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Abstract Four hydrographic cruises carried out between ~26.5 and 31°N in the eastern North Atlantic
Subtropical Gyre in fall (2016 and 2017) and spring (2017 and 2018) are used to identify water masses and
infer oceanic circulation. Geostrophic velocities are initially adjusted by referencing them to data from a
Lower Acoustic Doppler Current Profiler (LADCP) and later to velocities estimated with an inverse box
model. The distribution of the intermediate water masses (700 to 1,400 m depth) varies seasonally. Antarctic
Intermediate Water (AAIW) comprises the largest contributor to the seasonal cycle in the intermediate
water masses. Circulation of the Canary Current (CC) differs in fall and spring. In fall, the CC flows
southward through the western islands and recirculates south of the archipelago, subsequently flowing
northward through the passage between the eastern islands and Africa. North of Lanzarote, the recirculated
CC intensified as it is joined by a southeasterly branch of the CC north of Lanzarote. In spring, the net
transport of the CC is southward. High interannual variability inmass transport is evident in both spring and
fall as a result of the position of the current, with its easternmost (westernmost) position found in spring
(fall) 2018 (2016). At intermediate levels, highly variable northward/southward transport is apparent in fall
over the African slope, with the Intermediate Poleward Under Current (IPUC) only present in 2017.

Plain Language Summary The Canary Current is part of the eastern boundary of the North
Atlantic Subtropical Gyre as well as the upwelling system off NorthWest Africa. Its location plays a major
role in the Atlantic Meridional Overturning Circulation, which controls the global climate. Therefore, we
have studied the Canary Current. Its circulation pattern and its seasonal and interannual variability have
been inferred using data from four hydrographic cruises (two carried out in fall and two in spring) around
the region of the Canary Islands. From these cruises we have computed themass transport of the current and
identified the water masses present on it. The results show a high seasonal variation in the intermediate
water masses (those on the depth range from ~700 to 1,400 m depth). The mass transport of the current also
shows a seasonal variability at surface levels (<700 m depth) and at intermediate levels. The current
flows southward through the islands and the passage between the islands and Africa in spring, but in fall, the
CC reverses south of Fuerteventura and flows northward through the passage between the archipelago
and Africa. Interannually, the mass transport also presents differences, being higher in fall 2017
and spring 2018.

1. Introduction

The eastern boundary of the North Atlantic Subtropical Gyre presents three main patterns driving the circu-
lation variability: the Canary Current (CC), the Intermediate Poleward Undercurrent (IPUC), and the
Northwest Africa coastal upwelling jet. The southward flowing CC links the Azores Current (AC) with
the westward North Equatorial Current (NEC; Hernández‐Guerra et al., 2010; Pérez‐Hernández et al., 2013).
The CC was first studied during the 1980s using historical data (Stramma & Schott, 1999; Stramma &
Siedler, 1988). These studies determined that the CC shifts seasonally, approaching the African coast during
summer and flowing through the western islands in winter. Since the end of the 1990s, the CC has been
characterized using moorings and hydrographic data collected during several cruises carried out in the
Canary Islands region (Fraile‐Nuez et al., 2010; Hernández‐Guerra et al., 2001, 2002, 2005, 2017; Machín
et al., 2006). These authors have described the main path of the CC through the Canary Islands, including
its reversal trough the Lanzarote Passage (LP) in fall.
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The CC carries North Atlantic Central Water (NACW) southward throughout the entire archipelago
(Machín et al., 2006), with the magnitude and transport of this water mass varying temporally and spatially.
Previous estimates, derived using an inverse box model approach, showed that the lowest NACW transport
occurs in spring, when the CC transports−2.8 ± 1.0 Sv (1 Sv¼ 109 kg/s, with positive transports towards the
east/north and negative to the west/south) and approaches the African coast. In contrast, highest transport
occurs in fall (−4.5 ± 1.2 Sv), when the CC flows through the westernmost islands (Machín et al., 2006).
Pérez‐Hernández et al. (2013) confirmed that this westwards shift in the current, documenting flow beyond
the western islands. However, the seasonality of the CC in the oceanic region also differs from that of the

Figure 1. Location of the hydrographic stations at each cruise. (a) Map of stations occupied during fall cruises. The blue
dots correspond to 2016 and the red dots to 2017. (b) Same as (a) for spring stations. The red dots represent 2017 and
the blue dots 2018. Names of transects are indicated by North, LP (Lanzarote Passage), A, B, C, D, E, F, and G. The gray
lines represent the bathymetry from ETOPO1 (Amante & Eakins, 2009). The orange and green arrows are a schematic
representation of the circulation in the area at thermocline and intermediate layers, respectively. The labels represented
are the Canary Current (CC), Canary Current Recirculation (CCR) and Intermediate Poleward UnderCurrent (IPUC).
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African slope region, with differences attributed to variability in flow dynamics in both regions (Fraile‐Nuez
& Hernández‐Guerra, 2006; Pelegrí et al., 2005). The CC in the oceanic region is forced by the curl of the
wind stress, with dynamics largely explained by Sverdrup theory (Fraile‐Nuez & Hernández‐Guerra, 2006;
Mason et al., 2011; Roemmich & Wunsch, 1985). On the other hand, the CC at the LP presents an average
southward flow of−0.6 ± 0.1 Sv (Machín et al., 2006), recirculating northward through the passage between
the islands and Africa in fall. The recirculation of the CC transports 1.7 ± 0.5 Sv at ~27°N and increases to
2.9 ± 0.5 Sv at the LP (Hernández‐Guerra et al., 2017). The reversal of the CC at the LP in fall is thought
to be related either to upwelling dynamics (Hernández‐Guerra et al., 2002; Machín & Pelegrí, 2016), offshor-
e separation of the CC (e.g. Hernández‐Guerra et al., 2003), or to mesoscale activity south of the
islands (Hernández‐Guerra et al., 1993; Mason et al., 2012; Pacheco & Hernández‐Guerra, 1999;
Pérez‐Herández et al., 2015). In the upwelling systems, a jet separates upwelled waters from offshore waters
(Benítez‐Barrios et al., 2011). When the upwelling favorable winds weaken, the jet slows down and the
poleward current arises beneath (Hernández‐Guerra et al., 2002).

At intermediate levels (~700–1,400 m depth), two water masses are found in the vicinity of the Canary archi-
pelago: the Antarctic IntermediateWater (AAIW) from ~700 to 1,100m depth, and theMediterraneanWater
(MW) from about 900 to 1,400 m depth (Fraile‐Nuez et al., 2010; Hernández‐Guerra et al., 2003). The flow of
the intermediate waters in the CC region is southward throughout the islands and the LP, except in fall when
the IPUC transports AAIWnorthward through the LP andwest of Lanzarote (Hernández‐Guerra et al., 2017;
Pérez‐Herández et al., 2015). The IPUC can reach up to 32.5°N flowing along the 27.5 kg/m3 isoneutral
(Machín & Pelegrí, 2009; Machín et al., 2010).

The main purpose of this study is to provide a more detailed estimate of the CC circulation in fall and spring
in the region spanning the eastern Canary Islands and the African coast, in the latitude range ~26.5°–31°N
(Figure 1). To achieve this goal, several inverse box models are applied to data collected during four cruises.
This study is described as follows: the data are introduced in section 2. In section 3, the water mass distribu-
tion in the area is described through θ‐S diagrams and vertical sections of salinity. Is section 4, we present
unbalanced mass transport. The inverse box model is described in section 5, and the final geostrophic mass
transport is shown in section 6. We finish with the discussion and conclusions in section 7.

2. Data

Data were collected during four cruises onboard the R/V Angeles Alvariño. Two cruises were carried out in
fall and included 70 hydrographic stations from 31 October to 11 November 2016 and 63 hydrographic sta-
tions from 10 October to 20 October 2017, while the two spring cruises included 48 hydrographic stations
from 19 April to 2 May 2017 and 56 hydrographic stations from 10 to 21 April 2018. The hydrographic sec-
tions sampled waters between ~26.5 and 31°N (Figure 1). These sections include a zonal section fromwest of
La Palma to the northeast of Fuerteventura (North section) and up to eight shorter transects sampled
between the eastern islands and the African coast (sections A to G and LP, Figure 1). The sections between
the eastern islands and the African coast enable us to use inverse box models to estimate the absolute geos-
trophic mass transport. At each hydrographic station, conductivity, temperature, and depth (CTD) were
measured with a Seabird 911+ CTD equipped with redundant temperature and salinity sensors. A
150‐kHz downward looking workhorse Lowered Acoustic Doppler current profiler (LADCP) provide a velo-
city profile at each station. LADCP data were processed according to Fischer and Visbeck (1993). Data were
acquired from the surface to 10 m above the bottom. The distance between stations was typically about 5 km
for the stations over the African slope and ~25 km for the open ocean stations west of 14°W.

Wind data are estimated using the Weather Research and Forecasting (WRF) model (version 3.9.1),
developed at the National Center for Atmospheric Research. In contrast with other climatological models,
this model has the advantage of obtaining wind data in high temporal and spatial resolution in order to
resolve the orographic perturbation of the wind as it flows through the islands and the wind variability dur-
ing the cruise. A complete description of this model can be found in Skamarock et al. (2008). Data from the
operational analysis performed every 6 hr, at 1° horizontal resolution at the National Center for
Environmental Prediction (NCEP final analysis) were used as initial and boundary conditions for the simu-
lations. We set a horizontal grid spacing of 0.125° and 50 terrain‐influenced coordinate levels for our simula-
tions (Cana et al., 2020). Model output spanning our period of field sampling, including east‐west and
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north‐south wind velocities, measured at 10 m (U10 and V10, respectively). V10 and U10 are used in
this study to estimate the Ekman transport, during the period of the cruise, in the first layer of the inverse
box model.

3. Water Mass Distribution

Temperature‐salinity (θ‐S) diagrams are used to identify water masses and their vertical distributions from
isoneutrals (Figure 2). These include Surface Water (SW), NACW, AAIW, MW, and North Atlantic Deep
Water (NADW). SW is present above the seasonal thermocline, extending from the surface to
γn ¼ 26.85 kg/m3 (approximately 80 and 320 m depth). This water is characterized by scattered potential
temperature and salinity values due to seasonal heating, evaporation, and the influence from the upwelling
filaments (Borges et al., 2004; Nykjær & Van Camp, 1994; Van Camp et al., 1991). Below the seasonal ther-
mocline, the NACW extends to 27.38 kg/m3 isoneutral (γn) located at approximately 700 m depth
(Hernández‐Guerra et al., 2005). NACW is identified in the θ‐S diagram by a straight relationship between
potential temperature and salinity in the range of 10 to 17 °C and 35.6 to 36.7, respectively (Harvey, 1982;
Tomczak, 1981). Two different water masses are identified at intermediate levels, between γn ¼ 27.38 and
27.82 kg/m3 (~ 700–1,400 m depth), including the cooler and fresher AAIW (35.1 < S < 35.4), and the war-
mer and saltier MW (35.4 < S < 35.8; Hernández‐Guerra et al., 2001).

Figure 3 shows the vertical distribution of the two intermediate water masses present in the area in fall (left
column) and spring (right column). For those transects repeated during more than one season (LP and A)
the transect with most AAIW content is shown. From north to south, a core of MW is observed on the wes-
tern side of the E and F transects (only E in spring) and a core of AAIW on the eastern side (Figures 3a, 3b,

Figure 2. θ‐S diagrams for the four cruises: (a) fall 2016, (b) spring 2017, (c) fall 2017, and (d) spring 2018. The
thick black lines correspond to the isoneutrals, which approximately divide the water column into surface
(γn < 26.85 kg/m3), central (26.85 > γn > 27.38 kg/m3), intermediate (27.38 > γn > 27.82 kg/m3), and deep
(γn > 27.82 kg/m3) water masses. Isoneutral values are indicated in gray. Colors correspond to transects (see Figure 1).
Water masses are indicated in black, including Surface Waters (SW), North Atlantic Central Water (NACW),
Antarctic Intermediate Water (AAIW), Mediterranean Water (MW), and North Atlantic Deep Water (NADW).
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and 3f). From LP to B (Figures 3c–3e and 3g–3i), the signal of MW could not be traced, while the AAIW
signature is always present and stronger than in sections E and F. Overall, the salinity of AAIW is
lower in fall than in spring. Minimum salinity values of AAIW are 35.2 and 35.3 in fall and spring,
respectively. For transect E, the western MW core seen in fall expands all the way to the east in spring
(Figure 3f vs. Figure 3b).

Figure 3. African slope salinity cross sections, focusing on intermediate levels (500–1,500 m depth) in fall (a–e) and
spring (f–i). Section F (a), section E (b and f), and section LP (c and g) for fall 2017 and spring 2018 cruises,
respectively. Panels (d) and (h) correspond to section A, and panels (e) and (i) correspond to section B for fall 2016 and
spring 2017 cruises, respectively. Mediterranean Water (MW) and Antarctic Intermediate Water (AAIW) are labeled in
each of the sections where they are observed.
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To quantify the abundance of each intermediate water mass in fall and spring, volumetric θ‐S diagrams are
plotted separately only for sections repeated in fall and spring (excluding F, D, and C). Figures 4a and 4b
show AAIW reaching its lowest salinity values in fall and MW reaching its highest salinity values in spring.
From these volumetric θ‐S diagrams, a seasonal difference (fall minus spring) of counts per grid point is
derived and represented in Figure 4c. This figure demonstrates the seasonality of the intermediate layer,
where AAIW dominates in fall (red colors in Figure 4c), while MW dominates in spring (blue colors).
AAIW is still present in spring (blue dots) but is saltier than in fall (red dots). Despite the greater abundance
of MW in spring than in fall, the number of MW counts at each grid point is small compared to AAIW. This
implies that AAIW is the largest contributor to the seasonal cycle of the intermediate water masses sur-
rounding the Canary Islands.

In addition, relative distributions of MW and AAIW changes interannually between 2016 and 2018, particu-
larly during spring cruises (Figures 2b and 2d). In spring 2017, the LP shows neither a strong AAIW nor MW
signal, with both water masses very mixed, while in 2018 the LP and A sections show greater AAIW content
(Figures 2b–2d). On the other hand, the North section showsmoreMW in 2018 than in 2017 (Figures 2b–2d).
In fall, there is also difference between occupations of the LP/North section, with AAIW/MW reaching more
extreme values in 2017 than in 2016 (Figures 2a–2c).

Finally, NADW is observed in deepest waters below γn ¼ 27.82 kg/m3, with the potential temperature and
salinity in the range of 2.5–6.4 °C and 34.9–35.5, respectively. NADW is the most homogenous and abundant
water mass in both seasons and across all cruises (Figures 4a and 4b).

4. Unbalanced Mass Transport

Prior to applying the inverse box model, we estimate the initial geostrophic velocity and transport at each
pair of stations using the thermal wind equation. Two different levels of no motion are chosen depending
on the location and depth of the station pair. At each station pair over the African slope where steep topo-
graphy is found, the level of no motion is set to γn ¼ 27.38 kg/m3 (~700 m depth), between the NACW
and AAIW layers. This reference layer has been used in previous studies (Hernández‐Guerra et al., 2001,
2005; Pérez‐Hernández et al., 2013). For the deepest stations (transects E, F, and G and North) the level

Figure 4. Volumetric θ‐S diagrams for (a) fall and (b) spring. The colors represent the logarithm of the number of
counts per grid point defined in the diagram. Marker size indicate magnitude of counts. (c) Difference in number of
counts (non‐logarithmic) of the volumetric θ‐S diagrams of fall and spring (fall‐spring). Positive values (red) indicate
more abundance in fall, while negative values (blue) indicate more abundance in spring.
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of no motion chosen is γn ¼ 27.975 kg/m3 (~1,700 m) following
Hernández‐Guerra et al. (2017) and Vélez‐Belchí et al. (2017). For sta-
tion pairs shallower than the reference level, the bottom is considered
the reference level. We divide the water column into 13 neutral den-
sity layers (see Table 1) following Hernández‐Guerra et al. (2017).
The thermocline corresponds henceforth to layers 1 to 4, intermedi-
ate waters to layers 5 and 6, and deep waters to layers 7 to 13
(Table 1). The initial velocities at the reference level are adjusted
using LADCP‐derived velocities using a procedure described in
Comas‐Rodríguez et al. (2010).

The integrated mass transport per neutral density layer using the
LADCP‐adjusted reference velocities at each transect and for each
of the 4 cruises is shown in Figure 5. The highest transport takes place
in the thermocline and intermediate layers. The transport of the
transects along the passage between the islands and African coast
shows different patterns in fall and spring (A, B, C, E, F, and LP).
In the thermocline the overall transport is southward in spring and
northward in fall, indicating the presence of the CC flowing south-
ward in spring and reversing in fall (Hernández‐Guerra et al., 2001,
2002, 2017).

5. Inverse Box Model

We use sections bounding our region of interests to estimate absolute geostrophic transport using an
inverse box model. This model provides an efficient method to adjust the velocities at the reference level,
already provided by the LADCP, in order to achieve mass balance in each of the different enclosed volumes

Figure 5. Integrated mass transport per isoneutral layer using the unbalanced geostrophic velocities adjusted with
LADCP velocities. The four panels correspond to the transport in (a) fall 2016, (b) fall 2017, (c) spring 2017, and (d)
spring 2018. Positive/negative sign indicates eastwards/westward or northward/southward flow. The line colors indicate
north‐south transects for each cruise. The solid lines stand for northward/southward flow and dashed lines for
eastward/westward flow. The back line in the legend separates the transects done on the African Slope from the others.
The labels of the water masses are shown next to the layer number to which they correspond.

Table 1
Neutral Density Levels Used in the Analysis, Following Hernández‐
Guerra et al. (2017)

Layer γn Water mass

1 Surface–26.44 SW
2 26.44–26.85 SW
3 26.85–27.162 NACW
4 27.162–27.38 NACW
5 27.38–27.62 AAIW
6 27.62–27.82 AAIW/MW
7 27.82–27.922 NADW
8 27.922–27.975 NADW
9 27.975–28.008 NADW
10 27.008–28.044 NADW
11 28.044–28.072 NADW
12 28.072–28.0986 NADW
13 28.0986–Bottom NADW

Note. Thermocline levels are defined as layers 1 to 4, intermediate levels as
layers 5 and 6, and deep levels as layers 7 to 13.
Abbreviations: AAIW: Antarctic Intermediate Water; MW: Mediterranean
Water; NACW: North Atlantic Central Water; NADW: North Atlantic Deep
Water; SW: Surface Water.
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seen in Figure 1. Our inverse model also adjust the Ekman trans-
port estimated from the wind data during the period of the cruise,
as in Casanova‐Masjoan et al. (2018), Hernández‐Guerra et al. (2019),
and Hernández‐Guerra and Talley (2016; Alonso Hernández‐Guerra
et al., 2014). Computed Ekman transport per transect is very small
(i.e., negligible) except in fall and spring 2017 in the LP (0.1 Sv
and −0.1 Sv, respectively), section A in spring 2018 (−0.2 Sv),
section E in spring and fall (0.2 Sv and −0.2 Sv, respectively),
and in section F and G in both fall and spring (0.2 Sv and
−0.1Sv, respectively).

The inverse box model is applied to each cruise individually, as the
regions (boxes) encompassed by the hydrographic sections shown
in Figure 1 vary for each cruise. Differences among models lie in

the number of equations and uncertainties, which in turn depend on the number of boxes enclosed per
cruise. Each box includes a mass conservation equation per neutral density layer shown in Table 1
(Equations 1 to 13) as well as the total mass conservation (Equation 14) with the adjustment of Ekman trans-
port included in the shallowest layer and the total mass conservation equations. The configuration of each
inverse box model, including the transects shaping each box, number of equations of each model, and the
number of unknowns, are shown in Table 2.

The inverse model solves the following equation:

∬ρb dxdz ¼ −∬ρVr dxdz þ TEk

where ρ corresponds to the density of the ocean, x and z are the horizontal and vertical coordinates of the
box respectively, b is the adjusted velocities at the reference level of each station pair, Vr is the relative
velocity from the thermal wind equations, and TEk is the Ekman Transport.

Table 2
Inverse Model Characteristics for Each of the Cruises, Including the Number of
Station Pairs, the Number of Equations, the Number of Unknowns, and the
Transects that Shape Each Box

Fall 2016 Fall 2017 Spring 2017 Spring 2018

Station pairs 51 47 31 39
Equations 42 28 28 28
Unknowns 56 51 34 43
Box 1 LP‐A F‐E LP‐A E‐G‐LP
Box 2 A‐B E‐LP‐G A‐B LP‐A
Box 3 B‐D‐C ‐ ‐ ‐

Note. The capital letters listed in the table correspond to the names of the trans-
ects shown in figure 1.

Figure 6. Velocities at the reference layer from the inverse box model including error bars with the uncertainty (in m/
s) for (a) fall 2016, (b) fall 2017, (c) spring 2017, and (d) spring 2018. The red dotted lines separate discrete transects,
with transect name indicated in black capital letter. Positive velocities are north/east, and negative velocities are
south/west.
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As we consider the mass conservation for each layer and in total,
alongside errors, we solve the following equation:

Abþ n ¼ −Y

where A is a matrix M (layers) × N (unknowns) of mass, b is a col-
umn vector of length N including the unknown adjusted velocities
at the reference level and the coefficient of Ekman transport, n is
a vector of size M with the noise of each equation, and Y is a vector
of length M containing the initial unbalanced mass transport in
each layer and total.

The Gauss‐Markov method is applied to solve the inverse problem.
This method produces a minimum error variance solution from the initial estimates of the unknowns
(Wunsch, 1996). These initial estimates are expressed with variances of (0.1 Sv)2 for each layer and (1 Sv)2

for the overall mass transport. The preliminary variance of the adjusted velocity at the reference level is
(8 cm/s)2 in the station pairs shallower than 600 m depth and (2 cm/s)2 in the deepest station pairs. Both
mass and velocity variances are chosen following Hernández‐Guerra et al. (2017).

The adjusted velocities in the reference layer estimated from the inverse box models, together with the
errors, are shown in Figure 6. All velocities are small and not significantly different from zero in the deepest
areas (i.e., transects F, E, and G). In contrast, higher values are found for station pairs close to the coastal
slope (i.e., transects LP and B). The adjusted Ekman transport from the inverse models is not different from
initial estimates for any of the occupations. Table 3 shows the imbalance together with the uncertainties in
each box following the inverse model. The imbalance in every box is not significantly different from zero
after accounting for uncertainties. This indicates that mass is conserved in the enclosed volumes.

Table 3
Mass Transport Imbalances and Uncertainties (in Sv), After Adjustment Using
Velocities Resulting From the Inverse Model for Each Enclosed Volumes

Fall 2016 Fall 2017 Spring 2017 Spring 2018

Box 1 LP‐A F‐E LP‐A E‐G‐LP
0.1 ± 0.2 0.2 ± 0.3 −0.2 ± 0.2 0.2 ± 0.2

Box 2 A‐B E‐LP‐G A‐B LP‐A
−0.2 ± 0.2 −0.1 ± 0.3 0.2 ± 0–2 −0.2 ± 0.2

Box 3 B‐D‐C ‐ ‐ ‐

0.1 ± 0.2

Note. The enclosed volumes for boxes 1–3 are defined in Table 2.

Figure 7. Representation of the accumulated mass transport (Sv) per section in fall. Transport is derived using velocities
from the inverse box models output, except for the North section for which the LADCP‐adjusted geostrophic transport is
shown. The solid lines indicate 2016 data and the dashed lines 2017 data. Transport magnitudes, along with their
uncertainties, are indicated for each line. When two values are shown, left values represent 2016 and right 2017. The
transport of the thermocline layers (1 to 4) is represented in red and the intermediate transport (5 to 6) in green.
Northward/eastward transport is positive, and southward/westward transport is negative. The arrows represent an
idealized schematic representation of the adjusted geostrophic transport. The names of the currents are labeled next to
the colored arrows, CC stands for the Canary Current, IPUC for the Intermediate Poleward UnderCurrent and CCR for
the Canary Current Recirculation.
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6. Final Geostrophic Transport

Figures 7 and 8 show a schematic representation of the flow in fall and spring, respectively, together with the
accumulated mass transport of each hydrographic section derived from velocities of both, LADCP data and
inverse models. LADCP‐adjusted geostrophic transport of the North section, for which we could not apply
the inverse box models, is also shown in Figures 7 and 8 in order to improve our understanding of the circu-
lation through the Canary Archipelago. The net transport across each section as well as the unbalanced
transport at the north section is presented in Table 4. In order to maintain a sign convention between the

initial and final transport, the inverse model adjusted results are
shown with geographic sign, with northward/eastward transports
positive and southward/westward transport negative.

6.1. Fall

In fall, the CC flows southward through the North section transport-
ing thermocline waters at a rate of −1.4 Sv and −3.3 Sv in 2016 and
2017, respectively (Figure 7). This transport is in the same ranges as
those previously estimated by Hernández‐Guerra et al. (2017),
Machín et al. (2006), and Vélez‐Belchí et al. (2017). The main path
of the CC in the northern sections is through the western area,
although it is difficult to infer its exact position from hydrographic
data as result of high mesoscale activity. However, satellite altimetry
data from Copernicus (http://marine.copernicus.eu) provide insight
into the position of the CC (Figure 9). In altimetry data, the westward
flowing AC is clearly delineated from 33 to 36°N (Comas‐Rodríguez
et al., 2011). According to Pérez‐Hernández et al. (2013), the AC
is the current feeding the CC. The CC flows on the western side of
the archipelago in 2016, while it is located between the islands of
La Palma and Fuerteventura in 2017. In 2016, part of the southward
flowing CC is trapped in two mesoscale eddies located at 30°N–14°W
and 29°N–19°W. Between Gran Canaria and Fuerteventura (section
D), the CC appears as a small southward flow, with a transport
not significantly different of zero (−0.2 ± 0.3 Sv) in the thermocline
layers (Figure 7). Other studies have showed that most of the CC

Figure 8. Same as Figure 7 for spring. Here values to the left correspond to 2017 and the right to 2018. The solid lines
represent the transport for the 2018 cruise and the dashed lines the transport for 2017.

Table 4
Net Transport Together With Their Uncertainties (in Sv) per Section and Cruise
at the Thermocline and the Intermediate Levels

Section Layer Fall 2016 Fall 2017 Spring 2017 Spring 2018

North Thermocline −1.4 −3.3 −3.4 −3.1
Intermediate −0.5 −0.1 −0.9 −0.6

LP Thermocline 3.3 ± 0.3 2.5 ± 0.4 −0.7 ± 0.2 −3.9 ± 0.2
Intermediate −0.2 ± 0.2 0.8 ± 0.2 −0.4 ± 0.2 −0.4 ± 0.1

A Thermocline 3.4 ± 0.2 ‐ −0.7 ± 0.2 −3.9 ± 0.2
Intermediate −0.2 ± 0.1 ‐ −0.4 ± 0.1 −0.1 ± 0.1

B Thermocline 3.5 ± 0.3 ‐ −1.0 ± 0.2 ‐

Intermediate −0.1 ± 0.1 ‐ −0.5 ± 0.1 ‐

C Thermocline 3.2 ± 0.3 ‐ ‐ ‐

Intermediate −1.0 ± 0.2 ‐ ‐ ‐

D Thermocline −0.2 ± 0.3 ‐ ‐ ‐

Intermediate −0.8 ± 0.2 ‐ ‐ ‐

E Thermocline ‐ 4.4 ± 0.4 ‐ −2.1 ± 0.4
Intermediate ‐ 2.6 ± 0.4 ‐ −0.7 ± 0.4

F Thermocline ‐ 4.3 ± 0.4 ‐ ‐

Intermediate ‐ 2.5 ± 0.4 ‐ ‐

G Thermocline ‐ 1.2 ± 0.3 ‐ 2.2 ± 0.4
Intermediate ‐ 2.0 ± 0.3 ‐ −0.3 ± 0.4

Note. The transport of the north section is not presented with uncertainties as it
is only estimated with the LADCP data.
Abbreviation: LADCP: Lower Acoustic Doppler Current Profiler.
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flows southward through the westernmost islands (Machín et al., 2006; Vélez‐Belchí et al., 2017) or even
west of La Palma in fall (Pérez‐Hernández et al., 2013). South of Gran Canaria and Fuerteventura, the CC
recirculates northward over the African slope, as observed in sections C and B, carrying mass transports
of 3.2 ± 0.3 Sv and 3.5 ± 0.3 Sv, respectively (Figures 8 and 9a and 9b).

In section A (carried out in 2016), the recirculation of the CC transports 3.4 ± 0.2 Sv, on part with
transport through the LP during the same year (3.3 ± 0.3 Sv). However, the transport of the CC recir-
culation through the LP is slightly lower (2.5 ± 0.4 Sv) in 2017 than in 2016. In 2017, north of
Lanzarote, a small fraction of the CC (1.2 ± 0.3 Sv) diverts eastward and enters the box through section
G (Figure 7). This flow merges with the northward flowing CC. As a result, the CC recirculation
through sections E and F is higher than that at the LP (4.4 ± 0.4 Sv and 4.3 ± 0.4 Sv, respectively).
Mesoscale features are apparent in all sections, as shown in the accumulated mass transport diagrams
(Figure 7), which could impact the accuracy of these estimates.

Figure 9. Maps of the gradient of absolute dynamic topography (ADT, colored contours) overlapped with ADT in meters
(black labeled contours) for (a) fall 2016, (b) fall 2017, (c) spring 2017, and (d) spring 2017. Note the differences in the
colorbar between fall and spring. The Azores Current (AC), the Canary Current Recirculation (CCR), and the Canary
Current (CC) are labeled in white.
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In fall, the IPUC at intermediate levels show a southward transport in
the North section with values of −0.5 and −0.1 Sv in 2016 and 2017,
respectively, indicative of interannual variability (Figure 7). Through
the passage between Gran Canaria and Fuerteventura, the intermedi-
ate waters show a southward transport of −0.8 ± 0.2 Sv, similar to
that of the North section in 2016. Over the African slope, the flow
at intermediate waters shows high interannual variability, as the
IPUC is only identifiable in 2017. From the LP to F, the transport of
the northward flowing IPUC is similar to that previously described
by Hernández‐Guerra et al. (2017). Transport of the IPUC through
the LP is 0.8 ± 0.2 Sv. This flow receives a contribution of
2.0 ± 0.3 Sv entering the box through section G, flowing northward
over the African slope at a rate of 2.6 ± 0.4 and 2.5 ± 0.4 Sv through
sections E and F, respectively. In contrast to 2017, the intermediate
flow in 2016 do not follow the same path as the thermocline waters.

Sections A, B, and C, carried out in 2016, show a westward/southward transport close to the African slope
of −0.2 ± 0.1 Sv, −0.2 ± 0.2 Sv, and −1.0 ± 0.2 Sv, respectively. Transport at A and B is small (−0.2 ± 0.1
and −0.1 ± 0.1 Sv for A and B, respectively), suggesting that the flow at C is mainly a contribution from
section D.

6.2. Spring

During spring, in the thermocline, the CC flows southward through the North section and through the pas-
sage between the Canary Islands and the African coast. In 2018, the CC seems to be more constrained to the
eastern islands (Figures 9c and 9d). The CC flows southward through the North section with a transport esti-
mated in−3.4 Sv and−3.1 Sv in 2017 and 2018, respectively (Figure 8). The mass transport derived from box
models shows that a branch of the CC enters the African slope through sections E (−2.1 ± 0.4 Sv) and G
(2.2 ± 0.4 Sv). Mesoscale structures are apparent in the western and northern portions of sections E and G
(Figure 8), which could affect the accuracy of inferred mass transport. The CC flows southward through
the LP and section A, with flow characterized by high interannual variability. In 2017 the transport is much
smaller than in 2018 (−0.7 ± 0.2 Sv versus −3.9 ± 0.2 Sv in LP, and −0.7 ± 0.1 Sv versus 3.9 ± 0.4 Sv in A,
respectively). Despite the high variability between years, the estimated transport is consistent with previous
estimates (i.e., Knoll et al. (2002); Laiz et al. (2012); Vélez‐Belchí et al. (2017)). In section B, south of
Fuerteventura, the CC mass transport is −1.0 ± 0.2 Sv, although the presence of a cyclonic eddy, carrying
a mass transport of −4.6 ± 0.5 Sv, potentially affects our estimations.

The intermediate waters in spring flow southward through the North section, with a transport of −0.9 Sv in
2017 and −0.6 Sv in 2018 (Figure 8). Between the islands and the African shelf, the mass transport is south-
ward. In 2018, the current enters the passage through section E (−0.7 ± 0.4 Sv) and a portion of it exits
through section G (−0.3 ± 0.4 Sv), with the remainder flowing south through the LP (−0.4 ± 0.1 Sv) and
A sections (−0.1 ± 0.1 Sv; Figure 8). In contrast to the thermocline waters, the transport of intermediate
waters in both years is similar. In 2017, the transport estimates are −0.4 ± 0.1 Sv in the LP, −0.4 ± 0.1 Sv
in section A, and −0.5 ± 0.1 Sv in section B.

6.3. Seasonal Cycle Amplitude

Aside from interannual variability, differences in transport are apparent between fall and spring. We esti-
mate the amplitude of the seasonal cycle in the LP, calculated as the difference between the fall transport
of the precedent year minus the spring transport of the next year (Transportfall − Transportspring), in order
to compare with previous estimates by Vélez‐Belchí et al. (2017) (Table 5).

The amplitude of the seasonal cycle for fall 2016–spring 2017 equal 4.2 ± 0.34 Sv, comparable to an
amplitude of 3.7 ± 0.4 Sv estimated by Vélez‐Belchí et al. (2017) for the Eastern Boundary (EB). Unlike
for 2016–2017, the amplitude for fall 2017‐spring 2018 is higher, equaling 7.6 ± 0.6 Sv, a value comparable
inmagnitude to that estimated by Pérez‐Herández et al. (2015) for the Atlantic basin at 26°N. Estimating sea-
sonal amplitude from 2017 data yields a value of 4.4 ± 0.5 Sv, on par with estimates from Vélez‐Belchí
et al. (2017). The high interannual variability in the net transport seasonal cycles results from high

Table 5
Mass Transport (Sv) Through the Lanzarote Passage in Fall, Spring, and for the
Seasonal Cycle

Year Layers Fall Spring Seasonal cycle

2016–2017 Thermocline (1:4) 3.3 ± 0.3 −0.7 ± 0.2 4.0 ± 0.5
Intermediate (5:6) −0.2 ± 0.2 −0.4 ± 0.2 0.2 ± 0.4
Net (1:6) 3.1 ± 0.3 −1.1 ± 0.1 4.2 ± 0.4

2017–2018 Thermocline (1:4) 2.5 ± 0.4 −3.9 ± 0.2 6.4 ± 0.6
Intermediate (5:6) 0.8 ± 0.2 −0.4 ± 0.1 1.2 ± 0.3
Net (1:6) 3.2 ± 0.4 −4.3 ± 0.2 7.6 ± 0.6

2017 Thermocline (1:4) 2.5 ± 0.4 −0.7 ± 0.2 3.2 ± 0.4
Intermediate (5:6) 0.8 ± 0.2 −0.4 ± 0.2 1.2 ± 0.3
Net (1:6) 3.3 ± 0.4 −1.1 ± 0.3 4.4 ± 0.5

Note. The CC, the intermediate water transport, and the net transport between
the CC and the intermediate layers are shown.
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variability in spring transport (recall −1.1 ± 0.1 Sv and −4.3 ± 0.2 Sv in 2017 and 2018, respectively), as fall
transport is approximately similar in both years (Table 5).

7. Discussion and Conclusions

Mass transport has been inferred from two fall and two spring cruises carried out in the eastern North
Atlantic Subtropical Gyre. Each cruise sampled the North section, and up to eight shorter sections that
enclosed several volumes along the African slope which we use in an inverse box modeling framework to
derive mass transport. The unbalanced initial geostrophic transport is adjusted with LADCP data and using
results of an inverse box model (apart from the North section).

The intermediate water masses show strong seasonal and interannual variability. Spatially, while a core of
MW/AAIW is apparent on the western/eastern side of the northernmost sections (E and F), further south
(LP to B sections) only AAIW can be identified. Seasonally, the AAIW is the largest contributor to the sea-
sonal cycle of intermediate waters. AAIW reaches its minimum salinities in fall, and MW reaches its max-
imum salinities in spring. The intermediate water masses also show variations on an interannual basis,
particularly in spring. In spring, water masses at intermediate levels are saltier and warmer in 2018 than
in 2017, showing a stronger/weaker MW/AAIW signal. In fall, the interannual difference in these water
masses is smaller than in spring, although salinity shows values more extreme in 2017 than in 2016.

The circulation schemes shown in Figures 7 and 8 reveal different paths for the CC in fall and spring, as
many authors have previously reported (i.e., Fraile‐Nuez et al., 2010; Hernández‐Guerra et al., 2003;
Machín et al., 2006). In fall, the CC and the transport at intermediate levels flow southward through the wes-
tern islands (Machín et al., 2006; Pérez‐Hernández et al., 2013). The CC flows through the North section and
section D, recirculating south of the archipelago due to mesoscale activity created by the islands, finally
entering the channel between the eastern islands and Africa, as previously reported (Mason et al., 2011;
Pérez‐Herández et al., 2015). Interestingly, while the surface flow of the CC recirculates southwest of
Gran Canaria, the intermediate flow travels between Gran Canaria and Fuerteventura. In 2017, a branch
of the CC flows eastward (1.2 ± 0.3 Sv) North of Lanzarote and joins the northward recirculation of the
CC, flowing over the African slope. As a result, the CC recirculation at the northernmost sections E and F
(4.4 ± 0.4 Sv and 4.3 ± 0.4 Sv, respectively) is higher than at the LP (2.5 ± 0.4 Sv). In fall, the CC demonstrates
high interannual variability, with a mass transport 1.9 Sv weaker in 2016 than in 2017. We attribute this to
the position of the current: while in 2017 the CC flows between La Palma and Fuerteventura, in 2016 the
main path of the CC seems to lie west of the archipelago (Figures 8a and 8b), as in Pérez‐Hernández
et al. (2013), or appears diverted into large eddies.

As previously reported in the literature, the CC flows southward in spring in the oceanic region as well as
over the African slope. Surprisingly, while in the oceanic region, the CC shows a steady transport of approxi-
mately 3 Sv across our sampling period, the CC branch flowing over the African slope demonstrates strong
interannual variability, transporting −3.9 ± 0.4 Sv in 2018 versus −0.7 ± 0.2 Sv in 2017. Hence, the eastern-
most path of the CC is found in 2018 (Figure 9d). The southward transport of 2017 is comparable to that pre-
viously estimated by Machín et al. (2006) for spring (−1.0 ± 0.1 Sv).

On the other hand, we observe highly variable northward/southward transport over the African slope in
intermediate waters. The northward flowing IPUC, described by Hernández‐Guerra et al. (2017), Pérez‐
Herández et al. (2015), and Vélez‐Belchí et al. (2017), is only apparent in 2017. The absence of the IPUC
in 2016 might be due to the seasonal intermittence, as discussed in Machín et al. (2010) who identified a
northward IPUC/AAIW flow only from July to early October. Because our 2017 cruise took place in late
October and early November, the IPUC may already have stopped, with the intermediate flow shifting
southward.

The AMOC seasonality is strongly linked to the seasonality of the eastern boundary (Chidichimo et al., 2010;
Kanzow et al., 2010; Pérez‐Herández et al., 2015), with maximum northward transport for both, AMOC and
eastern boundary, found in fall (Vélez‐Belchí et al., 2017). The seasonal cycle in the eastern boundary results
from variability in the CC and its recirculation in fall, as well as seasonal changes in the IPUC (Vélez‐Belchí
et al., 2017). Here we estimate that the flow through the LP varies seasonally and interannually, from
4.2 ± 0.4 Sv, in 2016–2017, to 7.6 ± 0.6 Sv, in 2017–2018. Transport for 2016–2017 is similar to the eastern
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boundary seasonal cycle amplitude of 3.7 ± 0.4 Sv estimated by Vélez‐Belchí et al. (2017) using hydrographic
data from 2013/2014 at the LP. In contrast, 2017–2018 values are more similar to the full AMOC seasonality
of about 6 Sv, as estimated by Pérez‐Herández et al. (2015) using a mooring time series from 2006 to 2012.

In conclusion, we provide with the first integrated view of the circulation of the CC as it flows through the
eastern islands and the African shelf in fall and spring. Over the African slope, we find high variability in
seasonal and interannual mass transport in the CC, with highest interannual variability observed in spring.
The transport at intermediate levels also shows an interannual and seasonal variability, with the IPUC only
detected in fall 2017.
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