMs outputs resemble the hydrographic NBC
differently in each survey. The MOM and ECCO outputs only resemble
the hydrographic NBC in 1997, where the GLORYS output presents a
stronger NBC (Fig. 9a). However, the 2003 (Fig. 10a) and 2012
(Fig. 11a) MOM and ECCO outputs do not match the NBC, but the
GLORYS output does.

North of the NBC, the NEC flows westward between the surface and
y" = 27 kg m~3 (~500 m depth). The NECs northern limit is considered
at approximately 24.2°N, 25.5°N and 25.2°N for 1997, 2003 and 2012,
respectively (Fig. 8a). This flow is fed by the southern branches of the
Azores Current and the Canary Current (Hernandez-Guerra et al., 2002;
Stramma, 1984). The northernmost part of this westward flow is called

Progress in Oceanography 216 (2023) 103069

Antilles Current when flowing north of the Puerto Rico Island (Bryden
et al., 2005; Hernandez-Guerra et al., 2010; Johns et al., 2008). The
northern limit of the NEC has been chosen as the latitude where the mass
transport of the GSR is not significantly different than zero (-2.0 £ 3.8,
0.1 + 4.0 and 1.4 + 4.0 Sv in 1997, 2003 and 2012, respectively). The
NEC mass transport weakens between 1997 and 2003 (-28.6 + 2.5 Sv
and -12.3 £ 3.6 Sv, respectively) and stays with a similar mass transport
to that of 2003 in 2012 (-10.6 £ 2.8 Sv) (Table 2). The NEC estimated
from the OGCMs resembles the pattern of the NEC circulation from
hydrography, showing stronger mesoscale patterns in the in-situ data (
Figs. 9a, 10a and 11a).

The GSR and GS mass transports are computed between the surface
and the ocean bottom. The latitudinal ranges of the GSR are 32.9-36.9
°N, 34.9-38.2 °N and 34.2-37.3°N for 1997, 2003 and 2012, respec-
tively (Fig. 8f). Thus, the GSR width (445, 367 and 345 km in 1997,
2003 and 2012, respectively) presents a narrowing between each sur-
vey, and its location shifts to the north in 2003 compared to 1997 and
2012. The mass transport of the GSR is -152.1 + 17.0 Sv, —72.3 +17.4
Sv and —145.3 + 19.8 Sv in 1997, 2003 and 2012, respectively
(Table 2). The significant weakening in 2003 compared to 1997 and
2012 is also observed in the GS mass transports (155.3 + 11.1 Sv, 102.7
+ 13.5 Sv and 181.1 + 14.9 Sv for 1997, 2003 and 2012, respectively).
Moreover, the GS also presents a northern shifting in 2003
(38.2-41.0°N) compared to 1997 (36.9-38.8°N) and 2012
(37.3-38.9°N; Fig. 8f). However, the GS does not follow the same nar-
rowing present in the GSR because it is wider in 2003 (311 km) than in
1997 (212 km) and 2012 (178 km). The GSR and GS from the OGCMs
outputs show lower mass transports than the hydrographic results
(Figs. 9d, 10d and 11d). The GSR mass transport from the OGCMs output
and from 1997, 2003 and 2012 are 3.6, 13.0, 6.0 Sv (MOM), 20.6, 12.3,
3.0 Sv (ECCO) and -73.8, —17.6, —32.2 Sv (GLORYS), respectively. The
results for the GS are 0.4, 6.9, —11.4 Sv (MOM), 28.2, 0.6, 1.4 Sv (ECCO)
and 182.3, 24.2, 84.7 Sv (GLORYS), respectively. Only the GLORYS
output resembles the pattern of circulation of the GS system (Fig. 9d).

A20 - 1997 - 52°W

25 T T

I
= Hydrography == MO|

I T
M ECCO =——— GLORYS

Mass Transport (Sv)

[Net (Layer‘s 1:14)

10 15 20

25 30 35 40

Latitude

Fig. 9. Northward accumulated mass transport (Sv) after the inverse model (black), from the MOM model (red), from the ECCO model (green) and from the GLORYS
model (blue) for 1997. (a) Thermocline and AAIW transport estimated for layers 1 to 7. (b) NADW transport estimated for layers 8 to 13. (c) ABBW transport
estimated for layer 14. (d) Net transport estimated for layers 1 to 14. Y-axis range varies between subplots.
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The DWBC flows at deep layers (y" = 27.875 kg m > to y" = 28.14 kg
m~2) and crosses the northern/southern boundaries at the latitudinal
ranges of 39.2-42.8/8.1-13.6°N, 41.0-42.8/8.2-14.1°N and 38.9-42.8/

8.1-14.1°N for 1997, 2003 and 2012, respectively (Fig. 8c, d). In the
northern crossing, the DWBC presents a narrowing in 2003 (200 km)
compared to 1997 (401 km) and 2012 (434 km). In the southern
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Table 2
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Mass transports, latitude range and layers of the main currents of the A20 section in 1997, 2003 and 2012.

Layers Latitude Range (°N) Transports (Sv)
1997 2003 2012 1997 2003 2012

GS 1:14 36.9-38.8 38.2-41.0 37.3-38.9 155.3 + 11.1 102.7 £ 13.5 181.1 + 14.9
GSR 1:14 32.9-36.9 34.9-38.2 34.2-37.3 -152.1 £ 17.0 ~723+17.4 —145.3 +19.8
NBC 1:5 7.0-7.7 7.0-7.8 6.9-8.3 —5.6 £ 0.7 -15.8 +1.2 —15.6 + 1.6
NEC 1:3 7.7-24.2 7.8-25.5 8.3-25.2 —28.6 + 2.5 —-12.3+ 3.6 —10.6 + 2.8
Upper North DWBC 8:9 39.2-42.8 41.0-42.8 38.9-42.8 -7.2+ 31 -3.9+43 -7.3+35
Lower North DWBC 10:13 39.2-42.8 41.0-42.8 38.9-42.8 —14.0 + 8.4 -10.5+9.9 —30.6 + 9.6
Net North DWBC 8:13 39.2-42.8 41.0-42.8 38.9-42.8 —-21.24+ 8.9 —14.4 +10.8 —37.9+10.2
Upper South DWBC 8:9 8.1-13.6 8.2-14.1 8.1-14.1 9.8 £2.0 1.9+21 9.2+22
Lower South DWBC 10:13 8.1-13.6 8.2-14.1 8.1-14.1 19.3 £8.9 122+7.8 35.3+9.6
Net South DWBC 8:13 8.1-13.6 8.2-14.1 8.1-14.1 29.0 £9.1 142+ 8.1 44.5+9.8
Net 1:14 6.9-43.3 6.9-43.3 6.9-43.1 —-0.1+28 0.1 + 3.0 -0.1+29

crossing, the DWBC exhibits a widening from 1997 (612 km) to 2003
(657 km) which maintains to 2012 (668 km). The estimations of the
DWBC mass transports at the northern/southern crossing are —21.2 +
8.9/29.0 + 9.1 Sv, —14.4 +£10.8/14.2 + 8.1 Svand —37.9 + 10.2/44.5
+ 9.8 Sv for 1997, 2003 and 2012, respectively (Table 2). The northern-
crossing DWBC from hydrography is only well represented by the
GLORYS output with mass transports of -39.5 (1997), —5.8 (2003) and
-33.8(2012) Sv (Figs. 9b, 10b and 11b). All three OGCM outputs present
a weaker southern-crossing DWBC (Figs. 9b, 10b and 11b) than the
obtained from hydrography, except the GLORYS output in 1997
(Fig. 9b).

The bottom transport of the AABW is computed between the neutral
density layer v = 28.14 kg m~> (~4750 m depth) and the bottom of the

Heat Flux
MQOM3

GLCRYS
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ocean (~5500 m depth). Its southern edge is in all cases 7.0°N, but its
northern edge shifts to the south between 1997 (27.5°N) and 2003
(24.2°N) (Fig. 8e). It flows westwards with a mass transport of —8.1 +
7.0 Svand -9.0 + 7.9 Sv in 1997 and 2003, respectively. Layers 13 (y" =
28.1 kg m™>) and 14 (y* = 28.14 kg m~>) appear to be coupled in 2012
as they present a similar pattern. Therefore, there is not a mean west-
ward flow in layer 14 (Fig. 8e) to define and estimate the mass transport
of AABW crossing the 2012 hydrographic section. The OGCM outputs
present a very weak transport, almost nonexistent, of the AABW
(Figs. 9¢, 10c and 11c).
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Fig. 12. Time series of heat (PW) and freshwater (Sv) fluxes between 1993 and 2018 estimated from the MOM (a, d, red line), ECCO (b, e, green line) and GLORYS (c,
f, blue line) models. Black dots with error bars represent the values estimated from the inverse model in the month-year when the hydrographic section was car-

ried out.
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5. Heat and freshwater transports

The heat transport across our section is estimated from the inverse
box model results:

>

CpPliPYiiZijhis
i

where H is the net heat transport across the A20 section, cp;j is the
specific heat capacity in layer i at station pair j, pt; is the potential
temperature, p;j is the density, y;; is the distance between adjacent sta-
tions, z; is the vertical distance between adjacent layers and u;j is the
perpendicular velocity to the A20 section from the inverse model.

In 1997 and 2012, the heat flux is to the west and with similar
transports (-0.7 + 0.1 PW and —0.6 + 0.1 PW, respectively; 1 PW = 10'°
W). This results in a heat transport from the ocean to the atmosphere. In
contrast, 2003 presents a non-significant heat transport (0.1 + 0.1 PW).
Fig. 12a, b and c presents the heat transport from OGCM outputs
together with the heat transport estimated in each survey. Heat trans-
ports estimated by MOM3 and ECCO are higher than those estimated
from the hydrographic cruises in 1997 and 2012 (Fig. 12a and b). The
2003 heat flux of the survey is the only result that lies within the MOM3
and ECCO ranges. On the other hand, heat transports estimated from
GLORYS roughly match the heat transport estimated from hydrography,
being —0.6 PW, 0.2 PW and —0.4 PW in 1997, 2003 and 2012, respec-
tively (Fig. 12c and Table 3).

The monthly mean heat flux and standard deviation is computed
from the GLORYS time series (Fig. 13a). The monthly mean heat flux is
always negative providing heat from the ocean to the atmosphere.
Additionally, a Mann-Kendall Tau test is applied to the GLORYS output
to assess the trend over the 1993-2020 period (Fig. 13b). The result of
this test shows that the heat flux presents a trend of —2.6 x 10~2 PW per
decade over the period with a confidence level of 72.1%. However, the
heat flux does not show a significant trend when the confidence level is
95%.

The understanding of the global water cycle and the climate vari-
ability can be improved by the knowledge obtained in enclosed ocean-
ographic sections. Specifically, the freshwater flux shows the air-sea
interactions of the waters enclosed by an oceanographic section. In this
work, the freshwater fluxes of the three surveys are estimated as in Joyce
et al. (2001):

F= =3 2 T8/
i

where F is the excess of precipitation plus runoff over evaporation in
the closed volume, Tj; is the mass transport in layer i at station pair j,
from the inverse model, Sp is the mean salinity and S’j; = S;j-So.

The resulting freshwater fluxes (0.6 + 0.1, 0.3 + 0.1 and 0.6 + 0.1
Sv in 1997, 2003 and 2012, respectively) may be coupled with the heat
fluxes, as they weaken and strengthen in the same surveys. The results
provide that the precipitation and river runoff are higher than the
evaporation for these surveys. As in heat flux, the freshwater flux from
MOMS3 and ECCO at the time of the cruises are different than those from
the cruises (Fig. 12d and e). As in heat flux, the GLORYS output co-
incides with the freshwater flux from hydrography in 1997 (0.5 Sv) and

Table 3
Heat and freshwater fluxes from inverse calculations and from MOM, ECCO and
GLORYS models for A20 in 1997, 2003 and 2012.

Heat (PW) Freshwater (Sv)

1997 2003 2012 1997 2003 2012
Hydrography -0.7 0.1 -0.6 0.6 0.3 0.6

+ 0.1 + 0.1 + 0.1 + 0.1 + 0.1 + 0.1
MOM -0.2 0.0 -0.2 0.2 0.3 0.0
ECCO -0.1 0.1 -0.2 0.2 0.1 -0.2
GLORYS -0.6 0.2 -0.4 0.5 0.3 -0.1
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2003 (0.3 Sv) although it is significantly different in 2012 (-0.1 Sv)
(Table 3; Fig. 12f).

The monthly mean freshwater transport and its trend in the time
series has been estimated from GLORYS following the same procedure
used for the heat flux (Fig. 13c and d). The freshwater flux from the
GLORYS output presents positive values except in spring, which means
that overall, there is more precipitation and runoff than there is evap-
oration in the closed volume except in spring, when it reverses. A Mann-
Kendall test applied to the freshwater flux estimated by the GLORYS
output (Fig. 13d) provides a trend of 8.1x102 Sv per decade over that
period with a confidence level of 99.9%, which is a more reliable result
than the heat flux result. These results document an increase of pre-
cipitation in the area bounded by the section A20 at 52°W and the North,
Central and South American continents from 1993 to 2020.

6. Discussion

The main currents and the heat and freshwater fluxes across the A20
section (52°W) in 1997, 2003 and 2012 have been investigated. In
addition, the OGCMs outputs have been compared to the hydrographic
results to find which one presents a better match and to estimate the
seasonal and interannual variability of the heat and freshwater fluxes.

At the southernmost part of the A20 section, the NBC presents a high
variability between summer (1997, -5.6 + 0.7 Sv) and fall/spring
(2003/2012, —15.8 + 1.2 Sv/-15.6 &+ 1.6 Sv). All three results are
within the mass transport range —10 to —30 Sv estimated by Garzoli
(2004) from continuous measurements between 2 and 3°N and
47.4-47.1°N. The NEC mass transport presents an opposite behavior
compared to the NBC mass transport. The NEC is stronger in summer
(1997, -28.6 £ 2.5 Sv) than in fall (2003, -12.3 + 3.6 Sv) and in spring
(2012, -10.6 + 2.8 Sv). Using the Sverdrup relation, Hellerman (1980)
estimated a NEC mass transport of —9 Sv in fall and —23 Sv in spring. The
lack of an error estimate and the fact that these results were obtained at
38°W may explain the difference in the results.

The GS system (GSR/GS) presents an oscillatory behavior of weak-
ening and strengthening of its mass transports between the pair of sur-
veys 1997-2003 (summer: -152.1 + 17.0/155.3 + 11.1 Sv; fall: —72.3
+17.4/102.7 + 13.5 Sv) and 2003-2012 (spring, —145.3 + 19.8/181.1
+ 14.9 Sv). In addition, the GS system is in its northernmost position in
fall (2003, 38.2-41.0°N) compared to summer (1997, 36.9-38.8°N) and
spring (2012, 37.3-38.9°N), which coincides with the results of Lee and
Cornillon, (1995); Pérez-Hernandez and Joyce, (2014); Rayner et al.,
(2011); Tracey and Watts, (1986); Sato and Rossby, (1995).

The mass transport of the northern/southern-crossing DWBC does not
significatively change between summer (1997, —21.2 + 8.9/29.0 + 9.1
Sv) and fall (2003, —14.4 4+ 10.8/14.2 &+ 8.1 Sv). However, the mass
transport of the DWBC is stronger in spring (2012, —37.9 4+ 10.2/44.5 +
9.8 Sv). Comparing these results with those from Toole et al. (2011) and
Toole et al. (2017) at Line W, all of them are within their mass transport
range of —79.9 Sv to —3.5 Sv obtained with data ranging 2004-2014. As
Le Bras et al. (2019) suggests, the NASG may respond to forcing through
fast barotropic adjustments. Furthermore, Meinen & Garzoli (2014)
found that the temporal variability of the DWBC at 26.5°N and 75°W is
caused by Baroclinic Rossby Waves. The dominant period of these events
is 70-90 days. Nevertheless, mass transport variations are observed in
both larger and shorter time periods (Meinen and Garzoli, 2014).

The comparison of the mass transport from OGCM outputs with the
mass transport from hydrographic data reveals that only the GLORYS
model resembles the main currents studied in this work. In addition, the
mass transport from MOM and ECCO numerical models present different
estimations than the results obtained from the hydrography. This result
may be caused by how each OGCM has been developed. The MOM
model is a free-running model with no assimilation of data. GLORYS is a
reanalysis model with assimilation of data and, in contrast, ECCO only
assimilates data. Moreover, different parametrizations of physical pro-
cesses, rates of mixing and the finer spatial resolution of the GLORYS (1/
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Fig. 13. Monthly mean and time series of heat (a, b; PW) and freshwater (c, d; Sv) fluxes estimated from the GLORYS model. Black thick dashed lines in (b) and (d)

indicate the trend of the time series.

12° compared to 1/2° for ECCO and 1/4° for MOM) are responsible of
the best fit to the observations.

The 1997 and 2012 heat fluxes are a net exchange from the ocean to
the atmosphere (-0.7 + 0.1 PW and —0.6 £ 0.1 PW, respectively). In
contrast, the 2003 heat flux presents a non-significant transport (0.1 +
0.1 PW). These results agree with the variability shown in the GLORYS
heat flux. The monthly mean heat flux is always negative. This implies
that the basin enclosed by the A20 section exports heat from the ocean to
the atmosphere year-round. Moreover, the negative trend of —2.6x1072
PW per decade shown in GLORYS implies that the basin will export heat
to the atmosphere in a greater amount each decade.

The freshwater fluxes from hydrography (0.6 + 0.1, 0.3 & 0.1 and
0.6 + 0.1 Sv in 1997, 2003 and 2012, respectively) show that the pre-
cipitation and river runoff is higher than the evaporation. When
analyzed by monthly means with the GLORYS output, only the spring
season shows an evaporation higher than precipitation and runoff.
Moreover, the positive trend of 8.1x1072 Sv per decade of the freshwater
flux implies that the precipitation and runoff has increased over the
evaporation over the decades.
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